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Foreword

The Bell System had its origins in scientific research. Alexander
Graham Bell was engaged in research on speech and hearing and on
aids to the deaf when he became intrigued with the possibility of
transmitting musical sounds by telegraphic instruments. This led
him to the conception of the telephone and to the discovery of a
workable arrangement for its realization.

Bell’s inventive nature and interest in exploring the unknown was
well expressed in his words: “Leave the beaten track occasionally and
dive into the woods. You will be certain to find something that you
have never seen before.”

Even in those early days of what is now the Bell System a central
theme was recognized, one that has dominated the science and tech-
nology of communications ever since—progress results from bringing
together knowledge and ideas of many kinds. James Clerk Maxwell,
who laid the theoretical basis for a fundamental understanding of
electromagnetism, and who was a contemporary of Bell’s, said, "I
shall consider the telephone as a material symbol of the widely
separated departments of human knowledge, the cultivation of which
has led by as many converging paths to the invention of this instru-
ment by Professor Graham Bell.” In a very real sense, the early
research in telephony was a forerunner of what later came to be
known as industrial research.

In the years after Bell’s discovery, research continued to play an
essential role and contributed importantly to the company’s growth.
It brought together theory and experiment, need and opportunity,
science and application—exemplified in the achievements of such
early giants as G. A. Campbell, in his work on loading theory and on
filters, and H. D. Arnold, in the development of the vacuum-tube
amplifier invented by L. deForest, as noted in Chapter 10, “The Spirit
of Research,” in the first volume of this series, The Early Years (1875-
1925).

Those early events not only served to establish and build the Bell
System as a science and technology based business enterprise, but
also firmly implanted a research tradition and role that has continued
to this day. Especially in the second half-century of its history—the
period in which Bell Laboratories has existed, and which is covered
in this volume—the Bell System has been the source of an extraordi-
nary flow of research that has transformed telecommunications in the

xiii
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United States and worldwide. From C. J. Davisson’s and L. H.
Germer’s 1927 experiment demonstrating the wave nature of the elec-
tron, which earned for Davisson the 1937 Nobel Prize in physics, to
the discovery of the background radiation in outer space by A. A.
Penzias and R. W. Wilson, for which they were awarded the 1978
Nobel Prize in physics, there has been a stunning record of invention
and discovery. Among the outstanding were H. S. Black and negative
feedback, G. C. Southworth and the waveguide, K. Jansky and radio
astronomy, J. B. Johnson and thermal noise, H. Nyquist, S. Darling-
ton, S. O. Rice, and H. W. Bode for network theory, G. R. Stibitz and
the electrical digital computer, W. H. Shewhart and quality control
theory, C. E. Shannon and information theory, J. Bardeen, W. A. Brat-
tain, and W. Shockley and the transistor, W. G. Pfann and zone
refining, A. Schawlow and C. H. Townes and the concept of the laser,
C. J. Frosch and L. Derick and oxide masking, and P. W. Anderson
and localized electronic states in solids. These, and many other
accomplishments, are described in the chapters of this volume, deal-
ing with the physical sciences, and in the volume that is to follow,
recording the accomplishments in the communications sciences.

What caused the flourishing of research that produced such extraor-
dinary discoveries and successes as these?

The ideas behind all of this may be understood in the light of Bell
Laboratories’ responsibilities within the Bell System. The mission is
clear—to provide new telecommunications technology. This technol-
ogy includes not only equipment designs but also the engineering
and planning of the telecommunications network and the technology
for its operation and maintenance. It is the function of research in
Bell Laboratories to support this mission through ideas and
knowledge that initiate or reinforce the development of the new
telecommunications technology for the Bell System. The basic notion
underlying this research function is simple—science is useful. The
Bell System’s technology is rooted in science, and new technological
opportunities arise from it and are supported by it.

The Bell System and a few other companies recognized this useful-
ness of science at an early stage, and the success of the research
laboratories they founded inspired the research activities that fol-
lowed in many other industrial organizations. Research in the Bell
System preceded the creation of Bell Telephone Laboratories in 1925,
but the founding of a separate unit to conduct research and develop-
ment work recognized the importance of an organizational environ-
ment that fostered the creative activities and inspiration of its scien-
tists and engineers and permitted them to combine these most
effectively to advance telephony. Under the leadership of Frank B.
Jewett throughout its early years, the research organization took form
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and flourished. The- first director of research, H. D. Arnold, expressed
the philosophy behind the research in these words:’

Research is the effort of the mind to comprehend relationships which no one has
previously known, and in its finest exemplifications it is practical as well as
theoretical; trending always toward worthwhile relationships, demanding com-
mon sense as well as uncommon ability.

The worth of this guiding philosophy is amply illustrated by the
events recorded in this volume, but what is remarkable is that the
importance of research at Bell Laboratories was so clearly understood
in its essential elements from the very beginning; the support and
understanding provided initially have never wavered. This con-
tinuity has been of utmost importance in providing the environment
needed for the maximum encouragement of creative people.

As Arnold so clearly stated, research is an exploration of the un-
known. It deals constantly with uncertainty, except that there is
ever present the certainty that important new things remain to be
discovered. Research operates in a different time frame than
development. Development is concerned with the application of
technology for the relatively near term, seeking new and useful
ways to apply scientific knowledge. Research is concerned with
invention and discovery, and with the creation of new knowledge.
These lead to technological development over the longer term,
perhaps ten, twenty, or even more years. Over this longer term, it is
clear that new technology will depend upon new science; in the
short term, perhaps five years, technology must depend largely upon
existing science.

Thus, there are challenges for research. It must assure the flow of
invention and new science that will enable future technologies to be
developed. And it must see the ways this invention and new sci-
ence can be exploited by the Bell System.

The flow of invention and useful new science for the Bell System
is only partly a result of internal basic research programs. This his-
tory of telecommunications technology offers many examples of
successes of Bell Laboratories research. But Bell Laboratories’
discoveries and its generation of new science, impressive as these
may be, cannot possibly be the source of more than a small part of
all that relate to communications. Accordingly, Bell Laboratories
research is structured to provide a coupling to the rest of the
scientific world, so that scientific discovery elsewhere becomes more
readily accessible and exploitable. Thus, the Bell System can

* Inscribed in the foyer of the Bell Laboratories, Murray Hill, New Jersey,
auditorium, to serve as a reminder to later generations of scientists and engineers;
quoted also in Chapter 10 of the first volume of this series, The Early Years (1875-
1925).
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effectively use all the world’s new science in the development of
new technology and systems. The strategy has been to strive for
excellence in all fields judged to be important to the interests of the
Bell System and to encourage a close coupling of research to the
most advanced work elsewhere, in the secure knowledge that this
would bring to Bell Laboratories the benefits of advances in
scientific knowledge, wherever they might occur.

We see a striking example of this strategy in the field of solid state
physics. Prior to World War II it was a recognized but not a dom-
inant subfield of physics. Only the beginnings of a basic theoretical
understanding of the electronic properties of solids had been
attempted, experiments often produced puzzling and unexplained
results, and applications were few. Immediately after the war a
research group at Bell Labs began to investigate the properties of
semiconductors, which had played an important role as signal detec-
tors in military electronics but were still understood at only a rudi-
mentary level. The group had as its objectives both an improvement
in this understanding and its application in telecommunications
technology. As we see it now, the group set out to invent a transis-
tor, and it did, not much more than two years later. This invention
triggered an explosion in solid state physics—mainly in semiconduc-
tors, but also in other classes of solids, and set in motion the revolu-
tion in electronics that not only transformed communications but
also led to whole new industries, such as consumer electronics and
computers.

Bell Laboratories played a promirnent part in this rise in solid state
physics. Its research in basic physics and in the related materials sci-
ences paced research throughout the world and helped spawn a
series of important inventions and technological advances. Equally
importantly, this research served to put Bell Labs scientists and
engineers into close contact with forefront work elsewhere, in a
field that was attracting leading scientists all over the world, and
which rapidly proved to be of crucial importance to the Bell System.
The information flow, together with the research findings, played an
essential part in the building of a knowledge base for semiconduc-
tors, and then for other classes of solids. This knowledge was
closely coupled to application, so that invention and application
within Bell Labs occurred at an almost breathtaking pace. That his-
tory is described in the pages that follow.

One task of research is to provide a window on the entire world
of science and to see opportunities that arise from science, wherever
it may be done. Thus, the first solid-state, continuous-wave
microwave maser was demonstrated within three months of the time
that the first knowledge was available of theoretical work at Harvard
University that gave a clue as to how such a device could be con-
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structed. This maser, which allowed construction of an extremely
low-noise amplifier, was a key to the operation of the first active
communications satellite, Telstar, launched by the American Tele-
phone and Telegraph Company in collaboration with the National
Aeronautics and Space Administration.

Research at Bell Laboratories has created whole fields of science,
such as radio astronomy, or has been the stimulant to a vast expan-
sion of others, such as solid state physics. This research also has had
an enormous impact on other industrial sectors. The discovery of
the transistor led to the solid state electronics that not only provides
the basis for modern telecommunications, but, equally, the basis for
all consumer products depending upon electronics, such as radio,
television, hand calculators, and digital watches, for computers, and
for the electronics used in a thousand industrial, military, medical,
scientific, and other applications. The statistical principles of quality
control have assured the reliability of Bell System equipment for five
decades, and they guide the manufacturing processes of the world’s
industries. New materials discovered at Bell Laboratories are used
throughout industry.

Asking why research should be done leads to the complementary
question, how should it be done? Many industrial organizations
have thought they perceived potential values in research but have
stumbled when it came to implementation. In large part the reason
for this was that they failed to see the subtleties in institutional atti-
tudes and practices that are conducive to productive research, and
mistook largely superficial aspects for those that are fundamental.
Some understanding of the reasons research has flourished at Bell
Laboratories for so many years can be gained from the characteristics
of the environment in which it operates, and the manner in which it
is organized and managed.

Central to the success of an industrial research organization is a
clear sense of purpose and an understanding of mission. At Bell
Laboratories it has always been clear that our mission is new com-
munications technology, to allow the Bell System to provide better
and cheaper communications services. This definition of mission has
made it equally clear that the responsibility of research is to provide
basic knowledge and new opportunities for the longer term, in sup-
port of the mission. Thus the research organization at Bell Labora-
tories has an unmistakable statement of purpose, against which its
programs can be measured.

Based upon this mission, it can be seen why research at Bell
Laboratories is conducted in some areas of science but not in others.
These areas are not chosen at random or as the result of some whim,
but are carefully selected because of their promise for discoveries
and knowledge of value to the Bell System. This selectivity still
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allows a great latitude for choice, but not so great that it extends to
all of science, in contrast to what raight be appropriate to a large
research-oriented university. The size of the research effort in a par-
ticular broad area reflects the likelihood that discoveries in that area
will bring values to the Bell System. Thus, there is a clear rationale
for research choices and priorities, but it in no way restricts the very
necessary freedom for talented and creative individuals, because the
breadth of science pertaining to communications is very large and
offers enormous scope to the individual.

Freedom of choice is of utmost importance to the research scien-
tist, because research is an exploration of the unknown and there are
no road maps to tell what course to take. Each discovery affects the
future course of research and no one can predict or schedule
discovery. Thus Bell Laboratories research managers have provided
the maximum possible freedom to the research staff, consistent with
the institutional purpose. Research people have been chosen for
their creative abilities and are encouraged to exercise these to the
fullest. Indeed, they are the source of the ideas and of the research
programs, and are not at all the implementers of directives handed
down by some authority. Nor are they constrained to subjects
chosen to meet some immediate needs of development organizations
or the operating telephone companies. An individual research pro-
gram is, therefore, the result of an idea on the part of the individual,
who often cannot see exactly where the idea will lead but has the
creative instincts to see the promise that lies in that particular direc-
tion. Only by giving such creative instincts freedom is it possible to
maintain inquiry and invention at a high level throughout the
research organization. In the words of W. O. Baker, former
president of Bell Laboratories and vice president of research,
“Research must ‘look away’ from everyday pressures of the ongoing
development and engineering enterprise toward the vistas opened
by new knowledge and technique.”

Another aspect of the freedom for Bell Laboratories research peo-
ple is that they are free to do research and are not expected to
become developers or “firefighters,” unless they choose to do so.
Thus, they are asked to do what they do best, not something else. A
corollary is that the institution must have a capable development
organization, which can take from research its best ideas for new
technology and develop them, while research goes on to other pur-
suits. A close relationship between research and development has
always characterized Bell Laboratories. This association has kept the
research organization from living in an ivory tower, and by the
same token has provided it full protection and freedom to do
research because the development responsibility has been assigned to
a close and capable partner. Equally important, the development
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people have been a constant source of stimulation to the research
staff by feeding back to them a stream of questions, proposals, and
needs; this process often has led to new ideas and focus for research,
even though it has never been taken to constitute the research
agenda.

In order to fulfill their highest potential, research people must
publish their results, as it is only through publication that they can
reach the worldwide community of their peers, from whom they
also receive new knowledge. Publication gives Bell Laboratories
research people access to leading laboratories everywhere, and
brings leading researchers from those laboratories to Bell Labora-
tories.

For research to flourish, it must have outstanding people. Seven
recipients of the Nobel Prize in physics attest to the devotion of Bell
Laboratories to the principle of excellence in research over all the
years of its existence. The research people have widely varying
interests, appropriate to the broad mission, but they constantly
experience the benefits of mutual stimulation and frequently join
together in collaborative research endeavors. A great advantage of
the industrial research environment is the ease with which interdis-
ciplinary research partnerships among professionals are formed,
when such partnerships offer benefits. A mathematician and a
chemist, a theoretician and an experimentalist, a physicist and a
materials scientist, find reason to collaborate in research of mutual
interest. Always, this is based upon mutual recognition of the
advantages to both in having as a temporary partner someone who
is equally proficient in research and who brings to the partnership a
different but needed expertise and point of view.

Not surprisingly, much of the research at Bell Laboratories has
been in fields now easily identified with communications technol-
ogy, although some were not so obviously so when the research
began. J. B. Fisk, a former president and vice president of research
at Bell Laboratories, and other technical leaders have, from time to
time, pointed to certain enduring themes that run through much of
its research history, such as research on the transmission of electrical
signals and, in the last half-century, research on the electronic pro-
perties of solids. But the research has struck out in completely new
directions when an opportunity was perceived. Thus research in the
behavioral sciences was instituted to allow exploration of those
aspects of human behavior most relevant to the business—such as
the interaction of man with machines, the fundamental bases for
learning, and perception. Research in economics was added when it
was seen that Bell Laboratories could add needed basic
understanding—beyond that coming from research in the
universities—in regulatory and financial economic theory. The cri-
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terion for appropriateness has not been one that constrained
research to a too narrow view of itself, and there has been a constant-
searching for and evaluation of new research areas.

Stability and continuity in Bell Laboratories support for research
have been essential to its health. Sufficient resources have been
placed at its disposal to allow it to do what was needed to stay at the
forefront of knowledge. And understanding of the peculiar nature
of the research environment and needs of research people has
characterized the institution. Part of the reason for the success of
Bell Laboratories research is that the research managers understand
these things; they themselves have all risen from the research ranks,
but only after they have demonstrated a superior ability to do
research themselves. People of this kind are most able to maintain
the respect of and successfully guide an outstanding research staff.
To do this, the managers must be completely current in their sci-
ence, and many research managers assure this by remaining active
in their own research. Managers play an essential role in establish-
ing connections—intellectual and otherwise—between research and
development, and in seeing new opportunities for research. The
results of research must be communicated to be of use to others.
The role of these managers in guiding the work of outstanding
research people is a subtle one, and they must create an environ-
ment that provides maximum encouragement for creativity and pro-
ductivity.

More easily discerned than described is the quality of the environ-
ment for research. Bell Laboratories has consistently generated an
atmosphere of excitement, with great things expected of the indivi-
dual and the appreciation of peers as perhaps the most satisfying
reward for accomplishment. And it has enjoyed the constant sup-
port of the leaders of its parent company, who have consistently
taken a long-term view of the Bell System’s future; thus, a former
president and chairman of the board of the American Telephone and
Telegraph Company, F. R. Kappel, said, “If it were not for basic
research, none of these things [I have shown] would exist. So we in
the Bell System are deeply committed to basic research.”

As we have noted, research in Bell Laboratories has been carried
out in all fields of knowledge judged to be important to the Bell Sys-
tem. These fields can be broadly grouped into the physical sciences
(physics, chemistry, and materials science), and the mathematical
and communications sciences (mathematics, computer science, sys-
tems research), and the behavioral and social sciences. For conveni-
ence, the history of research in Bell Laboratories is to be recorded in
two volumes reflecting these general groupings. In this first
volume, the half-century of research in the physical sciences since
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the formation of Bell Laboratories in 1925 is recorded.” The compan-
ion volume will cover the history of the communications sciences in
the same time period.

This record of the history of Bell Laboratories research not only
reminds us of the great people and events that made the institution
the premiere industrial research laboratory of the world, but it also
allows us to reflect on the institutional and individual purposes and
incentives that underlay these achievements. It thus illustrates the
process of innovation and technological change and reflects a suc-
cessful strategy for enhancing this process. In times when there is a
reexamination of this process in broad national terms in order to
relate it to the national capability for productivity improvement,
economic growth, and the greater use of technology for social gains,
this history may serve a useful purpose by describing a successful
institution, one with both a history and a future. Bell Laboratories
research people are proud of their past, but they are looking to the
future in the expectation that their research in the next fifty years
will be as significant as it was in the past fifty years.

N. B. Hannay

Vice President for Research
Bell Laboratories
November, 1981

* The research history prior to 1925 is described mainly in three chapters of the first
volume of this series, titled, “The Early Years (1875-1925).” These chapters are: Chapter
4, “Telephone Transmission—The Wire Plant,” Chapter 8, “Materials and Com-
ponents,” and Chapter 10, “The Spirit of Research.”
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Research in Physics

The first part of this volume of A History of Science and Engineering in
the Bell System deals with the history of physics research at Bell
Laboratories during the period 1925-1980. In this interval of fifty-five
years, physics research at Bell Labs grew several times in size, keep-
ing pace with the rapidly growing dependence of the Bell System on
technology derived from physics, especially the physics of the solid
state of matter. This growth in size was accompanied by far-reaching
changes in subject matter and outlook as solid state physics came
under the pervasive influence of concepts of quantum mechanics and
recognition grew of the extraordinary importance of solid state elec-
tronics for communications technology. A third force for change was
the movement of communications technology upward in the elec-
tromagnetic spectrum through microwave into optical frequencies.

In the earliest years of the period, physics research concentrated on
magnetism, noise in electrical conductors, electromechanics, and the
surface physics of thermoelectric emission. At that time C. J. Davis-
son and L. H. Germer carried out their famous experiments on the
diffraction of electrons from nickel crystals which demonstrated the
wave nature of matter, and K. Jansky conducted his studies of galactic
sources of radio noise, thereby laying the foundations of radio astron-
omy. Jansky’s tradition was continued by A. A. Penzias and R. W.
Wilson in their search for noise from galactic space. Toward the end
of the period, research was concentrating on the physics of semicon-
ductors and their applications to electronics and photonics, on optical
and X-ray physics, on plasma physics, low temperature physics, non-
classical conductivity in one- and two-dimensional conductors, and
on greatly expanded research on the surfaces and interfaces of solids.
These changes grew out of and gave rise to radical new instruments
and methods of research, including the introduction of magnetic reso-
nance spectroscopy, the discovery of intense and tunable sources of
laser radiation, the extension of cryogenic techniques to a few mil-
lidegrees Kelvin, the introduction of powerful sources of ultraviolet
and X-ray radiation, and the development of vacuum technology
making pressures as low as 10710 Torr routinely available. By the end
of the period W. Shockley, J. Bardeen, and W. H. Brattain had won

1
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the Nobel Prize in physics for their discovery of the transistor, P. W.
Anderson had won the Prize for fundamental theoretical discoveries
about the nature of electrical conduction and magnetism in disor-
dered solids, and Penzias and Wilson had won the Prize for discovery
of the cosmic microwave background radiation. This period was also
marked by the invention of the laser by A. L. Schawlow and C. H.
Townes.

From the beginning, physics research at Bell Laboratories has
included both the search for fundamental new knowledge and for
fundamental innovations in technology. This approach to research
has been so successful in advancing the science and art of communi-
cations that it has become a matter of course that science and inven-
tion should be organizationally coupled. This has proved to be not
only an effective way to bring science to bear on the invention of
technology needed by the Bell System, but also to stimulate research
in new and productive directions. Furthermore, the search for funda-
mental innovations carried out by the research divisions has proved
to be an effective way to bridge the gap between research and
development and to couple new science into Bell Labs engineering
work.

Such a background of experience has led to an enduring conviction
at Bell Labs that fundamental research is important to the future of
Bell System technology, and has created the climate needed for sus-
tained strong support of research in fundamental physics and
physics-based technology. The two presumptions behind such sup-
port are that research in physics should be of the highest quality and
carried out in fields with impact on Bell System technology.

This philosophy of research derives ultimately from the overall
mission of Bell Labs to supply the technology the Bell System needs
to do its job in the long term as well as in the short term, and
translates into two missions for physics research. The first is to pur-
sue research aimed at discovering new knowledge in areas of physics
expected to be important to future Bell System technology, thereby
keeping Bell Labs in close contact with advanced physical science in
these areas, and assuring that Bell Labs originates or participates in
any significant advance in physics that may be important to commun-
ications. The second is to pursue research to discover new technol-
ogy in order to exploit recently developed physical science in areas of
importance to Bell Labs’ operations.

The extent to which these missions have succeeded is described in
the chapters that follow. The purpose of this introduction is to give
an overview of physics research between 1925 and 1980. At the end
of the introduction is a list of some of the major contributions to com-
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munications science and technology that have grown out of physics
research at Bell Labs in these years, as a way of summarizing the
achievements of a remarkable concentration of scientific talent during
this time.

Part I of this volume records the history of physics research at Bell
Laboratories since 1925. It concentrates on research for the most part
carried on after the end of World War II in 1945. There are two rea-
sons for this. First, the five-year span of the second World War inter-
rupted the continuity of research at Bell Laboratories as physicists
turned their attention away from telephone work to problems of
national defense, particularly microwave radar. After the war many
of these people went on to other tasks unrelated to their former
research. Second, after the war, physics research at Bell Laboratories
was restructured, resulting in the formation of new groups explicitly
focused on physical electronics and solid state physics. The first steps
in this direction had been taken as early as 1936 by M. J. Kelly, direc-
tor of research, and later to become president of Bell Laboratories,
based on his perception that a solid state amplifier would be neces-
sary for the further expansion of the telephone system, and that the
best hope for this lay in fundamental research in solid state physics.
Although considerable momentum in this direction had been
developed by 1940, it was dissipated by the war and a fresh start was
necessary in 1945.

The year 1945 represented a new beginning. There appears, in
retrospect, to have been a deliberate plan by the research managers at
Bell Laboratories that was directed on the one hand toward the
discovery of a solid state amplifier and on the other toward the need
for a better understanding of gas discharges for possible devices to
replace relays as switching cross points.

There were at least three events that took place during the war that
opened up new directions for research in physics. These were the
development of processes for making relatively pure silicon and ger-
manium, the discovery of insulating ferromagnets in Holland, and
the development of tunable, continuous-wave sources of microwave
radiation along with the accessory microwave circuitry.

The extraordinarily prompt discovery in 1947 of transistor action in
germanium sparked a rapid growth of solid state physics research at
Bell Labs and in many other laboratories throughout the United
States and Europe. In early 1945, there were about 50 people at Bell
Labs carrying on basic and applied research in physics, excluding
work in acoustics. By 1950 there were 80, in 1960 there were 180, in
1965 there were 230, and in 1980 there were about 300. Thus,
although there was a strong physics research effort before the war, it
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tends to be somewhat overshadowed by the very much larger effort
after 1945.

Although this volume concentrates on the years after 1945, certain
events of special significance in the earlier period stand out. Chief
among these was the demonstration by Davisson and Germer of the
wave nature of the electron with their famous experiment in which
they scattered a beam of electrons off a single crystal of nickel and
observed an unexpected pattern of diffraction similar to the
diffraction of X-rays. This story is told in Chapter 3 with an interest-
ing addendum which indicates that Davisson and Germer narrowly
missed observing the electron spin postulated by G. E. Uhlenbeck and
S. A. Goudsmit to explain the doublet structure of spectral lines in
the alkali metals. In addition to its very fundamental implications,
this early work by Davisson and Germer laid the foundation for study
of the surface crystallography of single crystals using the technique
of low energy electron diffraction. This was later developed by
Germer and his colleagues into a universally applied tool for under-
standing surface structures of metals, semiconductors, and adsorbed
atoms.

A second major event was the discovery by J. B. Johnson that the
electrical resistance of any material is a generator of white noise with
a spectral frequency density proportional to its resistance and abso-
lute temperature. The reason for this was explained by H. Nyquist
and is discussed briefly in Chapter 10 as a striking example of the
impetus which has been given to physics research throughout this
whole period of fifty-five years by the close interaction of theory and
experiment.

Also in this early period beginning in the 1930s, a strong research
effort in magnetism was established by R. M. Bozorth, building on
earlier work by G. W. Elmen, which had led to discovery of the well-
known alloys Permalloy, Permendur, and other magnetic alloys hav-
ing high initial permeability or high coercive force.

As mentioned above, these early directions of physics research
were augmented in 1936 by the assembly of a new group working in
solid state physics. By that time research was already being carried
out on semiconductors, magnetism, surfaces, dielectrics, phase transi-
tions, and secondary emission, among many other topics. These were
the beginnings of threads of research that have been pursued with
increasing intensity since 1945. Interwoven with them are many new
threads not imaginable at that time.

As might be expected from the nearly six-fold increase in size since
1945, physics research at Bell Labs had by 1980 become the largest
organized industrial physics research effort in the United States, and
it has made a correspondingly large contribution to the areas of sci-
ence in which it concentrates. The first ten chapters in this volume
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will describe many fundamental contributions to science, particularly
in condensed-matter physics, surface physics, quantum electronics,
and solid state electronics, that have been crucial to the growth of
important areas of research and technology. The work described is,
of course, inextricably intertwined with the related research of physi-
cists in other research institutions. Every effort has been made to
make these mutual dependencies clear in the text and references.
This close interface with worldwide science has always been viewed
as one of the strengths of physics research at Bell Laboratories. Phys-
icists at Bell Laboratories have benefited enormously from the interac-
tion and acknowledge their debt to colleagues in other institutions.

Although the research recorded over the last 35 years has included
a much wider range of specialties than before World War II, it has
continued to emphasize such traditional areas as magnetism, semicon-
ductors, and surfaces. Mentioning first the field of magnetism, funda-
mental work has been done on the structure and motion of domain
walls, including the earliest observations of bubble domains, on fer-
romagnetic resonance and the propagation of electromagnetic waves
in gyromagnetic media, including invention of the first nonreciprocal
gyromagnetic devices, and on the origin of spin interactions in mag-
netic insulators through the superexchange mechanism discovered by
P. W. Anderson. A particularly important discovery was the ferri-
magnetic garnet structure, typified by YsFesOp;, known as yttrium
iron garnet, or YIG for short. The magnetic garnets have played an
important role in the science and application of ferromagnetic reso-
nance and in the development of practical bubble memories. A new
chapter in the science of magnetism was opened up in 1958 with the
discovery that atoms such as iron possessed a local magnetic moment
when dissolved in very dilute amounts in certain metal host crystals
but not in others. Elucidation of this effect had an important
influence on the general understanding of ferromagnetism in metals
and on the effect of impurities on superconductivity. It formed an
important part of the body of work for which Anderson received the
Nobel Prize in 1977. The possibility of a fundamental antagonism
between magnetism and superconductivity has been an enduring
theme of research and culminated in the discovery of competition
between the superconductive and magnetic phases of a class of ter-
nary rare earth boron compounds.

The early history of semiconductor research is dominated by the
discovery of hole injection leading to the point contact transistor in
1947. In retrospect that can be seen as the beginning of expanded
research on the Group IV semiconductors, silicon and germanium,
that led in a relatively short time to the invention of the junction
transistor, silicon solar cells, various pnpn devices, the field effect
transistor, and the Read diode. Later work included fundamental
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experimental and theoretical research on the transport properties of
germanium and silicon, while their band structure was studied by
means of extensive cyclotron resonance measurements and theoretical
calculations. Beginning around 1963, research began on the Group
III-V semiconductors, particularly GaP and GaAs, and included
research on the physics of recombination centers that led to the earlj-
est efficient light emitting diodes and to the earliest practical hetero-
structure semiconductor lasers.

Semiconductor research has been strongly influenced by develop-
ment of the technique of deep level transient spectroscopy. This
technique has led to a much improved understanding of deep traps in
semiconductors that are unavailable to optical excitation, has stimu-
lated a successful new attack on the theory of point defects, especially
the silicon vacancy, and has led to a new understanding of the mobil-
ity of defects under irradiation by photons of energy higher than the
band gap. It has also been important in gaining a fundamental
understanding of the energy level structure of amorphous semicon-
ductors.

Another strong influence on semiconductor research has been the
development and application of molecular beam epitaxy (MBE) of
GaAs and related semiconductors. This sophisticated crystal-growing
technique has led to experimental fabrication of very high quality
double-heterostructure lasers, the invention of modulation doping
which greatly increases the mobility of carriers in GaAs, the creation
of quantum wells with important applications to research and tech-
-nology, and to the invention of a series of graded band gap devices
which show great promise for the efficient generation and detection
of lightwaves. The successful development of MBE of silicon and
metal silicides has opened up many new possibilities for silicon de-
vices adaptable to submicron dimensions.

Surfaces have been a matter of continuing concern for physics
research ever since Davisson’s pioneering work on electron
diffraction from nickel. This work itself led directly many years later
to the development by Germer of low energy electron diffraction as a
practical method of surface crystallography, and remains today one of
the most important diagnostic tools used in surface science and tech-
nology. Much of the early research on surfaces was concerned with
thermionic and secondary electron emission because of the crucial
role of the vacuum tube in communications technology until the
early 1950s, at which time it reached its peak in the close spaced
triode and the traveling wave tube. Continuing work on secondary
emission led to Auger spectroscopy for the chemical analysis of
surfaces and adsorbates as a second important tool for the diagnosis
of surfaces.
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Waning interest in the vacuum tube after the 1950s implied no
corresponding loss of interest in surfaces, since the need for funda-
mental understanding of interfaces in all kinds of semiconductor de-
vices made the matter even more urgent. This concern was already
evident in early attempts by Bardeen to understand the role surface
states played in preventing external modulation of the surface resis-
tance of semiconductors. The opportunity to carry out fundamental
research on well-characterized surfaces arrived in the early 1960s
with the concept of the controlled surface in ultrahigh vacuum
developed by H. D. Hagstrum. Since that time, but particularly since
1970, research on clean surfaces and clean surfaces covered with
monolayers of known adsorbates has moved rapidly ahead with the
introduction of multiple probes including ion neutralization spectros-
copy, ultraviolet photoelectron spectroscopy, X-ray photoelectron
spectroscopy, electron loss spectroscopy, and Rutherford backscatter-
ing. Each of these tools measures a particular aspect of the atomic
and electronic structure of surfaces and taken together have provided
fundamentally new understanding of the nature of surfaces. This has
included the structure of surfaces with thin overlays of metals lead-
ing for the first time to basic understanding of Schottky barriers.

A new era in surface physics began about 1973 with the advent of
synchrotron radiation as a powerful source of ultraviolet radiation
and X-rays. These sources greatly improved the ease and accuracy of
surface research have also led to the introduction of some entirely
new techniques. These include surface X-ray absorption fine struc-
ture, which provides information about the immediate surroundings
of surface atoms; the X-ray standing wave technique, which measures
the position of adsorbate atoms with high precision relative to the
surface; and X-ray reflection-refraction, which allows surface crystal-
lography to be done without the multiple scattering problems
encountered in low energy electron diffraction. Another new tech-
nique recently introduced is the diffraction of monochromatic beams
of helium atoms from surfaces, which has the advantage of looking
only at the outermost layers of atoms. This technique also has the
advantage that the atom beams can carry energy to or remove energy
from the surface, thereby providing information about surface excita-
tions.

An altogether new aspect of surface physics emerged in the early
1970s in the recognition that some planar systems are rigorously
two-dimensional in behavior because the quantization of energy lev-
els in the normal direction confines the effective degrees of freedom
to the plane. Examples are the depletion layer in metal-oxide-
semiconductor structures, electrons moving on the surface of liquid
helium, thin films of superconductors, intercalated atoms in layered
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compounds such as graphite and NbSe, and monolayer films of
liquid crystals. Practical applications of such effects are being made
in quantum well devices produced by depositing very thin layers of
semiconductors with molecular beam epitaxy. In 1980, an observation
of considerable scientific importance was the quantized two-
dimensional Hall effect in high-mobility layers of GaAs produced by
MBE.

Radar research during World War II left a legacy of a fully
developed technology in the electromagnetic spectrum from 1 to 30
gigahertz. This technology, which included strong and stable oscilla-
tors, sensitive detectors, and a sophisticated array of coaxial and
waveguide circuit elements at S-band (3 GHz), X-band (10 GHz), and
K-band (24 GHz), strongly affected the directions of physics research
after the war by opening up the field of resonance physics at
microwave frequencies. At Bell Laboratories pioneering work began
on the microwave absorption spectroscopy of gases at K-band, particu-
larly of linear molecules like carbonyl. In semiconductors, X- and K-
band research began on electron spin resonance of substitutional
impurities leading to a greatly improved understanding of the band-
structure of silicon and the energy level structure of donor impurities
like phosphorous. Studies of the hyperfine structure of these reso-
nances eventually led to development of the important technique of
electron nuclear double resonance, or ENDOR. In the area of elec-
tron paramagnetic resonance, work on the energy level structure of
rare earth compounds led to experimental realization of the first solid
state maser along lines suggested by N. Bloembergen of Harvard
University.

As mentioned above, research begun in the early 1950s at the K-
and X- bands on ferromagnetic resonance in ferrites led to invention
of the ferromagnetic gyrator and isolator that played an important
role in the development of advanced radars. This research also led to
fundamental understanding of the loss mechanisms and high power
instabilities encountered in ferromagnetic resonance. In turn, the
work on resonance instabilities led to invention of the ferromagnetic
parametric amplifier, and a reawakening of general interest in
parametric amplification.

Stimulated by this general climate of interest in resonance physics,
the field of nuclear magnetic resonance (NMR) also became an active
area of research in the late 1950s, centering principally on the
hyperfine interaction between nuclear spins and the magnetic fields
arising from electron spin and orbital motions. There were two main
branches to this. The first involved NMR in magnetic metals and
compounds, in the course of which the first observations were made
of nuclear resonance in a magnetically ordered compound. The
second involved NMR in transition metals and intermetallic com-
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pounds with high orbital and spin susceptibility where important
contributions were made to the understanding of negative as well as
temperature dependent frequency shifts of the resonance frequency.
The nuclear magnetic resonance work also included the earliest
observations of transferred hyperfine, or so-called superhyperfine,
interactions on the spin resonance of magnetic ions in dilute solu-
tions. These results threw considerable light on the covalent charge
and spin transfer or superexchange that result in spin ordering of
magnetic compounds.

A different aspect of the hyperfine interaction was involved in the
so-called Mossbauer effect which takes advantage of the hyperfine
splitting of the gamma ray emission lines of certain nuclei such as
57Fe. Work began on the Mossbauer effect at Bell Laboratories around
1960, soon after its discovery in Germany, and led to many important
contributions to the understanding of magnetic ordering in solids.

Beginning about 1959 the more ready availability of strong mag-
netic fields and low temperatures, as well as improved calculational
methods, gave rise to renewed interest in the energy band structure
of metals, particularly the band structure at the energy of the highest
occupied levels, the so-called Fermi surface. At Bell Labs and else-
where many different tools were brought to bear on the problem—
including cyclotron resonance in the Azbel’-Kaner geometry (mag-
netic field parallel to the surface), magnetoresistance, DeHaas-van-
Alphen effect, the magneto-thermal effect, and the magneto-acoustic
effect. Experimental research at Bell Laboratories concentrated on the
transition metals and transition metal compounds, and important con-
tributions were made to understanding their band structure. Accu-
rate band structure calculations were also begun at Bell Labs during
this period using the augumented plane-wave method, including in
particular a calculation of the complicated band structure of V35i, one
of the highest transition temperature superconducting compounds.

The invention of the laser at Bell Laboratories in 1958 by Schawlow
and Townes firmly established the new field of quantum electronics
which had its beginning with the invention of the maser by Townes
and his students at Columbia University in 1954. Although the idea
of population inversion between optical energy levels was a natural
extension of work at microwaves, the recognition that a Fabry-Perot
interferometer could be used at optical frequencies as a low loss mul-
timode resonant cavity was a major conceptual advance. After 1958
laser research at Bell Labs grew very rapidly, the first major advance
being A. Javan’s invention of the He-Ne gas laser in 1959, which in
1960 produced light in the visible region 1000 times more nearly
monochromatic than any other source then available. The carbon
dioxide laser not only opened up the longer, infrared portion of the
electromagnetic spectrum, but also produced unprecedented coherent
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power. Bell Labs’ contributions to the development of color-center
lasers and a variety of dye lasers helped to make these sources valu-
able tools in scientific research. Important advances were also made
in the understanding of noise and coherence, the natural electromag-
netic modes of oscillation, and the invention of Brewster angle win-
dows which allowed the use of external mirrors for the resonant cav-
ity.

Although the laser phenomenon itself became a major research
interest at Bell Labs, the high intensity, nearly monochromatic light
produced by the laser led to a revolution in optics research at Bell
Labs and other laboratories in the fields of high resolution spectros-
copy, two photon spectroscopy, Raman scattering, coherent optical
effects, nonlinear optics, and optical parametric amplification.

By far the biggest impact of the laser on Bell Laboratories, however,
has been in opening up the field of optical communications. In 1968,
I. Hayashi and M. B. Panish succeeded in making a double-
heterostructure GaAs laser that operated continuously at room tem-
perature with a reasonable life expectancy. This advance, along with
advances in optical fiber technology, have made possible practical
lightwave systems that will clearly play a very important part in the
communications networks of the future. This initial work on hetero-
structure lasers has been followed at Bell Labs by the invention of
many novel laser structures with greatly improved oscillation charac-
teristics, and intensive work on the physics of degradation processes
and unwanted phenomena such as self-pulsing. By 1980, excellent
lasers were made for the first time using molecular beam epitaxy, a
process that may eventually provide a new level of manufacturing
control over the fabrication of communications lasers and make acces-
sible new materials systems for longer wavelength lasers. By 1980,
the physics, materials science, and technology of semiconductor lasers
had become a major theme of physics research at Bell Labs.

Although the principal emphasis of physics research at Bell Labs
since 1945 has been on the physics of the solid state, smaller but sub-
stantial research efforts have also been carried on in the closely allied
fields of atomic and molecular physics and in plasma physics. To a
considerable extent this research has been stimulated by and
benefited from the intense monochromatic light available from lasers.
One notable achievement in atomic and molecular physics has been
the measurement of the Lamb shift in the heavy hydrogenic ions
C5, O, F**, and Cl1'®*, which have confirmed the predictions of
quantum electrodynamics for high nuclear charge within the accuracy
of current calculations and indeed made possible a choice between
alternative theoretical calculations in the case of CI**. A second
experimental tour de force was the measurement of the hyperfine
structure of the Hy ion, which confirmed the quantum mechanical
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calculations of this simplest three-body problem. A third achieve-
ment in atomic and molecular physics has been the development of
opto-acoustic spectroscopy based on the spin-flip Raman laser. This
has been applied to the measurement of pollutant gases such as NO
and HCN from automobile exhausts and, most importantly, to the
measurement of NO concentrations in the stratosphere where this
molecule acts as a catalyst to destroy ozone.

Plasma physics research had an early history at Bell Labs because of
the interest in gas discharges as possible talking-path switches. Seri-
ous work on gas discharges began as early as 1939 on glow discharges
from cold cathodes and was continued after the war when investiga-
tions were begun into fundamental physical processes involved in gas
discharges. Emphasis on this aspect of plasma physics continued up
through 1962 when it was decided that mechanical relays offered
superior reliability.

Plasmas exist in metals, semimetals, semiconductors, gases, and
electron beams, and research has been conducted at Bell Laboratories
since 1945 in all these areas with special emphasis on the collective
modes of oscillation exhibited by both neutral and charged plasmas.
In the case of electron beams, research began as early as 1934 on
space charge fluctuations in vacuum tubes, but was intensified after
the war following the introduction of the traveling wave tube which
depended for its operation on the interaction between an external
traveling electromagnetic wave and a collective mode propagating
along an electron beam. Extensions of this work to the case of
interactions between two electron beams or between an electron
beam and an ion beam led to some of the earliest understanding of
instabilities in plasmas.

In the case of gases and solids, research has most often concen-
trated on plasmas immersed in a strong magnetic field and has been
directed toward understanding the collective plasma oscillations that
exist under these circumstances, reflecting the orbital cyclotron
motion of the electrons. In metals and semimetals these modes are
called helicons and Alfvén waves, respectively, and basic contribu-
tions were made at Bell Labs to both fields between 1959 and 1965.
In semiconductors the ability to generate dense plasmas by illumina-
tion with an intense laser beam has led to fundamental new work on
electron-hole droplets which behave like metallic condensates, and to
strip line devices that can switch electrical signals at picosecond rates,
thereby opening up a new picosecond measurement technology.

About 1960, basic studies of the hybrid plasma cyclotron resonances
known as Bernstein modes started at Bell Labs. Although gas plasma
physics has never become a major research emphasis, this work has
continued and by 1980 a substantial effort was being devoted to such
subjects as turbulence in plasmas, nonlinear interaction between
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plasma waves, and the interaction of charged beams with plasma
waves. Scattering of CO, laser radiation has been successfully
applied to the study of collective waves and turbulence in prototype
fusion reactors.

The developments in molecular biology during the 1950s stirred
the imagination of several Bell Labs physicists, who initiated a
research effort in molecular biophysics in the early 1960s. The func-
tional macromolecules and aggregates found in biological systems are
complex materials that carry out processes such as energy transduc-
tion, information storage and processing, signaling, and process con-
trol. Other Bell Labs scientists had been engaged in fundamental stu-
dies of a large variety of organic nonbiological macromolecules and
aggregates using spectroscopic methods, predominantly magnetic
resonance spectroscopy (NMR and EPR) and luminescence spectros-
copy in the visible and ultraviolet ranges. The biophysics effort
started out by applying magnetic resonance and luminescence tech-
niques to the study of alterations to DNA caused by ultraviolet light.
In the late 1960s, magnetic resonance was directed toward
structure/function studies in a variety of macromolecules. In the
mid-1970s, NMR was used to study metabolism and bioenergetics in
intact living cells and organelles. Luminescence techniques extend-
ing into the X-ray region were applied to photobiological studies of
more complex systems.

The physics research techniques used in biological studies made a
significant impact on biophysical research. One such technique,
front-face fluorometry of whole blood, has been developed into a
rapid test for lead intoxication and an assay for risk of brain damage
in jaundiced newborn infants.

An enduring theme of physics research at Bell Labs has been astro-
physics. The interest in this field has grown largely out of concern
for sources of noise that interfere with long distance transmission of
radio signals. In 1932 Jansky, searching for the source of interference
at 20 MHz on transatlantic radio circuits, founded the science of radio
astronomy by discovering that the galactic center was a strong noise
source. Thirty-three years later Penzias and Wilson explained a small
but persistent noise at 4 GHz in satellite transmission circuits when
they discovered the cosmic microwave background radiation that is
one of the strongest pieces of evidence that our universe began with
a single explosive event some 18 billion years ago. Other astrophys-
ics research has grown out of unique electronic instrumentation avail-
able at Bell Labs, and has served to stimulate the development of
radiation detectors of extreme sensitivity or at extremely high fre-
quencies. Examples are a gravity wave detector which for several
years was the most sensitive in existence, a balloon-lofted gamma-ray
telescope that has established the center of the galaxy as an intense
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source of electron-positron recombination radiation, and extremely
sensitive millimeter wave detectors that have detected a variety of
molecules in space and effectively founded the field of space chemis-
try.

A new area of research opened up at Bell Labs when it was decided
to enter the field of nuclear physics in 1958. This decision was based
on the recognition that nuclear physics was a rapidly developing field
of science that might have an unknown but important impact on
communications science and technology. This expectation has been
fulfilled through the application of accelerated ion beams to the study
and modification of surfaces and solids, particularly semiconductors,
and through the development of new instrumentation such as parti-
cle counters essential to a wide range of modern scattering experi-
ments. Nuclear physics research was first pursued in collaboration
with Brookhaven National Laboratory using their high-flux neutron
facility. Starting in 1965, it was continued through an arrangement
with Rutgers University for collaborative use of a 16 MeV tandem
Van de Graaff accelerator, and by the installation of several lower
energy ion accelerators at Bell Labs, Murray Hill.

Although the resources devoted to nuclear physics have never been
large, the research has resulted in important discoveries in nuclear
structure, nuclear spectroscopy, and nuclear excited state lifetimes.
The investment has also paid off in unexpected directions. As a
result of experience with particle detectors invented at Bell Labs
between 1949 and 1959, it was possible to make important measure-
ments of radiation intensities in the Van Allen belts in 1961 during
the flight of the first communications satellite, Telstar. Moreover,
work with transistorized circuits in the high neutron flux environ-
ment at Brookhaven made possible the diagnosis and correction of
failures of some critical transistor circuits in the satellite resulting
from high energy electrons in the inner Van Allen belt probably
injected by a high-altitude nuclear explosion.

The most important outgrowth of the nuclear physics program at
Bell Labs has been the use of ion beams as a means of studying the
structure and composition of thin films and surfaces and of modifying
the near-surface regions of solids. In the mid-1960s, research on ion
channeling through thin crystals was applied not only to the mea-
surement of ultrashort lifetimes of excited nuclei, but also to the loca-
tion of impurity sites in crystals. This work then led directly to the
use of ion implantation as a means ot doping semiconductors, and
some of the earliest ion-implanted semiconductor devices were made
at Bell Labs. More recently, implantation of ions is being used to
modify the surface layers of insulators and metals. New studies of
sputtering using ion beams has revealed interesting information
about the equilibrium surface compositions of alloys and revealed
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that molecular solids such as thin films of ice exhibit an anomalously
fast sputtering rate compared to metals and semiconductors. This
result has considerable significance in understanding the surface ero-
sion of the icy moons of Saturn and Jupiter under bombardment by
the solar wind.

Ion beams have been developed into a powerful tool for studying
the composition and structure of thin films important for research
and Bell System technology. In a process known as Rutherford back-
scattering, the light ions H* and He" accelerated in the Bell Labs 3.75
MeV Van de Graaff accelerator are scattered off atoms in a solid to
yield precise information about the mass and location of the scatter-
ing ion. Carried out under ultrahigh vacuum conditions compatible
with other methods of surface analysis, this method has been used for
the precise determination of the composition profile of thin films, the
structure of interfaces such as that between silicon and SiO,, and for
the study of the relaxed free surfaces of metals.

An additional outgrowth of the nuclear physics program related to
the measurements of the radiation belts has been a study of the struc-
ture of the magnetosphere using ground based magnetometers in
Antarctica and Canada. This natural laboratory for studying magneti-
cally confined plasmas has led to a basic understanding of magneto-
hydrodynamic waves in the magnetosphere, and has helped in under-
standing the origin of terrestrial magnetic storms which can have a
serious effect on long-distance telephony.

Until the early 1970s, experimental solid state physics as a field of
research was characterized by small-scale experiments carried out by
individual or small groups of scientists on apparatus that could be
accommodated in modest-sized laboratories. The major exceptions to
this were magnetic structure experiments at the high neutron flux
reactors at Brookhaven and Oak Ridge National Laboratories, and
high magnetic field experiments carried out at the M.LT. National
Magnet Laboratory. Even this latter case was largely obviated by the
advent of high-field superconducting magnets. Thus entry into
nuclear physics and the use of Van de Graaff accelerators for ion-solid
interaction experiments was the first real venture into “big machine”
physics for research at Bell Labs, and introduced a new pattern of
research that was not characteristic of solid state physics at that time.
Beginning about 1970, however, there have been new involvements
with big machines, which represent a new trend in solid state phys-
ics, resulting from a convergence of methods of condensed-matter
physics and nuclear or high-energy physics. The convergence has to
do with the use of directed beams of particles or photons scattered
from a target (crystal, nucleus, or nucleon, as the case may be) to
determine energy levels, momentum, distribution, and structure.

Since the mid-1950s, physicists at Bell Labs have been using
directed beams of neutrons from the high flux reactor at Brookhaven
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National Laboratory to determine magnetic structures. In the late
1960s, the emphasis turned to the measurement of phonon spectra of
crystals, and to experiments on the spin dynamics of magnetically
ordered systems. This included phase transitions in one- and two-
dimensional systems that led to fundamental new understanding of
the nature of second-order magnetic phase transitions. Most recently
attention has turned to the study of structural phase transitions and
the phase transitions that give rise to charge density waves in layered
transition metal compounds.

Inelastic X-ray scattering experiments began at Bell Labs around
1968 using a high-intensity rotating anode X-ray source for mea-
surements of the momentum distribution of electrons in a variety of
low atomic number materials such as atomic helium, molecular
hydrogen, oxygen, nitrogen, and metallic lithium and sodium. Since
1970 this has also become an area of big machine physics with the
availability of very large X-ray and ultraviolet photon fluxes from the
synchrotron radiation sources at Stanford University, the University
of Wisconsin, and Cornell University, providing intensities up to one
million times greater than those available from conventional sources.
There has been a very large expansion in research on solids and sur-
faces using X-ray and ultraviolet photons available from these
sources, and many new kinds of experiments have become practically
possible. Notable among these are extended X-ray absorption fine
structure measurements which allow determinations of local atomic
structure to the unprecedented accuracy of 0.014, X-ray standing
wave experiments that allow accurate determination of the positions
of adsorbed atoms on the surface of near-perfect crystals, and X-ray
and ultraviolet photoelectron measurements of energy levels of elec-
trons in solids including core electrons, valence electrons, conduction
electrons, and electrons associated with adsorbed atoms on surfaces.

The fact that electrons in some solids can move freely over macro-
scopic distances is such a familiar observation that it no longer evokes
much wonder. Although metallic conduction in metals such as
copper, and semiconduction in semiconductors such as silicon, are the
fundamental bases of communications technology, the mobility of
electrons in such materials is a quantum-mechanical phenomenon
that is not at all obvious from the properties of free atoms. Conduc-
tivity, nevertheless, is essentially a matter of single-particle (electron)
excitations in solids, and although complicated wave mechanical cal-
culations are often necessary for its complete explanation, in principle
it is easy to understand. Solids, however, also exhibit collective
movements of their atoms and electrons that lead to ordered phases
that are often much more difficult to conceptualize. Such ordered
phases are described by an order parameter that can vary in time and
space and can therefore support collective modes of excitation. These
modes have been characterized by Anderson as exhibiting broken
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symmetry and present one of the most scientifically compelling areas
of modern condensed-matter research. Ordered phases, and the tran-
sitions between ordered phases, consequently have become a major
area of physics research at Bell Laboratories in recent years.

In one sense the field of ordered states an old and familiar field of
physics research since the crystalline state is an ordered state of
matter, and crystal structures have been studied at Bell Labs for at
least 50 years, going back to the electron diffraction experiments of
Davisson and Germer and early studies of magnetism in metals and
alloys. More recent work on the crystalline state has concentrated on
structural phase transitions and crystallization phenomena in two-
dimensional systems such as layered transitional metal compounds
and graphite, electron crystals on the surface of liquid helium, and
thin liquid crystals.

Superconductivity is a less familiar ordered state in which condue-
tors below a critical temperature, T,, lose all resistance and exhibit
nearly perfect diamagnetism. Experimental research in superconduc-
tivity began at Bell Labs in the early 1950s and resulted in many
important discoveries including the high transition temperature
intermetallic compounds Nb3Sn and Nb;Ge, the high current carrying
capability of some superconductors, the absence of an isotope effect in
ruthenium, the measurements of the phonon density of states by
superconductive tunneling, and the first experimental observations of
tunneling of superconducting currents through thin insulating layers.
Important contributions were also made to the theory of supercon-
ductivity discovered by Bardeen, Cooper, and Schrieffer at the
University of Illinois. These included an explanation for the lack of
gauge invariance of the theory, strong coupling theory, the theory of
dirty superconductors, and discovery of an upper field limit to the
magnetic field sustainable by a Type II superconductor.

Superfluidity is another ordered state of matter found only (to date)
in liquid *He and liquid *He. The lack of resistance to hydrodynamic
flow found in these two liquids is closely related to the lack of electr-
ical resistance in superconductors and both are explained by similar
theories. Liquid 3He is an especially interesting case because it orders
into a strange type of magnetic liquid at very low temperatures. In
the 1970s fundamental theoretical and experimental contributions
have been made at Bell Labs to the understanding of the complex
properties of this magnetic superfluid.

Magnetism, superconductivity, and superfluidity are all examples of
the general class of second-order or continuous-phase transitions that
show universal behavior of their thermodynamic and fluctuation
phenomena near the transition temperature T,. The thermodynamic
quantities such as specific heat, susceptibility, and bulk modulus, as
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well as the dynamic quantities such as density and spin fluctuations
and thermal conductivity, all show critical behavior near T, that map
from system to system according to a theory of dynamic scaling and
which can be calculated by the method of renormalization group
theory. Beginning in the mid-1960s, many fundamental experimental
and theoretical contributions were made by physicists at Bell Labs to
the understanding of second-order phase transitions. These included
extension of the scaling theories and renormalization group theories
to dynamic phenomena, and a series of measurements on the
superfluid transition in liquid *He that set a new standard of preci-
sion in the field and made possible accurate verification of the scaling
theories.

The physics research described in the following chapters and sum-
marized in this overview has resulted in many important contribu-
tions to Bell System communications science and technology, espe-
cially over the last 35 years. These contributions are listed in Table I
divided into the five-year periods in which they occurred. Although
the achievements listed are commonly closely associated with Bell
Laboratories, it should be remembered that parallel research was done
at other laboratories in the United States and abroad. The list there-
fore represents innovations in communications science and technol-
ogy growing out of physics research at Bell Labs which in turn was
closely coupled to worldwide science through the exchange of ideas
and people. The list offers a unique example of the power of research
carried out in an environment that puts a high value both on
research directed toward new conceptual levels of scientific under-
standing and research directed toward the creative innovation of new
technology.

A. M. Clogston

Executive Director—Research,
Physics, and Academic
Affairs Division

Bell Laboratories

November, 1981
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Table I. Contributions to Communications Science and Technology
Growing out of Physics Research at Bell Laboratories

1945-50 Point Contact Transistor Semiconductor Particle Detectors
Invention of Junction Transistor
1951-55 Ferrite Gyrator Invention of Field Effect Transistor
Silicon Solar Cells High-Temperature Superconductivity
pnpn Devices Garnets and Magnetic Bubbles
1956-60 Invention of the Laser Rediscovery of the Parametric Amplifier
He-Ne Gas Laser Experimental Demonstration
Oxide Masking of the 3-Level Maser
Localization Theory Low Energy Electron Diffraction
1961-65 Experimental Discovery
of Superconductive Tunneling High Field Strength
Cosmic Background Noise Superconducting Magnets
Carbon Dioxide Laser Optical Parametric Oscillator
1966-70 Red Light Emitting Diodes Double-Heterostructure Laser
Green Light Emitting Diodes Molecular Beam Epitaxy (MBE)
Ion Implantation Spin-Flip Raman Laser
1971-75 lon Backscattering and Channeling Picosecond Switching
Deep Level Transient Spectroscopy Bistable Optical Devices
1976-80 Current Switched Josephson Low Noise Millimeter-Wave Diodes

Junction Integhated Circuits
MBE Lasers and Field Effect
Transistors
Modulation Doping
Graded Barrier Rectifier

Silicon Molecular Beam Epitaxy
Bistable Liquid Crystal Devices
Epitaxial Silicide Conductors
Ion Beam Lithography

Laser Annealing




Chapter 1

Magnetism
and Magnetic Resonance

The Bell System’s interest in magnetic materials dates back to the very
beginning of the telephone. It was recognized early that understanding the
physics of magnetism would be crucial to progress in the technology using
magnetic materials—whether for finding magnetic metals or alloys having
high permeability or low ac loss for transformers and loading coils, or for
designing permanent magnets with large remanent magnetization. The
research activities on ferromagnetic metals and alloys, on the physics of mag-
netic domains, and on magnetic oxides—ferrites and garnets—extended the
application of magnetic devices to the higher frequencies needed for larger
carrier capacity.

The technigues of magnetic resonance were introduced in solid state physics
in the mid-1940s. They probe the internal fields of magnetic materials on the
atomic level and deepen our understanding of the fundamentals of
magnetism—the interaction between elemental atomic magnets and the much
weaker nuclear magnetic moments. The techniques of Mdssbauer spectros-
copy make use of the very narrow gamma rays emitted by the nuclei of cer-
tain magnetic materials and provide complementary information on funda-
mental magnetic interactions.

Magnetic fields are involved in many physics experiments discussed in
other chapters of this volume—in magnetoresistance (Chapter 4), plasma
physics (Chapter 6), superfluidity in 3He (Chapter 9), and magnetospheric
physics (Chapter 7).

I. THE PHYSICS OF MAGNETIC SOLIDS

G. W. Elmen’s discovery of Permalloy, Perminvar, and other materi-
als has already been described in Chapter 8, section 2, of the first
volume of this series, The Early Years (1875-1925). L. W. McKeehan

Principal authors: R. L. Cohen, J. F. Dillon, S. Geschwind, L. R. Walker, and W. M. Walsh
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and R. M. Bozorth introduced the technique of using X-ray diffraction
to study the effect of heat treatment of ferromagnetic materials in the
presence of a magnetic field on the magnetic properties relevant to
communications technology. Their accomplishments reinforced the
confidence of Western Electric management in the role that basic
research could play in solving the long-term needs of the evolving
communication systems, particularly when carrier frequencies were
rapidly increasing into the microwave region of the electromagnetic
spectrum.

Thus, right after World War II the atmosphere was conducive to the
initiation of scientific investigations of the fundamental atomic
processes that give rise to magnetism. There was ample encour-
agement to use and to contribute to the most up-to-date quantum
mechanical theories and related experimental techniques. X-ray
diffraction techniques were extended to many single crystals and to
detailed analyses of crystal structures. These techniques led to the
explanation of the magnetic properties of materials and to the
discovery of interesting new materials. It was found to be very fruit-
ful to couple these investigations with crystal chemistry research and
the application of physics research tools such as nuclear magnetic
resonance and ferromagnetic resonance. Consequently, a program
was initiated to study the role of ferromagnetic domains and
domain-wall motion in determining basic magnetic properties such as
permeability, ac losses, and coercive force. Studies were conducted
on the effect of atomic exchange and superchange forces on fer-
romagnetism, on localized magnetic moments, on the role of conduc-
tion electrons in ferromagnetic metals, on spin waves, and on the
propagation of electromagnetic waves in media containing ferromag-
netic material. Other aspects of magnetism received attention in
superconductivity research and in magnetosphere studies.

L1 Ferromagnetic Metals and Alloys

Soon after joining Western Electric in 1906, Elmen started looking
for a magnetic material that would have high permeability at low
magnetic flux density with very low hysteresis losses. (For more on
Elmen’s work see Chapter 10 of the first volume of this series.) In the
mid-1920s McKeehan introduced the techniques of X-ray diffraction
to the study of crystal structure in iron-nickel (Fe-Ni) alloys. He
studied the effect of anisotropy and magnetostriction on the magnetic
properties of ferromagnetic materials such as Permalloy.! McKeehan's
studies led him to suggest that the electrons in deeper levels, rather
than the valence electrons, are involved in determining the magnetic
properties of alloys.
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Bozorth [Fig. 1-1] joined Western Electric in 1923 and, with E. A.
Kelsall and J. F. Dillinger, started a series of measurements of the
magnetic properties of nickel-cobalt-iron (Ni-Co-Fe) alloys subjected
to annealing in the presence of a magnetic field.? Using these tech-
niques, Bozorth found the conditions needed to obtain a nearly
square hysteresis loop in the Ni-Co-Fe alloy Perminvar with 65 to 70
percent nickel. He also conducted a number of studies of ferromag-
netic anisotropy and magnetostriction in single crystals and polycrys-
talline materials.? One technological outcome of these studies was his
explanation that the improvement in the magnetic properties of sili-
con steel was caused by the orientation of crystals aligned by the roll-
ing process. Bozorth is probably best known for his classic book Fer-
romagnetism, a comprehensive compilation of the properties of fer-
romagnetic metals and alloys published in 1951. It is a widely used

Fig. 1-1. R. M. Bozorth pioneered in fundamental investigations
of the magnetic properties of ferromagnetic metals and alloys.
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reference source of worldwide research in ferromagnetic materials
published prior to 1950, as well as an exposition of the phenomeno-
logical and theoretical basis giving rise to important magnetic proper-
ties of ferromagnetic materials.

In the early 1950s research in ferromagnetism shifted to a new
group of materials, the rare earths—elements of the Periodic Table
with atomic numbers ranging from 58 to 70. The rare earth atoms
have strong paramagnetic moments arising from an incomplete 4f
subshell of the fourth electron shell in the usually trivalent ions.
These materials became more available after World War II because of
their presence in uranium and thorium ores. Wide scientific and
technological interest developed in the properties of these elements,
their alloys, and compounds. At Bell Laboratories E. A. Nesbitt and J.
H. Wernick inijtiated a study of the magnetic properties of rare earth
alloys and intermetallic compounds, including such compounds as
SmCos and PrCo5,5 which were found to have hexagonal crystal struc-
tures, large ferromagnetic moments, and the largest magnetic aniso-
tropies known.® These studies are discussed in Chapter 12 of this
volume.

1.2 Ferromagnetic Domains

The concept of a ferromagnetic domain, or a region where all the
elementary atomic magnets point in the same direction, has played a
central role in the understanding of the magnetic properties of fer-
romagnetic materials. This, in turn, has led to the development of
improved magnetic materials for inductors with high permeability
and low hysteresis loss, and of permanent magnets having high resi-
dual magnetization and large coercive force. As early as 1907, P.
Weiss, at the University of Strasbourg, proposed that a ferromagnetic
material is composed of many regions, each magnetized to saturation
in some direction” In the unmagnetized state, which generally
prevails in the absence of an externally applied magnetic field, the
directions along which the domain are situated are either randomly
distributed or are perhaps distributed along preferred (“easy”) direc-
tions of magnetization, so that the resultant magnetization of the
specimen as a whole is zero.

The first observation of effects caused by domains was made in 1919
by H. Barkhausen of the Technische Hochschule of Dresden.® He
detected noise or clicks in earphones connected to a coil wound
around an iron specimen that was demagnetized continuously. This
could be interpreted as caused by the fact that the actual demagneti-
zation of the specimen proceeded in jumps, even though the demag-
netizing current was increased continuously, arising from the discon-
tinuous change in magnetization direction of the whole domain. At
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Bell Labs Bozorth and Dillinger repeated the Barkhausen experiment
in 1930 and by refined measurements, were able to deduce the aver-
age volume of a domain associated with Barkhausen discontinuities.?
However, direct observation of such domains was to take another 15
years.

1.2.1 Domains in Single Crystals

Shortly after the end of World War II, W. Shockley and
H. J. Williams initiated a study designed to develop more direct tech-
niques for identifying a single ferromagnetic domain and for follow-
ing its movement when the strength of an externally applied field is
varied slowly. This work was undertaken with the expectation of
providing a sound physical understanding of the magnetic properties
of ferromagnetic materials in terms of the domain picture. In 1947,
using the technique involving colloidal particles of Fe;O, that had
been developed after 1931 by F. Bitter and others,!® Williams
observed a domain pattern in an electrolytically polished strain-free
surface of single-crystal iron having about 4 percent silicon.!! This
was followed by a more detailed study of the domain pattern on
strain-free, single-crystal surfaces and a comparison with theory, pub-
lished in 1949 by Williams, Bozorth, and Shockley.!? Later that year
Williams and Shockley published the results of measurements on a
beautifully designed hollow rectangular sample cut from a single
crystal of silicon-iron with edges and surfaces all cut along easy direc-
tions of magne’cization.13 Each leg of this “picture-frame” single crys-
tal was about 1.5 by 0.1 by 0.1 centimeters in size. [Fig. 1-2]

Williams and Shockley observed the position of the wall boundary
between the domains with magnetization in opposite directions at the
same time that they measured the magnetization of the specimen
with an appropriate flux meter. Their study established a direct
correlation of magnetization with domain boundary motion and
demonstrated that changes in magnetization in such an experimental
arrangement occur by the growth of one domain at the expense of its
neighboring domain.

In the late 1940s the study of magnetic domains continued to flour- -
ish at Bell Labs. Williams and his coworkers adapted and perfected
the technique of using a colloidal suspension of magnetic on electro-
polished surfaces of metallic magnets to observe the domain structure
of hundreds of samples. Williams produced several moving pictures
concerning domains and the response of magnetic domain structure
to apglied fields. These movies were of great educational impor-
tance.14 They gave a whole generation of students and research work-
ers a feeling for this fundamental view of magnetic properties.



24

Engineering and Science

(a)

(A)

20,000
16,000
12,000
8,000
4,000
0
4,000
8,000
12,000
16,000

20,000

in the Bell System

| | | |

0 20 40 60 80
DISTANCE (mm ON FILM)

(B)

Fig. 1-2. (A) A photograph showing magnetic domain walls (at
arrows). (B) Magnetization curve. Circles labeled (a), (b), and
(c) correspond to domain walls (a), (b), and (c) in (A). (C) The
shape of the single-crystal silicon-iron sample. [Williams and

Shockley, Phys. Rev. 75 (1949): 179,1811].

1.2.2 Domain Structure Theory

100

Complementing the experimental work on magnetic domains, C.

Kittel carried out theoretical calculations on a variety of domain prob-
lems. He explained the domain structure in thin films and fine parti-
cles, and the magnetic losses exhibited by magnetic materials with
domain structure. In a review article published in 1949, and a subse-
quent paper published with J. K. Galt in 1956, Kittel presented a com-
plete account of the physical phenomena involved in ferromagnetic
domains.!>1® Most of the volume of a ferromagnetic specimen is con-
tained in one domain or another.

Between two domains there is a
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thin transition region, the domain wall, in which the magnetization
direction gradually changes from that of one domain to that of a
neighboring domain. [Fig. 1-3] These fundamental magnetic domain
concepts have served to explain the magnetic behavior of the soft
metals and alloys used in transformers and have provided a theoreti-
cal foundation for the design of high coercive-force permanent mag-
nets.

1.2.3 Application to Permanent Magnet Design

The snagging of a domain wall by an imperfection was one of the
phenomena seen vividly in the domain observation experiments, and
the understanding of the effect has had clear technological impact. A
void or a nonmagnetic inclusion was observed to anchor a domain
wall and to restrain its motion. A coercive field could be measured as
the field necessary to break the wall free from a particular imperfec-
tion. In 1961, Nesbitt and E. M. Gyorgy deliberately introduced
imperfections into the magnetically very soft alloy known as 79 Per-
malloy.17 They added gold to the components, and by careful heat
treatments were able to bring about the precipitation of a gold-rich
phase that interfered with the motion of domain walls. Variations of
the alloy and its heat treatment enabled them to control the coercive
force of the material and its switching behavior to achieve highly

Fig. 1-3. The Bloch wall, showing the gradual change in direction
of magnetization in a domain wall. [Kittel and Galt, Sol. State
Phys. 3 (1956): 474].
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desirable properties. The same approach was subsequently applied to
several other systems. One example was the study of cobalt-iron-gold
by Nesbitt, G. Y. Chin, and D. Jaffe.!® The alloy, 84%Co-12%Fe-4%Au,
when annealed gave a very square hysteresis loop and a coercive
force of about 12 oersteds. This alloy found extensive application in a
memory device known as the piggyback twistor. Piggyback twistors
were used as the basic storage elements in the early versions of the
Traffic Service Position System and the Electronic Translator System,
used respectively in long distance dialing and long distance call
routing.

The domain point of view also helped to improve the understand-
ing of the properties of permanent magnet materials. The theory
shows that a domain wall has a finite width, in many cases about
10004 [angstrom unit (A) = 10710 meters], and that magnetic particles
smaller than that width simply cannot support a domain wall.! The
magnetization of such particles reverses only by the rotation of the
whole domain, a process that might require much higher magnetic
fields than those needed for the domain wall motion process that
proceeds by the growth of one domain at the expense of its neighbor.
In 1950, Kittel, Nesbitt, and Shockley suggested that the properties of
the permanent magnet alloy Alnico 5 could be explained in terms of
the shape anisotropy of plate-like precipitates that could be produced
by the heat treatment of the material in a magnetic field.2° [Fig. 1-4]

Shortly thereafter, Nesbitt and R. D. Heidenreich demonstrated that
the precipitates could be observed by electron microscopy.?! They
were able to correlate precipitate morphology with magnetic proper-
ties. In materials with the optimum properties, the precipitate parti-
cles were about 754 to 1004 across by about 4004 long, with spacings
between the rows of about 200A.

1.3 Magnetic Oxides — Ferrimagnetic Garnets
1.3.1 Ferrites

Because of their high resistivity, the non-metallic magnetic materi-
als have been of particular interest for the reduction of eddy-current
losses in transformers and other related applications. Research on
metallic oxides at Bell Labs and elsewhere increased rapidly after
World War II. Initially, the most prominent of such magnetic materi-
als were the ferrites or ferrimagnetic spinels. The chemical formula
for ferrites may be written as MFe,O,, where M could be any of the
divalent ions of magnesium, zinc, copper, nickel, iron, cobalt, or man-
ganese, or a mixture of these ions. Except for compounds containing
the divalent iron ions, these ferrites may be made with resistivities in
the range of 10? to 10° ohm-cm. This is contrasted with a resistivity
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Fig. 1-4. Electron micrographs of oxide replicas taken from a single crystal of
Alnico 5 cooled at 2° per second from 1300°C with a magnetic field along
[100] and then aged 2 hours at 800°C to grow the precipitate. Note the long
rods of precipitate in (A). Photograph (B), taken on a surface normal to the
heat treatment field, shows that the rods aggregate to form rough plates.
[Nesbitt, Encyclopedia of Chem. Tech. 12 (1967): 7371.

of about 107° ohm-cm for the ferromagnetic metals. These high resis-
tivities make it possible to use ferrites in devices operating at radio
frequencies up to tens of thousands of megahertz. Though there had
been significant earlier work, interest in the ferrites was greatly
stimulated by the publication in 1947 of reports of work done at the
Philips Research Laboratories in the Netherlands during the war.??
The materials effort on ferrites and the application of ferrites to
inductors, transformers, and filters are discussed in Chapter 12 of this
volume.

The work of the French Nobel laureate, Louis Neél of the Univer-
sity of Grenoble, provided a basic understanding of the ferrites.23
These oxides belong to a class of magnetic materials known as ferri-
magnets. The metal ions in these mixed oxides may be at either of
two types of sites. At the A, or tetrahedral sites, the metal ions are
surrounded by four oxygen ions at the corners of a tetrahedron. At
the B, or the octahedral sites, the metal ions are surrounded by six
oxygen ions at the corners of an octahedron. The magnetization of
the crystal is determined by three interactions: between metal ions
within the lattice of tetrahedral sites; between ions within the lattice
of octahedral sites; and between ions on an A site and ions on a B
site. The dominant interaction is the antiferromagnetic A-B coupling,
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so that in most cases of interest the moments of A-site ions are paral-
lel to each other and antiparallel to those of B-site ions.

Because the sum of the A-site moments generally differs from the
sum of the B-site moments, the crystal has a net magnetization, giv-
ing rise to ferromagnetic-like properties. The term ferrimagnetic is
used to designate an arrangement of magnetic moments in two sub-
lattices, with the magnetic moments in one sublattice all pointing in
one direction and the magnetic moments in the second sublattice all
pointing in the opposite direction.

The technological interest in the ferrites and similar magnetic
oxides arises from two fundamental properties: the high resistivity,
and the relatively high magnetization. Therefore, the magnetic
oxides are very useful for high-frequency inductors and are particu-
larly important for microwave communications. When properly
inserted in a waveguide with an externally applied magnetic field,
the material possesses a strong Faraday rotation of the plane of polari-
zation of a propagating electromagnetic field. This forms the basis
for the microwave gyrator and the related circulators and one-way
isolators.

In order to understand the loss mechanism in ferrites, in 1952 Galt
studied the motion of single magnetic domain walls in crystals of
nickel—iron ferrites. J. F. Dillon used more perfect single crystals of
a different ferrite, Mn, 4Fe; 604, to perform experiments in which the
characteristic behavior of a simple wall system was much more evi-
dent.?® He also observed that there was a steep rise in the losses
experienced by the domain wall as temperature was lowered. In both
the nickel and manganese ferrites comparisons were made with the
losses observed in microwave ferromagnetic resonance experiments
on the same compositions. Based on these observations, Galt?’ and
A. M. Clogston®® were able to apply relaxation theories to explain
the observed losses.

1.3.2 The Magnetic Garnets

In the mid-1950s, a considerable expansion in the research at Bell
Laboratories on new magnetic materials resulted from the collabora-
tive work of S. Geller, M. A. Gilleo, and J. P. Remeika. This began
as a study of the crystallographic properties of the rare earth orthofer-
rites having perovskite-like structures. These orthoferrites belong to
a class of materials called “canted antiferromagnets” in which the ele-
mentary magnetic moments of the ions are arranged very nearly anti-
ferromagnetically; that is, the sum of the moments in each of the two
sublattices are equal but are not lined up in precisely opposite direc-
tions. [Fig. 1-5] These rare earth orthoferrites provided a fruitful



Magnetism and Magnetic Resonance 29

NET
MOMENT

trrtti

{A) FERROMAGNETIC

trtrr

brrt

(B) ANTIFERROMAGNETIC o

b

(C) FERRIMAGNETIC T

frrttd

(D) CANTED

SRR e evere |

Fig. 1-5. Diagrams of magnetic moment ordering. (A) Ferromagnetic. B)
Antiferromagnetic. (C) Ferrimagnetic. (D) Canted antiferromagnetic. The
resulting net magnetization is shown at the right for each case.

field for the study of magnetic interactions and magnetic domain
behavior. These studies led to the discovery of the ferrimagnetic gar-
nets, of which Y3FesOy,, yttrium iron garnet (YIG), is a prototype. 931
The orthoferrites were first used at Bell Labs for an experimental
verification of the ideas involved in the invention of magnetic bub-
bles. For a discussion of the materials effort on magnetic garnets, see
Chapter 12, section IIL

These garnets became the favored experimental system for a great
variety of fundamental experiments in magnetism. In particular,
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many advances in the study of microwave losses in magnetic materi-
als were made possible by the availability of garnet crystals with few
imperfections or impurities.

An important technological advantage of the magnetic garnets com-
pared with the ferrites is that the metallic ions in the garnets are
ordinarily all trivalent and there is no loss mechanism corresponding
to the hopping of electrons from the divalent to the trivalent iron
ions in the ferrites.

Ferrimagnetic garnets were independently discovered in France by
F. Bertaut and F. Forrat.32 Soon after their discovery and the initial
publications of Geller and Gilleo, many academic, government, and
industrial laboratories throughout the world became active in studies
of this important class of magnetic materials.

1.3.3 Observation of Domains in Garnets—Magnetic Bubbles

Shortly after single crystals of the magnetic garnets became avail-
able, Dillon discovered that thin sections (about 0.01 cm thick) of
such crystals are transparent to visible light.>®> Furthermore, in pass-
ing through the crystal, the light interacts with the magnetization
and undergoes a magneto-optical rotation; that is, if linearly polarized
light enters the crystal, its direction of polarization is found to be
rotated upon leaving the crystal. The amount of the rotation depends
on the direction of the magnetization relative to the path of the light
beam. Thus, Dillon was able to see the magnetic domain structure
with a polarizing microscope. [Fig. 1-6] Soon after Dillon’s
discovery, Williams, R. C. Sherwood, and Remeika found that a
number of the orthoferrites and other magnetic oxides were trans-
parent in the same way.3* They also found that many of these crystals
were transparent in the near infrared region, and that by using a
polarizing microscope with an infrared converter, domains could be
seen in quite thick specimens. Viewing domain structure in transmit-
ted light has many advantages over the magnetic-powder colloid
technique used by Williams (see section 1.2.1 above). It becomes pos-
sible to see structure inside the crystal rather than just on the surface,
and with flash or strobe lighting it makes possible the observation of
rapidly moving domain systems. Most important, it is peculiarly
applicable to the nonmetallic magnetic materials that became of such
great interest in the late 1960s.

The fundamental studies of the physics of magnetism, involving
ferrimagnetism, domain behavior, single crystals, and optical proper-
ties, formed the basis for the investigation of magnetic bubble de-
vices, as described in Chapter 12, section 3.1. A 1972 report of the
National Academy of Sciences (known as the Bromley Report) is a
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Fig. 1-6. (A) Schematic drawing illustrating the visibility of magnetic domains in the
ferrimagnetic garnet. (B) Magnetic domains seen in a gadolinium iron garnet single crystal
with an optical polariscope, as shown in (A). Parts (a), (b), and (c) correspond to the three
cases shown in (A). The light and dark regions in the lower half of (a) and (c) are domains
with magnetization parallel and antiparallel to the line of sight. The upper half of the field is
occupied by domains with magnetization in the plane. [Dillon, Jr. and Earl, Am. J. Phys. 27
(1959): 203,2041.

case study in the relationship between fundamental research pro-
grams and the evolution of new technology.>

1.4 Magnetic Moments and Interatomic Magnetic Interactions

The research in magnetism described in the preceding sections of
this chapter dealt principally with the behavior of magnetic materials.
There has also been extensive activity, both theoretical and experi-
mental, concerned with the more fundamental aspects of magnetism
and its microscopic foundations. There are a few very basic problems
in magnetism. For example: What is the origin of the magnetism in a
given material? How do the magnetic sources interact with one
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another? What are the collective properties of a system of interacting
magnets?

Naturally, these questions overlap and what each means depends
upon whether it is asked about an insulator or a metal. Crudely, the
answer to the first two questions is that the electrons are themselves
magnetic, that is, that there is a magnetic moment associated with the
electron spin, and that their interaction is principally of electrostatic
origin. It appears as a magnetic interaction because the exclusion
principle forces the wave function of two parallel spins to be
different from that of two antiparallel spins, thus changing the elec-
trostatic energies in the two cases. This is the exchange interaction
between electrons. To go from this simple example of two lonely
spins to a real material consisting of electrons bound to nuclei to
form ions which, in turn, are bound to form crystals, is an exceed-
ingly complicated problem. Major contributions have been made in
this area by C. Herring and by P. W. Anderson, as described below.

Herring was mainly concerned with magnetism in pure metals and
alloys. In the transition metals, where ferromagnetism occurs, there
is a broad band of itinerant s electrons whose energies overlap those
of the d electrons. A difficult problem, to which experiment gives no
simple answer, is to decide whether the d electrons are localized or
itinerant, or whether these terms are perhaps inapplicable. Another
problem is to decide to what extent the clearly itinerant s electrons
are polarized and in what way they mediate the exchange coupling.
Earlier, it was also important to understand how such concepts as the
domain wall and spin waves could be treated in the itinerant models.
Herring discussed these latter problems in 1951-1952 and maintained
a continuous, critical interest in this field for many years.37 His anal-
yses®® of the state of the theory culminated in a monumental review
article published in 1966, “Exchange Interaction Among Itinerant
Electrons.””3?

One way of clarifying the problem of the occurrence of magnetism
in metals is to study the magnetic properties of dissolved
magnetic-impurity atoms in nonmagnetic metals, including supercon-
ductors. In 1959, B. T. Matthias and coworkers studied the effect of
transition metal impurities in titanium, zirconium, vanadium, and
niobium on the superconducting transition temperature, T,40 It had
already been established that impurities will always alter T,, up or
down, because they change the electron concentration in the metal.
However, if the impurities have a magnetic moment, this would
interfere with the spin pairing effect and always lower T,. Matthias
found no evidence for such a magnetic contribution in his experi-
ments. Similarly, small amounts of iron dissolved in titanium, vana-
dium, or niobium gave no additional magnetic susceptibility. It was
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apparent that iron atoms dissolved in certain hosts carried no
moment. However, in 1960, Matthias and coworkers found that iron
added to the superconducting alloy MoggReg2 strongly depressed T,
and contributed to the susceptibility, showing that in this host the
iron carried a moment.#! By dissolving small amounts of iron in a
series of Nb-Mo alloys they found a threshold molybdenum concen-
tration for moment formation at 40 percent, above which the iron
moment increases. In a definitive series of experiments, in which 1
percent of iron was dissolved in an extensive series of 44 transition
hosts covering a continuous range of electron concentrations, Clogs-
ton and coworkers showed that iron first acquires a value-of-moment
between niobium and molybdenum. The moment rises to a max-
imum value of 2.8 Bohr magnetons, then falls to zero at rhenium. It
reappears between ruthenium and rhodium, and rises to the huge
value of 127 Bohr magnetons near palladium before decreasing
sharply again.4?

A qualitative explanation of these remarkable results was given by
P. A. Wolff et al®® and by Clogston,44 based on approximate band
structures of the 4d transition metals and on studies of localized states
and moments. [Fig. 1-7] An alternative interpretation of certain
features of these results was given by V. Jaccarino and L. R. Walker,
which suggested that moment formation may depend statistically on
the particular local environment of each iron ion.?> The key paper in
this area, which attacks the basic question “Why does a moment form
at all?”’, was published earlier by Anderson.*® Anderson showed that

MOMENT PER ATOM IN
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Fig. 1-7. Magnetic moment in Bohr magnetons of an
iron atom dissolved in various second-row transition
metals and alloys as a function of electron concentration.
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a very simple model, stripped of specific local features, contains the
essential physics. This model includes a single, localized d orbital on
an isolated ion, a band of itinerant electrons interacting with the d
orbital, and, most significantly, a term that describes the Coulomb
repulsion which appears if one attempts to put two electrons of oppo-
site spin into the d orbital. He then found that a localized moment
may or may not appear, the result depending upon the parameters of
the problem. The energies involved here are such that in any real
material the existence or nonexisterice of the moment will be essen-
tially indifferent to the temperature; an iron ion, for example, either
has a moment or it does not. Its environment is the determining
factor.

For insulators, the magnetic moment is a specific property of a par-
ticular ion, and its origin is usually well understood. So here the
question is: How do the ions interact magnetically? The answer
comes down to calculating the change in wave function (and thus of
electrostatic interactions that yield the exchange forces) when one ion
of a pair changes its spin orientation. It had been clear that the non-
magnetic jions separating the magnetic ones in an insulator transmit
this rearrangement of wave function in a process referred to as
superexchange. In 1959, Anderson made a major advance in theory
by showing that if a clear separation was made between the bonding
problem of the nonmagnetic to magnetic ions and the magnetic prob-
lem, the latter can be reasonably discussed as a perturbation.*” This
“renormalization” of the problem led to an immediate simplification
of thinking about exchange interactions in real crystals and to a
number of qualitative working rules to predict behavior. Important
calculations carried out in 1963 by R. G. Shulman and S. Sugano on
the problem of covalent bonding have close connections with
Anderson’s work.*8 By an extensive study of simple magnetic sys-
tems, consisting of isolated clusters of transition metal ions and cou-
pling anions embedded in organic matrices, A. P. Ginsberg and M. E.
Lines were able to verify many predictions of the superexchange
theory in considerable detail 4°

Another area to which Anderson contributed significantly in the
1950s was the understanding of antiferromagnetic and ferrimagnetic
insulators.®® Here well-defined, localized moments interact in a
known manner and the problems are concerned with the collective
behavior of such a system. Questions may be asked about the ground
state (no longer intuitively obvious as for ferromagnets because of
quantum mechanical effects), about the low-energy excitations, or the
low-temperature thermodynamics. Anderson gave a very penetrating
discussion of these topics and introduced a useful semiclassical treat-
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ment of the spin wave oscillations, providing a clear physical insight
into such systems.

II. MAGNETIC RESONANCE AND SOLID STATE SPECTROSCOPY —
THE GYRATOR AND PARAMAGNETIC AMPLIFIER

Starting with the first observation of nuclear magnetic resonance
(NMR) in a beam of molecules by I. I. Rabi and coworkers at Colum-
bia University in 1938, the technique of magnetic resonance has
proved to be a powerful research tool in physics.51 It is based on the
simple and fundamental relation that holds for the frequency of pre-
cession of an elementary magnet when placed in a magnetic field,
namely,

f «gH

where f is the frequency of precession, g is the ratio of the magnetic
moment to the angular momentum of the precessing magnet, and H
is the magnitude of magnetic field. An external oscillating magnetic
field is applied and its frequency varied until it is in resonance with
the precession frequency. Since the oscillating frequency of an
electrical circuit can be measured with great precision, it is necessary
merely to arrange experimental conditions so that resonance can be
detected. In the case of a molecular beam, resonance condition is
established by noting the change of intensity in the detected beam as
the frequency of the applied oscillating field is varied. In other cases,
changes in the resistance or reactance in the circuit arranged to pro-
duce the applied oscillating field may be observed, as was discovered
in 1946 by E. M. Purcell, H. C. Torrey, and R. V. Pound,>® and
independently by F. Bloch, W. W. Hansen, and M. Packard.>®

In solid state physics research the interest in magnetic resonance
arises from the fact that the total magnetic field at a nucleus having a
magnetic moment or at a spinning electron in a paramagnetic atom—
to cite two examples—is the sum of the externally applied (and easily
measured) magnetic field and the internal magnetic field arising from
various interactions. It is the sorting out of the origin of such
interactions that is of interest to the researcher.

A similar observation can be made for the case of the motion of an
elementary charged particle in a magnetic field. The frequency of the
circular transverse motion (the cyclotron frequency) for a free, electri-
cally charged particle is proportional to the charge-to-mass ratio and
the magnetic field. For the motion of such a charged particle in a
crystal under isotropic conditions, the cyclotron resonance can be
used to determine the effective mass of the charge carrier. For solids
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with more complex electronic structure, cyclotron resonance experi-
ments can serve as additional tests of the validity of theoretical calcu-
lations describing the motion of the charged carriers in the solid.

2.1 Nuclear Magnetic Resonance
2.1.1 Nuclear Magnetic Resonance in Metals

One of the early applications of the techniques of NMR was to the
study of the Knight shift, first observed by W. D. Knight at the
University of California at Berkeley.>* (The Knight shift shows the
fractional increase in the NMR frequency of an atomic nucleus in a
metal relative to that in an insulator for the same value of H.) C. H.
Townes, Herring, and Knight showed that the Knight shift of a few
percent observed in the NMR frequency of nuclei in metals (such as
lithium and sodium) was due to the hyperfine field at the nucleus
produced by the interaction of the conduction electrons and the
innermost (s) electrons.?®

Several years later W. E. Blumberg and coworkers at Bell Labs
found negative Knight shifts (that is, of a sign opposite to that
observed in simple metals) in silicon, antimony, gallium, and plati-
num of the intermetallic compounds V3Si, V5Sb, V;Ga, and V,;Pt.%6
[Fig. 1-8] This led to an important generalization by Clogston and Jac-
carino of the origins of Knight shifts in metals and made it necessary
to include two terms in addition to the contact hyperfine interaction
term at the nucleus caused by conduction s electrons.’” The first is
caused by electrons in the unfilled d band, which normally have a
vanishing density at the nucleus. However, the exchange interaction
between these electrons with the paired core s electrons alters the
radial distribution of inner-shell electrons with spin up relative to
those with spin down. This results in an unpaired s electron spin
density at the nucleus from the different atomic shells of such a sign
as to give rise to a negative Knight shift. Still another source of
hyperfine field at the nuclei of metals is the orbital paramagnetism
induced by the applied field acting on unfilled, orbitally degenerate
bands.>®

Thus, a comprehensive picture of Knight shifts in metals emerged
which involved these different contributions, the analysis of which
was facilitated by introduction of the Knight shift versus susceptibil-
ity plot.>® This analysis of the different contributions to the Knight
shift became an important tool in the understanding of the electronic
structure of many intermetallic compounds and important transition
metals such as platinum, palladium, and rhodium.®? Additional infor-
mation on the electronic structure of metals was provided by the
study of nuclear spin relaxation arising from the fluctuating parts of
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Fig. 1-8. Knight shift Ky vs. Knight shift Ky in two V,X
compounds: V;Ga and VjAs. The different points for a
given compound correspond to measurements made at
different temperatures. [Clogston and Jaccarino, Phys. Rev.
121 (1961): 13611.

the different hyperfine fields mentioned above.®! These fundamental
ideas on the origin of Knight shifts and relaxation formed the basis of
the interpretation of NMR results in the metal-insulator transitions in
the vanadium oxides and studies of local moments in metals.52 Quite
apart from the general studies previously discussed, a particularly
noteworthy result in NMR research at Bell Labs was the first micro-
scopic observation of diamagnetic domains in silver by J. H. Condon
and R. E. Walstedt.%> They observed the NMR shifts caused by the
demagnetizing fields of these domains.

2.1.2 Nuclear Magnetic Resonance in Electroconducting Liquids

NMR has been extensively exploited by W. W. Warren to study the
metal-nonmetal transition and attendant localization processes in a
series of liquid metals.®* When there are sufficient mobile electrons
present the NMR relaxation rate remains insensitive to disorder, but
it increases abruptly when localization takes place. U. El-Hanany and
Warren have also used Knight shift measurements as a probe of elec-
tron density changes in liquid mercury subjected to very large
volume chanées as the metal is being heated toward the liquid-gas
critical point. 5
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2.1.3 Nuclear Magnetic Resonance in Magnetic Insulators

In 1956, Shulman and Jaccarino discovered large paramagnetic
shifts in the NMR frequency of '°F nuclei in single crystals of MnF,
above the temperature at which the ionic spins are ordered, the Neél
temperature.%® These shifts were caused by the unpairing of the 2s
electrons on the fluorine atoms by interaction with the d electron
spin of the Mn?* ion, and the associated hyperfine field of the frac-
tionally unpaired fluorine 2s electron.®® From the size of the shift in
the paramagnetic state Shulman and Jaccarino were able to predict
and observe the hyperfine field and NMR frequency of the fluorine
nucleus when the Mn?* ions were fully aligned in the antiferromag-
netic state at low temperature. Because, in the absence of an external
magnetic field, the NMR frequency of the fluorine nucleus in the
ordered state is proportional to the manganese sublattice magnetiza-
tion, the measurement of the NMR frequency as a function of tem-
perature became the most accurate and powerful way of studying sub-
lattice magnetization. The studies confirmed the behavior predicted
by spin wave theory.5

Similar studies of the sublattice magnetization were subsequently
carried out in many other magnetic compounds.®® Among these were
studies of CrBrs by A. C. Gossard, Jaccarino, and Remeika, where the
predictions of spin wave theory were accurately verified for the first
time in a ferromagnetic insulator.%?

This NMR technique of measuring sublattice magnetization was
extended to compounds such as K;MnF, and K,NiF, with antifer-
romagnetic interactions exclusively within a plane.”® Theory had
predicted that even at the lowest temperature, zero-point fluctuations
exist in an antiferromagnet so that the average value of the man-
ganese sublattice magnetization would not correspond to aligned
spins with S = 5/2, although it would in a ferromagnet. The devia-
tion in MnF,; is less than 2 percent and so is obscured by other effects
of similar size. However, in the planar antiferromagnets, this effect
was more than 8 percent for Mn?* and almost 20 percent for Ni?,
and was, therefore, more easily measured. These studies led to a
detailed understanding of the spin-wave and thermodynamic
behavior of these two-dimensional magnetic systems.”! In 1958-1959,
H. Suhl’? and, independently, T. Nakamura’3 showed that there is an
interaction between nuclei in magnetic systems arising from the vir-
tual emission and absorption of spin waves. This interaction gives
rise to observable line shifts and line broadening effects in NMR.
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2.2 Electron Paramagnetic Resonance
2.2.1 Electron Paramagnetic Resonance in Insulators

The resonance frequency at which a paramagnetic ion placed in an
external magnetic field will absorb microwaves depends upon the
magnitude of the total magnetic field at the ion, which is the sum of
the external field and that arising from the electronic structure of the
ion. Since the magnetic field produced by the electronic
configuration depends on the particulars of the crystalline environ-
ment in which the ion exists, electron paramagnetic resonance (EPR)
is a fundamental probe for investigating the electronic structure of
magnetic ions in crystals. Moreover, the electrostatic and magnetic
interactions between the electrons of the magnetic ion and its nucleus
give rise to additional absorption frequencies. An analysis of the
complete spectrum can also yield information on important nuclear
properties such as spin, magnetic moment, and electric quadrupole
moments.

Shortly after E. Zavoisky’s discovery of EPR in a copper salt,”* the
observation by R. L. Cummerow and D. Halliday of the EPR of a
manganese salt,”® and the initiation of a program in microwave EPR
at the Clarendon Laboratory in Oxford, England,”® A. N. Holden and
coworkers at Bell Labs reported their observation of EPR in organic
free radicals.”” They noted that the observed linewidth was more
than an order of magnitude narrower than what was expected from
the dipolar interaction between the electron magnetic moments.
They indicated that this was due to the effective reduction of the
dipole interaction by the rapid flipping of the electrons caused by
exchange, as proposed theoretically by Van Vleck of Harvard Univer-
sity. This exchange narrowing became an important interpretive tool
in EPR as well as in NMR in magnetic materials.

2.2.2 Electron Paramagnetic Resonance in Semiconductors—Electron-Nuclear
Double Resonance

In 1954, R. C. Fletcher and coworkers reported the observation of
the first EPR of shallow donors in semiconductors.”8 [Fig. 1-9] A
well-resolved hyperfine structure (hfs) arising from the field pro-
duced by the nuclear moments at the electron or from the electron
spin density at the nucleus was observed for arsenic and phosphorus
donors in silicon. A comparison of the magnitude of the observed
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Fig. 1-9. Hyperfine splitting in spin resonance of Group V donors in
silicon, electron spin of 1/2. For phosphorus, nuclear spin (I) is 1/2;
the two vertical lines correspond to the two values of my, +1/2 and
—1/2, the projections of I along the direction of the magnetic field.
For arsenic, I = 3/2; the four vertical lines correspond to my values of
+3/2, +1/2, —1/2, and —3/2. For antimony (14 vertical lines), six
lines pertain to isotope Sb'2! (I = 5/2), and eight lines pertain to
isotope Sb!2 (I = 7/2). In each case, if the impurity concentration is
greater than 10'® per cm®, only single lines appear. [Fletcher et al.,
Phys. Rev. 95 (1954): 844).

hfs with the corresponding values found for the free arsenic and
phosphorus atoms played a central role in the development of the
theory of shallow donors by W. Kohn and J. M. Luttinger.”® The
unpaired s electron of the donor in the silicon lattice moves around
the donor nucleus in a hydrogenic-like orbit of very large radius
(301&) caused by the dielectric shielding and reduced effective mass of
the electron in the solid. This results in a reduced electron spin den-
sity at the nucleus and a smaller hfs, as compared with the
corresponding values for the free atom. G. Feher extended the work
on the properties of shallow donors in silicon, studying their spin-
lattice relaxation and developing techniques for polarizing the donor
nuclei.3® This work led to one of the landmark developments in
EPR—the discovery by Feher of electron-nuclear double resonance
(ENDOR) .21 [Figs. 1-10 and 1-11] The ENDOR technique allows NMR
transitions to be studied at the nucleus of a paramagnetic ion or in
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Fig. 1-10. Schematic representation of the energy-level diagram of a donor electron in
phosphorus-doped silicon as a function of an externally applied magnetic field. Each of the
two electronic states corresponding to the electron spin (S) of phosphorus, mg = £ 1/2, is
split by hyperfine interaction with the phosphorus nuclear spin (I) of 1/2 and designated by
m; = = 1/2. The allowed transitions between mg = 1/2 and mg = —1/2, which take place
at microwave frequencies (about 10 MHz), are between the same m;’s, resulting in the two
absorption lines separated by about 118 MHz shown in Fig. 1-9. Each of the mg , m; levels
is split further by interaction with Si® nuclei (the much more abundant Si?® not having a
nuclear moment), but these splittings—which are in the MHz range—are too small to be
resolved in the electron-spin resonance spectrum. However, if a strong microwave field is
applied to saturate the electronic transition and superimposes an auxiliary radio frequency in
the MHz range corresponding to the separation between nuclear sublevels, the microwave
signal corresponding to the sublevel transition is unsaturated. This results in an intensity
change that is far easier to detect (because of a greater population difference affected) than
the direct absorption of radio frequency by the nuclear spins. [Feher, Phys. Rev. 114 (1959):
1219].
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Fig. 1-11. (A) Microwave absorption representing the interaction of the
phosphorus electron spin with the phosphorus nuclear spin (see Fig. 1-10).
The center of the two lines, indicated by the arrow, is the measurement of the
hyperfine interaction. The difference of the two lines is the measurement of
the nuclear moment. (B) Microwave absorption representing the interaction
of the phosphorus electron spin with neighboring SiZ® nuclear spins. [Feher,
Phys. Rev. 114 (1959): 1223].

surrounding nuclei by monitoring a change in EPR intensity, rather
than by observing direct radio frequency absorption corresponding to
transitions induced in the nuclei. The significance of this was two-
fold: it enabled the study of small hfs that was unresolved in the
EPR spectrum; and the increased sensitivity provided by EPR versus
NMR detection enabled the determination of nuclear moments in
small concentration. The ENDOR technique was applied by Feher to
plot the donor wavefunction in silicon by studying the ENDOR of sil-
icon nuclei at different lattice sites moving out from the P donor.#2
This study was the prototype of many studies in other systems, such
as the F center in alkali halides.®3

Feher’s activity in EPR led to his collaboration with H. E. D. Scovil
and H. Seidel in 1956 to build the first continuous-wave {(cw) solid-
state maser (microwave amplification by stimulated emission of radia-
tion) using the Gd®' ion in lanthanum ethylsulfate. It is interesting
to note that building this maser provided the first demonstration of
EPR cross relaxation. A small amount of cerium was used to cross
relax certain gadolinium levels to prevent population buildup, which
would be undesirable from the point of view of maser action, in a
particular gadolinium level.
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W. B. Mims was the first to apply the electron-spin echo technique
to measure cross relaxation in paramagnetic systems. He developed
even more sensitive ways of using ENDOR and measuring electric
field shifts in paramagnetic ions by echo techniques.84 Electron-spin
echo signals were observed to decay in a periodic manner and not
monotonically as would be expected for a normal relaxation mechan-
ism; the echo-decay envelope being effectively modulated by the
superhyperfine or ENDOR frequencies characteristic of the material.

This nuclear modulation effect in electron spin echoes was
discovered in 1961 by Mims, K. Nassau, and J. D. McGee at Bell
Labs® and independently by J. A. Cowen and D. E. Kaplan at the
Lockheed Research Laboratories®® in the course of experiments that
were aimed at understanding the physical principles underlying the
maser. The nuclear modulation effect provides one of the quickest
and most convenient methods for investigating electron nuclear cou-
pling in glasses and in many biological materials. At Bell Labs it has
been also used to study coupling with nitrogen nuclei in hemoglobin
and in a number of other metalloproteins.

2.2.3 Electron Paramagnetic Resonance and Optical Fluorescence

The activity in the study of solid state masers and lasers in the late
1950s stimulated an interest in the structure of excited states of
paramagnetic ions in crystals that were separated from the ground
state by an energy corresponding to an optical frequency. Direct
detection of EPR in these excited states was generally not feasible
because of the small number of ions that could be maintained in the
excited levels by optical pumping. However, instead of observing the
microwave absorption directly, S. Geschwind and coworkers moni-
tored the change in the optical fluorescence from an excited state of
ruby when microwave EPR transitions were induced among its mag-
netic sublevels.?’ In effect, the absorption of a microwave photon was
converted to a change in fluorescence corresponding to one optical
photon, which is far easier to detect. This first experiment on optical
detection of EPR of excited states in solids was followed by detailed
analysis of hfs and relaxation of a number of excited states of transi-
tion metal ions and rare earth ions in solids.3 [Fig. 1-12] = Connected
with these experiments was the demonstration by G. F. Imbusch and
Geschwind that an optically pumped excited state in solids retains
memory of the ground state magnetization even after having gone
through complicated vibrational decays in the excited state. 7 This
technique of optical detection of EPR was later agplied to the study of
relaxed excited states of color centers in solids’ and became widely
used for the study of excited triplet states in organic molecules.”!
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Fig. 1-12. Block diagram of the system used for optical detection of electron paramagnetic
resonance in the E(E) state of ALOy;Mn**. [Imbusch and Geschwind, Phys. Lett. 18
(August 15, 1965): 109].

In 1959, W. J. Brya, Geschwind, and G. E. Devlin utilized the tech-
nique of Brillouin light scattering to demonstrate conclusively that in
EPR, paramagnetic ions relaxing to equilibrium may heat the lattice
vibrations in a narrow frequency range around the microwave fre-
quency.92 This microwave phonon bottleneck, as it was called, had
been a long outstanding problem in EPR. Prior to this work the evi-
dence for its existence was only indirect, since it could only be
inferred from the behavior of the EPR signal itself.

2.2.4 Electron Paramagnetic Resonance in Metals

In contrast to insulators, EPR in metals is dominated by the physics
of the translational motion of the conduction electrons. This is true
whether it is the EPR of the conduction electrons or of the localized
moments interacting with conduction electrons that is being investi-
gated. Greater experimental difficulties are encountered in the mea-
surement of EPR in metals as compared with corresponding measure-
ments in insulators primarily because the microwaves penetrate the
metal sample only to the extent of the microwave skin depth
(107* to 107° cm). Difficulties may also occur because the relaxation
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times of the electronic moments in metals are generally shorter.
However, along with the development of more sophisticated tech-
niques specific to metals and the general high sensitivity of EPR, it
has been possible to use EPR to make significant progress in a
number of areas of metal physics.

The first EPR in metals at Bell Laboratories was reported by M.
Peter and Matthias, who observed a g-value in europium metal
characteristic of Eu?*.%% This confirmed that europium was divalent,
in agreement with earlier susceptibility measurements of Bozorth and
Van Vleck. Peter and coworkers also studied the g-shift of the Gd**
local moment in a variety of intermetallic compounds and in alloys of
elements of the second transition series.”* These measurements indi-
cated the presence of a negative electronic Knight shift caused by an
exchange interaction between the conduction electrons and the Ga*
local moment. The sign of this exchange, as determined by the sign
of the g-shift, was in accord with NMR Knight shift measurements in
these compounds made by Jaccarino and coworkers.”> These reso-
nance experiments were important adjuncts to susceptibility and
specific heat measurements as well as to the intensive theoretical
work on local moments in metals that was carried on at Bell Labs in
the early 1960s.

The relaxation time, or linewidth, of a local moment in a metal is
another source of information regarding its interaction with conduc-
tion electrons. This relaxation corresponds to the flow of energy
when the local moment is resonated with microwaves, from the local
moment magnetization to the conduction electron magnetization, and
subsequent equilibration of the conduction electron spins to the lat-
tice temperature. Gossard, A. J. Heeger, and J. H. Wernick showed
that at a high-enough concentration of local moment (only a few per-
cent manganese in copper), the flow of energy is bottlenecked by the
relatively low heat capacity of the conduction electron spins.”® This
bottleneck was predicted theoretically by H. Hasegawa and must be
taken into account in order to properly interpret local moment relaxa-
tion behavior in metals.”’

Another area of EPR in metals in which Bell Labs was very active
in the mid-1960s was the EPR measurement of conduction electrons
in alkali metals by W. M. Walsh, L. W. Rupp, and P. H. Schmidt.”®
This program was aided by the success in preparing ultra-pure alkali
metals. The most significant aspect of these results was the indication
that core-polarization contribution to electronic g-shifts plays an
important role in the heavier alkalies such as cesium and rubidium.

A key contribution was the theoretical work of P. M. Platzman and
P. A. Wolff on spin waves in nonferromagnetic metals.”® Using the
Landau theory, they calculated the wave-number-dependent radio
frequency susceptibility of an interacting system of conduction elec--
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trons and showed that sidebands on the EPR line in sodium and
potassium seen by S. Shultz and G. Dunnifer'® were caused by these
spin waves.

2.3 Ferromagnetic Resonance

Ferromagnetic resonance (FMR) was discovered in England in 1946
by J. H. E. Griffiths in iron, nickel, and cobalt. 10! However, the
observed FMR frequencies were puzzling as they were far from
agreement with predictions based on the measured gyromagnetic
ratios determined from torque experiments. It remained for Kittel,
who was at M.LLT. at that time, to account for these results by point-
ing out the importance of the large demagnetizing fields in determin-
ing the FMR frequency.102 He also derived expressions for the com-
plex microwave permeability. W. A. Yager and Bozorth at Bell Labs
carefully checked the quantitative predictions of Kittel by doing FMR
on thin sheets of Supermalloy, which was 3particularly suitable for
that purpose because of its low anisotropy.!” Shortly thereafter, Kit-
tel generalized his result to obtain the resonance frequency of uni-
form precession for an arbitrary spheroid. These expressions were
experimentally verified at Bell Labs by Kittel, Yager, and Merritt.1%4

2.3.1 The Gyrator

The development of relatively low-loss magnetic insulators, with
properties determined by an applied dc magnetic field, led to a
wealth of technological applications and a new industry. These were
initiated by the invention and exploitation of a practical gyrator by
C. L. Hogan in 1951.105 [Fig. 1-13] The idea (and the name) of the
gyrator—an ideal, passive, four-terminal device with nonreciprocal
transmission properties, shifting the phase by 180° in one direction
and by 0° in the other—had been advanced by B. D. H. Tellegen at
the Philips Research Laboratories in the Netherlands.!% Hogan real-
ized that ferrite placed in a magnetic field close to that required for
FMR is a medium capable of possessing nonreciprocal properties to a
utilizable extent. He also observed that the nonreciprocity would be
acceptably broad-band. He proceeded to construct a gyrator and a
series of successful microwave isolators and circulators in the 9 GHz
range using ferrite slugs placed suitably in waveguide.

2.3.2 Resonance Linewidth and Losses in Ferrites and Garnets

Research aimed at understanding the origin of losses in FMR, or
equivalently, the FMR linewidth, was central to the improvement of
microwave ferrite devices. Galt and coworkers!?” and Clogston%®
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Fig. 1-13. Simplified drawings showing the rotation of the plane of polarization produced in
ferrite rods in a gyrator used as a microwave isolator. The upper part shows the polarization
conditions inside the cylindrical guide for a wave propagating from left to right; the lower part
shows the polarization. conditions for a wave propagating from right to left. The resistance
sheets are good radio frequency absorbers for waves polarized parallel to the surface but very
poor absorbers for waves polarized normal to the surface. For the incident wave, the rotation
of the plane of polarization produced by the Faraday effect in ferrite specimen C, is clockwise
as viewed in the direction of propagation; in C, it is counterclockwise, because the direction of
the applied field is reversed. Similar rotation takes place for the reflected wave, as indicated,
leading to the absorption of the wave in resistance sheet D.

formulated a valence exchange theory of loss applicable to certain fer-
rites such as NiFe,O,4 in which Fe?* and Fe®' exist on physically
equivalent sites. Because of spin-orbit coupling the “extra” electron
on the Fe?* may find it more energetically favorable to be on one site
or on the other when the magnetization moves. This extra electron
requires a certain relaxation time to return to thermal equilibrium
when the magnetization moves, introducing a lagging torque and a
consequent loss mechanism. However, such a valence exchange
mechanism is essentially absent in yttrium iron garnet (YIG), because
all of the metal ions are trivalent.

With the elimination of the major source of microwave losses, other
loss mechanisms came to the fore. In 1956, Anderson and Suhl
pointed out that as a result of the dipole-dipole interaction between
spins in a ferromagnet, the resonance arising from the uniform pre-
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cession mode of FMR is degenerate with a portion of the spin-wave
spectrum.!®® This degeneracy was shown to be the basis of a loss
mechanism for FMR by Clogston and coworkers.!!? They pointed out
that disorder, such as impurities or irregularities in the crystal, pro-
vided a coupling mechanism for drawing energy from the uniform
precession mode to the degenerate manifold of spin waves. Extensive
experiments on YIG, many of which were done at Bell Labs by R. C.
LeCraw, E. G. Spencer, and C. S. Porter from 1958 to 1963, showed
that pits left on the surface of the sample by the polishing process
provided the irregularity necessary for coupling the uniform preces-
sion.!!! Increased surface smoothness resulted in lower linewidths.
However, even at the highest surface polish a peak in the FMR
linewidth as a function of temperature was still observed, as first
reported by Dillon.!1? This peak was shown by Dillon and J. W. Niel-
sen to be caused by traces of other fast-relaxing, rare earth impuri-
ties.!13 Several theories of this rare earth relaxation appropriate to
different magnitudes of relaxation of rare earth ions have been
given.!! T. Kasuya and LeCraw used ultrapure YIG prepared by
Remeika to obtain an extremely narrow linewidth of 0.05 Gauss, lim-
ited by fundamental spin wave-phonon interactions in the crystal.!13
The surface pit scattering and rare earth impurity linewidth mechan-
isms are an outstanding example of interplay between theory and
experiment culminating in the practical realization of the ultimate
linewidth in so important a technological material as YIG.

2.3.3 Parametric Ferromagnetic Amplifier

There were many other significant advances in FMR at Bell Labora-
tories. Suhl discussed and explained the fundamental behavior of
EMR at high powers, the related saturation and instability effects, and
showed how a parametric ferromagnetic amplifier could be built.116
He proposed that a ferrite sample, under an applied dc magnetic
field, be placed in a cavity that is simultaneously resonant to two sig-
nal frequencies, f; and f,.1'” When a high-power “pumping” field of
frequency f; + f, is applied to the sample, amplification or oscillation
should be observed at the signal frequencies f; and f,. The fre-
quency condition for the pumping field, {‘ = f1+ f2, was predicted
earlier by J. M. Manley and H. E. Rowe.!!8 Shortly thereafter, M. T.
Weiss demonstrated such a ferrite microwave amplifier and oscillator
operating at 4.5 GHz!!® P. K. Tien invented a traveling-wave
parametric amplifier that included, in addition to the frequency con-
dition mentioned earlier, a phase-matching condition, f(pump) =
Bi(signal) + B,(idler), which is also known as the Tien Beta rela-
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tion.!?% This phase-matching condition became widely used in non-
linear optics and in quantum electronics.

The wave-type parametric amplifiers, including the forward-wave-
type and the backward-wave-type amplifiers proposed by Tien, were
quickly demonstrated in the form of diode amplifiers by M. E.
Hines,121 and by M. Uenochara'and W. M. Sharpless,122 and in the
form of cyclotron-wave electron-beam amplifiers by R. Adler and G.
Hrbek,12 and by T. J. Bridges and A. Ashkin!?* What made the
parametric amplifiers important is that signals are amplified by an
electron beam or by semiconductor diodes in the form of a variable
reactance that does not contribute noise.?> A diode parametric
amplifier at 6 GHz with a noise figure as low as 0.3 decibel has been
built at Bell Laboratories.!?® (This noise figure should be compared
with a noise figure of 6 to 10 decibels in typical traveling wave tubes
built in the late 1950s.)

2.3.4 Ferromagnetic Resonance in Rare Earth Ferrimagnetic Materials

In 1956, Dillon'? observed simultaneously with R. L. White, J. H.
Solt, and J. E. Mercereau,'?® a large number of subsidiary ferromag-
netic resonance absorptions. These are called magnetostatic modes
because they correspond to the natural oscillations of a system of cou-
pled dipoles. A complete theory was given for general spheroidal
samples by L. R. Walker in 1957. 2 Geschwind and Clogston pointed
out theoretically and showed experimentally how an inhomogeneous
broadening in FMR is narrowed by the dipolar forces.!30 This latter
phenomenon is important for linewidth analysis in polycrystalline
materials.

Some of the most interesting work in FMR was done on systems in
which a magnetic rare earth ion was substituted for yttrium in
YIG.!13! These are ferrimagnetic structures, with the rare earth ions,
the iron ions on octahedral sites, and the iron ions on tetrahedral
sites each forming a magnetic sublattice. The fact that the rare earth
ions have widely different magnetic properties gives rise to a rich
variety of behavior in the substituted garnets. The rare earth ions
have a complicated level structure, heavily dependent upon their
crystal environment, in many cases with low-lying levels. One
consequence in such a case is that the field for ferromagnetic reso-
nance may be highly anisotropic, varying by as much as several
kilooersteds with crystal direction. A prototypical system is YIG
doped with terbium, where dramatic effects were observed. Dillon
and Walker developed an extension of the usual FMR theory to
include ions with complex level structure that gave a satisfactory
explanation of these results.!32
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2.4 Electron Orbital Resonance

A charged particle in the presence of a uniform magnetic field
moves in a spiral path around the flux lines. The frequency of the
circular transverse motion is called the cyclotron frequency and is
proportional to both the charge-to-mass ratio of the particle and the
strength of the magnetic field. If a radio frequency (rf) electric field
is also applied transverse to the fixed magnetic field and its polariza-
tion is made to rotate at a frequency equal to that of the particle’s
cyclotron motion, a resonant transfer of energy will occur. This will
lead to an increase (or a decrease, depending on the relative phase) in
the transverse component of the particle’s velocity and a loss of
energy from the driving circuit. The phenomenon is known as cyclo-
tron resonance since it requires equality of the excitation and cyclo-
tron frequencies. It has been widely exploited in particle accelerators,
mass spectrometers, in an early version of the magnetron (a high-
power microwave oscillator), and, in the mid-1970s, in a new millime-
ter wave generator, the Gyrotron.!33

In fusion research the cyclotron resonances of various charged par-
ticles in a plasma or dense gas discharge offer a means of plasma
heating. Cyclotron resonance has also proved to be a powerful spec-
troscopic tool in solid state physics. It has contributed greatly to the
understanding of the motion of electrons and holes in semi-
conductors, semimetals, and metals. In addition, it has led to a much
more general understanding of the collective dielectric behavior of
these conducting solids, an area of research known as solid state
plasma physics (see Chapter 6, section 2.2.3).

2.4.1 Orbital Resonance in Semiconductors

In order to measure the charge-to-mass ratios of mobile charged
particles with some accuracy using cyclotron resonance methods, the
motion of those particles should be well defined. This means that the
particles should complete several orbital cycles around the magnetic
flux lines without disturbance. While this condition is easily
achieved for free particles in a good vacuum, it is most difficult to
obtain in solids because of the scattering by the thermal vibrations of
the crystal lattice, and static imperfections such as vacancies, disloca-
tions and, above all, charged impurities. Thus, despite prior theoreti-
cal suggestions that cyclotron resonance in solids would be very
interesting, it was not until 1953 that Shockley could point out that
improvements made in the purity and crystalline perfection of the
elemental semiconductors germanium and silicon (motivated by the
nascent transistor technology) should increase the mean-free path
sufficiently to permit observation of cyclotron resonance in these sem-
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iconductors.13* Following this suggestion, scientists at the University
of California at Berkeley,!®® and at the Lincoln Laboratory of M.LT.136
investigated a variety of cyclotron resonance absorption lines in both
germanium and silicon arising from electrons moving in multiple and
highly anisotropic conduction-band valleys. Less well-resolved cyclo-
tron absorption caused by holes at the valence-band edges were also
seen. At Bell Laboratories, Fletcher, Yager, and Merritt discovered
that the hole resonances were much more complex than had first
been expected, exhibiting a fine structure caused by the quantum
nature of the motions of the particles.137

The full elucidation of the quantum structure has required consid-
erable effort on the part of both experimenters and theorists over
many years. Using cyclotron resonance as a monitor of free carriers,
J. C. Hensel, T. G. Phillips, and T. M. Rice determined the work func-
tion of a novel metallic condensate, the electron-hole droplet formed
by high densities of carriers in germanium at low temperatures.!38
(For more on this topic see section 5.6 of Chapter 2.)

Cyclotron resonance in semiconductors has also been used to study
the two-dimensional space-charge region formed at the Si-SiO; inter-
face in metal-oxide semiconductor (MOS) devices.13? Since scattering
times are short in the disturbed potential at the interface the experi-
ments require very high frequencies and, correspondingly, very
strong magnetic fields. Variations of effective-mass ratios and scatter-
ing times have been observed as functions of the space-charge density
and temperature. Whether some of these variations are manifesta-
tions of many-body interactions is a question of continuing interest.

The phenomenon of cyclotron resonance may also be probed by
light scattering rather than by direct resonance absorption. This was
clearly demonstrated by R. E. Slusher, C. K. N. Patel, and P. A. Fleury
in InSb using CO, laser radiation that was inelastically scattered
because of excitation of both cyclotron and spin-flip transitions.!4
The latter scattering provides the basis for the magnetically tunable
spin-flip laser. (For more on this topic see section 7.3 of Chapter 5.)

2.4.2 Orbital Resonance in the Semimetals Bismuth and Graphite

Shortly after the first observations of cyclotron resonance in sem-
iconductors, Galt initiated similar experiments in a different class of
conducting solids—the semimetals whose archetype is the element
bismuth.'4! A semimetal differs from a semiconductor in that the con-
duction and valence bands overlap and, therefore, equal numbers of
mobile electrons and holes are present even at the lowest attainable
temperatures. This high conductivity restricts penetration of the
rapidly time-varying electrical excitation to a thin surface layer, the
skin depth, and severely complicates the resonance phenomenon.



52 Engineering and Science in the Bell System

Galt found that the clearest results could be obtained if the uniform
magnetic field was directed perpendicular to a carefully polished flat
surface of the semimetal. His study showed that the cyclotron reso-
nances then took the form of absorption steps or edges rather than
simple absorption lines. The data analysis was greatly aided by a cal-
culation of Anderson that explained the step-like character of the
resonance under skin-effect conditions.#? Galt’s paper later proved to
be the precursor of plasma aspects of orbital resonance phenomena.
Despite the inherent complexities, Galt and his coworkers were able
to unravel the spectra of elemental bismuth and some dilute alloys
and, thus, to confirm theoretical calculations of the electronic band.
structure of these materials.!* Their use of circularly polarized
microwave excitation to distinguish between electron and hole reso-
nances was particularly noteworthy. A similar investigation of
graphite was also performed by Galt and his coworkers!** and later
interpreted by P. Noziéres.*® The concept of magnetospectroscopy of
semimetals was extended from the microwave to the infrared region
by W. S. Boyle, A. D. Brailsford, and Galt,!6 and later by J. C. Burgiel
and L. C. Hebel.14”

2.5 Resonance Experiments in the Far-Infrared

Many of the collective excitations in solids, such as spin waves, lat-
tice waves, and charge density waves, occur in the far infrared region
of the electromagnetic spectrum. Important solid state spectroscopic
data in this region remained relatively untapped until the late 1950s
because of a lack of strong broadband sources and sensitive detectors.

Since the days of A. A. Michelson’s work with an optical inter-
ferometer,'*8 spectral data could be obtained by using interferometers
as well as by using dispersion spectrometers. However, to extract the
spectral information from the data obtained with the interferometer
required laborious and tedious calculations. With the availability of
fast computers, these calculations were no longer prohibitive and
Fourier transform spectroscopy came into its own. After the initial
developments of far infrared interferometers by H. A. Gebbie and
G. A. Vanasse,'*® and by J. Strong at Johns Hopkins University,'*° the
techniques were successfully applied to problems in solid state phy-
sics by P. L. Richards and S. J. Allen at Bell Labs as well as by work-
ers in other laboratories.

A wide variety of problems have been attacked with this spectros-
copic tool. The influence of impurities on the superconducting
energy gap was shown by Richards to agree with Anderson’s predic-
tions. Antiferromagnetic spin waves were studied by Richards and
others in a number of magnetic insulators.!>! Of particular interest
was the effect of orbital degeneracy on the magnetism of such
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molecules as UO,.!152 Rotation of molecules trapped in B-quenol
clathrate inclusion compounds were graphically expressed by their
far infrared absorption.!>® The crystal field environment of iron in
hemoglobin was deduced from its far infrared electron spin reso-
nance. The diffusion rate of mobile cations in solid electrolytes like
Nag-alumina, used in a sodium sulfur battery, contains as a factor the
vibration frequencies of the cations in their potential wells, and these
frequencies lie in the far-infrared.!> Perhaps one of the most produc-
tive areas of far-infrared spectroscopy concerns electron states in
semiconductors. Plasma waves, cyclotron resonance, and donor state
spectroscopy are revealed in the far infrared. In 1978, D. C. Tsui and
coworkers were able to probe the electron states confined to the
inversion layer of a_ silicon metal-oxide semiconductor field-effect
transistor (MOSFET).155

1. MOSSBAUER SPECTROSCOPY

The Mossbauer effect was discovered by R. L. Mossbauer in 1957 at
Heidelberg, Germany.!%® He found that when radioactive atoms that
emit gamma rays are bound in a solid, the solid absorbs the recoil of
the emission and the emitted gamma ray has the full energy of the
nuclear transition. These gamma rays can be resonantly absorbed by
another nucleus of the same type. [Fig. 1-14] The comparison of
source emission energies and absorber energies leads to a new form
of spectroscopy—Mossbauer spectroscopy. The primary importance
of this technique is that it allows accurate measurements of the very
small changes produced in nuclear energy levels by the electrons of
an ion and its neighbors in the solid. Thus, Mdssbauer spectroscopy
can serve as a probe to study chemical bonding, structure, and
magnetism, as seen by individual nuclei.

3.1 Hyperfine Structure Studies in Magnetic Materials

The use of Mossbauer spectroscopy was begun at Bell Laboratories
in 1959 by G. K. Wertheim. Wertheim’s initial approach was to try to
relate the hyperfine interactions known to be observable via the
Méssbauer effect—the magnetic hyperfine splitting and the quadru-
pole splitting—to the electronic structure of solids by studging the
Mossbauer spectra of relatively well understood materials.” In this
process, he discovered a new interaction, the isomer shift, which
arises from the electrostatic interaction of the nucleus with the elec-
tronic charge density. With Walker and Jaccarino, Wertheim demon-
strated that ionic wave functions previously calculated could be used
to explain the observed isomer shift values for Fe*, the most com-
monly used Mdssbauer nucleus.’®® They also determined the size of
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Fig. 1-14. (A) Diagram showing that the
Maossbauer effect is based on the resonant absorption
of gamma rays emitted in the decay of a radioactive
nucleus, which can be resonantly absorbed by a
nucleus of the same kind in the ground state. (B)
“Standard™ configuration of a simple Médssbauer
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the nuclear radius change between excited and ground states. This
approach established a systematic relationship between the
parameters observed by Mossbauer spectroscopy and known magnetic
and chemical structure. Using this information, it was subsequently
possible to learn about new materials from their Mdssbauer spectra.
This technique was immediately useful in studying comFlex new
magnetic materials. There were three important advantages: 5

1. Measurements of magnetization could be made without a field
applied to the sample, so that good data could be obtained even
on materials that were hard to saturate magnetically.

2. In complex materials with magnetically inequivalent sites, the
magnetism of the different ions could be directly determined
from the Mossbauer spectrum.

3. Powder samples could be studied; single crystals were not
required.

The experimental results on Mdssbauer spectra, together with infor-
mation from nuclear magnetic resonance, turned the attention of
physicists to the problem of understanding the various contributions
to the hyperfine field at the nucleus in magnetic materials. An early
series of experiments on alloys of iron diluted with other elements
showed that the effects of this alloying on the hyperfine spectrum
could be very simply explained.!®® For each substitution of a non-iron
neighbor in the near-neighbor shells of the iron probe atom, both the
isomer shift and hyperfine field were altered by fixed amounts.
These results showed that simple additive behavior could be expected
for many alloys, and enormously simplified the interpretation of data
on more complex systems. Subsequently, the model was also shown
to be valid for alloys of gold with transition metals.!6!

3.1.1 Hyperfine Fields in Rare Earths

Several rare-earth isotopes can be used for Mossbauer spectroscopy.
Hyperfine structure measurements allow the magnetism and ionic
structure of metals, intermetallic compounds, and insulators to be
related. This approach was used to study the magnetism of rare earth
iron garnets, in which europium was used as a Mossbauer
probe.1627169 The hyperfine field observed in the Mdssbauer spectrum
is proportional to the exchange field on the europium. The sources of
the exchange could be ascertained by substituting nonmagnetic ions
for the iron in the garnet. [Fig. 1-15] The results of the experi-
ments showed that the two tetrahedrally coordinated iron nearest
neighbors to the europium ions provided almost all of the exchange
field, in contradiction with a previously accepted model. This infor-
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Fig. 1-15. Mdssbauer spectra of Eu® in gallium-doped euro-

pium iron garnet, Eus Feg_y Gay Oy, for various values of x. The
origins of the magnetic interactions in garnets can be determined
from these spectra. [Nowik and Ofer, Phys. Rev. 153 (1967): 413].

mation on the origins of garnet magnetism proved useful in the
design of complex mixed garnets for bubble-domain memory devices.

3.1.2 Microstructure of Magnetic Alloys

In 1978, M. Eibschutz and coworkers used the Mdssbauer spectros-
copy of iron alloys to study the microscopic structure of the Chromin-
dur cold-formable, high-energy-product permanent magnet materials.
These alloys are generated by means of spinodal decomposition of a
Co-Cr-Fe alloy, which produces precipitates of only a few hundred
angstroms. It was shown that this complex material contains two fer-



Magnetism and Magnetic Resonance 57

romagnetic phases at room temperature, with the coercive force aris-
ing from the domain-wall-particle interaction of the two magnetic
phases, making it a good permanent magnet.170

3.1.3 Hyperfine Measurements and Electron Spin Relaxation

Initially, Mossbauer spectra were considered to arise from static
hyperfine fields. However, as measurements were extended to addi-
tional systems, it became apparent that many of the observed spectral
features were arising from dynamic phenomena. This meant that the
hyperfine fields seen by a nucleus were changing during the charac-
teristic time of the Mossbauer absorption (typically 107 to 1077
seconds).

An early experiment by Wertheim and J. P. Remeika studying the
hyperfine spectrum of Fe’* as a dilute impurity in corundum
(a—Al,O5) established the idealized extremum of the “slow relaxation
limit.”17! By making the iron dilute enough to remove the iron-iron
relaxation mechanism, and cooling to eliminate thermally excited
relaxation mechanisms, the spectra of the individual paramagnetic
states of isolated ions could be determined. The spectra of these
states were shown to correspond to those expected for the known
iron-ion wave functions in this host. These experiments laid the
groundwork for a theoretical model that showed how to obtain the
hyperfine spectrum for the case of moderately fast relaxation by con-
sidering rapid stochastic transitions among the paramagnetic basis
states of the ion in the magnetic field.'”? This theory was quite suc-
cessful in explaining the spectra of materials where the iron-iron dis-
tances were large, such as the dithiocarbamates, and in rare earth
materials such as dysprosium ethyl sulphate!”® and erbium ortho-
chromite.}74

3.2 Layer-Structure Compounds

The discovery by Bell Labs scientists in 1974 that layer-structure
compounds such as TaS, and TaSe; could have charge density waves,
that is, a coupled periodic distortion of the conduction electron den-
sity and of the lattice, led to a whole new range of experiments in
which the Mossbauer effect was used to study the physics of these
interesting new materials. Although none of the species in these
compounds could be studied easily by Mdssbauer spectroscopy, the
compounds could be doped with small amounts of Fe” and the added
isotope used as a probe. The Mdssbauer isomer shift was used by Eib-
schutz and F. J. DiSalvo as an indicator of the electron density of the
host. It provided a direct determination of the physical variable of
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interest, namely the variation in electron density from point to point
inside the crystal, and the temperature dependence of that density.!”>

3.3 Amorphous Materials

Mossbauer spectroscopy has also been used to study glasses and
amorphous materials and crystals containing many defects. In these
systems, the relatively low resolution, and the sensitivity of the
Maossbauer hyperfine structure parameters only to nearby ions, can be
an advantage. Well-resolved spectra can be obtained for materials
where only short-range order is present, materials for which many
other techniques are not applicable. An early study by C. R. Kurkjian
of iron in glasses took advantage of this.l”® Direct evidence was pro-
vided that Fe** was four-fold coordinated in silicate glasses, but six-
fold coordinated in phosphate glasses. It was also possible to observe
directly the precipitation of Fe,O; during the annealing of glasses in
which the Fe®' was insoluble.

Méssbauer studies using Fe” have also been extremely effective in
studying the thermal decomposition of europium ferricyanide, ferrous
sulphate, and mixed Fe-Ni oxalates.]”” The reactions and intermediate
stages involved in these decompositions are of commercial impor-
tance because the same processes are used to manufacture magnetic
oxides and complex mixed ferrites for magnetic tape, transformer
cores, and computer memory devices. Since the Mossbauer spectros-
copy technique is sensitive to the surroundings of individual atoms, it
is capable of much more detailed elucidation of the decomposition
processes than, for example, X-ray diffraction, which requires decom-
position products to be at least a few hundred angstroms in size to be
identifiable.

3.4 Studies of Electroplating

Méossbauer spectroscopy of Sn!'® was very successfully applied by

R. L. Cohen and K. W. West to the study of the materials and
processes used in preparing plastic surfaces for metallization by elec-
trodeless plating. These processes, despite their wide use in the auto-
motive and electronics industries, had never been extensively studied.
The chemistry was extremely complex and poorly controlled, and the
mechanisms were not well understood. Most of these processes used
tin in various forms. It was possible to follow the main reaction
chains by using Mossbauer spectroscopy to monitor the chemical state
of the tin. First, the chemistry of processes used to prepare commer-
cial catalyst solutions was determined.!”® [Fig. 1-16] These processes
were shown to depend on the formation of a complex -between
divalent tin and divalent palladium, and the subsequent decomposi-
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tion of this complex to form an extremely fine colloid of metallic tin-
palladium alloy, with coagulation prevented by an adsorbed stabiliz-
ing layer of Sn**. It was then established that these colloidal parti-
cles were adsorbed on the plastic surface to be plated, and formed the
catalytic layer required for the subsequent electroless plating.!””
Undesirable side reactions were also defined,!®® and improved pro-
cessing techniques to avoid them were developed.!8!

The chemistry and metallurgy of “hard gold,” an electrodeposited
alloy of gold with small amounts of cobalt, widely used for connec-
tors and contacts, has also been studied by Méssbauer spectroscopy.
Both the gold host!82 and the cobalt alloying ingredient'%> were stud-
ied to determine how the impurities (especially carbon, nitrogen,
hydrogen, and oxygen) were combined with the metallic species in
the deposit. It was also possible to observe the effects of accelerated
aging on the decomposition of the deposit, and the composition of
the high-resistance surface layer formed by extended exposure of the
deposit to air.
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Chapter 2

Semiconductor Physics
and Electronics—
The Transistor

Semiconductor physics research has played a unique role at Bell Labora-
tories. It not only gave rise to the invention of the transistor, thereby revolu-
tionizing the electronics industry, but it also stimulated advances in the tech-
niques of preparing materials in single-crystal form of unprecedented purity.
This made possible the preparation of a variety of materials of known chemi-
cal composition and structure, leading to research experiments with unambig-
uous interpretation and furthering the science of solid-state physics.

This chapter describes not only research on the physics of semiconductors
involved in devices, for example, p-n junctions, transistors, photovoltaic cells,
and light emitting diodes—but also research that has deepened the under-
standing of semiconductor physics, such as band structure, pressure effects
and multivalley bands, the phonon drag, and electron-hole liquids. Other
aspects of semiconductors are discussed elsewhere in this volume—
semiconductor surfaces in Chapter 3, heterostructure lasers in Chapter 5, ion
channeling and ion implantation in Chapter 8, semiconductor materials in
Chapter 11, and crystal growth and impurity doping in Chapter 19.

In view of the historic importance of the invention of the transistor and the
related Nobel Prize awarded to J. Bardeen, W. H. Brattain, and W. Shockley
on December 10, 1956, for their research on semiconductors and their
discovery of the transistor effect, this chapter contains a reproduction of a
contemporary story of the “Genesis of the Transistor,” and some personal
reminiscences recorded by Brattain in 1975 expressly for this history.

Principal authors: J. K. Galt, T. H. Geballe, J. C. Hensel, and E. O. Kane
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I. SEMICONDUCTOR RESEARCH UP TO 1948 — THE POINT CONTACT
TRANSISTOR

In the mid-1940s the understanding of the physics of the rectifying
properties of germanium and silicon, the principal semiconductors
used as detectors in radar during World War II, was in a rudimentary
state. Prior to this time, technological development proceeded mostly
by the method of “cut and try.” In 1945, scientists at Bell Laboratories
realized that if semiconductor technology relevant to communications
was to advance rapidly, a deeper understanding of the physical prin-
ciples underlying semiconductors and their properties was impera-
tive. It was also realized that little progress would be possible unless
single-crystal specimens of high purity could be produced and the
addition of very small amounts of specific impurities could be prop-
erly controlled. Multiple efforts were launched in the areas of physi-
cal research (experimental and theoretical investigations of semicon-
ductors) and in metallurgy (the crystal growth and purification prob-
lem), and it was decided to concentrate on the Group IV semiconduc-
tors silicon and germanium (see Chapters 11 and 19 in this volume).

At the same time the theoretical picture of semiconductivity was
coming into better focus. The unclerstandlng of semiconductor prop-
erties is based on the Bloch functions! and on A. H. Wilson’s theory
of energy bands, which introduced the idea of filled (valence) bands
and empty (conduction) bands separated by a forbidden gap. The
rapid development of understanding in this period is beautifully
summarized in the classic paper of G. L. Pearson and J. Bardeen,
which concentrated mamly on the valence-band semiconductors, sili-
con and germanium.® The valence band in these materials is associ-
ated with electrons in covalent bonds. The four bonds are just
enough to hold the four valence electrons per atom in a crystal struc-
ture, where each atom is surrounded by four nearest neighbors. It
was also known that impurities with valence 5 (such as arsenic) could
be incorporated in the crystal lattice substitutionally. The extra
valence electron would go into the conduction band, giving rise to
conductivity by electrons (n-type conduction). Similarly, trivalent
impurities like boron could also be inserted in the lattice substitution-
ally. This would lead to conductivity by holes (p-type conduction)
because one electron per boron atom is missing from the valence
band. The hydrogenic effective-mass theory for these impurities was
formulated, which yielded binding energies of the order of 0.01 elec-
tronvolts (eV) when scaled down from the binding energy of the
electron of a free neutral hydrogen atom in the ground state by the
large dielectric constants (12 to 16) and small effective masses (0.1 m,,
where my is the free electron mass) characteristic of these materials.*
The mobility of the carriers was measured and found to be large com-
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Fig. 2-1. W. Shockley (seated), J. Bardeen (left), and W. H. Brattain (right), shown in
an historic photograph taken in 1948.

pared to ionic conductors. The effects of lattice scattering and impur-
ity scattering of the carriers were also studied at this time. Impurity
scattering was found to be Rutherford scattering from charged impur-
ities strongly reduced by screening due to the free carriers and the
large dielectric constant. Lattice scattering was mainly caused by
acoustic phonons as demonstrated by the T%?2 temperature depen-
dence of carrier mobility in pure samples.

The theory of lattice scattering was greatly advanced by the work
of Bardeen and W. Shockley.’ [Fig. 2-1] Their study showed that the
scattering was related to the shift of the energy bands under uniform
stress. This deformation-potential method made possible an empirical
correlation of the mobility with measurements of band-edge shift
caused by uniaxial stress. Phonon scattering causes a modulation of
the electron density, which matches the phonon wavelength and has
maxima in the troughs and minima at the peaks.

Experimental progress during the late 1940s did not lag. Initially it
was deemed vital to pursue investigations into the physical properties
of the semiconductor surfaces as well as the bulk, since the failure to



74 Engineering and Science in the Bell System

differentiate carefully between bulk and surface effects had caused
some considerable confusion in the past. Bardeen and W. H. Brattain
initiated an extensive investigation of the properties of germanium
surfaces—surface states, surface traps, and the nature of contacts. The
major achievement of their study was the discovery of the
phenomenon of current injection of minority carriers by a forward-
biased point contact. This principle led to the development of the
point contact transistor, the first working transistor.5”

II. THE JUNCTION TRANSISTOR AND OTHER SEMICONDUCTOR
AMPLIFIERS

Soon after the discovery of the point-contact transistor, Shockley
developed a theory for the p-n junction in semiconductors and the
junction transistor.® Because of the planar geometry of the p-n junc-
tion theoretical calculations and predictions of electrical characteris-
tics were very much simplified. Two years later, Shockley, M. Sparks,
and G. K. Teal verified experimentally Shockley’s theoretical predic-
tions and produced the first junction-transistor amplifier.” This
formed the scientific basis for all the transistor technology that was to
follow and the subsequent proliferation of integrated circuits in the
electronics industry.

2.1 The p-n Junction

If one region of a semiconductor crystal such as germanium is
doped with a trivalent impurity—for example, boron (resulting in p-
type conductivity)—and the adjoining region is doped with a penta-
valent impurity—for example, phosphorus (resulting in n-type
conductivity)—a p-n junction is formed at the interface between the
two regions. [Fig. 2-2] Such a junction acts as a rectifier. When no
external potential is applied, some holes in the p region diffuse across
the junction into the n region, and similarly, some electrons in the n
region diffuse into the p region until a potential barrier is built, stop-
ping the charge flow. When an external voltage is applied across the
crystal with the p side made positive with respect to the n side (for-
ward bias), the potential barrier is reduced. As a result, more elec-
trons flow from the n region to the p region and also more holes flow
in the opposite direction. When the p side is made negative with
respect to the n side (reverse bias), only a very small current flows.
This is caused by the small density of minority carriers (electrons in
the p region and holes in the n region) normally present.

2.2 p-n Junction Transistors

A junction transistor is formed by putting two p-n junctions
together back-to-back, giving rise to either a p-n-p or an n-p-n
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88l

transistor. Focusing on the n-p-n transistor, and following the
nomenclature used by Shockley, Sparks, and Teal, one of the n
regions is called an emitter, the p region is called the base, and the
other n region is called the collector. The emitter-base junction is
forward-biased while the base-collector junction is reverse-biased.
With this arrangement, electrons in the emitter region easily climb
the small potential hill into the base region. Once in this region the
electrons may diffuse so that some arrive at the base-collector junc-
tion. If the base layer is made very thin, very few of the electrons
will combine with the holes in this p region and efficient transmis-
sion of electron current through the layer will occur. The current
transmitted from the emitter through the base to the collector can be
varied by applying a variable potential between the emitter and the
base. Moreover, if the emitter region is made more highly conduct-
ing than the base region, most of the current across the emitter-base
junction will consist of electrons. The behavior of this device is
analogous to that of a vacuum-tube triode, with the emitter
corresponding to the cathode, the base corresponding to the region
around the grid wires, and the collector corresponding to the plate.
Small ac voltage variations across the emitter-base junction results in
a much larger voltage variation across a resistive load inserted in the
circuit supplying the potential between the base and collector,
thereby giving rise to large power gain.
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The operation of a p-n-p junction transistor is very similar to that
of the n-p-n transistor. In the p-n-p transistor the n region is the base
and the p regions are the emitter and collector, respectively. Most of
the current across the p-n and n-p junctions is carried by holes
instead of electrons.

Shockley, Sparks, and Teal also discussed more complicated forms
of junction transistors. One form, involving three junctions, is the p-
n-p-n transistor called the hook-collector transistor. In this transistor
the single n-type collector is replaced by a p-n junction, and holes
injected by the p-n junction (biased forward) provoke enhanced elec-
tron flow, yielding current gain. A second type of transistor is the
photo-transistor, which is constructed in the same way as the hook-
collector transistor. The photo-transistor has four elements separated
by three junctions, but the hole injection by the emitter junction is
replaced by hole-electron pair generation produced by light shining
in the surface of the p region. Electrical connections are made only to
the two n regions.

2.3 Field Effect Transistors

An interesting example of the use of p-n junctions is in the junc-
tion field effect transistor (JFET) proposed by Shockley in 1952!1 and
subsequently demonstrated by G. C. Dacey and I. M. Ross.!?13
[Fig. 2-3] The initial objective of semiconductor research was to
develop a solid-state amplifier based on the principle of field effect.
Early attempts showed only a small effect caused by the unavoidable
influence of the surface states as elucidated by Bardeen. Shockley
correctly predicted that the p-n junction, when used as a gate of a
field-effect transistor, would be free of surface state problems since
the p-n junction gate can be located away from the surface.

The surface-state problems, however, were eventually resolved by
an unexpected discovery. In 1959, D. Kahng and M. M. Atalla found
that silicon and clean, thermally-grown SiO, interfaces contain a
sufficiently small amount of surface states so that a true field-effect
transistor can be built on this unique material system. The field-effect
device they described also made use of p-n junctions, as well as sur-
face inversion layers studied and characterized by W. L. Brown'* and
included in a device proposed by Ross.!”

The inversion layer in the Kahng-Atalla device is a unique many-
electron system. It is bound on one side by the SiO, with a potential
barrier of 3.2 eV, and on the other side by the band bending in sili-
con, which is controlled by the voltage applied to the metal gate of
the device. The bound states associated with the electron motion nor-
mal to the surface (their wave functions spread several tens of
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Fig. 2-3. (A) 1. M. Ross (seated) and G. C. Dacey measuring the
characteristics of a field-effect transistor. Ross later became executive vice
president, and then president of Bell Laboratories. (B) Schematic of a field-
effect transistor, the operation of which is described in Chapter 7. The space-
charge layers that modulate the conductance of the n-type germanium are
indicated by the shaded volumes extending into the crystal from the two p-type
gates. [Proc. IRE 41 (1953): 970].
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angstroms and their energy levels separate by several tens of mil-
lielectronvolts) were characterized in great detail by a combination of
magneto-transport, electron tunneling, and far infrared absorption
and emission experiments.!® The two-dimensional character of the
inversion layer was also verified directly. Its cyclotron energy
depends only on the magnetic field perpendicular to the surface and
its plasmon energy goes to zero at long wavelengths.!” The influence
of screening by the metal gate on the two-dimensional plasmon
dispersion was also confirmed. The inversion layer constitutes a
degenerate, two-dimensional, one-component plasma, whose density
can be varied continuously to about 2 X 10'%/cm? by varying the gate
voltage on the device. It behaves as a simple two-dimensional metal
in the high density (>10'%/cm?) limit, and goes into a nonmetallic
state at lower densities. The metal-to-nonmetal transition occurs at
approximately 5 X 10'/cm?, depending on the condition of the
Si—Si0, interface.!® From measurement at low temperatures down to
0.05K, using silicon metal-oxide semiconductor field-effect transistors,
it was shown that there is no true metal-nonmetal transition in two
dimensions, but rather a continuous transition from exponential to
logarithmic localization.!®

The Kahng-Atalla field-effect device, which became known as the
MOSFET (metal-oxide semiconductor field-effect transistor), was the
basic building block of metal-oxide semiconductor (MOS) integrated
circuits. The MOSFET represents fruition of the original objective of
the semiconductor research initiated at Bell Labs in 1946. (See “The
Genesis of the Transistor.”)

2.4 The Read Diode

After the successful realization of a solid state triode, the transistor,
a search was launched for negative resistance in a solid state diode
structure as a potential source of high-frequency oscillation. Such a
negative resistance had been known to exist in a vacuum-tube diode
structure for some time, arising from carrier transit delays. Shockley
had proposed two possible mechanisms through which negative resis-
tance effects could be obtained in three-layer structures.?’ However, it
was thought that oscillation of much higher frequency would be pos-
sible with a diode than with a triode, since the triode-based oscilla-
tors proved to be rather inefficient at higher frequencies.

It was first pointed out by W. T. Read that avalanche multiplication
has a desirable dynamic property as a cathode because the emitted
carrier current lags the applied field by 90 degrees.?! Because of this
initial phase lag, any further phase lag due to carrier transit delay
immediately delivers forward oscillation energy. The diode oscillator
with a tailored drift region based on this principle has become
known as the Read Diode and has evolved into a practical and
efficient microwave source.
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The first observation of significant microwave oscillation was made
by R. L. Johnston, B. C. DeLoach, Jr., and B. G. Cohen in a silicon
diode with quasiuniform doping, somewhat different from the origi-
nal Read structure and mounted in a microwave cavity.”> The Read
structure was also shown to oscillate in a similar cavity by C. A. Lee
and coworkers.2? Read’s proposal stimulated many careful fundamen-
tal investigations into the avalanche multiplication process. Another
study by Lee and collaborators served not only the later development
of practical microwave sources but also aided the development of
avalanche radiation detectors.?*

2.5 Acoustic-Wave Amplifiers

In 1960, while exploring possible means to amplify microwave sig-
nals, P. K. Tien proposed an acoustic-wave amplifier that was made of
a semiconductor film that carries a current and a piezoelectric slab in
which an acoustic wave propagates.25 The thin semiconductor film is
in close proximity with the piezoelectric slab. The piezoelectric fields
generated by the acoustic wave in the slab are capable of interacting
with the electrons in the film, thereby extracting kinetic energy from
the electrons. This results in the amplification of the acoustic wave.
Therefore, the amplifier is a solid-state version of the traveling wave
tube, with the acoustic wave replacing the electromagnetic wave,
which is normally carried by a slow wave circuit such as a helix.
Shortly after Tien’s study, another form of the acoustic wave
amplifier, consisting of a single block of the piezoelectric semiconduc-
tor, was proposed by D. L. White.?® The first acoustic wave amplifier
was constructed and demonstrated by A. R. Hutson, J. H. McFee, and
White in 1961.%7 Both types of amplifiers have been studied for appli-
cation to real-time wideband signal processing, active delay lines, and
radio-frequency amplification in television receivers.

Stimulated by these inventions, a large amount of research has
been devoted to the acoustoelectric effect and the formation of high-
field domains caused by that effect. In 1968, comprehensive, non-
linear calculation was carried out bg Tien that provided all necessary
data for the design of these devices. 8

III. THE BELL SOLAR PHOTOVOLTAIC CELL

The invention of the silicon solar cell followed C. S. Fuller's
pioneering study of impurity diffusion and p-n junction formation in
germanium.29 Pearson and P. W. Foy had previously made small-area
junction rectifiers in silicon by alloying an aluminum wire with n-
type silicon.39 This junction demonstrated the advantages of silicon
over germanium. Since silicon has a larger energy gap between the
conduction band and valence band, it has a higher rectification ratio
and can operate at much higher temperatures than germanium. By
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diffusing boron into n-type silicon, Pearson and Fuller succeeded in
making large-area silicon rectifiers, and by making the junctions close
to the surface, they achieved an efficiency of 6 percent.?! (For a more
detailed discussion of the silicon solar cell and other solar cells see
section VII of Chapter 11.)

This work was followed by an analysis of the solar cell by M. B.
Prince.32 He showed that the expected efficiency of an ideal cell
depended on the energy gap of the semiconductor. The energy gap
of silicon was nearly optimum and an ideal efficiency of about 23 per-
cent was expected. By the late 1970s, silicon solar-cell efficiency had
been increased to 17 percent.®

The first application of the silicon solar cell was as a power source
for a repeater of the Bell System Type P rural carrier. The test, con-
ducted in 1957 in Americus, Georgia, lasted for six months.3¢ An
array of cells, delivering 9 watts in bright sunlight, charged a nickel-
cadmium storage battery to provide continuous operation. The solar
cell was also used in the 1960s as a power source in the Telstar satel-
lites. Solar cells are now used extensively on all satellites for electric
power generation. (See Chapter 7, section 2.1.)

IV. TRANSPORT PROPERTIES

Extensive studies on the transport properties of semiconductors
were initiated by many researchers soon after the discovery of the
transistor. Conductivity and Hall effect measurements were made on
germanium and silicon single crystals in both the intrinsic (carriers
thermally activated across the band gap) and the extrinsic (carriers
thermally activated from shallow impurity states)regimes. When stud-
ies were carried out as a function of temperature, the carrier concen-
tration, and in turn, the appropriate activation energies, as well as the
carrier mobilities and lifetimes, were obtained. A classic example of
this approach was the Haynes-Shockley drift experiment.3® A “sweep-
ing field” was set up in a rod of germanium by a direct current
flowing from end to end. An emitter contact that injects a pulse of
minority carriers was attached at some point along the length of the
rod. Detection of the drifting carrier pulse downstream by a suitable
collector contact gave the time of flight and, hence, the minority car-
rier mobility.

Transport experiments in selectively doped crystals of germanium
and silicon provided the first knowledge about the nature of the shal-
low states introduced in the energy gap by the trivalent and penta-
valent substitutional impurities. F. J. Morin and coworkers measured
thermal activation energies and located the energy position in the
band gap of the impurity ground states.?® H. J. Hrostowski and R. H.
Kaiser confirmed these ““thermal” energies by measurements (in the
infrarggl) of optical transitions from impurity ground states to excited
states.
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4.1 Phonon Drag and Thermal Transport

After the discovery of the transistor, the availability of large single
crystals of germanium and silicon, obtained by pulling from the melt
and zone refining, created the opportunity to study transport
phenomena in specimens with well-defined geometry and controlled
chemical composition. (See also sections I and II of Chapter 19.) At
that time, it was well known that an electric current could perturb
thermal energy distribution among lattice modes. It was also known
that thermoelectric power or, more correctly, the Seebeck voltage, Q,
results from the tendency of the mobile charge carriers to diffuse
from hot to cold when a thermal gradient exists in the lattice. The
lattice remains in local equilibrium, and the diffusion continues until
balanced by the buildup of an electric field of just sufficient magni-
tude to counteract the diffusion.

It was discovered experimentally by T. H. Geballe at Bell Labora-
tories and by H. P. R. Frederikse at Purdue University that there was
a spectacular rise in Q of germanium and silicon at low tempera-
tures.?8 This was almost immediately interpreted in terms of the drag
exerted on the charge carriers by the asymmetric distribution pho-
nons that travel from hot to cold in the thermal gradient.39 This pos-
sibility was first considered by L. Gurevich and has become known as
the phonon-drag effect.®0

C. Herring simplified the problem by transforming it to a problem
by means of the Kelvin relation, Q = x/T, where 7 is the Peltier heat
flux transported per electron in isothermal current flow, and T is the
absolute temperature."‘1 He obtained quantitative expressions for
phonon-phonon and phonon-electron scattering times. The impor-
tance of anisotropy in the velocity of sound in removing divergencies
to which energy and momentum conservation lead in an isotropic
model was recognized. Those phonons of interest that drag the elec-
trons have wavelengths as much as an order of magnitude longer
than the thermal-energy phonons that carry the bulk of the heat in
thermal conductivity experiments. Herring further established that it
is meaningful to define a relaxation time for phonon-drag, long-
wavelength, low-energy phonons because they chiefly interact with
the bath of thermal energy phonons and relax back to equilibrium
independently of the occupation of the low energy modes.

Early studies of the phonon-electron scattering times in doped n-
type germanium and p-type silicon were undertaken by W. P. Mason
and T. P. Bateman.*? They used ultrasonic techniques at 500
megahertz (MHz) and obtained values for the intervalley scattering
time. The phonon-drag phonons typically have frequencies in the
range of 10'! hertz (Hz), higher than can be generated by microwave
techniques, and lower than can be studied by conventional thermal
experiments. Thus, the phonon-drag experiments opened up a new
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region of the vibrational spectrum for study. Geballe and G. W. Hull
used single crystals cut into the shapes of tuning forks with tines of
different cross-sectional areas to measure the phonon-drag contribu-
tion to Q. It was possible to establish almost identical thermal gra-
dients in each of the tines of the tuning fork by a simple null
method. The relaxation times of the phonons traveling down the
parallel paths differed because boundary scattering in the one with
the smaller cross-sectional area occurred more frequently. It was also
possible to measure the effect of sample dimensions on thermal con-
duction all the way up to 100K (a sensitivity that to date has not been
exceeded) due to the very large relaxation times of the phonon-drag
phonons.

The application of a magnetic field in different orientations with
respect to the crystal axes and to the thermal gradient led to the mea-
surement of a number of magneto-thermoelectric longitudinal and
transverse effects. The study of these effects facilitated sorting the
contributions of phonon drag and electron diffusion, and clarified the
role of different types of scattering that affect phonon drag.3

Unfortunately, for the possible applications of phonon-drag
phenomena to devices such as thermoelectric generators, a saturation
effect was found for concentrations of carriers greater than
10 to 10" per cubic centimeter.* This is due to the fact that there is
only a finite amount of nonequilibrium momentum in the phonon
system to be fed into the electronic system so that the amount per
carrier becomes less with increasing carrier concentration.

Another cause of phonon scattering resulting from fluctuations in
mass caused by the random distribution of isotopes in naturally
occurring elemental germanium was suspected following the ideas of
Pomeranchuk® and Slack.4® This was verified by experiments in the
sensitive temperature region near 20K.4” [Fig. 2-4] A small amount of
enriched Ge’ obtained from the Oak Ridge National Laboratory was
purified to semiconductor purity by H. C. Theuerer and pulled into a
single crystal by P. Freeland. Its thermal conductivity became, at the
maximum, three times greater than that of the crystals of highest pur-
ity grown from natural germanium. The anticipated, even greater,
increase was found to be suppressed by the strong dispersion
discovered about the same time in the transverse acoustic spectrum of
germanium.

Many of the questions raised by the pioneering experiments of
Geballe are being answered by high-frequency phonon techniques
that have moved up to frequencies of 7 x 10!! Hz. These techniques
involve the use of thin, superconducting, tunnel-junction transducers
that act as generators and detectors of gap-frequency phonons.*8 The
different acoustic branches can also be distinguished when these tech-
niques are combined with time-of-flight techniques. The first reso-
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Fig. 2-4. Tsotope effect on thermal conduction in germanium.
[Geballe and Hull, Phys. Rev. 110 (1958): 774].

nance spectroscopy experiments using these techniques were per-
formed by R. C. Dynes, V. Narayanamurti, and M. Chin on antimony
donors in germanium.‘jt9 These techniques have also been applied by
Narayanamurti, R. A. Logan, and Chin to study electron phonon
coupling in epitaxial layers of GaAs5® These measurements have
shown directly the disequilibrium between the long wavelength pho-
nons (which couple to the electrons) and the thermal reservoir, and
are related to many of the early concepts of Herring. The polariza-
tion dependence of the isotope scattering in germanium has been
vividly demonstrated using ballistic phonon techniques by
J. C. Hensel and Dynes.51

V. SEMICONDUCTOR SPECTROSCOPY
5.1 Band Structure in Semiconductors

Band structure is fundamental to all semiconductor physics. The
first goal in understanding band structure of germanium and
silicon—delineation of the conduction and valence band edges—
seemed relatively modest at the beginning, but turned out to require
a surprising degree of sophistication to achieve. The experimental
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breakthrough came with the cyclotron resonance technique, follow-
ing its proposal by Shockley in the early 1950s.52 With the announce-
ment of cyclotron resonance experiments in 1953 (carried out by
scientists at the Universit;r of California at Berkeley and at the Lin-
coln Laboratory of MIT>), the quantitative understanding of sem-
iconductor physics advanced by an enormous step. It was found that
electrons were in multivalley energy bands with highly anisotropic
effective masses. In addition, the hole was found to play as important
a role as the electron in conductivity. Never before had the hole’s
existence been demonstrated so graphically as it was by its own
identifiable lines in the cyclotron resonance spectrum. Holes were
found in a pair of degenerate bands, one having a light effective mass
and the other a heavy effective mass. These novel effective masses
were then shown to be responsible for a number of interesting tran-
sport effects. As part of a study of band structure at Bell Labs, C. S.
Smith measured the piezoresistance coefficients of germanium and sil-
icon, and found them to be very large in certain crystal directions.?*
Mason pointed out the potential usefulness of those semiconductors
as strain gauges.>® W. G. Pfann and R. N. Thurston conceived a
variety of strain gauges that, unlike conventional metal strain gauges,
utilized the sensitivity of these semiconductors to transverse and
shear strains.®

The theoretical techniques for handling these rather exotic holes
and electrons were developed in large part by J. M. Luttinger and W.
Kohn, working at Bell Labs in the summer of 1954, and appeared in
their paper in 1955.5 The simple “hydrogenic” theory of impurity
states was then extended to the more realistic situation, giving quan-
titative confirmation between theory and experiment. Small
discrepancies were identified with “central cell” corrections.

Perhaps the most advanced application of this Kohn-Luttinger
effective mass formalism is their theory of the “free” (band) carrier
moving in the presence of an external magnetic field. The theory
predicts the result that cyclotron resonance (and, indeed, all
magneto-optical phenomena) involving holes would exhibit “quan-
tum” anomalies at very low temperatures. Observation of these quan-
tum spectra by R. C. Fletcher, W. A. Yager, and F. R. Merritt,%8 and by
Hensel and K. Suzuki®® provided a very rigorous test of the effective
mass approach, a cornerstone of semiconductor physics.

The unpaired electron of the donor state is paramagnetic, making it
a natural candidate for spin resonance experiments. A series of spin
resonance experiments conducted in silicon by Fletcher and cowork-
ers,*® and by G. Feher,’! provided further information about the
donor state, and demonstrated the onset of delocalization of donor
electrons with increasing impurity concentration. This work pro-
vided a catalyst to P. W. Anderson’s thinking on disordered systems,
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which was part of the work for which he was awarded the Nobel
Prize in physics in 1977. A high point of the resonance experiments
was Feher’s invention of the ENDOR (Electron-Nuclear Double Reso-
nance) technique, which made it possible to map out the donor wave
function by resolving the electron’s hyperfine interactions with the
Si® nuclei that were randomly located on silicon lattice sites with an
abundance of about 5 percent.

In the late 1950s, one of the landmark experiments in semiconduc-
tor spectroscopy was J. R. Haynes’ discovery of the recombination
luminescence from free excitons and from excitons bound to impurity
states in silicon and germanium.62 These experiments not only pro-
vided valuable information about germanium and silicon (for
example, the identification of the momentum-conserving phonons in
these “indirect” transitions fixed the zone boundary phonon energies)
but also paved the way for the explosive growth of luminescence
spectroscopy that was soon to follow. In his last paper, Haynes
reported an intriguing luminescence from strongly pumped silicon at
liquid helium temperatures, which he attributed to recombination of
free biexcitons.63 Subsequently, it became known that, in reality, he
observed the electron hole liquid (see section 5.6 in this chapter).

5.1.1 Optical Studies and Band Structure

The important role of optical studies in clarifying the quantitative
understanding of electronic band structure was first recognized by J.
C. Phillips.%* Structure in the fundamental reflectivity was seen to be
caused by optical energy extrema (optical critical points, where the
curve of optical energy versus momentum has zero slope) which gen-
erally occur at high symmetry points in k-space (crystal momentum
space). Parallel with this development, Phillips also applied the
pseudopotential concept to energy band studies, and obtained the
striking result that the silicon and germanium band structures could
be very accurately described in terms of only three Fourier
coefficients of the pseudopotential. Optical critical point energies
were then used to provide a purely empirical determination of
energy band structure that is still remarkable for its accuracy and
broad applicability. In the early 1970s the investigation of optical
critical points was greatly advanced by the electroreflectance studies
of D. E. Aspnes.®®

Another valuable concept introduced by Phillips is the dielectric
definition of ionicity.®® [Fig. 2-5] It is based on the dielectric proper-
ties of simple compounds with eight valence electrons per formula
unit (for example, zincblende materials and rock salt compounds).
From the dielectric ionicity, it is possible to predict very accurately
which compounds form in the rock salt and which form in the zinc-
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Fig. 2-5. Binary compounds with formula 4”B%" (where
N = valence) are separated into two distinct groups when
their jonic energy gap, C, is plotted against their homopolar
energy gap, E,. The group below the line crystallizes with
fourfold coordinated structures; those above the line
crystallize with sixfold or eightfold coordinated structures.
The compounds MgS, MgSe, and MgTe fall on the line and
are found in both structures. The partial ionic character,
F; [= C/(C+E})"], has the value 0.785 for the line. The
compounds falling below the line have F; values below
0.785; those falling above the line have F; values greater
than 0.785. '

blende structure. Materials on the borderline transform from zinc-
blende to rock salt under pressure. Many other fundamental proper-
ties of electrons and phonons are found to correlate well with the
ionicity.
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5.1.2 Effect of Pressure on the Conduction Band of a Multivalley Semiconductor

The large effort in semiconductor physics research led naturally to
pressure experiments. It was found that the energies of the different
minima in the conduction band in a multivalley semiconductor
varied at different rates with increasing pressure.67 One experiment
that stands out is the unambiguous determination of the mechanism
of the Gunn effect by A. R. Hutson and coworkers.®® When a dc
potential is applied to a short sample of n-type GaAs, the current-
voltage curve follows Ohm’s law at low voltages. With increasing
voltage, oscillations occur sharply at a certain threshold voltage. This
phenomenon, which has device applications in solid-state microwave
generators, was first observed by J. B. Gunn at IBM.®° The high-
pressure experiment at Bell Labs showed that the threshold for the
effect decreases as the interband separation decreases with increasing
pressure, and that the effect disappears when half of the electrons
have been transferred to the lower mobility band, as predicted by the
proposed electron transfer mechanism for the Gunn effect.

5.2 Pair Spectra

Rapid advances in optical techniques were largely responsible for
opening new frontiers of semiconductor research in the 1960s. This
avenue turned out to be particularly well suited for investigations of
compound semiconductors in which interest was widening rapidly.
In the early stages traditional tools were employed, such as lumines-
cence, reflectance, and absorption. Later, differential methods came
into vogue—for example, electroreflectance, piezoelectroreflectance,
and wavelength modulation. Uniaxial stress was another new
spectroscopic technique pioneered at Bell Labs that contributed
greatly to the spectroscopy of semiconductors.

The optical research effort was spearheaded by the research of D. G.
Thomas and J. J. Hopfield [Fig. 2-6] on the II-VI compound CdS, a
well-known but hitherto poorly understood luminescent material.”’
They clarified the role played by excitons, both bound and free,
through the introduction of the concept of the polariton, a mixed
photon-exciton mode, analogous to the photon-phonon excitation
characteristic of infrared-active vibrations. Later, they turned their
attention to the III-V compound GaP, technologically important for
its luminescence in the visible part of the electromagnetic spectrum.
As a result of this effort many of the long-standing mysteries of
luminescence phenomena in solids were cleared away. Thomas and
Hopfield set out with the objective of understanding the radiative
and nonradiative recombination processes and their relation to the
chemistry of impurities in GaP crystals. Studies of the photolumines-
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Fig. 2-6. J. J. Hopfield (left) and D. G. Thomas conducted theoretical and
experimental studies of impurities in III-V compounds, leading to the
development of efficient light-emitting semiconductor diodes.

cent spectroscopy of nominally pure GaP at low temperatures
revealed an amazingly complicated spectrum with about 100 sharp
lines in the green part of the visible spectrum near the bandgap. The
presence of many lines in such a simple system led to a theoretical
analysis in 1962 by Hopfield, Thomas, and M. Gershenzon.”! The
crystals, although pure by the standards of the time, contained resi-
dual donors and acceptors that trapped negative and positive charges,
respectively, at low temperatures.

An analysis of the behavior of donor-acceptor pairs irradiated with
ultraviolet light led to a satisfactory explanation of the complicated
spectra, not only in terms of the number and location of the lines, but
also of their intensities. [Fig. 2-7] In terms of the interactions of the
charged entities involved—electrons, holes, donors, and acceptors—
isoelectronic impurities (for instance, nitrogen substituting for phos-
phorus in GaP) were found to introduce trapping states important in
producing fluorescence.”> Two major mechanisms curtailing lumines-
cence were also discovered. Studies by D. F. Nelson and coworkers
displayed curtailed lumlnescence caused by nonradiative Auger
recombination on certain traps 3 Nonradiative multiphonon capture
of electrons on levels strongly coupled to the crystal lattice was
another luminescence-curtailing mechanism discovered by C. H.
Henry

Through studies of pair spectra, the ionization energies of virtually
all the substitutional donors and acceptors in GaP have been accu-
rately determined. Pair spectra have also been used as an analytical
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Fig. 2-7. Donor-acceptor pair spectra in GaP. Light is emitted in fluorescence as many
sharp lines of different energies. The emission of light arises from the recombination of
electrons and holes trapped on distant donor-acceptor pairs. The discrete energies of
emission result from the discrete distances of separation of the donor-acceptor pairs as they
lie on the lattice sites of the crystal, because a Coulomb energy term with an r!
dependence is added to the fixed atomic energy levels. Two patterns of lines have been
found. Type [ corresponds to a donor atom and an acceptor atom on the same type of
lattice site—both on gallium or both on phosphorus sites. Type II corresponds to a donor on
one type of lattice site and an acceptor on the other. The intensity of the lines is related to
the number of pairs at a particular separation distance. Experiment compares well with
theory for both types of spectra. [Hopfield, Thomas, and Gerschenzon, Phys. Rev. Lett. 10
(1963): 1631.

tool to identify unknown donors and acceptors not intentionally
introduced. In the pure material mentioned earlier, the sharp line
spectra arose from acceptor-donor pairs composed of carbon and sul-
phur. This simple, yet elegant, explanation of these very complicated
spectra represented a major advance toward understanding radiative
recombination in semiconductors and was very important to the
development of efficient electroluminescent diodes.

5.3 Light Emitting Diodes

In the late 1950s, attention was focused on the compound gallium
phosphide, which has an energy gap of about 2.3 eV. The energy gap
is the energy separating the conduction band from the valence band.
When an electron drops from the conduction band to an empty state,
or hole, in the valence band, the recombination process can result in
electroluminescence. With an energy gap of 2.3 eV, this semiconductor
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can potentially generate light in the wavelength range corresponding
to the red and green part of the visible spectrum, where the red and
green photon energies are 1.8 eV and 2.4 eV, respectively. From the
late 1950s to the late 1960s, scientists investigated this material and
demonstrated the feasibility of the light emitting diode (LED) device
technology. Significant advances were made, especially in the fields
of controlled addition of chemical impurities to the crystal and in the
physics of radiative recombination. It was demonstrated that the
radiative mechanism responsible for efficient light generation was
associated with isoelectronic impurities. [Fig. 2-8] (For more on this
topic, see section 5.2 of this chapter.) The impurities trap excitons and
provide the momentum required for radiative recombination. In
addition, p-n junctions were made that demonstrated the generation
of both red and green light at commercially attractive levels.

In the late 1960s the work on LEDs gradually moved into the de-
vice technology area, where a mass-production technology was
developed using large-area crystal substrates grown by a high-
pressure liquid encapsulation Czochralski method. Efficient junctions
were formed by a newly developed high-capacity liquid-phase epitax-
ial process, representing the first commercial application of this tech-
nique. This led to the production of red as well as green indicators,
illuminators, numeric displays, and optically coupled isolators using
GaP as well as ternary compounds by Western Electric and many
other manufacturers. These devices find wide application in the Bell
System as reliable, low-power lamps and numeric displays for tele-
phones, consoles, test panels, and station apparatus, and as efficient
low-noise couplers and isolators in various transmission and switch-
ing systems.

5.4 Thin Layers

The 1960s was an era distinguished by increased optical sophistica-
tion and consolidation. A completion of the picture of semiconduc-
tors seemed almost attainable. Still, the quest for new horizons con-
tinued into the 1970s. A.Y. Cho succeeded, by using molecular beam
epitaxy, in growing lattices with a controlled periodicity by alternat-
ing layers of GaAs and GaAlAs. R. Dingle, W. Wiegmann, and Henry
grew multilayered films in which they observed quantum states of
confined electrons.”® Electrons (or holes, as the case may be) are
found to be confined to a layer and behave as a two-dimensional elec-
tron gas, the lowering of dimensionality giving rise to a variety of
interesting phenomena. Another example of an analogous two-
dimensional system is the electrons confined to a surface inversion
layer of silicon in a MOSFET device, as discussed earlier in this sec-
tion. This 7problem has undergone extensive study by D. C. Tsui and
S.J. Allen.”®
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Fig. 2-8. Three means of hole-electron recombination. At the top, an electron (=) is
bound to a donor impurity (D+) and a hole (+) to an acceptor (A7). The donor and
acceptor are separated by a distance r. The overlap between electron and hole allows
recombination to occur and light to be generated. In the center illustration, a hole and
an electron are both bound to an “isielectronic trap” (ISO) causing a much greater
overlap. Rapid recombination occurs and generates light. In the bottom illustration, a
hole and electron are bound to a neutral donor, with an extra electron bound to the
donor. Recombination of the hole and electron can occur to give off light (left),
leaving the extra electron on the donor. ¢r, instead, the energy of the hole and
electron can be given to the extra electron (right), which is ejected with kinetic energy
and no light is generated. The latter process is dominant. All of these processes occur
at low temperatures and help in understanding effects observed at room temperature.

5.5 Deep Levels

Interest in certain long-neglected but very important areas of semi-
conductor physics reawakened in the 1970s. One such area is that of
defects and impurities with energy levels deep in the gap. After two
decades of preoccupation with shallow impurity states, attention
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turned to deep levels, especially for the wide-gap materials GaAs and
GaP. These states are of particular interest for the very same reason
that they are difficult to study—the nonradiative nature of recombina-
tion through them not only spoils light-emitting devices but pre-
cludes their study using the usual luminescence methods.

However this experimental problem was solved by a capacitance
technique’” that was used to obtain information about nonradiative
centers in GaP by H. Kukimoto, Henry, and Merritt.”® D. V. Lang
subsequently developed a practical spectroscopic capacitance tech-
nique called deep-level transient spectroscopy that proved extremely
useful in studying nonradiative processes in large numbers of sem-
iconductor devices.”’ Among the results that have been obtained
using this technique are the observation of recombination-enhanced
defect migration in p-n junctions,® the identification of multiphonon
capture as an important mechanism for nonradiative capture,81 and
the discovery of centers responsible for low temperature, persistent
impurity photoconductivity in III-V semiconductors.??

These experimental studies stimulated efforts to understand theoret-
ically deep levels in semiconductors. G. A. Baraff and M. Schliiter
developed theoretical methods for calculating the electronic energy
states of deep levels.® A major triumph of this theoretical under-
standing was the prediction?* and subsequent observation3 that the
deep levels associated with a lattice vacancy in silicon should behave
in a very peculiar way, namely, as if two electrons had a net attrac-
tion instead of the normal repulsion felt by electrons for each other.
This was the first direct observation of the apparent electron-electron
attraction effect, caused by an interaction with the lattice strain
energy, which had been suggested earlier on more general grounds
by P. W. Anderson. 86

The success of the study of deep levels in crystalline semiconduc-
tors led to efforts to understand deep gap states in amorphous sem-
iconductors, where such states play a major role in the observed tran-
sport and optical properties of the material. An extension of the
deep-level transient spectroscopy method to the case of hydrogenated
amorphous silicon made possible the first direct measurement of the
spectrum of deep gap states in this technologically important
material 2

5.6 Electron-Hole Liquids

Certainly one of the more exotic developments in semiconductor
physics was the discovery of the condensation of excitons into an
electron-hole liquid in many semiconductors. The idea was originally
presented by L. V. Keldysh® in an address at the 1968 International
Semiconductor Conference held in Moscow and was verified in sub-
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stance a few months later by experiments conducted in the Soviet
Union.%’ Expenmental90 and theoretical® collaborations at Bell Labs
have done much to elucidate the nature of this very unusual
phenomenon. It has been found that at liquid helium temperatures,
photogenerated free excitons, the “gaseous phase,” can condense into
a liquid state when the average density exceeds a certain well-defined
value. [Fig. 2-9] The nature of the condensate, after the theoretical
model of W. F. Brinkman and coworkers,?? is that of a metallic liquid,
made up of “free” electrons and holes, in the form of drops. The
overall analogy with the vapor-liquid transformation of a conven-
tional gas is striking.

VI. MOLECULAR BEAM EPITAXY

An outgrowth of the study of semiconductor single crystal surfaces
was the work on the interaction of beams of gallium atoms and
arsenic molecules on heated GaAs surfaces initiated by J. R. Arthur in
the mid-1960s. Utilizing modulated beams, Arthur observed that
while the sticking coefficient for gallium was unity, the sticking
coefficient of arsenic (from As, molecules) was small and highly
dependent on the gallium coverage of the crystal surface.”® By mak-
ing the arsenic beam intensity much higher than gallium, he was able
to achieve a deposit of one arsenic atom on the surface for each added
gallium atom. This observation provided the basis for an epitaxial
growth technique for stoichiometric GaAs that did not require precise
control over the As/Ga beam intensity ratios, provided the arsenic
beam was significantly more intense than the gallium beam.
[Fig. 2-10] This very versatile vacuum-epitaxial growth technique was
further developed largely by Cho and is called molecular beam epi-
taxy (MBE).?* (This technique, and its application to heterostructure
lasers, varactor diodes, IMPATT diodes, and other semiconductor de-
vices, is discussed in some detail in Chapter 19 of this volume.)
[Fig. 2-11]

Cho’s work demonstrating extremely smooth epitaxial layers and
heterostructures of GaAs and Al,Ga;_,As by MBE was a precursor to
studies of ultrathin, or superlattice, structures by A. C. Gossard and
coworkers.”® Two classes of new crystal structures were prepared. In
the first, alternate layers of GaAs and AlAs were grown. It was
demonstrated that artificial crystal structures with a periodicity of one
monolayer could be obtained by suitable shuttering of aluminum and
gallium beams. Although these structures had rather small domain
sizes (approximately 1004), structures in which the individual layers
were several monolayers thick had very large domains.

The second class of superlattice structures has somewhat thicker
(50-1001&) alternating layers of GaAs and Al,Ga;_As. The GaAs has a
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Fig. 2-9. Phase diagram representing the two-phase system of
electron-hole liquid drops and exciton gas. Exciton gas alone exists
at low average density (above the curve, at the right); the two-phase
coexistence region exists at high densities (above the curve, to the
left). The critical temperature, T, in germanium is 6.7°K.

narrower band gap than Al,Ga;_;As. A sandwich consisting of a thin
GaAs layer between Al,Ga;_,As layers is a two-dimensional quantum
well for holes and electrons. The absorption spectra of undoped
superlattice crystals, consisting of a stack of such sandwich structures,
clearly show the well-defined, confined hole and electron states.”®

A further elaboration of quantum well structures is the
modulation-doped superlattice reported by Dingle, H. L. Stérmer, and
coworkers.” In these, only the Al,Ga;_,As layers are doped and the
carriers are in their minimum energy state when confined in the
quantum well. Thus, the GaAs layers contain the carriers and the
Al,Ga;—,As layers contain the immobile fixed charges. These new
anisotropic crystals have electron mobilities greater than GaAs
because impurity scattering has been eliminated. Together with
modulation-doped interfaces between single pairs of layers, they have
provided materials for a number of studies of spectroscopy and tran-
sport in two-dimensional electron gases. In 1980, K. Von Klitzing
showed that a two-dimensional electron gas in a silicon inversion
layer exhibits the quantized Hall effect.®® The electrical resistance of
the modulation-doped superlattices also showed strong quantum
effects in response to magnetic fields, with the resistance parallel to
the layers dipping close to zero over certain ranges of field. At the
same time, their Hall resistance became precisely quantized in
integral submultiples of Planck’s constant divided by the square of
the electron charge (l#/e?). These effects, observed previously only in
silicon at higher fields, challenged theorists and offered new
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Fig. 2-10. Reflection clectron diffraction patterns of GaAs [001] (40
keV. 100 degrees azimuth) and the corresponding  clectron
micrographs (38,400X) of Pt-C replicas of the same surface. (A)
Br,-methanol chemically polished GaAs substrate heated in vacuum to
580°C for 5 minutes. The diffraction pattern consists of spots, and the
surface is micro-faceted. (B) A layer of GaAs of average thickness of
150A was grown on the surface of the substrate in (A) with molecular
beam epitaxy. The diffraction pattern becomes more streaked and
patches of smooth areas are formed on the substrated. (C) A 1-
micrometer GaAs layer was grown on the surface of the substrate in
(A). The diffraction pattern is uniformly streaked normal to the
crystal surface, and the morphology appears completely featureless.
The additional diffraction features (“half-order” streaks) that appear
in (B) and (C) are due to the formation of reconstructed unit-cells of
the surface atoms, which have a unit-mesh length twice the dimension
of the bulk.

approaches to a precise measurement of W/e? and the fine structure
constant and for realization of a new fundamental standard of resis-
tance. Conductivity perpendicular to the layered structures was also
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Fig. 2-11. J. R. Arthur (left) and A. Y. Cho pioneered in the development of Molecular
Beam Epitaxy, a process particularly suited for thin-film growth.

studied and revealed the ability to control the detailed profile of
potential barriers by crystal growth of graded layers. Asymmetric
barriers with graded bandgaps were created that produced unipolar
rectification, involving motion only of semiconductor charge carriers
of one sign. The layered structures may result in new devices that
utilize these high-mobility and anisotropic-conductivity characteris-
tics.

VII. SEMICONDUCTOR RESEARCH SUPPLEMENT — THE STORY OF
THE “GENESIS OF THE TRANSISTOR”

The story of the “Genesis of the Transistor” is reproduced in three
parts:

1. “The Genesis of the Transistor,” by W. S. Gorton, Assistant
to the Director of Physical Research, J. B. Fisk, dated
December 27, 1949,

2. A letter from J. B. Fisk to R. Bown, Director of Research,
dated February 17, 1950.

3. Personal reminiscences by W.H. Brattain, recorded by
Brattain in 1975 for this History.
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7.1 “The Genesis of the Transistor”

December 27 , 1949

MEMORANDUM FOR RECORD

The history of the transistor begins with the decision to study intensively the
properties of silicon and germanium. This decision was made in 1946 as a result
of a series of conferences intended to establish a plan for semiconductor research,
which was then being resumed after a war-time lapse.

Although silicon and germanium were the simplest semiconductors, and most of
their properties could be well understood in terms of existing theory, there were
still a number of matters not completely investigated. It was also thought wise to
develop techniques with these well-known substances before experimenting with
a wider variety of materials. The Plan was thus directed definitely toward establishing
fundamental understanding of phenomena and proper experimental techniques and not
toward the solution of problems of technological rather than scientific importance.

Work was begun actively in January 1946 under the direction of W. Shockley.
]. Bardeen worked on the theory, G. L. Pearson conducted the experiments on
bulk properties, and W. H. Brattain those on surface properties. This work was
aided by results obtained by J. H. Scaff and H. C. Theuerer during the war, as well
as those obtained by other laboratories.

From the point of view of the communications art, it appeared that the most
important development likely to arise from semiconductor research, and quite pos-
sibly from any branch of solid state research, would be a useful semiconductor
amplifier. This consideration influenced the emphasis of the work in various parts of the
solid state area. Very early in the program it was predicted by Shockley from the
existing theories for silicon and germanium that appreciable resistance modulation
of thin layers of semiconductor could be produced by inducing a net charge on
them with a strong electric field. This proposed form of modulation, which
became known as the “ field effect,” was electronic, rather than thermal as in the
case of a thermistor, and it appeared that it might lead to newand useful semicon-
ductor amplifiers. Since the then-hypothetical field effect did-not violate any of the
basic laws of nature, it constituted a theoretical “existence proof” of an electronic
semiconductor amplifier and thus served to focus attention on such possibilities.
A number of experimental tests of the proposal were carried out by J. R. Haynes,
H.J. McSkimin, W. A. Yager and R. S. Ohl. All gave negative results; in the case
of the experiment of Ohl the expected effect was more than one thousand times
the minimum detectable indication of the measuring instruments.

These results led to a re-examination of the theory and the postulation by J. Bar-
deen of the trapping of electrons in the surface layers of, or adsorbed layers on,
semiconductors, especially silicon and germanjum.” This concept, referred to as
electrons in surface states, led to the idea that a space-charge layer may exist at the
free surface of a semiconductor independent of a metal contact. It provided an
explanation of several puzzling facts about point-contact rectifiers using ger-
manium and silicon. These included (1) lack of dependence of rectifier charac-
teristic on work function of metal, (2) lack of contact potential difference between
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samples of n- and p-type germanium and between n- and p-type silicon, and
(3) current-voltage characteristics observed by S. Benzer of Purdue University
between two similar pieces of germanium. The theory suggested that at
sufficiently low temperatures electrons might be frozen in the surface states so that
the field effect could be observed. Experiments by Pearson and Bardeen showed
that this was the case.? The effect was much smaller than had been predicted from
properties of bulk samples, but there was evidence that the remaining discrepancy
was due to an abnormally low mobility of electrons in these films.

The nature of surfaces and surface phenomena have always posed some of the
most difficult problems in solid state physics. Bardeen’s theory afforded a means
of investigating the electronic behavior of the surface and of determining the pro-
perties and origin of the surface states—results which would constitute important
contributions to the science of surface phenomena. There was also the possibility
that if action of the surface states could be prevented, then the field effect would
become efficient, and electronic semiconductor amplifiers might become practical.
Research on the nature of surface state effects was thus seen to have the usual
combination of advantages of being physical research of fundamental scientific
importance, of involving skills, instruments and materials which were available
almost uniquely at Bell Telephone Laboratories, and of having, at the same time,
the possibility of leading to developments of great practical importance. The obvi-
ous decision was, therefore, made to stress research on surface states, and as
described below, the phenomena which led up to the invention of the transistor
were discovered in the course of this fundamental research program.

Experiments to test further predictions of the surface state theory were sug-
gested by Bardeen, Shockley and Brattain. By varying the impurity content of sili-
con, Brattain found that he could systematically change the contact potential in
accordance with the changes in the surface state effected by changing the impurity
content.” The change was found to be in accordance with Shockley’s prediction
that increasing the impurity content of silicon would increase the difference
between the contact potential of the n-type (where the impurity produces an
excess of electrons) and the contact potential of the p-type (where the impurity
produces a defect of electrons). A large number of experiments, particularly by
Pearson and H.R. Moore, to obtain experimental confirmation of Bardeen’s
surface-state theory and direct evidence of the existence of his predicted space-
charge layer at the free surface of a semiconductor failed. The effects looked for
were small and were generally masked by extraneous phenomena.

An experiment which did indicate the presence of a space-charge layer was car-
ried out by Brattain. He found that shining light on n-type silicon produces a
change in contact potential which is interpreted as a defect of electrons at the sur-
face, and on p-type an excess of electrons* The former effect is generally
described as'bringing holes to the surface. In order to investigate a possible tem-
perature effect, the surface was cooled to a low temperature. A large hysteresis in
the effect was observed, which was considered as possibly due to the condensed
water on the surface which was noticed at the end of the experiment. In order to
avoid this effect, the surface was immersed in a liquid dielectric. A greatly
enhanced effect of light was observed. Various dielectric liquids were tried, and
then electrolytes.5 The effect was larger with the electrolytes.

In the experiments involving electrolytes, R. B. Gibney suggested changing the
dc bias which had been incorporated in the circuit to counteract the contact poten-
tial.® The results indicated that the electrolyte was transmitting a strong electric
field to the surface layer of the silicon and that the experiment was another test of
the field effect mentioned earlier in this memorandum. Gibney and Brattain
pointed out that the effect could be used to control the passage of current through
the silicon and, consequently, that a suitable arrangement could be made to func-
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tion as an ampliﬁer.8 They also remarked that a solid, instead of a liquid, dielectric
could be used, the only requirement being a sufficient ionic mobility to furnish
ions for the requisite dipole layer at the surface of the semiconductor.

Bardeen suggested an experiment by which the amplification effect with an
electrolyte could be studied. Instead of using a thin semiconductive film, as had
been used in earlier tests of the field effect, he suggested using a block of semicon-
ductor of one conductivity type on which there was a thin surface layer of oppo-
site conductivity type. This avoided the use of thin films with questionable electr-
ical properties. This suggestion was made to Brattain, and he and Bardeen
immediately tried the experiment with a block of p-type silicon on which a surface
layer of n-type silicon had been produced by oxidation. A contact was made to
the layer by a metal point, and a large-area low-resistance contact was made to the
base of the block. The point contact was surrounded by, but insulated from, a
drop of electrolyte. When a voltage is applied between the point and the base
electrode in the high-resistance direction for the n-p barrier between the layer and
the body, current flows to the point mainly in the thin surface layer. It was found
that the magnitude of this current could be controlled by a potential applied to the
electrolyte. The strong electric field applied to the layer by the electrolyte
changed its resistance in the way predicted by Shockley’s theory of the field effect.
Current amplification and, at very low frequencies, power amplification were
obtained, but not voltage amplification. This experiment was performed on
November 21, 1947.

The semiconductor was next changed, at Bardeen’s suggestion, to high-back-
voltage germanium furnished by Scaff and Theuerer. Experiments were continued
by Brattain and Bardeen, with the aid of Gibney on chemical problems. Although
the effect was again limited by the electrolyte to very low frequencies,
amplification of voltage, as well as current and power, was achieved. Although
there was no prior reason to suspect a p-type layer on the n-type germanium
block, the sign of the effect indicated that holes were flowing near the surface, and
that the magnitude of the hole current was enhanced by a negative potential
applied to the electrolyte.

In order to increase the fre%lency response, Bardeen suggested replacing the
electrolyte by a metal contact.”~ Gibney prepared a surface by anodizing it and
then evaporating a number of gold spots on it. It was hoped that a field produced
by a gold spot could be used to modulate the current flowing near the surface.
When the experiment was tried by Brattain, a new effect, now known as transistor
action, was observed.!! It was found that current flowing in the forward direction
from one contact influenced the current flowing in the reverse direction in a
neighboring contact in such a way as to produce voltage amplification. This sug-
gested that holes were flowing from the contact biased in the forward direction to
the contact biased in the reverse direction. At first there was no power
amplification. It was estimated that power amplification could be achieved if the
separation between the rectifying contacts were of the order of 0.001 inch.

This arrangement was set up, and a voltage gain of 15 was secured at
1,000 cycles per second; the gain was slightly larger at 100 cycles per second.}
The experiments were continued, and on December 23, 1947, a speech amplifier
giving a power amplification of 18 or more, with good quality, was demonstrated
by W. H. Brattain and H. R. Moore to R. Bown, H. Fletcher, W. Shockley, J. Bar-
deen, G. L. Pearson and R. B. Gibney. ” The arrangement was operated as an oscil-
lator on December 24, 1947.14

The elements of one of the arrangements were given to H. S. Black. His group
found that amplification occurred up to at least 107 cycles per second.

Brattain found that the practical spacing of the 1'ectifyingl 6points had to be less
than 0.010 inch and that the optimum was about 0.002 inch.”” The points could be
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improved by electrical forming.17

At the suggestion of J. R. Pierce the device was designated the transistor; it was
disclosed to a meeting of the BTL Research Department Technical Staff in the audi-
torium at Murray Hill on June 22, 1948. It was demonstrated to the press on
June 30, 1948, in the West Street auditorium. The first scientific publication was in
the form of three letters to the editor, published in the Physical Review for July 15,
1948.

(Original signed by)
W. 5. GORTON

1 This theory of trapped electrons is recorded in Notebook 20780, pages 38-53, March 18-April 23,
1946. It is published in Physical Review 47, 717, 1947 (May 15). .

* (one of p-type and one of n-type). Note added by W. H. Brattain, 1975.
2 Notebook 20912, pages 1-11, April 22, 1946.
Notebook 20780, pages 47-53, April 23, 1946.

3 Notebook 21373, pages 88-108, May 20, 1947. (W. H. Brattain and W. Shockley, Phys. Rev. 72
345, 1947.)

4 Notebook 18194, page 78, April 2, 1947, (W. H. Brattain, Phys. Rev. 72, 345, 1947)
5 Notebook 18194, pages 138-141, November 13-17, 1947,
6 Notebook 18194, page 142, November 17, 1947,

7 This whole matter was discussed in conference with P. J. W. Debye. It was agreed that the con-

cept was correct and that the experiment had been a test of Shockley’s suggestion. (Recollection of
W. H. Brattain.)

8 Notebook 18194, pages 151-153, November 20, 1947,

9 Notebook 20780, pages 61-67, November 22, 1947.

10 Notebook 20780, pages 69-70, November 23, 1947.

11 Notebook 18194, pages 190-192, December 15, 1947. (NOTE. Bardeen and Brattain were work-

ing in very close cooperation at this time and had been so working for some weeks previously. Bar-

deen had spent much time in the laboratory watching the experiments as they were made, and

often suggesting them and participating in them. This arrangement facilitated interpretation and

discussion and enabled the ideas of both to be tried out with a minimum of delay.)

* Footnote added by W. H. Brattain in 1975:
We were using glycoborate at the electrolyte and noticed an anodic oxide film growing on the
surface of the germanium so we anodized the surface of a piece of germanium, washed off the
glycoborate and evaporated the gold spots on it. As it turned out the germanium oxide was
soluble in water and we had also washed it off! So these experiments were done on a freshly
anodized surface of germanium, and the first transistor was made on one of these samples
anodized in this way!

12 Notebook 18194, pages 193-194, December 16, 1947,

13 Notebook 21780, pages 708, December 24, 1947.

14 Notebook 21780, page 9, December 24, 1947.

15 Notebook T23265, page 2, January 20, 1948, and subsequent entries to February 10, 1948.
16 Notebook 21780, pages 56-61, January 26, 1948.

17 Notebook 21780, pages 26, 31, January 15, 1948,

7
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7.2 J. B. Fisk’s Letter to R. Bown

February 17, 1950

MR. RALPH BOWN:

I send you herewith Mr. W.S. Gorton’s memorandum of December 27, 1949,
entitled “The Genesis of the Transistor”. This has been written in compliance
with your request of June 22, 1948, to him to prepare an account of the thinking,
work, and events which resulted in the transistor.

Mr. Gorton had repeated interviews with Messrs. W. Shockley, J. Bardeen,
W. H. Brattain, and G. L. Pearson; he also read the significant portions of per-
tinent notebooks, especially the references cited in the memorandum. The
memorandum was written, submitted to those named, altered, often extensively,
and resubmitted. Count has been lost of the number of times this process was
repeated. The final result was submitted to you on September 12, 1949.

After you had referred the manuscript to Mr. H. A. Burgess, Mr. Gorton dis-
cussed it with him and Mr. H. C. Hart. The note to footnote No. 11 was added,
and they then approved the account in toto. The changed memorandum was
again submitted to Messrs. Shockley, Bardeen, Brattain, and Pearson; it was
approved by them and constitutes the attached memorandum.

Throughout the work Mr. Gorton repeatedly raised the question as to whether
full credit was being given to all to whom it was due; he was assured that it was.
It is to be noted that the names of twelve persons appear in the memorandum as
having taken substantial part in the work.

The interviews showed that memory was beginning to get hazy in a few
respects but discussion and time cleared it up. To counterbalance any such effect
it is thought that the account has benefited from the better perspective due to the
passage of time. Taking everything into account, including the fact that all of the
pertinent documents were at hand for study, I think we may reasonably regard
this account of the genesis of the transistor as definitive.

(Original signed by)
J. B. FISK

Copy to

Mr. H. A. Burgess-Mr. H. C. Hart
Mr. W. Shockley

Mr. J. Bardeen

Mr. W. H. Brattain

Mr. G. L. Pearson

7.3 Walter H. Brattain’s Personal Reminiscences, Recorded by Brattain
in 1975

When the question was asked, “What should we name it?”, Bardeen and 1 were
told, “You did it; you name it.”” We were aware that deForest had called his three-
electrode vacuum tube an audion, and that this name did not survive. We also
knew that whatever we named it might not take. We knew a two-syllable name
would be better than three or more syllables. J. A. Becker had originated names
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for other semiconductor devices, namely, varistor for the rectifier and thermistor
for the temperature-sensitive device. We wanted a name that would fit into this
family. We had many suggestions, some ending in “-tron,” which we did not like.
Bardeen and I were about at the end of our rope when one day J. R. Pierce walked
by my office and I said to him, “Pierce, come in and sit down. You are just the
man I want to see.”

I told him all about our dilemma, including that we wanted something to fit in
with varistor and thermistor. Now Pierce knew that the point contact device was
a dual of the vacuum tube, circuitwise; i.e., the device was short circuit unstable
and the vacuum tube was open circuit unstable. (This, by the way, was a stum-
bling block for electronic engineers when they first tried to use the new device.)
He mentioned the most important property of the vacuum tube, “trans-
conductance,” thought a minute about what the dual of this parameter would be
and said, “transresistance,” and then said “Transistor,” and I said, “Pierce, that is
it

The sequel to this is: some years later, I came across a story by ]. J. Coupling
entitled “The Transistor” in a science fiction journal and read it. The last phrase
in the story was “and an obscure individual by the name of J. R. Pierce named it.”
Pierce had written many science fiction stories, and he signed them all J. J. Cou-
pling. I knew this and was somewhat chagrined that maybe we had not given
him proper credit. Though everybody knew who had named it.

My late wife, Karen, said, when she first heard the name, that it would probably
be shortened to “sistor” before too long. When the Award of Nobel Prize to Bar-
deen, Shockley, and me was announced, my father was out in the Bitteroot Moun-
tains of Idaho. The only way my mother could send him a message was by forest
reserve telephone to tell Ross Brattain, etc... She wanted him to get the news
before everybody else on the line knew, so her message was “Tell Ross Brattain
the transistor won a Nobel Prize.” The message my father received was, “Your sis-
ter won a Nobel Prize!” My father did have a sister, but he knew that she had not
won this prize. When we went to the first International Semiconductor Confer-
ence held at the University of Reading in England (1950), the English scientists
were not using our name for the device. We asked them if by chance they did not
think the name “transistor” was appropriate. Their answer was that they thought
we had copyrighted the name and were, therefore, being very proper in not using
it. We told them this was not so, that they could use the name if they wished!

William Shockley’s work on the theory of the p-n junction (first discovered by
Russell Ohl in a silicon ingot made for him by Scaff and Theuerer in 1939 or 1940)
led to his investigation of the n-p-n or p-n-p transistor.

The impact of all these results on solid state research was tremendous! Single
crystals for germanium by Teal and Little; the p-n junction, a surface or phase
boundary in a single crystal well understood from first principles; zone refining,
etc. by Pfann, making possible single crystals of an unheard of purity; in addition
to the impact on the electronic technology.
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Chapter 3

Surface Physics —
Wave Nature of the Electron

Motivation for fundamental studies of metallic surfaces arose in the early
years of Bell Laboratories because of the increasing use of the vacuum tube in
telephone repeaters. In the light of the role that surface states played in the
discovery of the point contact transistor, research in surface physics was
accelerated. This chapter starts with the historic Davisson-Germer expeti-
ment, which established the wave nature of the electron, and with a discus-
sion of electron emission from solids, including secondary emission and field
emission.

Semiconductor surface research immediately following the discovery of the
transistor was limited to “real” surfaces immersed in air or electrolytes.
These studies dealt with surface charge, contact potential, surface photovol-
tage, and surface states. The development of ultrahigh vacuum techniques
made possible studies using atomically clean surfaces, such as low energy
electron diffraction (LEED), the two-electron Auger emission, surface crystal-
lography, and surface electronic structure on semiconductor and metallic sur-
faces. The research on the interaction of higher energy ions with semiconduc-
tor surfaces, including ion implantation, is discussed in Chapter 8. Related
work on molecular beam epitaxy (MBE) is discussed in Chapters 2 and 19.

I. THE DAVISSON-GERMER EXPERIMENT

The historic experiment by C. J. Davisson and L. H. Germer was an
outgrowth of an investigation of electron emission from a clean metal
surface. They began this experiment to understand the effect on elec-
tron emission when a very clean metal was subsequently coated with
an oxide. Starting with the discovery of elastic scattering of electrons
from the metal surface, Davisson and Germer [Fig. 3-1] investigated
the angular distribution of the elastically scattered electrons.! [Fig. 3-
2] This led them to study the variation of the intensity with orienta-
tion of the scattering crystal. The unambiguous demonstration of the
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Fig. 3-1. C. J. Davisson (left) and L. H. Germer with the tube used in their
electron diffraction work.

wave nature of electrons deduced from such electron diffraction was
the basis for the award of the 1937 Nobel Prize in physics, which

Davisson shared with G. P. Thomson of the University of Aberdeen,
Scotland.

® SURFACE NICKEL ATOM
(X)) ABSORBED GAS ATOM

_——CIRCLES INDICATE AREAS
PARTIALLY SHIELDED BY
GAS ATOMS

Fig. 3-2. The arrangement of a superstructure of absorbed gas
atoms on a nickel surface as proposed by Davisson and
Germer.
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The story of the Davisson-Germer experiment is best recounted in
quotations from Davisson’s Nobel lecture of December 13, 1937, in
the related excerpt from the Davisson and Germer paper published in
the Physical Review in December 1927 describing the “well-known
accident,” and in some quotations from K. K. Darrow’s paper pub-
lished in the Bell System Technical Journal 1951 Festschrift issued in
celebration of Davisson’s seventieth birthday.”

1.1 Quotations from Davisson’s Nobel Lecture, December 13, 1937

The case for a corpuscular aspect of light, now exceedingly strong, became
overwhelmingly so when in 1922 A. H. Compton showed that in certain cir-
cumstances light quanta—photons, as they were now called—have elastic colli-
sions with electrons in accordance with the simple laws of particle dynamics.
What appeared, and what still appears to many of us, as a contradiction in terms
had been proved true beyond the least possible doubt—light was at once a flight
of particles and a propagation of waves; for light persisted, unreasonably, to exhi-
bit the phenomenon of interference.

In 1924 there appeared the brilliant idea which was destined to grow into that
marvelous synthesis, the present-day quantum mechanics. Louis de Broglie put
forward in his doctor’s thesis the idea that even as light, so matter has a duality of
aspects; that matter like light possesses both the properties of waves and the prop-
erties of particles. ...perhaps no idea in physics has received so rapid or so inten-
sive development as this one. De Broglie himself was in the van of this develop-
ment but the chief contributions were made by the older and more experienced
Schrodinger.

In these early days—eleven or twelve years ago—attention was focused on elec-
tron waves in atoms. The wave mechanics had sprung from the atom, so to speak,
and it was natural that the first applications should be to the atom. No thought
was given at this time, it appears, to electrons in free flight. It was implicit in the
theory that beams of electrons like beams of light would exhibit the properties of
waves, that scattered by an appropriate grating they would exhibit diffraction, yet
none of the chief theorists mentioned this interesting corollary. The first to draw
attention to it was Elsasser, who pointed out in 1925 that a demonstration of
diffraction would establish the physical existence of electron waves. The setting of
the stage for the discovery of electron diffraction was now complete.

It would be pleasant to tell you that no sooner had Elsasser’s suggestion
appeared than the experiments were begun in New York which resulted in a
demonstration of electron diffraction—pleasanter still to say that the work was
begun the day after copies of de Broglie’s thesis reached America. The true story
contains less of perspicacity and more of chance. The work actually began in 1919
with the accidental discovery that the energy spectrum of secondary electron emis-
sion has, as its upper limit, the energy of the primary electrons, even for primaries
accelerated through hundreds of volts; that there is, in fact, an elastic scattering of
electrons by metals.

Out of this grew an investigation of the distribution-in-angle of these elastically
scattered electrons. And then chance again intervened; it was discovered, purely

* Chester J. Calbick, a young collaborator of Davisson and Germer, wrote another
interesting account entitled “The Discovery of Electron Diffraction by Davisson and
Germer,” The Physics Teacher 1 (1963), p. 63.
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by accident, that the intensity of elastic scattering varies with the orientations of
the scattering crystals. Out of this grew, quite naturally, an investigation of elastic
scattering by a single crystal of predetermined orientation. The initiation of this
phase of the work occurred in 1925, the year following the publication of
de Broglie’s thesis, the year preceding the first great developments in the wave
mechanics. Thus the New York experiment was not, at its inception, a test of the
wave theory. Only in the summer of 1926, after I had discussed the investigation
in England with Richardson, Born, Franck and others, did it take on this character.

From first to last a considerable number of colleagues contributed to the investi-
gation. Chief among these were my two exceptionally able collaborators, Dr. C. H.
Kunsman and Dr. L. H. Germer. Dr. Kunsman worked with me throughout the
early stages of the investigation, and Dr. Germer, to whose skill and perseverance
a great part of the success of the definitive experiments is due, succeeded Dr.
Kunsman in 1924. Figure 3-2

I would like also at this time to express my admiration of the late Dr. H. D.
Arnold, then Director of Research in the Bell Telephone Laboratories, and of Dr.
W. Wilson, my immediate superior, who were sufficiently farsighted to see in
these researches a contribution to the science of communication. Their vision was
in fact accurate, for today in our, as in other, industrial laboratories electron
diffraction is applied with great power and efficacy for discerning the structures of
materials.

1.2 Davisson’s “Well-Known Accident”

The accident mentioned in Davisson’s Nobel lecture is described in
Daviszson and Germer’s Physical Review paper published in December
1927.

During the course of his work a liquid-air bottle exploded at a time when the
target was at a high temperature; the experimental tube was broken, and the target
heavily oxidized by the in-rushing air. The oxide was eventually reduced and a
layer of the target removed by vaporization, but only after prolonged heating at
various high temperatures in hydrogen and in vacuum. When the experiments
were continued, it was found that the distribution-in-angle of the scattered elec-
trons had been completely changed. This marked alteration in the scattering-
pattern was traced to a re-crystallization of the target that occurred during the pro-
longed heating. Before the accident and in previous experiments we had been
bombarding many small crystals, but in the tests subsequent to the accident we
were bombarding only a few large ones. The actual number was of the order of
ten.

1.3 Quotations from Karl K. Darrow’s “The Scientific Work of
C. J. Davisson”

In 1951, a Festschrift edition of the Bell System Technical Journal was
issued to celebrate Davisson’s seventieth birthday. Darrow’s essay
entitled, “The Scientific Work of C. J. Davisson,” is one of the papers
in that Festschrift3 (Darrow joined Western Electric in 1917 and
became a member of Bell Labs upon its incorporation in 1925. He
became famous for his scholarly reviews of physics research. At the
time this paper was written, he was also the secretary of the Ameri-
can Physical Society, a post he retained after retiring from Bell Labs
in 1956.) Darrow gives an account of the Davisson-Germer experi-
ment, authenticated by Davisson:
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I can tell its history in words which 1 wrote down while at my request he
related the story. This happened on the twenty-fifth of January 1937: I have the
sheet of paper which he signed after reading it over, as also did our colleague L.
A. MacColl, who was present to hear the tale. This is authentic history such as all
too often we lack for other discoveries of comparable moment. Listen now to
Davisson himself relating, even though in the third person, the story of the
achievement.

The attention of C. J. Davisson was drawn to W. Elsasser’s note of 1925, which
he did not think much of because he did not believe that Elsasser’s theory of his
(Davisson’s) prior results was valid. This note had no influence on the course of
the experiments. What really started the discovery was the well-known accident
with the polycrystalline mass, which suggested that single crystals would exhibit
interesting effects. When the decision was made to experiment with the single
crystal, it was anticipated that “transparent directions” of the lattice would be
discovered. In 1926 Davisson had the good fortune to visit England and attend
the meeting of the British Association for the Advancement of Science at Oxford.
He took with him some curves relating to the single crystal, and they were
surprisingly feeble (surprising how rarely beams had been detected!). He showed
them to Born, to Hartree and probably to Blackett; Born called in another Con-
tinental physicist (possibly Franck) to view them, and there was much discussion
of them. On the whole of the westward transatlantic voyage Davisson spent his
time trying to understand Schroedinger’s papers, as he then had an inkling (prob-
ably derived from the Oxford discussions) that the explanation might reside in
them. (The reader is reminded that the “transatlantic voyage’ was by steamship.)

In the autumn of 1926, Davisson calculated where some of the beams ought to
be, looked for them and did not find them. He then laid out a program of
thorough search, and on January 6, 1927, got strong beams due to the line-gratings
of the surface atoms, as he showed by calculation in the same month.

In 1937 the Nobel prize was conferred on Davisson, and he had the opportunity
of enjoying the ceremonies and festivities which are lavished upon those who go
to Stockholm and receive it. He shared the prize with G. P. Thomson, who must
not be entirely neglected even in an article dedicated explicitly to Davisson.
There was little in common between their techniques, for Thomson consistently
used much faster electrons which transpierced very thin polycrystalline films of
metal and produced glorious diffraction-rings. He too founded a school of crystal
analysts.

1.4 Observation of Spin Polarization Effects

Davisson and Germer are cited in textbooks for their pioneering
work in 1927 on the diffraction of low-energy electrons from nickel
single-crystal surfaces, leading to the confirmation of the wave nature
of particles. It is only because of a mistake in the analysis of experi-
mental data that they did not open another very exciting and novel
field of research. In fact, in 1975, C. E. Kuyatt! of the National
Bureau of Standards pointed out that in 1929, Davisson and Germer
published a paper on the search for polarization of electron waves by
reflection.’ Mainly because of the negative results, this paper
remained completely unnoticed for four decades. In the setup of the
experiment described in their original paper, the electron waves scat-
tered at 45 degrees from the first nickel crystal should show, if polar-
ized, an asymmetry in the scattering from the second nickel crystal as
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this is rotated around the axis of the beam between the two crystals.
This experiment is analogous to the one used for demonstrating the
polarization of light by reflection from solid surfaces, as noted by
Davisson and Germer. But this similarity is true only within certain
limits that were not realized by Davisson and Germer. They expected
to observe two maxima and two minima in the scattering as the
second crystal is rotated through 360 degrees, as in the case of light
polarization. Actually, for the electron spin with quantum number
1/2, only one maximum and one minimum should be observed. The
erroneous conclusion reached by their 1929 paper is striking because
polarization effects up to about 30 percent are obvious from the
numerical results reported in the same publication. But for more
than 45 years researchers in the field of low energy electron
diffraction (LEED) did not realize this misinterpretation.

At the time of this writing, experiments involving spin polarization
effects in LEED look very promising for investigating surface-related
problems and for providing another detector for the spin polarization
of electrons that may be more efficient than Mott scattering.® To this
field, too, Davisson and Germer made their own contributions but,
unfortunately, this time without recognizing its relevance.

II. ELECTRON EMISSION FROM SOLIDS

2.1 Primary Emission

Scientists at Bell Labs have long been interested in solids as
emitters of electrons. The investigation of electron emission from a
clean metal surface by Davisson and Germer was prompted by a
desire for a better understanding of the effect on electron emission
when a metal was coated with an oxide. In the late 1920s, H. E. Ives
and his associates were interested in producing photoelectric cells of
high efficiency as light detectors in connection with the development
of the commercial system of picture transmission then in operation
over certain Bell System lines.” They studied alkali-metal photoelec-
tric cells of various structures and the effects of varying the treatment
and temperature of the material and the nature of the radiation used.

J. A. Becker performed experiments with oxide-coated cathodes
designed to yield information about the enhancement of electron
emission resulting from coating the metal with barium oxide. He
found, for example, that when current is drawn from the oxide, oxy-
gen is deposited on the surface. If the oxygen is beneath the
absorbed barium, it increases the activity; if it is above the barium, it
decreases the activity. Together with W. H. Brattain, Becker corre-
lated experimental values of the thermionic work-function with the
theoretical Richardson equation.®® Their correlation resulted in some
modification of Richardson’s equation.
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In 1949, N. B. Hannay, D. MacNair, and A. H. White investigated
the semiconducting properties of (Ba,Sr)O cathodes. They found that
the electrical conductivity was directly proportional to the thermionic
emission over a range of three orders of magnitude of activation,
except in the cases where the oxide coating was probably inhomo-
geneous.10 In 1955, L. A. Wooten and coworkers pointed out
difficulties of measurement that had not been adequately realized in
prior studies.!! The fact that minor impurities might play an impor-
tant role in the activity of oxide coatings was indicated when they
found that very pure barium oxide or strontium oxide coatings on
platinum supports led to very low emission. (For more on this topic
see Chapter 17, section III.)

2.2 Secondary Emission

K. G. McKay and J. B. Johnson applied increasingly sophisticated
techniques to the study of secondary electrons during the early 1950s.
McKay, using pulsed bombardment, found that the resulting transient
not only gave a value for the yield, but also values for the resistivity,
the dielectric constant, and part of the energy distribution function of
the secondaries.]? In order to work with a clean substance of known
structure, McKay and Johnson bombarded the (100) cleavage face of a
single crystal of magnesium oxide (MgO) with electrons, establishing
for this case also the inverse relationship between secondary emission
and temperature.13

A theory of secondary electron emission proposed by P. A. Wolff
in 1954 showed satisfactory agreement with experimental results and
provided a valid and useful model for the phenomenon.“‘

2.3 Auger Electron Emission Spectroscopy of Solids

A novel type of secondary emission from solids, involving interac-
tion with two electrons in the metal surface, was discovered by J. J.
Lander. This was designated as Auger electron emission because of
its similarity to the Auger effect discovered in cloud-chamber X-ray
experiments by P. Auger of France in 1925. In the Auger effect, a
singly ionized atom spontaneously becomes doubly ionized. The
spontaneous step is a two-electron transition in which one electron
drops into the hole produced in the initial ionization, while the
second electron is ejected. The energy of the ejected electron is
related through energy conservation to the other three levels of the
two-electron transition.

Lander’s paper, “Auger Peaks in the Energy Spectra of Secondary
Electrons from Various Materials,” published in 1953, marked the
beginning of modern methods of surface chemical analysis.!® Lander
showed conclusively that certain narrow peaks of the energy distribu-
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tion of secondary electrons from solids occur at energies that are
related in a specific way to the core energy levels of surface atoms.
Core-level spectra are highly characteristic (distinctly different for
each different chemical element), and so offer a means of chemical
identification.

Besides making the first identification of Auger transitions at sur-
faces, Lander gave one of the first demonstrations of the utility of
electron-stimulated (as opposed to X-ray stimulated) Auger spectros-
copy.

In the early 1950s, Bell Labs was an especially good environment
for Lander’s work. McKay had just completed a review that gathered
many instances of secondary-emission features of the type later
identified as Auger transitions.!® G. H. Wannier helped formulate a
description of Auger transitions in solids that accurately exhibited the
potentialities of Auger electron spectroscopy. G. A. Harrower later
demonstrated the coexistence of Auger spectra and “energy loss”
spectra associated with electrons involved in ionization events.!”

In time, Lander’s pioneering work was recognized by scientists in
other laboratories. With suitable modifications, Lander’s experiments
led to practical means of surface chemical analysis, an essential
prerequisite for further progress in surface science. [Fig. 3-3] Auger
electron spectroscopy is used as the chief means of surface chemical
analysis in practically every laboratory devoted to surface science.

Another kind of surface investigative technique depending on the
Auger effect was introduced by H. D. Hagstrum in 1954.!% In this
technique, low-energy, positive ions of the noble gases are used to
bombard metal or semiconductor surfaces. An ion impinging on a
surface induces an Auger-type transition in which one of the two
electrons involved neutralizes the ion and the other is collected. A
series of experiments by Hagstrum led to a general understanding of
the electron transitions that occur when excited or ionized atoms
interact with a surface. A computer program was developed that
made possible the derivation of a function approximating the local
density of states in the surface region of a solid from the measured
energy distribution of the ejected Auger electrons.

2.4 Field Emission

The field emission microscope invented by E. W. Mueller of
Pennsylvania State University has been a powerful tool in the study
of the distribution and effect of coatings on cathodes. In this instru-
ment, electrons are emitted from a sharp metal point along diverging
paths in an evacuated tube. These electrons impinge on a curved
fluorescent screen at the far end of the tube, producing a pattern that
may be photographed. As the point is heated, surface atoms migrate
and crystal facets with different emissivities develop.
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Fig. 3-3. Typical Auger spectrum of impurity atoms
embedded in GaP. The derivative technique used for detection
is much more sensitive than the original detection method used
by Lander.

Beginning in the early 1950s, the patterns from clean surfaces were
the subject of a series of papers by Becker!® and others. In 1953,
Becker reported that magnification of the image of the point was
about 106, with a resolution of about 20 X 10~%cm. The excitement of
the early discoveries with this instrument is conveyed in Becker’s
early papers. [Fig. 3-4] At 2800K, the surface of the tungsten point is
hemispherical. Only the (110), (111), and (100) regions consist of
small flat planes. In fields of 50 million volts per cm and at 1200K,
these planes enlarge. The edges of the planes are seen to be in
violent agitation. Hence, surface atoms are mobile at temperatures
above one-third of the melting point. Barium atoms show surface
mobility at 400K on the (110) and 800K on the (100) planes.

In 1958, L. A. D’Asaro studied field emission from p-type silicon,?
and in the 1960s, J. R. Arthur used field emission microscopy to study
surfaces of the semiconductors gallium arsenide and germanium. 21,22
In a slice of a gallium arsenide crystal cut parallel to the octahedral
(111) plane, gailium atoms form the outer layer on one surface, the
(111), and arsenic atom on reverse surface, the (111). Arthur found
that surface migration of both gallium and GaAs was more rapid on
the (111) “B,” or arsenic, face, which became thermally disordered
above 300°C. The (111) “A” face remained ordered up to 400°C. On
both faces, gallium decreased the work function by about 0.5 volts,
while arsenic reduced the emitting area without altering the work
function appreciably. Arthur also discovered that the intensity of
emission from germanium, whether p-type or n-type, was strongly
sensitive to surface treatment. In related work, F. G. Allen used pho-
toemission techniques to study the work function in clean GaAs sur-
faces.
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Fig. 3-4. (A) Schematic of field emission microscope. (B) Field
emission patterns produced by the surface of the hemispherical tungsten
point with varying exposure times.

In the early 1970s, T. Utsumi and O. Nishikawa at Bell Labs used a
Mueller field ion microscope to study alloy formation when a
tungsten or molybdenum point came in contact with molten gal-
lium.? In the field ion microscope, neutral atoms are injected into the
tube and ionized by the large electric field near the charged point,
from which they then travel to the screen. The shorter wavelength
associated with the greater mass results in better resolution of the
pattern. Nishikawa and Utsumi combined the field ion microscope
with field ion spectroscopy to measure the kinetic energy distribution
of field-ionized noble gases on both clean surfaces and nitrogen-
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absorbate-covered surfaces of tungsten.24'25

In the mid-1970s, M. Campagna and others developed a technique
for measuring the polarization of emitted electrons as a function of
the surface crystallographic direction in the field emission micro-
scope.26 The novelty of this technique relies on the possibility of
obtaining atomically clean metal surfaces by controlled ultrahigh
vacuum field evaporation. The field emission cathode is located in
the center of a superconducting coil, so that under the influence of
the axial magnetic field, the divergent beam of electrons forms a dis-
torted image on the screen. The measurements provide unique,
direct information on magnetic interactions near surfaces. Problems
related to chemisorption on transition metals can also be investigated
by this technique because the spin-polarization of the emitted elec-
trons has been found to be strongly sensitive to surface conditions.

II. SEMICONDUCTOR SURFACE RESEARCH DURING 1948-1960

Semiconductor surface research at Bell Laboratories can be divided
into two distinct periods. The research activity during 1948-1960, car-
ried on by W. H. Brattain and others, was concerned with the prop-
erties of surfaces like those used in devices—the “real” surfaces. In
the research begun after 1960, the emphasis was on clean or chemi-
cally well-characterized surfaces.

Surfaces used in semiconductor research in the earlier period were
generally produced by cutting, grinding or sandblasting, polishing,
and etching. The chemical state of such a surface depends on the
etchant used. It may be atomically ordered and in some cases may be
covered with a thin oxide layer 10-30A thick, particularly if exposed
to long periods in air. During this period, the research concentrated
on elucidating the static and kinetic features of the electronic struc-
ture of surfaces produced in this way.

3.1 Surface Charge, Contact Potential, and Surface Voltage

As a semiconductor surface is approached from the deep bulk of
the solid, the space-charge region is entered. This region is typically
about 107% cm in extent, and is associated with a surplus or deficit of
free carriers. The space-charge layer is the result of charges residing
at the interface between the bulk of the semiconductor and the sur-
face oxide, as well as in the oxide itself. Surface electronic states in
intimate contact with the bulk, the “fast” (microsecond) states, reside
at the oxide-semiconductor interface. ““Slow” (second) states in poor
electrical contact with the bulk reside inside and at the outer surface
of the oxide layer. Charge in the slow states results in a potential
drop, Vp, across the oxide. For a given bulk impurity doping, the
space-charge barrier potential, Vs, uniquely determines the shape of
the barrier and the carrier distribution (via the Poisson equation). In
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the absence of an external field, the charges in all surface states and
in the space-charge layer are equal and opposite.

The existence of a space-charge layer at the free surface of a sem-
iconductor was first predicted by J. Bardeen in 1949.77 In 1953, experi-
mental evidence of its existence came from the work on contact
potential and surface photovoltage by Brattain and Bardeen.?® It was
discovered that the barrier potential associated with the space charge
layer (Vs) could be reproducibly varied by varying the gaseous
ambient. The Brattain-Bardeen cycle of gaseous ambients involved
the use of wet and dry oxygen and nitrogen, as well as ozone,
applied in a particular sequence. This caused a variation of Vs of as
much as 0.5 electronvolts ascribed to the addition and removal of ions
at the outer surface of the oxide film. Recombination rates of holes
and electrons and surface trapping were studied, and a particular
model of surface states as donors and acceptors was proposed.

3.2 Surface Photovoltage and Surface States

Brattain and Bardeen also varied the barrier potential by applying
light using the surface photovoltage effect. They demonstrated a
direct correlation between the surface photovoltage and the work
function of the surface.?? C. G. B. Garrett and Brattain produced a
detailed theory of the surface photovoltage effect that accounted for
the experimental data and contributed significantly to the quantita-
tive understanding of the space-charge layer.?? [Fig. 3-5]

The barrier voltage associated with the space-charge region, the
region itself, and the surface conductance can be varied by applying a
capacitatively coupled external electric field.3! Garrett and Brattain
used field effect, surface photovoltage, and surface conductivity mea-
surements in a combined experiment and compared their results with
theory.32 W. L. Brown used the variation of conductance with exter-
nal field to determine both the surface potential and the distribution
of charge in the surface states.33 He recognized that observation of
the unique minimum in conductance leads to quantitative results.
Low-frequency field-effect measurements in various gaseous
ambients,3 and the measurement of surface conductance in strong
inversion layers,?®> were also performed during the period of 1948-
1960.

W. Shockley made a theoretical study of the symmetrical truncation
of a crystal with perfect periodicity from bulk to surface.® He found
that localized states split off from the upper and lower bands, form-
ing the so-called Shockley surface states in the forbidden gap. Sur-
face states on the free surface of germanium were first demonstrated
in the field-effect measurements of Shockley and G. L. Pearson.?” That
surface states can be slow or fast (poor versus good electrical contact
with the bulk) was evident in the early work of Brattain and Bar-
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Fig. 3-5. Life history of an extra electron created in p-type
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photoexcitation process to its death in recombination at the
surface, starting with a positive charge in the oxide layer and
higher at the surface than at the side, as shown in the top part
of the diagram. In the next part of the diagram, an extra
electron created by photoexcitation begins moving in the
direction of the arrow. The other steps are shown in the
remaining parts of the diagram.

deen.®® That these surface states differ greatly in capture times was
shown by Garrett and Brattain when they observed that the surface
photovoltage disappeared after illumination in times of seconds or
minutes.>® Relaxation of the fast surface states was studied with
high-frequency applied fields by H. C. Montgomery, who developed
this means of eliminating the effects of slow states.®0 A quantitative
analysis of this experiment was given by Garrett.*! Surface recombi-
nation velocity was shown to be very sensitive to treatment of the
surface.*? Its connection with surface noise was studied by
Montgomery.*3
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3.3 Semiconductors in an Electrolytic Ambient

Work with the semiconductor in an electrolytic ambient has proved
very fruitful. Brattain and Garrett elucidated the rectification proper-
ties of the semiconductor-electrolyte interface.** They studied reac-
tions for anodic and cathodic bias, as well as the surface properties
that had been investigated for the gas-semiconductor interface. The
surface states introduced by various metallic ions from an electrolyte
were studied by P. J. Boddy and Brattain.*® Adsorption of gases on
semiconductor surfaces, as well as the oxidation kinetics of these sur-
faces, were studied extensively by J. T. Law.%

IV. SURFACE RESEARCH-- CONTROLLED SURFACE IN ULTRAHIGH
VACUUM

Several factors contributed to the nature of surface research in the
late 1970s. Advances in ultrahigh vacuum techniques in glass sys-
tems had progressed to the point that fundamental scientific experi-
ments on surfaces appeared practical. Moreover, experimentation was
greatly facilitated by the availability of commercial ultrahigh vacuum
system components. This was accompanied by the application of new
spectroscopic techniques having greater surface specificity, such as
ultraviolet photoemission at energies in the range of 10 to 100 eV,
extended X-ray absorption spectroscopy, electron energy loss spectros-
copy, high-energy ion scattering, and the application of high-speed
computer methods to low energy electron diffraction.

A surface is a collection of interacting atoms that may be con-
sidered a phase of matter in close association with, but nevertheless
distinguishable from, the bulk solid under it. It is characterized by
the geometric arrangement of its atoms (surface crystallography), the
chemical nature of the atoms present (chemical composition and
adsorption), and the energy level and charge density structure of the
electrons in the surface region (surface electronic structure).

The study of the interaction of atoms with surfaces has both kinetic
and static aspects. Several important parameters are the probability
that an atom incident on a surface will stay on, or stick to the surface,
the migration and nucleation of adsorbed species, and the thermal
desorption of the foreign atom. Each of these phenomena was stud-
ied extensively by J. A. Becker in the late 1940s and 1950s using a
variety of techniques. Among these were thermionic emission, ther-
mal and field desorption, work function measurement, and field emis-
sion microscopy. This work led to a much better understanding of
the charge state of adsorbed species by their effect on surface poten-
tial or work function; of the specificity of adsorption and migration
phenomena to particular crystallographic planes; and to the binding
energy of adsorbate atoms to crystal surfaces in more than one crys-
tallographic site. Becker reviewed much of this work in 19554
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Becker’s work represented an early effort to attack surface problems
using more than one technique. (For more on Becker’s studies see
section 2.4 of this chapter.)

During the late 1950s, J. T. Law studied the adsorption of gases on
cleaned semiconductor surfaces.*® These studies led to Law’s work on
the oxidation of silicon, in which measurements of kinetics were
made and models of the growth of oxide films were presented.*’

An important aspect of the interaction of atoms with surfaces is the
development of tools for the chemical analysis of such surfaces. The
principal means for analysis is Auger electron spectroscopy (AES)
described in section 2.3 of this chapter.

Researchers also benefited from the greatly increased understand-
ing of the nature of the solid state. In 1962, E. O. Kane proposed a
theory of photoelectric emission from semiconductors that was based
on density-of-state and energy-band considerations and that did not
involve scattering of the excited electrons either from the bulk
material or at the surface.’’ Theorists also began to apply self-
consistent calculations of energy levels specifically to the surface
region of the solid.

The geometric structure of the surface layer was explored with
low-energy electron diffraction by J. J. Lander, G. W. Gobeli, and A.
U. MacRae, among others®! A variety of surface superlattices were
studied. It was found, for example, that in an annealed Si(111) sur-
face, the translational periodicity of the surface layers is seven times
that of the bulk substrate. The implications of these new structural
forms, seen on almost all semiconductors, were far-reaching for the
understanding of chemical bonding.

F. G. Allen and Gobeli characterized other physical properties of
the elemental and the III-V compound semiconductors. 253 Particu-
larly noteworthy were their experimental measurements of the work
function, bulk photoelectric threshold, and energy gap surface state
distribution on Si(111). Gobeli and Allen performed a series of exper-
iments on the photoelectric emission from cleaved (111) surfaces of
single silicon crystals in a vacuum, using both pure and doped crys-
tals. Their results were in agreement with the Kane theory, and gave
rise to an understanding of the surface transport and rectification
properties of these materials.

Beginning in the late 1960s, advanced techniques of surface science,
particularly Auger spectroscopy and electron diffraction, were applied
with notable success to the problems of growing and characterizing
the surfaces of nearly perfect crystals of GaAs in ultrahigh vacuum by
Arthur and A. Y. Cho.>* Insights into the kinetic processes involved
in the growth of these compounds were obtained, and for the first
time, geometric characterization of a surface under growth conditions
was achieved. This technique, molecular beam epitaxy (MBE), has
resulted in improved capabilities in the areas of heterojunction lasers,
and microwave and optical component fabrication.>> Molecular beam
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epitaxy holds great promise as a tool for the development of practical
integrated optical devices. (For more on MBE see section VI of
Chapter 2.)

The greatest progress in controlling and documenting a surface and
its characteristics has been made for the free surface of a solid in a
vacuum or in a controlled gaseous environment. This has occurred
because it has been possible to develop the methods of cleaning the
surface and of diagnosing its properties to the necessary level of
sophistication. The research on semiconductor surfaces carried on
after 1960 at Bell Labs falls into this category.

4.1 Surface Crystallography — Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a tool for determining
the geometric arrangement of surface atoms. The study of this
phenomenon as a crystallographic tool for surface studies goes back
to the first experiments by Davisson and Germer on the wave nature
of matter. Even in that early work, the effect of surface condition was
clearly evident. It was found that the condensation of an unknown
gas (probably CO) on the nickel crystal produced a superstructure on
the surface with a repeat distance twice that of the surface metal
atoms. This resulted in extra diffraction spots between those caused
by the surface nickel atoms. Thus began a study of adsorption super-
structures on solid surfaces, which proceeded very slowly until the
advent of improved instrumentation in the early 1960s. At that time,
Germer, Lander, MacRae, and others undertook intensive studies in
this field.

The determination of the periodicity and symmetry of the adsorp-
tion superstructure from the LEED data is not difficult. It is a neces-
sary first step in every complete surface study leading to a full
analysis of the arrangement of the surface atoms. Observations of
LEED pattern changes or the disappearance of the pattern also make
possible studies of surface or two-dimensional phase transformations,
and order-disorder transformations both in adsorbed layers and on
clean surfaces. Such adsorbed layers may be the initial foothold of an
epitaxial deposit. v

A particularly interesting discovery made during this period is the
metastable (2-by-1) structure on the cleaved Si(111) surface that, when
heated, reverts irreversibly to the (7-by-7) structure. The (7-by-7)
structure has a superstructure unit mesh (the two-dimensional
equivalent of the unit cell of a three-dimensional crystal) 49 times as
large in area as that of the underlying semiconductor surface.’®

Once the surface symmetry and mesh dimensions have been deter-
mined, the specific determination of atom positions at a surface is still
a difficult task. This requires the study of the way in which the
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intensity of the diffracted beams varies with electron energy (or
wavelength) of the incident beams. Such observations were made in
the early Davisson and Germer work, but a detailed understanding
required the development of LEED theory and computing methods.
P. M. Morse, who spent the summer of 1929 at Bell Labs, pursued
the problem beyond a simple single-scattering kinematic theory of
electron diffraction. Although his theoretical analysis did not account
for structure observed between the principal Bragg peaks in the plots
of intensity versus voltage, it did point to the necessity of a multiple
scattering approach as represented in this case by the band structure
of the crystal. In 1966, E. G. McRae applied a general multiple-
scattering theory developed by M. Lax to the specific case of LEED
intensities, giving the first exact solution for a model in which atomic
potentials are represented specifically.”’” McRae’s study led to qualita-
tive understanding of the extra (non-Bragg) structure in the I-V plot.
His “layer” method of computing diffraction intensities is an exten-
sion of early ideas of Darwin and Wannier. This method, or a varia-
tion, is used in practically all numerical LEED computations leading
to specific atom positions.”® The study of beam intensities in LEED as
a function of temperature led to the first observation that vibrational
amplitudes for surface atoms exceed those of the bulk, and to the
determination of a surface Debye temperature.”

The original Davisson and Germer studies demonstrated the poten-
tial of using the LEED technique in various forms. During the fol-
lowing two decades, D. W. Farnsworth and his students at Brown
University used LEED to measure the intensity of electrons diffracted
from surfaces by standard current, measuring techniques. In the late
1950s, E. J. Scheibner, who was later joined by Germer, put a display-
type LEED apparatus (first suggested by Ehrenberg in 1934) into prac-
tical form.%0 [Fig. 3-6] Lander and coworkers (and independently,
Peria at the University of Minnesota) further improved display-type
LEED by using spherical grids and phosphor screens.®! This was the
form that Germer arranged to have made commercially available. It
was based on a design he provided after his retirement from Bell
Labs, and it had a stimulating effect on LEED research because of its
visual display of the diffraction pattern.

4.2 Surface Electronic Structure

The third basic characterization of a solid surface, viewed as a col-
lection of interacting atoms, is its electronic structure or chemical
binding. The questions may arise: How can this structure differ from
the bulk electronic structure? And what are the best ways to describe
the electronic states of adsorbed foreign atoms? Prominent among
the techniques used to answer these questions is ultraviolet photo-
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Fig. 3-6. (A) Schematic drawing of the display-type LEED
apparatus developed by Schiebner, Germer, Hartman, and
Lander. (B) Cathode-ray display of a typical LEED pattern.

emission spectroscopy (UPS). Also important are ion neutralization
spectroscopy (INS) and electron energy-loss spectroscopy (ELS). In
pursuing these spectroscopic investigations, it has been most impor-
tant for experimentalists to work in close coordination with theoreti-
cians.
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-~ The energy spectrum of photoelectrons emitted from a solid surface
is related closely to the energy level distributions of electronic states
in both the bulk and at the surface. The surface sensitivity is
enhanced by working in the photon energy range above about 20 eV,
where the photoelectron mean-free path is only a couple of atomic
spacings. Early work on photoelectric emission was performed at Bell

Labs by Ives and collaborators. In 1928, Ives, A. R. Olpin, and A. L.
Johnsrud published a paper that contained measurements of the
energy spectra of photoelectrons, and their distribution in angle.5?

Photoemission languished in the physics community for several
decades, and was taken up again at Bell Labs in the early 1960s by
Gobeli, Allen, and Kane, as noted in section IV of this chapter. In
1964, Kane proposed that measurements of the angular distributions
of photoelectrons should yield directly the dispersion relations (that
is, the energy-versus-wavevector curves) for electronic states.%3

In the early 1970s, UPS was studied by J. E. Rowe, H. D. Hagstrum,
N. V. Smith, and their respective coworkers. Rowe and H. Ibach
pursued photoemission from surface states on several different crystal
faces of silicon.® From Si(111) they saw not only the “dangling”
bond states associated with the fundamental gap, but were also able
to observe additional surface states within the valence band energy
range associated with back-bonding orbitals. These states had been
predicted by J. A. Appelbaum and D. R. Hamann in what were the
first self-consistent calculations of energy states in the surface region
of a solid.%° [Fig. 3-7] The experimental results were confirmed and
extended by Rowe and Ibach using energy loss spectroscopy (ELS).5
Similar studies were performed on adsorbate-covered surfaces by
detailed examination of the new peaks that appear in the photoelec-
tron energy spectra. For example, experimental studies by Ibach and
Rowe, and by T. Sakurai and Hagstrum,®” coupled with theoretical
calculations and interpretation by Appelbaum and Hamann and by K.
C. Pandey and J. C. Phillips,68 revealed the existence of a variety of
structurally different forms of chemisorbed hydrogen on silicon.

Additional theoretical and experimental work was applied to the
study of the metal-semiconductor interface, or Schottky barrier,
formed by sequential deposition of fractions of aluminum monolayers
on silicon.%? Theoretical studies of atomic geometries showed that a
threefold bonding of aluminum atoms to silicon occurs. Experimental
measurements of surface states after aluminum deposition showed
that the Schottky-barrier energy levels were caused by a thin layer
(~2A) rather than the thicker layer (~154 to 204) suggested previ-
ously.”®

One of the most important solid-solid interfaces in technology is
formed by silicon dioxide on silicon. The stabilization of silicon sur-
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density contours in arbitrary units.

faces by thermally grown oxides was first demonstrated by M. M.
Atalla, E. Tannenbaum, and Scheibner.”! The oxide layer is used as a
passivating element to protect the silicon device from the ambient
environment and as an insulating layer to isolate individual elec-
tronic components on a single chip. In the late 1970s, a number of
different techniques were developed and applied to the physical char-
acterization of this structure. D. E. Aspnes and J. B. Theeten used
ellipsometric techniques to determine the interface width.”2 O. L.
Krivanek of the University of California at Berkeley, and D. C. Tsui
and coworkers at Bell Labs, studied the same system by cross-sectional
transmission electron microscopy,73 while L. C. Feldman and cowork-
ers analyzed the structure using high-energy Rutherford backscatter-
ing techniques.” The results of these studies indicated a very sharp
interface, ~5A thick, which included a region of strained silicon sin-
gle crystal. These results confirmed the high degree of perfection at
this interface that makes it very useful in technological applications.
Smith, whose initial efforts had concentrated on that part of the
photoemission spectra which could be understood in terms of wave-
vector conserving transitions within the bulk band structure, turned
to the old problem of the angular distribution of the photoelectrons.
In 1974, Smith, M. M. Traum, and F. J. DiSalvo demonstrated for the
first time that the electronic energy dispersion relations could indeed
be mapped directly from angle-resolved photoemission experiments
performed on the layer compounds TaS, and TaSe;.”® Their study
consummated the proposal made ten years earlier by Kane.”® The
energy band structure derived was in remarkable agreement with the
theoretical band calculations of L. F. Mattheiss.”” In the same year,
Traum, Rowe, and Smith applied the angular-dependence technique
to the dangling and back-bond surface states on Si(111).78 The exten-
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sion to adsorbate systems was performed by Smith and coworkers for
chlorine atoms adsorbed on Si(lll).79 Results were obtained for the
two-dimensional surface band structure of this system that agreed
well with theoretical calculations by M. Schliiter and coworkers.®
[Fig. 3-8] In short, a very detailed description of the surface electronic
structure and chemisorptive bond could be obtained.

Since 1975, much of the photoemission work has been done using
synchrotron radiation from the Tantalus storage ring at the Univer-
sity of Wisconsin, Madison. The intense continuum nature of syn-
chrotron radiation makes it an attractive source, and its inherent
polarization was used, for example, in the additional selection rules
needed to infer the atomic position of chlorine on the Si(111) sur-
face 3!

The surface-sensitive ion-neutralization spectroscopy (INS) was
developed by Hagstrum [Fig. 3-9] as a result of extensive studies of
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Fig. 3-8. Photoelectrons emitted from an ordered monolayer of
chlorine atoms (1-1, as observed by low energy electron diffraction) on
a silicon surface. The three-dimensional plot shows intensity as a
function of the emitted electron energy and the angle between, normal
to the surface and the direction of the emitied electrons. The
maximum electron energy is 16.3 eV (21.2 eV photon energy minus
4.9 eV work function). The two principal intensity peaks, Clp and
Clpy}, result from electrons in two different atomic states of chlorine —
one perpendicular to the surface and the other parallel to the surface,
respectively. The peak at the left is caused by multiple scattering.
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Fig. 3-9. H. D. Hagstrum pioneered in research
involving surface phenomena in ultrahigh vacuum. In
the early 1960s, he designed and built an all-metal,
multi-experiment apparatus. Hagstrum’s speciality has
been the study and use of electron ejection
accompanying the surface interaction of slowly moving
atoms that carry surface potential energy (ions or
metastables) upon which the most surface-specific
probes of electronic structure are based. Using his
newly developed ion-neutralization spectroscopy,
Hagstrum was the first to observe the surface
resonance of electrons in the chemical bonds holding
adsorbate atoms to otherwise atomically clean surfaces.

the electronic transitions that can occur when a slow atomic particle,
carrying potential energy by virtue of its being ionized or excited,
encounters a solid surface. It is based on a two-electron, Auger-type
electron ejection process. Hagstrum developed a method for using
the experimental data to obtain the surface spectroscopic information
and observed the surface electronic resonance caused by an adsorbed
atom.®? The method has been applied to the adsorption of the chal-
cogens on nickel crystalline surfaces. It has been shown that the
coordination of the “surface molecule” is mirrored in the orbital
energy spectrum obtained.®3
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In 1977, researchers at Northwestern University and at the Univer-
sity of Kent discovered giant Raman scattering molecules adsorbed
from solution onto silver electrodes in an electrochemical environ-
ment3 (For more on Raman scattering see Chapter 5, section 6.2.)
Estimates of the magnitude of the scattering, assuming that only the
first few adsorbed monolayers were contributing, concluded that it
was enhanced by roughly six orders of magnitude over normal gas-
phase Raman scattering. At Bell Labs, J. G. Bergman and coworkers
used radioactive tracer measurements to confirm that the giant Raman
scattering was indeed taking place from about one monolayer, or
roughly 10'® molecules per square-centimeter on the electrode.®® This
surface-enhanced scattering can be compared with conventional, non-
resonant, Raman scattering cross sections of molecules in the study of
surface structure or catalysis, where scattering from approximately
10" molecules per square-centimeter is normally swamped by the
intense scattering of the substrate. This new technique of surface
vibrational spectroscopy appears to be capable of yielding essential
information about adsorbant-adsorbate systems that is difficult or
impossible to obtain either by traditional electronic level spectroscopy
or by LEED. The knowledge of surface vibrational frequencies and
intensities can yield direct and positive identification of adsorbed
species and give important insight into how and to which bonding
sites they are adsorbed.

In 1979, Rowe and coworkers observed the surface-enhanced
Raman effect on a silver surface prepared and dosed with an adsor-
bate at ultrahigh vacuum. This study paved the way for an under-
standing of the mechanism behind the large observed enhance-
ments.3® The results of the study were consistent with the excitation
of localized dipolar plasmon resonances of small (1004 to 1000A
scale) silver particles, which Rowe determined must be present on the
surface in order to obtain enhanced signals. This effect had been sug-
gested originally by M. Moscovits at the University of Toronto,® and
later analyzed by S. L. McCall, P. M. Platzman, and P. A. Wolff,88 and
confirmed experimentally by C. A. Murray and coworkers® and D. A.
Zwemer and coworkers.? Using a classical spheroid model, they
showed that the silver particles act as antennas for intensifying both
the incident exciting optical laser light and the reradiated Raman-
shifted light. The predicted magnitude, distance, and frequency
dependence of the signal was also consistent with the data.

4.3 Multiple Experiments in One Apparatus

The work of Bell Labs scientists in surface physics has emphasized
the importance of performing multiple experiments on the same solid
state specimen in one ultrahigh vacuum apparatus.91 {Fig. 3-10] In
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Fig. 3-10. H. D. Hagstrum’s ultrahigh vacuum apparatus containing facilities for freeing a
specimen from contaminants and maintaining the purity while several surface physics
experiments are performed.

one type of multiple experiment, the surface is characterized,
inspected, and probed by a variety of means that yield information
on several different aspects of the surface and its interactions. Thus,
LEED specifies surface crystallography, Auger electron spectroscopy
(AES) specifies the atoms present in the surface region (the surface
chemistry), and an electron spectroscopy such as ultraviolet photo-
emission spectroscopy (UPS) probes surface electronic structure. A
second type of multiple experiment, although it may include the first,
emphasizes the probing of a particular aspect of a surface by a variety
of means. Thus, surface electronic structure has been studied by
more than one electron spectroscopy such as UPS, INS, or electron
energy loss spectroscopy (ELS).%2 Similarly, surface geometrical struc-
ture has been probed by ion backscattering, by LEED, by high energy
electron diffraction (HEED), and by the diffraction of low energy,
nearly monoenergetic beams of helium atoms from silicon surfaces by
M. J. Cardillo and G. E. Becker.”® The atomic beams of helium were
obtained from a free-jet expansion of helium out of a high-pressure (7
atm) nozzle through a small (~30 um) aperture. Combined with
LEED and AES, atom diffraction allows a more complete determina-
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tion of the surface structure.”® Each spectroscopy, or method, has its
peculiar set of characteristics. The use of a combination of them pro-
vides considerably more information about a given aspect of a surface
than can be obtained with one method alone.

Multiple experiments of either type or, as is usually the case, a
combination of the two, is an essential part of good surface experi-
mentation. This is rooted in the fact that the atomic system studied
in the first monolayer or two of a well-characterized surface cannot
be transported from one experiment to another as can a bulk crys-
talline solid. In most cases, the two-dimensional crystal must be
created and studied in the same vacuum environment. Multiple
experiments come close to being ideal for performing research on
controlled surfaces in a vacuum.

The story of the investigation of electron emission during the first
fifty years of the history of Bell Labs is one of progress from the
study of materials whose physical nature and chemical purity was
inadequately known, to powerful techniques involving high-vacuum,
electron spectroscopic techniques, temperature measurement over
wide ranges, and purity of materials unavailable to the early workers
in the field. The development of the computer has made possible
correlations between theory and experiment that might have been
prohibitively time-consuming in the past. Understanding of the
processes involved in electron emission continues to increase at an
accelerated rate.
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Chapter 4

Electronic Band Structure
of Metals

The measurement and calculation of the electronic band structure of metals
started at Bell Laboratories in the 1950s. Materials purification methods
developed for semiconductors were applied to metals, and the increased avail-
ability of sensitive and reliable electronics made rapid and accurate measure-
ments possible. The development of high-speed computers and new approxi-
mations to the one-electron theory also brought about rapid advances in
theoretical calculations.

Scientists at Bell Labs studied Fermi surfaces, cyclotron resonance, and
oscillatory effects such as the deHaas-van Alphen effect, magnetothermal as
well as magnetoacoustic effects, and band-structure calculations. Other
research on metals is discussed elsewhere in this volume, in particular, mag-
netic properties of metals and alloys in Chapters 1 and 12, superconductivity
in Chapters 9 and 15, and internal friction and dislocations in Chapter 19.

I. FERMI SURFACES

A metal is a good electrical conductor because its conduction elec-
trons are free to move through the lattice of positive ions. The posi-
tion of an individual electron in a metal is completely unknown, but
because of the uncertainty principle, its momentum is well defined.
Therefore, the description of the electronic structure of a metal
involves the specification of the energy as a function of the momen-
tum of each electron. The momentum may be represented by a point
(or state) whose Cartesian coordinates are the components of momen-
tum in three perpendicular directions; this is usually referred to as
the representation in momentum-space. The Pauli exclusion princi-
ple permits only two electrons (one of positive and one of negative
spin) to have the same momentum, so that to achieve minimum
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energy, the momentum states of increasing energy are successively
filled until all the electrons are accounted for. The boundary
between these filled states and the empty states of higher energy is a
surface of constant energy called the Fermi surface. The Fermi sur-
face reflects the symmetry of the crystal in position-space, but it gen-
erally has a very complicated shape, determined by the periodic
potential field of the ionic lattice. As an example, the Fermi surface
of tantalum retains the basic cubic symmetry of the crystal lattice
even though it is composed of several complicated pieces or sheets.!
[Fig. 4-11 The study of Fermi surfaces is of interest because the elec-
trons at, or near, the Fermi surface determine the properties of a
metal. The branch of solid state physics that studied these surfaces
and the associated band structures became known as Fermiology.
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Fig. 4-1. The Fermi surface of a single crystal of
tantalum. The outer hole sheets, or unoccupied
electron states in momentum space, are shown in the
shaded regions. The dashed lines are the boundaries of
the first Brillouin zone for a body-centered cubic
lattice. This model is based on the theoretical
calculations of L. F. Mattheiss and is consistent with
the experimental data of E. Fawcett and W. A. Reed.
In contrast, the Fermi surface of a simple monovalent
metal like sodium is a sphere. [Mattheiss, Phys. Rev.
139 (1965): A1901].
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Many of the experimental techniques for studying Fermi surfaces
originated in the late 1930s with electrical and magnetic measure-
ments on semimetals. The data were very complicated and did not fit
the simple theoretical models, which predicted spherical or ellip-
soidal Fermi surfaces. However, in the mid-1950s two major break-
throughs, one experimental and one theoretical, initiated a period of
intensive study of the electronic band structure of metals.

The theoretical advance, by L. Onsager at Yale University, showed
that the frequency of the oscillations observed in the field depen-
dence of the magnetic susceptibility could be directly related to the
extremal cross-sectional areas of the Fermi surface.® This meant that a
study of the frequencies of oscillation of the susceptibility as a func-
tion of magnetic-field orientation could, in principle, completely map
the Fermi surface of a metal.

The experimental advance was the measurement of the anomalous
skin effect in copper by A. B. Pippard at Cambridge University in
1957.4 These results showed that the Fermi surface, originally thought
to be nearly spherical, was in reality a “jungle gym” of connected
“balls and pipes.” Pippard verified what many had previously
suspected, namely, that Fermi surfaces could be quite complicated and
that their study would lead to a deeper understanding of the proper-
ties of metals.

A variety of experimental techniques were developed to study
Fermi surfaces. Each method is based upon the fact that an electron’s
energy is quantized in a magnetic field, and the trajectory of an elec-
tron in a crystal is confined to the intersection of the Fermi surface
with a plane perpendicular to the magnetic field. To obtain usable
data, it is necessary that the electrons traverse their orbits many times
before scattering. In practical terms this means that the metal sam-
ples must be high-purity [less than 10 parts per million total impuri-
ties], nearly perfect single crystals, and that the experiments must be
performed at low temperatures (1K to 4K) and in magnetic fields of
10 to 100 kilogauss.

II. CYCLOTRON RESONANCE

Since the mid-1950s cyclotron resonance has proved to be a power-
ful spectroscopic tool in solid state physics. The first experiments
studied the motion of electrons and holes in semiconductors; later stu-
dies included semimetals and metals. At Bell Labs in the late 1950s, J.
K. Galt had been measuring the cyclotron resonance in semimetals,’
and it was natural for him to apply this technique to metals.® He
recognized the need for high-purity single crystals, and with P. H.
Schmidt initiated a program to grow pure single crystals of zinc and
cadmium. However, the experimental geometry, which had been suc-
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cessful in the study of semimetals (with the magnetic field perpendic-
ular to the sample surface) yielded confusing results in metals
because of the very small skin depth. (For more on this topic see sec-
tion 2.4 of Chapter 1.)

This impasse was overcome by the Soviet theorists M. Ya. Azbel’
and E. A. Kaner, who showed that well-defined resonance series
could be observed if the magnetic field was accurately aligned in the
plane of extremely flat samples.7 The theoretical prediction was soon
qualitatively verified by E. Fawcett at the Royal Radar Establishment
in England.® A. F. Kip and coworkers at the University of California
at Berkeley,9 and Galt at Bell Labs,10 demonstrated the power of the
new experimental geometry. The era of cyclotron resonance in
metals was launched. During the 1960s Azbel’-Kaner cyclotron reso-
nance was widely exploited, in parallel with other experimental tech-
niques and increasingly sophisticated band-structure computations, to
establish the electronic properties of nearly all the elemental metals
and even some metallic compounds.

At Bell Labs, interest focused on the transition metals because the
degree to which d electrons might be considered to be mobile had
not been established. Cyclotron resonance measurements on tungsten
by Fawcett and W. M. Walsh!! proved to be consistent with the band
structure computations of L. F. Mattheiss.!? As a result of these stud-
ies, the previously emphasized distinction between d electrons and
more free-electron-like states was shown to be meaningless because of
extensive mixing (hybridization) of the electronic wave functions.
The ultimate example of this itinerant nature of magnetic electrons
was provided by observation by Azbel-Kaner cyclotron resonance in
ferromagnetic nickel by P. Goy of Ecole Normale Superiere in France
and by C. C. Grimes.!3 [Fig. 4-2]

Cyclotron resonance is a temporal phenomenon requiring equality,
or a harmonic relationship, between the periods of the orbiting
electrical carriers and the electrical excitation. In 1962, related spatial
resonance phenomenon was discovered by V. F. Gantmakher in the
Soviet Union.!* He showed that sharp anomalies in the radio fre-
quency impedance of thin metal plates occurred when a parallel
magnetic field caused cyclotron orbits, or multiples of orbits, to span
the sample thickness. The phenomenon results from current being
carried from the surface skin-effect region and refocused into an
image-current sheet one orbit diameter away. If the image-current
sheet intersects the opposite surface of the metal plate, the surface
impedance is modified. Similarly, if the orbit only spans half the
sample thickness (at twice the magnetic field strength) the image-
current sheet excites a second set of orbits that produce a weaker
secondary image at the second surface. Grimes used this very direct
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Fig. 4-2. Cyclotron resonance in nickel as a striking proof that the magnetism of
transition metals results from fully itinerant electrons. The graph of the derivative
of the surface resistance versus applied external field H shows a series of peaks that
are subharmonically related in the internal magnetic induction B. [Goy and
Grimes, Phys. Rev. B7 (1973):299].

means of measuring orbit sizes and shapes to study several simple
metals. Walsh and Grimes!® then used the technique to deduce -
important details of the electronic structure of tungsten as calculated
by Mattheiss and R. E. Watson.16

S. J. Allen extended the Azbel’-Kaner cyclotron resonance method
in potassium to extremely high frequencies, <1750 GHz, with a far-
infrared, laser-driven spectrometer. Allen was able to observe effects
caused by electron phonon coupling and the breakdown of the
Azbel’-Kaner theory. It was shown that at these high frequencies, the
electrons do not escape the skin depth before the infrared field
changes phase and the harmonics of cyclotron resonance, normally
seen at low frequencies, are strongly attenuated.!”

III. HIGH-FIELD GALVANOMAGNETIC EFFECTS

Galvanomagnetic effects occur when a conductor carrying a current
is placed in a magnetic field. If an electron can traverse only a small
fraction of its cyclotron orbit before scattering, the measurements are
said to be in the low-field regime. Conversely, if an electron is able
to complete one or more orbits before scattering, then the measure-
ments are in the high-field regime.
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To understand the galvanomagnetic properties of metals, it is
important to understand the motion of an electron under the com-
bined influence of the periodic field of the lattice, and the Lorentz
force which results from the application of a magnetic field. From
the definition of the Fermi surface and the Lorentz force, the elec-
trons’ motion may be described in a simple geometric way. Each
electron at the Fermi surface has a constant energy, and a constant
component of momentum along the magnetic field, since the Lorentz
force is perpendicular to both the electrons’ velocity and the mag-
netic field. Thus the motion (or orbits) of the electrons at the Fermi
surface in a magnetic field is the perimeter of each plane-section of
the Fermi surface perpendicular to the magnetic field.

The change in a conductor’s resistance in a magnetic field is known
as magnetoresistance. At room temperatures, this effect is small (less
than 1 percent) and is only slightly dependent upon the orientation
of the magnetic field relative to the sample’s axis. However, it was
observed by N. E. Alekseevskii and Yu. P. Gaidukov,'® and by J.
Yahia and J. A. Marcus,'® that the magnetoresistance of high-purity
single crystals at temperatures less than 4K could be very large
(greater than 10%) and highly dependent on the directions that the
magnetic field and current made with the sample axes. These results
could not be reconciled with the spherical or ellipsoidal Fermi-surface
models that had been applied successfully in understanding the gal-
vanomagnetic effects in semiconductors and semimetals. The answer
to this puzzle was provided by a trio of Soviet theorists—I. M.
Lifshitz, Azbel’, and M. 1. Kaganov.20 They assumed that the Fermi
surface of a material could be composed of more than one sheet, that
these sheets could involve either electrons or holes, and that some of
these sheets could possess a multiply connected topology that sup-
ported cyclotron orbits extending indefinitely in momentum space.
These calculations showed that as the magnetic field increased, the
magnetoresistance could either saturate at a small value (less than 10)
or increase quadratically to large values (greater than 10%) depending
upon the nature of the cyclotron orbits permitted on the Fermi sur-
face for that particular magnetic field direction. Rotating the mag-
netic field around some axis of a single crystal could produce large
peaks and low valleys as different types of orbits were allowed. At
Bell Labs, J. R. Klauder and J. E. Kunzler applied these results to
copper and demonstrated experimentally most of the theoretical pre-
dictions.2!

The galvanomagnetic studies were continued by W. A. Reed and
Fawcett. They were aided by R. R. Soden, who was then applying
the art of float-zone refining to the fabrication of high-purity single
crystals of the transition metals. Probably the most notable work of
this collaboration resulted from their measurements on nickel.?? This
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study demonstrated that all of the conduction electrons in nickel were
free to move throughout the crystal (itinerant), and that the previous
idea of localized d electrons was incorrect. They also demonstrated
that the magnetic field “felt” by the electrons was the magnetic induc-
tion B, not the magnetic intensity H.

IV. THE OSCILLATORY EFFECTS

When a metal is placed in a magnetic field the free energy of the
electrons is quantized and the electrons are distributed among these
discrete levels. As the magnetic field is increased the energy of some
of these levels will become greater than the Fermi energy and the
electrons in these levels will redistribute themselves into the lower
energy levels. This redistribution of the electron population as a
function of magnetic field reveals itself in any measurable quantity
that depends upon the free energy. The oscillation of this quantity
will be periodic in B~1. The effects most used to study Fermi surfaces
are the deHaas-van Alphen effect, the magnetothermal effect, and the
magnetoacoustic effect.

4.1 deHaas-van Alphen Effect

In 1930, L. D. Landau calculated the magnetic susceptibility of an
electron gas and found a term that oscillated in the magnetic field.?
At that time he dismissed this term because he felt that it could not
be observed experimentally. However, in 1930 W. J. deHaas and P.
M. van Alphen observed these oscillations in bismuth. Although a
number of scientists continued to measure the deHaas-van Alphen
effect over the intervening years, it was not until 1952, when Onsager
made the connection between the frequency of the oscillations and
the cross-sectional area of the Fermi surface, that the measurement of
the oscillatory magnetic susceptibility and the complementary oscilla-
tory effects (magnetothermal, magnetoacoustic, galvanomagnetic, and
so on) became powerful tools for measuring the Fermi surfaces of
metals.

In 1963, deHaas-van Alphen measurements were started at Bell
Labs by J. H. Condon. While studying beryllium, he noticed that the
shape of the susceptibility oscillations were distorted, but the distor-
tions were not dependent upon the sample shape. This observation
was at variance with a paper by Pippard, which explored the
ramifications of the fact that the oscillatory free energy was a func-
tion of the magnetic induction B, and not the magnetic intensity H as
had been previously assumed.?* This became known as the B-H effect.
Condon developed an explanation of his results in beryllium by pos-
tulating that during parts of the oscillation the sample broke up into
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magnetic domains, similar to the domains observed in ferromagnetic
materials. > Condon and R. E. Walstedt subsequently verified this
explanation by measuring the nuclear magnetic resonance in silver.26
They observed two resonances, corresponding to two values of the
magnetic induction, when the domains existed and only one reso-
nance when the domains were absent. The B-H effect was also stud-
ied in beryllium by Reed and Condon using the high-field magne-
toresistance oscillations.?” [Fig. 4-3]

4.2 Magnetothermal Effect

In 1960, W. S. Boyle, Kunzler, and F. S. L. Hsu demonstrated the
magnetothermal effect in bismuth.28 They measured the temperature
fluctuations of a single crystal that had a weak thermal link to a bath
of liquid helium and observed thermal oscillations periodic in B~
This technique was applied by J. E. Graebner and Kunzler to the
high-field superconductor VsGe,?® by Graebner and E. S. Greiner to
the metallic oxide ReO3*® by M. H. Halloran and coworkers to
niobium and tantalum,3! and by Graebner, Greiner, and W. D. Ryden
to the conducting transition-metal dioxides RuO,, IrO, and 0s0,. 2

Be 461-C-2
10 x 103~

8x 108~ 7

0 20 60 80
H (kOe)
Fig. 4-3. The high-field magnetoresistance of beryllium, showing the
effects of quantum oscillations and the fact that these oscillations
depend on the magnetic induction B (internal field) and not the
magnetic intensity H (applied field). [Reed and Condon, Phys. Rev.
B1 (1970): 35061.
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4.3 Magnetoacoustic Effects

As in previously mentioned effects, the absorption of high-
frequency sound (approximately 10 MHz) by electrons in a high-
purity metal single crystal undergoes periodic oscillations as the
strength of the magnetic field is varied. R. W. Morse at Brown
University was one of the first to apply this technique to the meas-
urement of Fermi surfaces.3> Measurement of magnetoacoustic oscilla-
tions was initiated at Bell Labs by D. Gibbons and continued by L. R.
Testardi. Testardi’s measurements on rhenium,* coupled with the
calculations of Mattheiss,35 were instrumental in the understanding
of the band structure of this metal.

V. BAND STRUCTURE CALCULATIONS

A basic problem in representing the electronic states of metals is
caused by their dual nature. They resemble bound atomic states near
the nuclei and freely propagating plane waves in the interstitial
regions. A practical theoretical formulation combining these charac-
teristics was derived by J. C. Slater at M.LT. which he called the
augmented-plane-wave method.3® Mattheiss furthered the develop-
ment of this method with Slater’s group,37 and initiated a program of
band structure calculations when he joined Bell Labs in 1963. He
used the augmented-plane-wave method to calculate the band struc-
ture of transition metals and compounds that were being investi-
gated. His band calculations for the Al5 compounds (for example,
V3Si),38 tungsten,39 rhenium,40 niobium and tantalum,41 the metallic
oxides ReOj; and RuQ,, IrO, and 0502,42 and the layer compounds
(for example, NbSe,),%® provided a useful framework for interpreting
the experimental data and furthering the understanding of the elec-
tronic structure of metals and compounds.
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Chapter 5

Quantum Electronics —
The Laser

Quantum electronics can be said to have originated with the invention of
the maser by C. H. Townes and his students at Columbia University in the
1950s, although the basic physics of stimulated emission of radiation and
population inversion had been understood decades earlier.

Townes and A. L. Schawlow collaborated in research that applied maser
principles to the optical region of the electromagnetic spectrum and resulted
in the development of the laser. This first laser opened the way for others:
the helium-neon laser, the semiconductor heterostructure that is of special
interest in optical communications, the high-power CO, laser, dye lasers for
very short pulses, and the spin-flip Raman laser, among others.

With the availability of the laser as a tool for high-resolution spectroscopic
research, Bell Labs scientists have made contributions in a number of fields of
research—for example, Raman scattering, coherent optical effects, radiation
pressure studies, nonlinear optics including second harmonic generation, and
optical parametric amplification. Laser applications are also discussed in
Chapter 6 and Chapter 19.

1. MICROWAVE SPECTROSCOPY AND MASERS

The development of microwave techniques during World War II
gave impetus to the exploration of the properties of matter in the
microwave region of the electromagnetic spectrum. Before the war C.
E. Cleeton and N. H. Williams at the University of Michigan used a
magnetron for microwaves down to 6 millimeters.! Bell Laboratories
entry into this field was marked by the work of C. H. Townes in
1945-1946 on the microwave absorption spectroscopy of gases. The
characteristic rotational frequencies of molecules lie in the microwave

Principal authors: P. A. Fleury, A. G. Fox, J. A. Giordmaine, B. F. Levine, R. C. Miller, M.
B. Panish, C. K. N. Patel, and P. W. Smith
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range. In addition, certain special molecular motions, such as the
tunneling of the nitrogen atom through the plane of hydrogen atoms
in NHj, also occur at microwave frequencies.? By measuring the
absorption frequencies of molecules such as OCS, CICN, and BrCN,
Townes and coworkers derived information concerning bond dis-
tances, dipole moments, and chemical bonding, and nuclear proper-
ties such as masses and quadrupole moments.

Townes continued his microwave spectroscopy program after he
accepted an academic appointment to the physics department of
Columbia University. The research by Townes and his graduate stu-
dents at Columbia led to the development of the concept of
microwave amplification by stimulated emission of radiation (the
maser). In particular, their studies of the NH; maser had an impor-
tant impact on molecular spectroscopy research.* The maser produced
a more profound impact a few years later when the concept of stimu-
lated emission of radiation was applied to the optical region of the
electromagnetic spectrum,

At Bell Labs, attention turned to the possibility of designing a solid
state maser amplifier with very low noise possibilities capable of
operating at liquid helium temperature. In 1956, acting on a sugges-
tion of N. Bloembergen of Harvard University, H. E. D. Scovil, G.
Feher, and H. Seidel designed and constructed the first continuous-
wave solid state maser using Gd®* ions in lanthanum ethylsulfate.®> A
broadband traveling-wave maser was later developed by R. N.
DeGrasse, E. O. Schultz-DuBois, and Scovil.® A form of this maser was
used in the low-noise preamplifier of the earth station at Andover,
Maine, used in the Telstar communication satellite studies.

In the 1970s, a renaissance in the subject of microwave gas spectros-
copy occurred, particularly in astrophysics (see section 1.3 of Chapter
7). More than forty molecules have been discovered in the interstel-
lar medium in our galaxy, among which is OCS,” the spectrum of
which was studied by Townes at Bell Laboratories 30 years earlier.

II. PHYSICAL PRINCIPLES AND CONDITIONS FOR LASER ACTION —
THE He-Ne LASER

Recognizing the potentially important role that microwave
spectroscopy and the maser were likely to play in physics research
and in communications devices, scientists at Bell Labs Physical
Research Laboratory set up a consulting arrangement with Townes in
1957. Among the many scientists with whom Townes interacted, his
collaboration with A. L. Schawlow turned out to be the most fruitful.
[Fig. 5-1] Prior to joining Bell Labs Physical Research Department in
1953, Schawlow had spent two post-doctoral years with Townes at
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Fig. 5-1. (Left) A. L. Schawlow adjusts a ruby optical maser during an
experiment at Bell Laboratories in 1960. (Right) C. H. Townes with a
ruby maser amplifier used for radio astronomy. [MIT photo, circa 1957].

Columbia University, where they wrote a book on microwave spec-
troscopy. Schawlow’s initial research activities at Bell Laboratories
were in the field of superconductivity.

Schawlow and Townes examined the conditions needed to achieve
amplification by stimulated emission of radiation in the optical region
of the electromagnetic spectrum, which is over four orders of magni-
tude higher in frequency than oscillation in the ammonia maser. In a
December 1958 publication, they promulgated the physical principles
and requirements for such amplification in the visible or infrared
regions of the spectrum.8 [Fig. 5-2] These included the pumping
intensity needed to produce an inverted population density sufficient
for amplification, the optical cavity configuration needed to get ade-
quate mode selection, expected output characteristics, and possible
materials for use.

In 1959, A. Javan described the basic principles for a gaseous
helium-neon (He-Ne) continuous-wave laser system.9 [Fig. 5-3] He
proposed using a low-power gas discharge to excite helium atoms by
means of inelastic collisions with electrons to a long-lived metastable
state, 2°5. The energy of this helium metastable state is essentially
resonant with the neon-2s levels. Javan reasoned that under the right
experimental conditions, the helium metastables should serve as
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Infrared and Optical Masers

A. L. ScrAwLOW AND C. H. Towwas®
Ball Tdephone Laborotories, Murray Bill, New Jersey
(Received August 26, 1958)

T jon of maser techni hei

A atical reoinm i e
ptical region

It isshown that by using

 resonant eavity of centimeter dimensions, having many resonant modes, maser oscillation at these wave-

legths can be schieved

by pumping with reasonable amounts of incoherent light. For wavelengths much

shorter thas those of the ultraviolet region, maser-type amplification appears to be quite impractical.
Although use of & multimode cavity is suggested, & single mode may be selected by making only the end
walls highly refecting, and defining « snitably small angular aperture, Then extremely monochromatic and
eoberent light is produced. The design principles are illustrated by reference to & system using potassium
vapor.

INTRODUCTION

AMPLIFIERS and oscillators using atomic and
molecular processes, as do the various varieties
of masers," may in principle be extended far beyond
the range of frequencies which have been generated
electronically, and into the infrared, the optical region,
or beyond. Such techniques give the attractive promise
of coherent amplification at these high f ies and

HARACTERISTICS OF MASERS FOR
MICROWAVE FREQUENCIES
For comparison, we shall consider first the character-
istics of masers operating in the normal microwave
range. Here an unstable ensemble of atomic or molecular
systems i5 introduced into a cavity which would
normally have one resonant mode near the frequency
which to radiative itions of these

of generation of very monochromatic radiation. In the
infrared region in particular, the generation of reason-
ably intense and monochromatic radiation would allow
the possibility of spectroscopy at very much higher
resolution than is now possible. As one attempts to
extend maser operation towards very short wavelengths,
& number of new aspects and problems arise, which
require e jentation of theoreti

discussions and considerable modification of the experi-
mental techniques used. Our purpose is to discuss
theoretical aspects of maser-like devices for wavelengths
considerably shorter than one centimeter, to examine
the short-wavelength limit for practical devices of this
type, and to outline design iderati for an

systems. In some cases, such an ensemble may be
located in a wave guide rather than in a cavity but
again there would be chancteristically one or a very
few modes of propagation allowed by the wave guide in
the frequency range of interest. The condition of
oscillation for » atomic systems excited with random
phase and located in a cavity of appropriate frequency
may be written (see references 1 and 2)

#2kVAr/ (4mQ)), [
where # is more precisely the difference #;~#; in number
of systems in the upper and lower states, V is the
volume of the cavity, Ay is the half-width of the
atomic at half- intensity, i

example of a maser oscillator for producing radiation
intheinfnredugion.lnthg;enuddismm’on,
roighly reasonable values of design parameters will be
used. They will be justified later by more detailed
examination of one particular atomic system.
;{mt address: Columbia University, New York, New

aL jan line shape, u is the matrix element involved
in the transition, and Q, is the quality factor of the
cavity.

The energy emitted by such a maser oscillator is
usually in an extremely monochrematic wave, since
the cnergy produced by stimulated emission is very
much larger than that due to spontaneous emission or
to the normal background of thermal radistion. The

" Gordon, Zeliger, and Townes, Phys. Rev. 99, 1264 (1955). ) ! h
* Coumbrimon, Houlg, 851 Towese; Conipe. v, 345, 51 frequency range over which sppreciable energy is
{1956). distributed is given approximately by!

#N. Blocmbergen, Phys. Rev. 104, 329 (1956).

SE. Allis, Conpt. rend. 245, 157 (1987). tr=4mkT(Ar)¥/P, @

Fig. 5-2. Page 1 of the historic paper by A. L. Schawlow and C. H. Townes. [Phys.
Rev. 112 (1958): 1940].

efficient carriers of energy. Through a collision process, the helium
metastables would excite the nearly resonant neon levels to produce
the population inversion required for laser action on the 2s —2p
neon transition. The optimum conditions for laser action were deter-
mined experimentally by W. R. Bennett and Javan.

Laser oscillations were first demonstrated in 1960 by T. H. Maiman
at the Hughes Research Laboratories.!® Maiman used a pulsed flash
lamp, placing transiently ions from the ground state of Cr*** in a
ruby crystal to an excited state to produce oscillations. In 1961, Javan,
Bennett, and D. R. Herriott demonstrated the first gas laser and the
first continuously operating laser, thus experimentally verifying
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POSSIBILITY OF PRODUCTION OF NEGATIVE TEMPERATURE IN GAS DISCHARGES
A. Javan
Bell Telephone Laboratories, Murray Hill, New Jersey
{Received June 3, 1958}
—— e e

In a recent paper' Schawlow and Townes have - T
discussed a possibility for obtaining maser action The S, metastable of He also lles in energy
in the optical region. In their proposed scheme, fairly close to the excitation energy of the upper
negative temperature is obtained by optical pump- maser level of Ne discussed above. The presence
ing. One may expect also that under favorable of a partial pressure of He is expected to enhance
conditions the excitation of atomic levels by elec- considerably the negative temperature in the levels
trons in a discharge can lead, in principle, toa of Ne.
state of negative temperature, However, severe The transfer of excitation of the type described
restrictions exist if densities of the excited atoms above may play an appreciable role within the
as large as those needed for maser action are levels of the same atom. An important example
required. The present Letter considers briefly of this is expected to occur in the levels of Ne.
these limitations and certain types of systems Let us consider the group of four levels 2s;, 2s,,
which appear to be most favorable for practical 2s,, and 2s;. The level 25, is the one emphasized
application of this proposal. Pure gases behave in the above for the upper of the two maser levels.
quite differently than certain kinds of gas mix- These four levels all fall fairly close in energy.
tures. First let us consider the former case. The level 2s, is also allowed for an optical transi-

For the purposes of rough estimates of various tion to the ground state. The transfer of excita-
discharge conditions as described below, let us tion within these levels is expected to result in
make a simplifying assumption that the main particular built up of large population in the
source of population of an excited state is due to level 2s,, this level having the lowest energy
collisions of the first kind between the electrons within this group. Thus, an even more favorable
and atoms in the ground state leading directly transition in Ne appears to be the 2s,~2p,,. This
to the excited level under consideration. It can transition lies at 10343 wave number.
be shown that, at least in cases discussed below, Details of the above proposals will be published
other details such as cascade processes and upon thelr experimental verifications.
collision of electrons with other excited atoms 1 would like to acknowledge helpful discussions
do not appreciably effect our order -of -magnitude with Dr. W. R. Bennett, Jr., Dr. §. J. Buchsbaum,
estimates. Professor C. H. Townes, Dr. J. P. Gordon, and

Dr. A. L. Schavlow.
'A. L. Schawlow and C. H. Townes, Phys. Rev
112, 1940 (1958).

Fig. 5-3. Javan’s proposed scheme for obtaining population inversion in atomic
energy levels of neon, resulting in the helium-neon laser. [Adapted from Phys. Rev.
Lett. 3 (July 15, 1959)].

Javan’s predictions.11 [Fig. 5-4] Initially the He-Ne laser operated on
any of five different wavelengths in the near infrared, and used a
low-power gas discharge. [Fig. 5-5] Fifteen milliwatts of continuous
power were generated in the strongest line, which was the 2s, — 2p,
transition at 1.15 pum. The spectral linewidth was thousands of times
sharper than the best spectroscopic lines then available in the visible
region.

In the He-Ne laser, planar mirrors were used inside the vacuum
envelope. The mirrors required repeated and delicate adjustments,
making this arrangement somewhat complex to build and use. A
considerable simplification was accomplished by the introduction of
Brewster-an§le windows and concave mirrors by W. W. Rigrod and
coworkers.!” The Brewster-angle windows allowed the laser mirrors
to be placed outside the discharge tube with negligible transmission
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Fig. 5-4. (Left to right) A. Javan, W. R. Bennett, Jr., and D. R. Herriott adjusting
the helium-neon laser, 1961.

losses, and the concave mirrors made alignment of the laser resona-
tors much easier.

Subsequently, A. D. White and J. D. Rigden studied the visible
spectral characteristics of the He-Ne discharge and obtained laser
action in the red region of the spectrum at 0.633 um on the 3s, — 2p,
neon transition.!> As of the time of this publication, the He-Ne red
laser is probably still the most widely known laser on the market. It
is estimated that there are more than 200,000 He-Ne lasers in use as
teaching tools, and in laboratory instruments, measuring systems,
scanners, optical data storage systems, and video-disc readers.

2.1 Early Solid State Lasers

When T. H. Maiman announced the operation of the first laser in
mid-1960, he reported a lifetime shortening from 3.8 to 0.6 mil-
liseconds and an R; to R, line-intensity change from 2:1 to 50:1 as evi-
dence of laser action in ruby crystals.!* At the time some investigators
regarded the sufficiency of this evidence as controversial. This led a
group of Bell Labs researchers to verify Maiman’s report. The result,
published by R. J. Collins and coworkers, gave confirmation of laser



Quantum Electronics 157

25 —

.
L 24.6 —2
w‘ Net
—— 2147
2 |-
s 2s
1981 ——> —E#— 2 1977
19 |-
s 18
=
>
(V]
o
w
Z
w
17
5 ——— 186
16
ol _He N

Fig. 5-5. Energy-level diagram of helium and neon atoms. Note
the coincidence of the metastable 23S level of helium and the 2S
levels of neon. [Javan, Bennett, Jr., and Herriott, Phys. Rev.
Lett. 6 (February 1, 1961): 106).

action—sharp directionality, line narrowing of a factor of 30, and spa-
tial coherence over a lateral dimension of 100 wavelengths in the
source.l’ In addition, the first observations of relaxation oscillations
in a laser were made.

Extending the research by G. H. Dieke and his collaborators at
Johns Hopkins University on rare earth ions in LaCl; and other host
crystals, which aimed at identifying the energy levels and visible
transitions of the rare earth ions, L. F. Johnson initiated spectroscopic
studies into the near infrared. Spectroscopic observations of the
fluorescent emission in neodymium-doped crystals, supplied by K.
Nassau, showed that upon excitation with a mercury lamp, the dom-
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inant emission arises from the de-excitation from the Nd-*Fs5, level,
the strongest transition being to the 4111/2 terminal state. This obser-
vation, coupled with the long lifetime of the upper level, led Johnson
and Nassau to use neodymium as the active ion for a near infrared
solid state laser. Furthermore, since the terminal state for this transi-
tion lies at approximately 2000 cm™ above the ground state, it will
not be populated at 300K. Thus, room temperature continuous-wave
operation with a solid state laser seemed a possibility. Because of the
high crystal quality of CaWQ,, this was initially the preferred host.
Pulsed laser action at 1.064 um with Nd:CaWO, was first observed by
Johnson and Nassau in 1961.16 Soon thereafter, Johnson and cowork-
ers observed continuous-wave operation with this same system at
room temperature.”

During 1961, D. F. Nelson and W. S. Boyle worked on making a
continuous-wave ruby laser. Since pulsed ruby lasers typically used
megawatts of optical pump power, extensive changes in the ruby rod
size, shape, and doping were required. In order to implement the
new idea of end-pumping, the rod was made trumpet-shaped, having
an input cone of sapphire to intensify the pump in the attached ruby
rod, which had 10 times less chromium than pulsed rods. When
cooled with liquid nitrogen and pumped with 900W, the laser emit-
ted 4 milliwatts (mW) continuously.!® In 1962, G. D. Boyd and
coworkers obtained continuous-wave operation of U:CaF,.!° The
demonstration of continuous-wave, solid state laser action emphasized
the potential of such systems for a variety of applications in commun-
ications and physical research.

Extending the spectroscopic studies to transition metal ions in insu-
lating crystals, Johnson, R. E. Dietz, and H. J. Guggenheim found
strong infrared fluorescence from several ions other than chromium.
In 1963, they obtained laser emission from nickel, cobalt, and vana-
dium ions.?’ However, the mode of operation was quite unlike any
other system—the terminal state of the laser transition was a vibra-
tional state of the lattice. Since laser oscillation occurred in a broad
vibrational sideband rather than in a narrow electronic line, these
phonon-terminated lasers offered the attractive possibility of continu-
ous tuning over a broad wavelength range. Such continuous tunabil-
ity was demonstrated in MgF»:Ni by Johnson, Guggenheim, and R. A.
Thomas in 1966.2! The application of similar principles to liquids led
to the development of tunable dye lasers.??

2.2 Modes of Oscillation in the Laser Resonating System

In their seminal work, Schawlow and Townes realized that any
realistic laser resonator would have dimensions that were large com-
pared to the wavelength of light, and that it would be difficult to
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limit significant amplification to only one, or just a few modes.
Nevertheless, they envisioned the selection that has been adopted on
almost all lasers—using a gain medium that is long and narrow with
good reflectors at the ends and the sides left open. This leaves only
those few modes that propagate precisely back and forth between the
mirrors with low loss, and thus produce oscillations. All other modes
have much higher loss because of their eventual escape through the
sides of the open resonator structure. A. G. Fox and T. Li proposed
using a computer to simulate what would happen to a wave bouncing
back and forth between mirrors.?3 Although a strictly analytical solu-
tion was not possible, they were able to obtain computer results that
showed that if energy was initially launched in the resonator in the
form of a uniform plane wave, higher-order mode components were
rapidly lost, and the field always stabilized on the lowest-order mode
representing a wave directed along the resonator axis. This wave had
a nearly planar phase front but had a field distribution that had a
maximum in the center and decreased to relatively low values at the
edges of the mirror. Thus, the energy losses at the edges were much
lower than for a uniform plane wave, and the resulting loss-per-
round-trip transit was an order of magnitude lower than the estimates
previously made.

At the same time, Boyd and J. P. Gordon were investigating a con-
focal interferometer for use as an optical resonator.?* They extended
the self-consistent field approach of Fox and Li by working on a
suggestion of W. D. Lewis that the modes of a confocal resonator
might be susceptible to analytic solution. They found that the modes
of a confocal resonator with rectangular mirrors could be described
approximately by Hermite-Gaussian functions. The simplicity of their
results made it easy to predict the cross section of the beam not only
within the resonator, but also as it was transmitted through the mir-
rors to points outside. These modes were shown to retain the same
Hermite-Gaussian intensity profile at every point along the path of
propagation. Thus, the modes of a confocal resonator can also be
considered to be the characteristic modes of propagation in free space.
The unique properties of the confocal resonator, which has the lowest
loss of all resonator geometries, are due to the periodic refocusing of
the diffracting wave at each mirror. These analytic studies were con-
tinued by Boyd and H. W. Kogelnik, who produced a more general
theory covering mirrors of unequal size and curvature.?’> They also
discovered that there were stable and unstable resonator classes
depending on the ratios of mirror curvatures and spacings. In stable
resonators bundles of light rays are periodically refocused, while in
unstable resonators light rays diverge.

These theoretical studies contributed to an improved understanding
of how the optical field intensities for the various modes are distrib-
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uted throughout a laser resonator. That these modes really exist was
confirmed when the first He-Ne laser that oscillated continuously was
made to operate with curved mirrors external to the glass envelope
containing the gain medium. The first pure-mode patterns were
observed by Kogelnik and Rigrod using a He-Ne laser with
Brewster-angle windows.2® [Fig. 5-6] By changing the mirror spacings
and curvatures, and adjusting their alignments, it was possible to
observe the mode patterns in detail, to measure combination tones
produced by the beating of different mode frequencies, and to deter-
mine the ranges of mirror spacings that permit or prevent oscillation.
The predictions of the theories in all details were well borne out.
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Fig. 5-6. Mode patterns of coherent beams produced in a laser
oscillator.  The photographs show the cross-sectional distributions
of light, first observed in a helium-neon gas laser.
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In the years that followed, the Hermite-Gaussian description of
resonator modes emerged as a simple but powerful tool for the
analysis of the propagation of laser beams through practical optical
systems. The techniques that were developed have since found
widespread use. Among them are the mode-matching procedures
described by Kogelnik, which are used to transform an incoming
laser beam into a beam with the properties required for a given opti-
cal system.27 Other examples are the simplification of the laws
governing the propagation of laser beams by the introduction of a
complex beam parameter that describes both the diameter and the
wavefront curvature of the beam, and the discovery of Kogelnik’s
ABCD law?? that provides a simple and unexpected relationship
between the laser beam parameters in any optical system and the
paraxial ray matrix of that system.

Most of our understanding of the behavior of laser beams and laser
resonators developed in the first half-dozen years after its advent. A
summary of this knowledge is given in the review article by Kogel-
nik and Li, which has become a standard text.?

2.3 Mode Locking and Pulse Generation

A typical laser consists of an optical resonator formed by two paral-
lel plate mirrors and contains a laser gain medium. The frequency
band over which laser oscillation can occur is determined by the fre-
quency region where the gain of the laser medium exceeds the reso-
nator losses. Often such an optical resonator can support many
modes within this oscillation band, and, therefore, the laser output
consists of radiation at a number of closely spaced frequencies. The
total output of such a laser as a function of time will depend on the
amplitudes, frequencies, and relative phases of all of these oscillating
modes. If nothing fixes these parameters, random fluctuations and
nonlinear effects in the laser medium will cause them to change with
time, and the output will vary correspondingly. If the oscillating
modes are forced to maintain equal frequency spacings with a fixed
phase relationship to each other, the output as a function of time will
vary in a well-defined manner. The laser is then said to be “mode-
locked” or “phase-locked.”

Although there were indications of mode locking in earlier studies,
the first paper to demonstrate clearly the fundamental properties of
mode locking was published in 1964 by L. E. Hargrove, R. L. Fork,
and M. A. Pollock.?? They obtained a continuous train of equally
spaced, short pulses from a He-Ne laser by mode locking with an
internal acoustic loss modulator, with the laser modes locked into a
condition of fixed-amplitude, equal-frequency spacing, and well-
defined phase relations. M. DiDomenico, following a suggestion by



162 Engineering and Science in the Bell System

E. I. Gordon, completed an independent theoretical description of
mode locking by internal loss modulation at the resonator mode-
spacing frequency.3! Earlier, W. E. Lamb had described how the non-
linear properties of the laser medium could cause the modes of a laser
to lock with equal frequency spacing. This idea was later discussed
by M. H. Crowell for the case of many oscillating modes.?? Crowell’s
experiments with a 6326A He-Ne laser demonstrated the self-locking
of laser modes caused solely by the nonlinear behavior of the laser
medium. In 1967, a new mode-locking technique was proposed and
‘demonstrated by P. W. Smith, who showed that mode locking could
be obtained by moving one laser mirror at a constant velocity.®

Shortly thereafter, a new theory of self-locking based on the tran-
sient response of the laser medium to the incident radiation was pro-
posed by Fox and Smith, and further developed by Smith.>* Fox and
coworkers demonstrated the first use of a section of laser medium
excited to the low-laser state as a saturable absorber to produce mode
locking.3® In 1968, Smith published the first demonstration of the
simultaneous locking of longitudinal and transverse laser modes.36
Under these conditions, light energy is confined to a small region of
space and travels a zigzag path as it bounces back and forth in the
laser resonator.

By using a number of isotopes of cadmium in a He-Cd laser, W. T.
Silfvast and Smith demonstrated the inverse dependence of mode-
locked pulsewidth on laser bandwidth, and obtained a continuous
train of 120 psec pulses—at the time, the shortest pulses available in a
mode-locked continuous-wave laser.3”

During 1970, interest developed in mode-locking, high-pressure,
transversely excited (TE) CO, lasers. The first mode-locking experi-
ments were reported by O. R. Wood and coworkers.38 They obtained
nanosecond (nsec) pulses with 1 megawatt (MW) peak power. Later,
Smith and coworkers reported the first mode locking of a waveguide
CO, laser.?® In 1971, P. K. Runge reported the use of a flowing dye as
a saturable absorber to mode lock a 63284 He-Ne laser.0

The broad molecular levels that permit the broad tunability of
organic-dye lasers provided a means of overcoming the bandwidth
limitation that restricted the generation of short optical pulses in con-
tinuous lasers. The first attempt at mode locking a continuous-wave
dye laser to generate ultrashort optical pulses was described by A.
Dienes, E. P. Ippen, and C. V. Shank using an active mode-locking
scheme in 197141 Synchronously pumped mode locking was reported
by Shank and Ippen in 1973.%2 (See also section 1.6.3 of Chapter 6.)
These schemes produced pulses of the order of 50 psec. A dramatic
reduction in optical pulse width was achieved using the passive cw
mode-locking technique devised by Ippen, Shank, and Dienes.3 In
fact, the first optical pulses shorter than a picosecond were reported
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by Shank and Ippen in 1974.** (For more on this topic, see Chapter 6,
section 1.6.3 — “Subpicosecond Molecular Spectroscopy.”) A new
time-resolved spectroscopy has been developed with better than an
order-of-magnitude time resolution over the best achieved in other
systems. These techniques have been extensively applied to study
picosecond phenomena in semiconductors as well as chemical and
biological systems.

Ultrashort pulses are also produced in color center lasers by a tech-
nique called “synchronous mode locking.” Most of the mode-locking
experiments at Bell Labs have used a laser with F3 centers in the host
potassium fluoride (KF) crystal, tunable from about 1.23 pm to 1.48
um, and pumped with a Nd:YAG laser operating at 1.064 pm. The
KF-F5 laser produced 300 million pulses per second, each 3 to 5 psec
wide.

The transit time of a pulse through a length of optical fiber
depends on the wavelength—this is the phenomenon of group velo-
city dispersion. In general, the effect of dispersion is to broaden
severely very short pulses upon transit through long fibers. How-
ever, in the silica glass fibers, there is one special wavelength, usually
near 1.3 um, where the dispersion disappears. (Conveniently, this
zero-dispersion point can be tailored to lie in a region of low
transmission loss.) By tuning the mode-locked KF laser to the zero-
dispersion wavelength, D. M. Bloom and coworkers were able to
directly demonstrate distortionless propagation of 5 psec pulses in
fibers several kilometers long.*® This important result indicated
directly the ultimate capacity of the fibers to transmit information at
very high rates.

2.4 Temporal Coherence of Laser Radiation

The laser has stimulated various theoretical models for the dynamic
behavior of quantum mechanical oscillators. These models are of
interest because they describe an instructive interface between quan-
tum and purely classical phenomena, and because they provide a
basis for calculating the intensity and phase fluctuations that make up
laser noise, as well as the higher-order correlation properties that are
part of a complete description of laser light. Representative of work
in this area is the intensity fluctuation calculation of D. E.
McCumber, the general quantum noise source model of the laser by
M. Lax,47 and the treatment of a similar model by J. P. Gordon.*8

An important result is the calculation by Lax and M. Zwanziger
that predicted the full intensity fluctuation distribution for a laser
near threshold for arbitrary sampling time.*?

Observations of laser noise behavior include the study by T. L.
Paoli and J. E. Ripper of spiking behavior arising directly from quan-
tum intensity fluctuations in semiconductor lasers.>



164 Engineering and Science in the Bell System

II1. LASERS FOR OPTICAL COMMIUNICATION

The discovery of laser action in solid state and gaseous media
occurred at a time when the research activities on semiconductor p-n
junction devices were widespread. Therefore, it is not surprising that
these two fields were quickly combined to demonstrate laser action
resulting from the injection of a non-equilibrium electron population
across a p-n junction. Among the early proposals for a semiconductor
laser was one from France by P. Aigrain,”! one from the Soviet Union
by N. G. Basov, B. M. Yul, and Yu. M. Popov,>? and one from Bell
Labs by W. S. Boyle and D. G. Thomas.?® The stage was set for this
development when the concepts for stimulated emission in semicon-
ductors were clarified by M. G. A. Bernard and G. Duraffourg in
1961,%* and by the reports of highly efficient radiative recombination
of carriers in GaAs by J. I. Pankove and M. J. Massoulie of RCAS® and
R. J. Keyes and T. M. Quist of IBM.5¢ By the end of 1962, R. N. Hall
and coworkers, at General Electric,”” N. Holonyak and S. F. Bevacqua,
also at General Electric,’® M. I. Nathan and coworkers at IBM,%? and
Quist and coworkers at M.ITs Lincoln Laboratory®® had all observed
laser action at 77K by injecting electrons across a p-n junction in a
GaAs crystal. The resonant cavity was between two faces of the crys-
tal that were perpendicular to the junction plane.

Considerable excitement was generated by the demonstration of
laser action by electron injection because of the potential for very
simple pumping, and the extreme simplicity and small size of the
injection laser. The dimensions of this laser were about 25 gm by 400
pm by 100 um, and if the laser could be operated continuously, the
pumping current could be achieved with the application of 1.5 volts.
Unfortunately, a common and discouraging feature of all of the early
injection lasers was an extremely high threshold current density of
about 50,000 amps/cm? at room temperature (which is about 20 amps
for the cross-sectional area given above). Most studies were done at
liquid nitrogen temperature (77K), and the usual mode of operation
was with very short current pulses and low duty cycles (less than one
percent). Those early injection lasers have become known as homo-
structure lasers because they are composed of a single semiconducting
compound. The highest temperature at which a homostructure laser
has been operated continuously is 205K. This was achieved at Bell
Labs in 1967 by J. C. Dyment and L. A. D’Asaro.t! They carefully
heat-sinked a GaAs injection laser that had been fabricated in the
form of a narrow stripe only 12 um wide. However, it was clear that
the fundamental problem of the very high room temperature thresh-
old current density had to be solved before the injection laser could
become a useful device.
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3.1 The Heterojunction Semiconductor Laser

In late 1967, M. B. Panish and S. Sumski began studies of the phase
chemistry and liquid epitaxy of Al,Ga;_,As.%? At the same time Pan-
ish and 1. Hayashi [Fig. 5-7] began studies of possible injection laser
structures incorporating one or more heterojunctions between GaAs
and Al,Ga;_,As. These semiconductors are a good choice for a high
quality heterojunction because they have the same crystal structure
and almost identical lattice parameters. Furthermore, the energy gap
of Al,Ga;_,As increases as x increases, while the refractive index
decreases as x increases. As a result, a structure consisting of a layer
of GaAs sandwiched between layers of n-type and p-type Al,Ga;_,As
is simultaneously an optical waveguide and a confinement region for
carriers injected into the GaAs layer. Panish and Hayashi called the
laser incorporating the sandwich structure a double heterostructure
(DH) injection laser. Since the major reasons for the high room-
temperature, threshold-current current density of homostructure
lasers had been the inability of the weak waveguide to confine and
efficiently use injected carriers, the DH laser, which did not suffer
from these defects, had a much lower threshold current density.
[Fig. 5-8]

By mid-1968, Hayashi, Panish, and coworkers had achieved room
temperature threshold current densities as low as 8600 amps/cm? with
an intermediate structure designated as a single heterostructure laser.
By June 1970, they achieved continuous room temperature lasing

Fig. 5-7. 1. Hayashi (left) and M. B. Panish discuss a semiconductor
laser designed in 1970 that operates continuously at room temperature.
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Fig. 5-8. (A) Schematic representation of a heterojunction laser, showing (a)
the band edges with forward bias, (b) refractive index changes, (c) optical
field distribution, and (d) physical structure of a double heterostructure laser
diode. [Appl. Sol. State Sci.—Adv. Mat. Dev. Res. 4 (1974): 269]. (B)
Scanning electron photomicrograph of the face of a channel substrate
heterostructure laser. Layers (c), (d), and (e) correspond to the double
heterostructure shown schematically in (A). Layer (a) is an insulator to
define the stripe contact. Layer (b) permits easier contact to a metallic layer
that will be added later. Note the addition of a channel in the substrate. This
provides the real refractive index guiding parallel to the plane of the layers.
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with a DH laser that had a room temperature threshold current den-
sity of 1600 amps/cm?. 63 Similar results were achieved in the Soviet
Union at almost exactly the same time.®¢ Since that time a variety of
heterostructure lasers have been studied in order to achieve even
lower threshold current densities (to about 500 amps/cm?” at room
temperature) and improved optical mode and electrical behavior. All
of the structures proposed for communications applications incor-
porate the original idea of R. A. Furnanage and D. K. Wilson to use a
narrow strip region to permit efficient heat sinking and low overall
current.®®> The simplest version of the strip, as proposed by Dyment
and D’Asaro is formed by proton bombardment of adjoining regions
to render them nonconducting.5

As a result of the studies of heterostructure lasers and the almost
simultaneous development of extremely low-loss optical fibers, the
injection laser has become the prime choice as the optical source for
lightwave communications systems. For this reason extensive studies
have been made of the way that heterostructure lasers degrade. Of
primary importance was the observation by B. C. De Loach and
coworkers of the dark-line defect: a region of enhanced nonradiative
recombination that grew rapidly during laser operation and rapidly
increased the laser threshold current.””

W. D. Johnston and B. I. Miller showed that the dark-line defect
could be generated by optical excitation of undoped double hetero-
structure material.®® Studies by P. Petroff and R. L. Hartman, and by
D. V. Lang and L. C. Kimerling showed that the dark-line defects
were dislocation networks that grew from threading dislocations by
climb, driven by the energy released by the nonradiative recombina-
tion of minority carriers.®’

R. L. Hartman and A. R. Hartman showed that strain reduction was
the key to a vast reduction in this short-life degradation mechan-
ism.”% The remaining gradual degradation mechanisms have not been
fully elucidated, but by 1976, growth and fabrication processing had
been refined to the point where W. B. Joyce and coworkers were able
to report extrapolated room-temperature 1aser-11fet1mes of one million
hours based upon elevated temperature tests.”

3.2 Heterostructure Lasers and Optical Fibers

While numerous improvements were being made to GaAs double-
heterostructure lasers, interest began to grow in moving the
wavelength away from 0.87 um, at which the laser was oscillating, to
wavelengths where the newly developed optical fibers had their
lowest loss and minimum pulse dispersion. Among the materials
examined were the III-V ternary and quaternary mixed crystals with
combinations of aluminum, gallium, or indium on the sublattice of
atoms of valence III, and phosphorus, arsenic, or antimony on the
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sublattice of atoms of valence V. The first successful laser based on
one of these new materials was made by R. E. Nahory and Pollack in
1975.72 This laser consisted of a recombination layer of GaAs;_,Sb,,
and had a room temperature threshold of 2100 amps/cm?, much lower
than an earlier version developed in ]apan.73 Later in 1975, Nahory
and coworkers, using the proton bombardment-stripe geometry, suc-
ceeded in operating these lasers continuously at room temperature.74
The thresholds were as low as those of comparable GaAs devices.
The operating laser wavelength ranged from 1.0 to 1.06 um, depend-
ing on the value of x. This first demonstration that complex, mixed
crystal systems could be used successfully in continuous room
temperature lasers was a strong stimulus for the investigation of other
materials. Only a few months later, workers at Lincoln Laboratory
reported a continuous ][nl_xGaxAs.y]Pl_y/InP laser,”> and at RCA an
Inl_xGaxAs/Inl_yGayP laser’® was constructed.

In 1971, Kogelnik and Shank demonstrated a very compact mirror-
free laser structure that they named the distributed feedback (DFB)
laser.”” The DFB structure is compatible with integrated optics, and
helps to stabilize and purify the spectrum of the laser emission. DFB
structures are made by introducing high-resolution periodic varia-
tions of the effective refractive index into the laser medium. A typi-
cal example is a corrugation with a 10004 period of the active layer
of a semiconductor laser. Such a periodic structure provides the
required feedback for laser action through backward Bragg scattering.
The first demonstrations of stimulated emission in DFB structures
were made with dye laser media. These were soon followed by the
exploration of a considerable variety of DFB structures suitable for
semiconductor junction lasers at Bell Laboratories’? and elsewhere.

IV. LASERS FOR INDUSTRIAL APPLICATIONS — THE CO2 LASER

Prior to 1963, gas lasers were primarily low-power systems and the
laser community considered only the solid state lasers in the visible
and the near infrared for high-power application. But in 1963, C. K.
N. Patel [Fig. 5-9] discovered laser action in CQ, on its vibrational-
rotational transitions near 10 um under continuous-wave and pulsed
conditions.”? This discovery is significant because, unlike prior
schemes that utilized atomic energy levels for laser action, the CO,
laser used the molecular vibrational-rotational bands. From initial
calculations, Patel noted that molecular lasers operating on
vibrational-rotational transitions would be the key to gas lasers for
high-power applications. [Fig. 5-10] In 1964 he introduced a
continuous-flow laser system and demonstrated that vibrational
energy transfer from N, to CO, was extraordinarily efficient.0 In
part, this is attributable to the very long lifetimes of the vibrationally
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Fig. 5-9. C. K. N. Patel standing near his CO, laser apparatus.

excited N, molecules that can be produced efficiently in an ordinary
nitrogen discharge and to the near coincidence of the relevant Ny and
CO, vibrational energy levels. Patel found that at typical gas pres-
sures almost all of the vibrationally excited N, molecules can transfer
their energy to the CO, molecules. In the He-Ne case, the electronic
energy is exchanged. [Fig. 5-11] Laser action on vibrational-rotational
transitions of molecules is efficient because of the very rapid equili-
bration of the excitation energy of a vibrational state among its
closely spaced, but discrete, rotational levels. [Fig. 5-12] This leads to
a laser system where the optical gain and laser action can occur on a
large number of closely spaced transitions. Even though the optical
gain on any of the transitions is relatively small, the power output is
very high. Since all the vibrational level lifetimes are very long
(compared with atomic laser systems), once a molecular gas laser
medium becomes excited, it can store enormous amounts of energies
that can be extracted in short-time pulses to give very high power
pulses. The CO, lasers, in continuous-wave as well as pulsed mode,
operate in the 9 um to 11 um region of the infrared. This is a spectral
region of great interest, even though the radiation is invisible to the
human eye, since the 8 um to 14 um spectral region constitutes a low
atmospheric loss window for laser transmission.

In 1965, Patel and his colleagues demonstrated that the CO, laser
was a very high continuous-wave power system by obtaining an out-
put of more than 200 watts (W), and an operating efficiency as high as
10 percent.81 Further work has focused on increasing the CO, laser
power output by using a variety of excitation mechanisms. By 1979
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Fig. 5-10. Energy-level diagrams of an atom and a molecule are
compared. In an atom (left), the electronic energy levels between
which infrared transitions can occur are situated near the atomic
ionization limit—far above the ground state of the atom. As a
result, the atom has to be excited to a very high energy to
produce laser action, which in turn results in the emission of a
photon with a comparatively small amount of energy.

the maximum continuous-wave power output for a CO, laser had
exceeded 100 kilowatts (kW) and the pulsed-power output exceeded
10”W, with single-pulse energy of more than 10,000 joules. The
applications of such high powers to communications, metal working
(cutting, welding, drilling, and so on), paper and cloth cutting, opti-
cal fiber drawing, laser induced fusion, high-resolution spectroscopy
in the infrared region, as high-power pump sources for obtaining
laser action in far infrared region by optical pumping (see section
5.3), isotope separation, laser surgery, and noncivilian (weapons) pur-
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Fig. 5-11. Addition of nitrogen gas to a carbon dioxide laser results in the selective
excitation of the carbon dioxide molecules to the upper laser level. Since nitrogen is
a diatomic molecule, it has only one degree of vibrational freedom; hence, one
vibrational quantum number (») completely describes its vibrational energy levels.
Nitrogen molecules can be efficiently excited from the »=0 level to the »=1 level by
electron impact in a low-pressure nitrogen discharge. Since the energy of excitation
of the N,(=1) molecule nearly equals the energy of excitation of the CO,(001)
molecule, an efficient transfer of vibrational energy takes place from the nitrogen to
the carbon dioxide in collisions between N,(y=1) molecules and CO,(000)
molecules. In such a collision the nitrogen molecule returns from the y=1 level to
its ground state by losing one quantum of its vibrational energy, thereby exciting the
carbon dioxide molecule from its ground state to the 001 level. The carbon dioxide
molecule can then radiatively decay to either the 100 level or the 020 level, in the
process emitting infrared light at 10.6 or 9.6 microns, respectively.

poses have all been explored vigorously. In the area of high-
resolution spectroscopy, the CO, and other molecular lasers (see sec-
tion 5.2) have proved to be the only sources in the 5 um-12 um
region. Their use in infrared spectroscopy has exceeded the use of
any other laser system for spectroscopic uses. In the area of laser sur-
gery, the CO, laser has become the laser of choice with some 20,000
operations performed by more than 1000 surgeons by 1981. Further,
each year newer applications of laser surgery have been forthcoming
with dozens of CO, laser surgery conferences held each year.

In the 19 years following the discovery of the CO, laser and the
demonstration of its high efficiency, about 3,000 technical papers and
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Fig. 5-12. Continuous-flow system was used by C. K. N. Patel to verify the hypothesis that a
carbon dioxide-nitrogen laser would be more efficient than a pure carbon dioxide laser. Strong
laser oscillation was obtained in this system on the vibrational-rotational transitions of carbon
dioxide even though no electric discharge was present in the interaction region, thereby
proving the effectiveness of using vibrationally excited nitrogen molecules for selective
excitation of carbon dioxide molecules to the upper laser level.

more than a dozen books were published on various aspects of CO,
lasers. Moreover, the CO, laser became one of the most commercially
useful laser systems in the world.

4.1 Yttrium Aluminum Garnet (YAG) Laser

In 1964, J. E. Geusic, H. M. Marcos, and L. G. Van Uitert showed
that neodymium-doped yttrium aluminum garnet (YAG) crystals
should have a lower threshold for laser action than solid state laser
systems previously investigated.8? One of the main advantages of this
system is the presence of pump bands revealed by absorption spec-
troscopy that are favorable for tungsten sources. Continuous opera-
tion of a Nd:YAG laser pumped at room temperature with a tungsten
lamp was achieved with a threshold (360W input power) about one-
fifth that for the CaWO, system. This laser has been further
developed, and has found wide use in the “smart weapons” of the
military, such as target designators, range finders, and target seekers.
Its use in industrial applications also is growing, and popular roles
for it include hole drilling and welding, particularly where close con-
trol is important.

V. OTHER LASER TYPES
5.1 Lasers Based on Atomic Transitions

The successful operation of the He-Ne laser was soon followed by
the discovery of many other lasers in the visible, infrared, and even
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the far infrared. Along with the new lasers came new principles of
operation. Early in 1962, Bennett and Patel independently demon-
strated that, due to direct inelastic impact excitations, gain was still
present for the 1.15 um neon-transition in He-Ne laser, even in the
absence of helium in the discharge.83 Later in 1962, Patel and
coworkers obtained laser action on a number of lines near 2 um using
direct electron excitation of the gure, neutral noble gases helium,
neon, argon, krypton, and xenon. * By 1964, Patel and collaborators
had made neon lasers that operated in the middle and far infrared,
including one at 133 um.8 In the same year E. 1. Gordon and E. F.
Labuda, in a joint publication with W. B. Bridges of the Hughes
Research Laboratories, announced continuous-wave laser action in the
visible from ionized argon, krypton, and xenon noble gases.86

Subsequent accomplishments in ion lasers were made in the area of
metal-vapor lasers. In the late 1960s, Silfvast’”  achieved
high-efficiency, continuous-wave oscillation in cadmium vapor at
0.4416 um while he was at the University of Utah. Subsequently,
laser action at approximately fifty wavelengths in the visible in ion-
ized selenium was reported by Silfvast and M. B. Klein.388% This
laser, and others in lead, tin, and zinc, are based upon a new excita-
tion mechanism for gas lasers (Penning ionization), which Silfvast
proposed and verified in the He-Cd discharge.

In 1971, Silfvast and L. H. Szeto demonstrated a simplified design
for metal-vapor lasers that led to inexpensive construction and long-
lived operation of the He-Cd laser.’® This type of laser became the
second most reliable laser (in terms of operating lifetime) available at
the time. Ion lasers are used widely for a variety of research investi-
gations and industrial applications where blue or green light is desir-
able. They also have proved to be the most popular form for use in
entertainment applications such as light shows.

An early attemgt at an X-ray laser was made by M. A. Duguay and
P. M. Rentzepis.”! Their scheme called for the use of high-power
ultrashort X-ray pulses to create vacancies preferentially in the inner-
most electronic shells of an atom. The experimental difficulties
encountered when this approach was tried led E. J. McGuire and
Duguay to propose a photoionization scheme in alkali earth atoms
irradiated by laser fields tuned to specific transitions in the ion.%?
Although these experiments did not achieve their objectives, they
have paved the way for other, possibly more successful, work in this
important field.

5.2 Lasers Involving Vibrational-Rotational Molecular Transitions

Laser action on the vibrational-rotational transitions of molecules
other than CO,, such as CO, N,O, and CS,, operating at different
wavelength regions, were also demonstrated by Patel and his
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c:olleagues.ge"96 The general nature of the efficiency of vibrational
energy transfer in N,-CO, N»-N,O, and N,-CS, lasers was established.

5.3 Optically Pumped Molecular Gas Lasers

Although of great scientific interest, the far infrared (FIR) region
(where A = 10 um to 1000 pm), lying between the traditional optics
region and the area of microwave technology, has always presented
great technical difficulty. The lack of radiation sources in this region
has been one of the chief reasons for this impediment. Black-body
radiation is very weak in this wavelength range and electron devices
used for microwave generation will not operate at the high frequen-
cies involved.

In 1970, T. Y. Chang and T. ]. Bridges invented the FIR optically
pumped laser.”-%® In this device an efficient gas discharge laser in the
near infrared, usually the CO, laser operating near 10 um, excites a
vibrational-rotational transition in a molecular gas contained in a
separate cavity. This excitation produces a population inversion in
the rotational levels of the vibrational states involved, and allows
laser action to take place, typically in the FIR region. The first
observed laser excitations were in methyl fluoride at 452, 496, and 541
pum. Both pulsed and continuous-wave operation were found to be
possible. With this lasing mechanism, there is a choice of a large
number of molecular lasing gases with no fear of decomposition,
since no electrical discharge is present. By 1979, about 1,000 FIR las-
ing lines had been reported in over 30 different molecular gases
spread over the spectral range from 30 gm to 2,000 um.%°

5.4 Dye Lasers

Shortly after the achievement of laser action on atomic transitions,
it became apparent that a tunable laser would open up a whole new
vista of applications for coherent light, including the generation of
short optical pulses in continuously operated lasers. A number of
approaches were taken to develop a conveniently tunable laser. The
most successful approach in the visible region of the spectrum has
been the organic dye laser. Organic dyes are ideal systems for
achieving tunable laser action because stimulated emission takes place
between broad molecular levels rather than narrow atomic transitions
as in gas laser systems.

At Bell Labs, work on tunable dye lasers began with the use of a
pulsed nitrogen laser as a pump for a dye-laser system. In 1970, C. V.
Shank and coworkers used an excited-state complex (exciplex) molec-
ular system to achieve the broadest range of tunability ever observed
from a single molecule, with the emission ranging from the near
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ultraviolet to the yellow region of the visible spectrum.loo In 1972, a
continuously operated dye laser with highly improved efficiency was
reported by A. Dienes, E. P. Ippen, and Shank,!%! using a new,
folded, three-mirror configuration proposed by H. W. Kogelnik and
coworkers.!92 In this configuration, which became used in most com-
mercial dye laser and color-center laser systems, astigmatic aberra-
tions caused by oblique folding angles were compensated by proper
dye cell design. Another significant improvement in continuous-
wave dye laser performance followed the invention of the free-
flowing jet stream by P. K. Runge and R. Rosenberg.103 This system is
a dye-laser cell without windows and eliminates the degrading effects
of performance due to thermal heating of the dye material. The first
demonstration of such a laser was by Shank and coworkers in
1973.104 At the time of this writing the folded-mirror configuration
and free-flowing dye material are used in all commercial laser
systems.

5.5 Color-Center Lasers

While the organic dyes have provided a medium for tunable lasers
and the generation of short pulses in the visible spectrum, they are
not easily applied to longer wavelengths. L. F. Mollenauer and
collaborators have developed tunable color-center lasers as viable, and
in many ways unique, substitutes for dye lasers at the longer
wavelengths.m5 Color-center lasers have been used in high resolution
molecular spectroscopy, in the characterization of fiber and integrated
optic devices, in fundamental experiments on the propagation of very
short pulses in optical fibers, and in investigations into the basic
physics of semiconductors.

There are two distinct types of laser-active color centers. Both are
based on electrons trapped at halide ion vacancies in an optically pol-
ished slab of alkali halide crystal, such as NaCl. Centers involving a
single vacancy associated with an impurity alkali ion are known as Fu
centers. (The F is from the German “Farbe,” meaning color.) Pulsed,
non-tunable laser action with Fa(Li) centers in KCl was first demon-
strated in 1965 by B. Fritz and E. Menke of the Physikalische Institut
der Technische Hochschule, Stuttgart.106 The Fa-center lasers
developed at Bell Labs in 1973 are tunable from about 2.2 um to 3.3
pm. The more powerful F7-center lasers, developed in the late 1970s,
have a pair of adjacent vacancies sharing a single electron. This
center can be created, usually by radiation damage, in just about any
alkali halide host. Using various hosts, a tuning range of 0.82 um to
2.5 um has been observed.

Like their dye laser counterparts, the color-center lasers are excited,
or “pumped,” with light from another (but fixed-frequency) laser.
When the excited crystal is placed in a tuned optical resonator, its
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broad, spontaneous emission is suppressed, and most of the light
emerges as a laser beam at the wavelength of the resonator. Tuning
is usually accomplished with either a diffraction grating or a prism.

VI. LASERS IN PHYSICAL RESEARCH
6.1 High - Resolution Spectroscopy

Optical experiments conducted after the introduction of the laser
taught a great deal about the nature of light. The early experiments
of D. F. Nelson and coworkers were the first to establish clearly the
spatial coherence of laser radiation.!?” Several fundamental contribu-
tions to optics were made at a time when questions of optical coher-
ence had not yet been widely discussed and were still not completely
understood. Among these experiments were the beating of helium-
neon laser light from two adjacent resonator modes by A. Javan, E. A.
Ballik, and W. L. Bond,'% the demonstration of laser-light granularity
by J. D. Rigden and E. I. Gordon,'% the observation of spectral-line
splitting from microwave modulation of laser light by I. P. Kami-
now,1% and the achievement of phase locking of two independent
optical sources by L. H. Enloe and J. H. Rodda.}1!

The Lamb dip in laser power output, observed as a single axial
mode- of oscillation is tuned through the center of a Doppler-
broadened line, was first observed by R. A. McFarlane, W. R. Bennett,
and W. E. Lamb.!? The Lamb dip has become of considerable value
in laser frequency stabilization. Also accompanying the development
of new lasers during this early period was the accumulation of much
detailed information on radiative lifetimes, collision cross sections,
transition probabilities, and other basic parameters of neutral and ion-
ized rare gases.

Studies of argon io:1 lasers, first operated continuously by Gordon,
Labuda, and Bridges, improved the understanding of the mechanism
of inversion in ion lasers. Gordon and coworkers determined gain,
electron density, and level populations under continuous-wave condi-
tions and showed the importance of multiple-step, electron-impact
excitation of argon ions.!13

During the early 1960s, extensive effort was devoted to studies of
the optical properties of ions in solids. Motivated in part by the
discovery of solid state laser action, this work led to a wealth of new
spectroscopic data and line assignments and produced numerous
studies of fluorescence efficiencies, line broadening mechanisms,
energy exchange in crystals with high doping concentrations, Stark
and Zeeman effects, charge compensation of doped ions, and other
related subjects. One example was the study of the mechanism of
line broadening of the ruby R lines by D. E. McCumber and M. D.
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Sturge.!1* This work established the dominant contributions to the
linewidth from phonon Raman scattering and from crystal inhomo-
geneities at temperatures above and below 77K, respectively. Nelson
and Sturge studied absorption and emission of the R lines of ruby,
and verified the principle of detailed balance, the only precise
verification ever made in a solid.!®

6.1.1 Two-Photon Spectroscopy

In 1970, L. S. Vasilenko and coworkers in the Soviet Union dis-
cussed theoretically a simple technique for obtaining Doppler-free
two-photon spectra from gases.116 Their basic idea was to use two
laser beams of equal frequency propagating in opposite directions.
For such a case, the Doppler shift of one beam is equal, but of oppo-
site sign, to the Doppler shift of the opposing beam. The sum fre-
quency is independent of the velocity of atoms and Doppler effects
are eliminated. It was not until 1974 that appropriate dye lasers
became available so that Doppler-free, two-photon spectroscopy could
be experimentally demonstrated. At about this time, work on high-
resolution two-photon spectroscopy at Bell Labs was undertaken by J.
E. Bjorkholm and P. F. Liao. In most of their work they used two
precisely tunable, single-mode, continuous-wave dye lasers and cells
filled with sodium vapor.

Two-photon absorption obtained with equal frequency laser beams
is usually very weak because the required laser frequency may be far
from the frequency of a resonance transition of the atom. Bjorkholm
and Liao demonstrated that at the price of slightly increased
linewidth, two-photon absorption could be enormously enhanced by
using two lasers of different frequencies.117 Strong resonant enhance-
ment of the absorption occurs when one of the lasers is tuned near
the frequency of a resonance transition. Since »; # vy, the Doppler
broadening is not totally eliminated; however, in most cases the
residual effect is small since (vy; — #2) << (v; + v). In sodium, residual
Doppler-broadening near resonance amounts to less than 30 MHz,
whereas the width of the Doppler-broadened transition is 3.4 GHz.
For tunings outside the Doppler width of the resonance transition,
the absorption could be enhanced by up to a factor of 10°.

Shortly thereafter, Liao and Bjorkholm experimentally demon-
strated that optically induced shifts of atomic energy levels can be
very significant in two-photon spectroscopy.118 In their experiments,
ac Stark effect shifts exceeding 1 GHz were observed. With the use of
an atomic beam of sodium, they also demonstrated experimentally the
appearance of ac Stark splitting in two-photon spectra.119

Theoretical and experimental studies of two-photon resonant
enhancement were extended to the case where one laser frequency
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was inside a Doppler-broadened resonance transition.!?’ By tuning
one laser onto resonance, Liao and Bjorkholm demonstrated two-
photon absorption 6 x 10° larger than that obtained with equal fre-
quency lasers. Moreover, when one laser was tuned within the
Doppler-width of the resonance transition, totally Doppler-free sig-
nals were once again obtained.

Using the strong, Doppler-free absorption obtained with this tech-
nique (called two-photon spectroscopy with a resonant intermediate
state), Liao and Bjorkholm observed the “forbidden” (and conse-
quently, extremely weak) 3S — 4F transition in sodium.!?! This
yielded the first measurement of the 4F state fine-structure splitting;
it also showed that, in contrast to the D states of sodium, the 4F level
is not inverted. The results helped to demonstrate that the F states of
sodium were essentially hydrogenic.

Since the first observation of photon echoes in 1964,122 lasers have
been widely used to observe coherent optical transient effects. Most
of these observations were made using single-photon resonances. In
collaboration with J. P. Gordon, Liao and Bjorkholm made one of the
first observations of optical transients associated with a two-photon
transition and explained theoretically the observed two-photon opti-
cal free-induction decay.123 Liao, N. Economu, and R. R. Freeman
used the Doppler-free character of two-photon coherent states to
make high-resolution measurements of atomic linewidth, and demon-
strated that such measurements could be made with simple broad-
band lasers.1?4

6.2 Raman and Brillouin Scattering

From the first demonstration of laser action in 1960, it was clear to
some that the laser’s high intensity, collimation, and monochromati-
city would make it relatively simple to perform high-precision spec-
troscopy in a way that was impossible utilizing prelaser techniques.

The advent of the continuous-wave He-Ne laser, the argon ion
laser, and subsequently tunable coherent light sources further stimu-
lated research in the area of Raman and Brillouin light scattering that
resulted in many contributions to the understanding of the physics of
solids, liquids, and gases. These investigations included studies of
inelastic scattering by molecular vibrations, optical and acoustical
phonons, magnons, plasmons, polaritons, and other collective excita-
tions.

Laser Raman spectroscopy was pioneered and exploited by S. P. S.
Porto. In 1961, Porto, together with D. L. Wood, carried out the first
Raman experiment using a laser—their ruby laser fired three times a
minute.!?® This was soon followed by the first demonstration of the
utility of a continuously operating laser as a Raman source, reported
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by Kogelnik and Porto using a red He-Ne laser.!?® In Brillouin
scattering, which is based on the elasto-optic effect, theoretical work
by Nelson and M. Lax led to the prediction that a rotation of volume
element in a birefringent crystal produces effects comparable to
strain.!?’ This prediction was verified experimentally in magnitude
and symmetry by Nelson and P. D. Lazay using rutile Crystals.128 The
research served to point out the shortcoming in using strain as the
independent variable in characterizing elastic deformation in elasto-
optic effect experiments of previous workers.

6.2.1 Alkali Halides and Semiconductors

In 1965, J]. M. Worlock and Porto made the first use of resonance
enhancement in the Raman effect to observe scattering from color-
center impurities in alkali halides.!?’ Subsequently, Porto, B. Tell, and
T. C. Damen found even more dramatic resonance effects in cadmium
sulfide, manifested by as many as eighth-order phonon replicas in the
Raman spectrum.130 Since then, resonant Raman and Brillouin scatter-
ing have been widely employed to probe electron-phonon interac-
tions in semiconductors, insulators, and macromolecules.

In 1967, G. B. Wright and A. Mooradian of Lincoln Laboratory
reported spontaneous light scattering from plasmon-phonon excita-
tions.13! Patel and R. E. Slusher,!32 Tell and R. J. Martin,'33 and J. F.
Scott and coworkers!3 examined related phenomena in both III-V
and IL-VI semiconductors. Worlock and collaborators used light
scattering to determine the size as well as the growth, decay, and spa-
tial distribution of transient electron-hole droplets produced in cold
semiconductors by pulsed-laser radiation.!3® J. Doehler, J. C. V. Mat-
tos, and Worlock were also able to measure droplet velocities by
laser-Doppler velocimetry.136

6.2.2 Spin Waves

In 1965, inelastic light scattering from spin waves (or magnons) in
magnetically ordered solids was discovered. The original experi-
ments in MnF, and FeF, by P. A. Fleury and coworkers revealed not
only the theoretically predicted one-magnon process, but an addi-
tional process caused by magnon pairs.137 Theoretical analysis by
Fleury and R. Loudon showed that a combination of these effects car-
ried all the information necessary to specify the spin Hamiltonian
because both Brillouin zone-center and zone-boundary magnon ener-
gies could be measured by one-magnon and two-magnon scattering,
respectively.138 Refinements of this theory led to predictions and
observations of magnon-magnon interaction effects and of the
differing influences of long- and short-range magnetic order on the
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light scattering spectrum.13? During the 1970s, light scattering
became established as a quantitative technique to probe spin dynam-
ics in both transparent and opaque magnetic materials.

6.2.3 Phase Transitions

Light scattering has had the largest impact in the study of phase
transitions. Several early experiments in this area were carried out at
Bell Labs. The first light scattering observations of soft-mode
behavior were made in KTaO; and SrTiO; by Fleury and Worlock.'4?
They devised an electric field modulation technique to obviate the
selection rules that forbid Raman activity in the paraelectric phase of
such high-symmetry materials. These experiments also revealed that
soft-mode frequencies could be tuned appreciably with application of
modest fields, and that phonon-phonon interaction effects could be
enhanced and controlled in the same way.141 Subsequently, Kaminow
carefully detailed the soft-mode behavior in the ferroelectrics KDP
and LiTaOg;.142 DiDomenico, Porto, and S. H. Wemple reported mode
softening in BaTiO,.143 During the following decade, researchers
around the world applied light scattering to the study of structural
transitions, making it probably the most widely used technique to
probe phase transition dynamics. Many of these generalized Raman
processes were made observable by the development of the double-
grating spectrometers. Porto and his colleagues in industry were the
catalysts for this development.

Starting in the early 1970s, researchers at Bell Labs perfected new
instrumentation that permitted even higher resolution and contrast so
that very weak scattering features such as interacting soft modes and
dynamic central peaks could be followed right through the critical
temperature. The use of a single-mode argon laser tuned precisely to
the frequency corresponding to a strong and narrow absorption line
in molecular iodine vapor permitted stray light rejection by more
than seven orders of magnitude.!44 Development of computer-assisted
normalization techniques permitted quantitative recovery of the most
subtle lineshape behavior in quite demanding quasielastic light-
scattering spectra.®> These advances allowed a host of previously
inaccessible phenomena in structural phase transitions, glasses, and
surface wave excitations on metals to be studied by laser light
scattering.l‘"6

6.2.4 Polaritons

In 1965, C. H. Henry and J. J. Hopfield used Raman techniques to
observe the spontaneous Raman scattering in GaP by polaritons, an
excitation of a mixed photon-phonon nature characteristic of all
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infrared active modes.'¥’ By measuring the energy shift of the scat-
tered light versus scattering angle, Henry and Hopfield were able to
plot the polariton dispersion curve (energy versus momentum). This
data demonstrated clearly that as momentum increases, the polariton
changes from a photon to an optical phonon.

An important outgrowth of this experiment was a study by W. L.
Faust and Henry in 1966 of frequency mixing of visible and infrared
laser light in GaP.1*® Frequency mixing can be viewed as driving the
polariton mode at the difference of the two applied laser frequencies
through a nonlinear interaction. This result enabled Nelson and E.
H. Turner to determine the absolute sign of the nonlinear coefficient
for GaP!*® and served as the basis for all subsequent absolute sign
determinations of nonlinear coefficients.

6.3 Coherent Optical Effects

Coherent resonant interaction of laser light with atoms and
molecules leads to nonlinear propagation phenomena. Analogous to
echo and other transient behavior in nuclear magnetic resonance,
these effects provide information on relaxation times and the interac-
tion of the resonant absorbers with their environment. This informa-
tion is valuable in studies of molecular and atomic collision processes.
Coherent optical effects are observed in laser-light pulse propagation
when the pulse field is sufficiently high to drive the atomic dipoles
through a substantial angle during the pulse duration, and when the
inverse pulse duration is large compared to both the radiative decay
rate and the homogeneous linewidth. Self-induced transparency
occurs when the laser pulse drives the atomic dipoles through an
angle of 360 degrees, thus absorbing and reradiating the incident 27
pulse. The phenomena of self-induced transparency (SIT) was
predicted and observed in 1969 by S. L. McCall and E. L. Hahn at the
University of California at Berkeley.150 Patel and Slusher at Bell Labs
observed in 1967 and 1970 the delay, pulse sharpening, and absence
of attenuation characteristic of SIT in the propagation of CO; laser
pulses through SF. 15! In this same system, in 1970, P. K. Cheo and C.
H. Wang observed optical free induction decay and edge echo effects
with rectangular optical pulses.152

6.3.1 Self-Induced Transparency

Although McCall and Hahn at Berkeley, and Patel and Slusher at
Bell Labs, had demonstrated nonlinear transmission and delays,
Slusher and H. M. Gibbs were the first to see breakup and peaking
and significant pulse compression characteristics of SIT and to make a
careful comparison of SIT theory with experimental data from a
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well-defined system.1?? Also, pulses were slowed down to as little as
1/1000 times the speed of light and were drastically reshaped. G. J.
Salamo, together with Gibbs, McCall, and C. C. Churchill, studied the
effects of degeneracies on SIT and found them much less destructive
than expected.!>* Other interesting observations include SIT on-
resonance self-focusing and collisions of SIT pulses.

The SIT reshaping features are of potential technical importance in
the processing of information pulses. The nonlinear transmission
feature would provide an optical discriminator to separate large sig-
nal pulses from small noise pulses in optical repeaters. SIT permits
nanosecond delays in millimeter lengths, as compared with meter
lengths in vacuum. Integrated optics delay lines, pulse compression,
and peak amplification may prove to be useful in multiplexing.

The importance of the 7 pulse in quantum oscillators is illustrated
by the tendency for certain mode-locked lasers to favor oscillation in
the form of a = pulse shuttling back and forth in the resonator, as has
been noted by A. G. Fox and P. W. Smith.155

6.3.2 Photon Echoes

The first coherent optical effect, the photon echo, was reported in
ruby by N. A. Kurnit, I. D. Abella, and S. R. Hartmann of Columbia
University in 1964.1% The resonant atoms are coherently excited by
one pulse; after a delay time, a second pulse effectively reverses the
time so that atoms that had been oscillating the fastest and were
ahead in phase are now behind in phase. After the second pulse, all
of the dipoles are again in phase, and a burst of light, the echo, is
emitted in the direction of the first of two pulses. By measuring the
echo intensity as the delay time is changed, it is possible to determine
the rate of relaxation of the macroscopic dipole moment or the polari-
zation excited by the first pulse.

Patel and Slusher extended the photon echo technique to gases by
using CO, laser pulses to study the dephasing of SF vibrational
transitions by collisions with SF¢ and foreign gases.!> Hahn, N. S.
Shiren, and McCall pointed out the strong changes in photon echoes
that occur when the absorption is high and SIT effects are impor-
tant.158 In 1976, B. Golding and J. E. Graebner observed phonon
echoes in glass, which surprisingly has two-level tunneling states at
0.02K.1%% They also succeeded in observing microwave photon echoes
in amorphous polymers, showing that the tunneling states exist in
polymers as well as glasses and other amorphous systems, thus open-
ing a new route to the study of polymer dynamics.!®® P. Hu and S.
Geschwind have used two-photon, or Raman excitation, to produce
Raman echoes between two states of CdS not coupled by a one-
photon transition; consequently, the echo does not radiate itself, and
a Raman process must be used to observe it.161
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6.3.3 Nonlinear Transmission and Optical Bistability

Optical Dbistability with continuous-wave coherent light, a
phenomenon of great device potential, was predicted by McCall in
1974.162 Such a two-state device might consist of a Fabry-Perot inter-
ferometer containing a nonlinear medium. The two-mirror optical
cavity transmits very little light unless the mirrors are separated by
an integral number of wavelengths of the incident light, in which
case the transmission is very high. The nonlinear medium can intro-
duce an effective change in plate separation, making the transmission
very low at low intensities. At high-enough intensities, the effect of
the medium can be removed by its nonlinear interaction with the
incident light, and the cavity transmits almost completely. A prop-
erty of a Fabry-Perot cavity is that energy is stored inside the cavity.
The intensity inside a transmitting cavity can be 100 times higher
than the incident and transmitted intensities. Consequently, once the
cavity is switched on, it can continue to transmit far lower input
intensities than were required to turn it on. This hysteresis charac-
teristic of the transmitted versus incident light is known as optical
bistability. It was first demonstrated in 1976 by Gibbs, McCall, and T.
N. C. Venkatesan in sodium vapor.16? It was also observed in room
temperature ruby by Venkatesan and McCall.'® In 1979, Gibbs,
McCall, and coworkers have demonstrated optical bistability in GaAs
using a molecular beam epitaxial sandwich only 5 um thick.!6?

Bistable optical devices have also been developed using a hybrid
configuration in which the nonlinearity is produced by an electro-
optic modulator within the Fabry-Perot resonator. The modulator is
driven by the electrical signal from a detector that samples the output
light. The advantage of such a hybrid device is that the artificial
nonlinearity created with the detector-electro-optic modulator combi-
nation can be far larger than the intrinsic nonlinearities of optical
materials. Thus, devices requiring only nanowatts of optical power
can be made.

The first hybrid bistable optical device was demonstrated by Smith
and Turner at Bell Labs in 1976.166 In the years following, rapid prog-
ress was made both in terms of demonstrating a variety of useful
operating characteristics,!¢” and in developing integrated optical ver-
sions that are capable of switching with light energies of less than
one picojoule.168169

An optical bistable device could be used as an optical memory ele-
ment. In addition to bistability, other characteristics may be observed
by adjusting the detunings between the laser, the resonant transition,
the cavity, and the number of nonlinear atoms. Small modulations of
the incident beam can be amplified; that is, some of the dc input
intensity is converted to ac output intensity. Thus, with only optical
inputs into a passive device, it is possible to obtain the optical analog
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of the electron tube or transistor amplifiers. Under other conditions,
the device functions as an optical clipper, discriminator, or limiter.
Under special cases, the device undergoes regenerative pulsations and
converts continuous-wave laser power into a train of light pulses.!”?

6.3.4 Other Coherent Interactions

Coherent light from a laser was used by H. M. Gibbs at Bell Labs to
demonstrate optical precession in which the electric dipole moments
of the atoms are alternately excited and de-excited by the coherent
pulse.l”! The coherence of the light is crucial to the production of
coherent effects. In superfluorescence, a two-level system is initially
completely in its upper state, so no macroscopic polarization or coher-
ence exists. With special geometries, such as a long, thin cylinder,
the decaying atoms become correlated through their common radia-
tion field, resulting in coherent emission. Q. H. F. Vrehen, H. M. J.
Hikspoors, and Gibbs observed beats demonstrating coherence
between two such near-frequency superfluorescence pulses.!”? Their
studies also showed that under certain conditions, the emission occurs
in one coherent pulse rather than in a series of pulses of decreasing
intensity.173

The research of Bell Laboratories scientists on the nonlinear
interactions of coherent light with atoms and molecules has not only
made important contributions to techniques for studying physical
properties of matter, but has also greatly advanced our understanding
of optical propagation of short, intense pulses and of optical
switching—two fields of interest to the emerging technology of
lightwave communications.

6.4 Radiation Pressure and Optical Levitation

Stable optical trapping and manipulation of small particles by the
forces of radiation pressure from lasers was discovered by A. Ashkin
in the early 1970s. It was shown that optical beam configurations
exist that can be used to trap and manipulate dielectric particles in
various media such as liquid,"”* air,” and vacuum.”® This type of
trapping is called optical levitation when the light traps particles in
opposition to the force of gravity.”7 Optically levitated particles can
serve as sensitive probes of electric, diamagnetic, and optical forces.
It is useful with dielectric particles in the 1-um to 100-um range in
those fields of physics where small particles play an important role.
such as light scattering,!”® cloud physics,}”? and laser fusion.!8? Stud-
ies of optical levitation led to the discovery by Ashkin and J. M.
Dziedzic of extremely sharp dielectric surface wave resonances of
dielectric spheres.'®! These surface wave resonances were subse-
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quently shown to be in agreement with scattering theory!®2 and can
be used to measure the average radius of micron-sized spheres with
an accuracy of 1 part in 10° to 10%, which is better than previous opti-
cal size measurements by at least a factor of 10? to 10%. Levitation
techniques were also used in the discovery of a new nonlinear pho-
toelectric effect.!®3 Support of the hollow-shell type laser fusion tar-
gets has been demonstrated.!84

Radiation pressure from lasers can also be used to manipulate and
possibly trap neutral atoms. There are two basic forces acting on
atoms—the resonance radiation pressure forces that are large near an
atomic resonance. The first is the spontaneous scattering force, and
the second is the dipole force. The use of the scattering force for
atomic beam deflection and for exerting significant pressure on
atomic vapors was first proposed by Ashkin in 1970.185 This force has
since been observed by Bjorkholm, Ashkin, and D. B. Pearson.!3¢ In
1978, the dipole force was directly observed for the first time by
Bjorkholm and coworkers in an atomic beam trapping experiment in
which a beam of neutral atoms was trapped within the high intensity
region of a light beam.!” The same force can be used to focus or
defocus a neutral atomic beam when the laser light is tuned below or
above the atomic resonance, respectively. Increases of the on-axis
atomic beam intensity as large as a factor of 30 and decreases to less
than 1072 have been experimentally demonstrated. It has also been
shown experimentally that the minimum spot size to which an atomic
beam can be focused is limited by the quantum fluctuations that are
inherent in resonance-radiation pressure.!®® These fluctuations exist
because of the quantized nature of light and have been discussed in
detail theoretically.!®® Because the resonance-radiation pressure forces
are highly frequency-selective, new ways to optically separate iso-
topes become apparent. The use of light pressure from lasers to
stably trap and cool atoms in a small localized region of a light beam
at temperatures as low as 102K to 107*K has recently been pro-
posed190 and analyzed theoretically.191

The work on the dynamics of particles moving under the influence
of light pressure forces not only provides a new way of studying the
basic interaction of light with neutral matter, but also gives a new
means of optical manipulation and trapping of small particles that
should continue to find new and unusual experimental uses.

VII. NONLINEAR OPTICS

One of the most active fields to develop from laser studies has been
nonlinear optics (NLO). The subject of increasing emphasis at Bell
Labs since its inception in 1961, nonlinear optics has had an impact
on a number of areas of solid state physics, photochemistry, and elec-
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tromagnetic propagation, as well as on tunable light sources and opti-
cal technology. The earliest observation of an NLO effect at Bell
Labs, in 1961, was the generation of blue fluorescence in Eu”-doped
CaF, by simultaneous two-photon absorption from ruby laser light.
In this observation of two-photon fluorescence, W. Kaiser and C. G. B.
Garrett!?? found the measured Eu?" cross section for this process con-
sistent with estimates obtained by D. A. Kleinman.!”® Two-photon
and the related three-photon fluorescence processes that produce
displays with brightness proportional to the square and cube of the
incident light intensity were introduced in 1967 by J. A. Giordmaine
and coworkers.!®* This technique has been widely used in measure-
ments of the duration of picosecond light pulses by intensity correla-
tion. The correlation method was used by M. A. Duguay in 1971 to
photograph ultrashort light pulses in flight.1%> [Fig. 5-13]

7.1 Second Harmonic Generation

Efficient optical second harmonic generation (SHG), unlike two-
photon absorption, requires the satisfaction of precise phase matching
conditions on the refractive index of the fundamental frequency and
its second harmonic. Experiments by Giordmaine in 1962 demon-
strated the concept of optical birefringent phase matching.196 This
method provides greatly increased efficiency for second harmonic
generation by matching the velocities of the incident and harmonic
light. These experiments were followed by a general theory by
Kleinman, delineatin§ the nonlinear interaction of plane waves in
birefringent crystals. 7 Subsequent experiments by Ashkin, Boyd,
and Dziedzic,'*® by Boyd and coworkers,!®® and theory by Boyd and
Kleinman®® resulted in a detailed understanding of the interaction of
Gaussian light waves as well as the conditions for optimization of
SHG and parametric interactions in focused beams. The strong
dependence of efficient SHG on optical dispersion and birefringence
imposes severe requirements on crystal perfection and uniformity.
The nature of this dependence has been described by F. R. Nash and
coworkers.?%! The successful search for better NLO crystals and
improved understanding of nonlinear wave interactions made it pos-
sible for J. E. Geusic and coworkers to demonstrate a useful 1-watt,
continuous-wave, green-light source based on conversion of 1.06 um
laser light to the harmonic at 0.53 um with 100 percent efficiency.20?

The sensitivity of SHG to the optical dispersion and birefringence,
which are usually poorly known in new materials, can lead to
difficulties in even approximate measurements of the nonlinear sus-
ceptibilities. S. K. Kurtz and J. Jerphagnon have shown how to over-
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Fig. 5-13. Stop-motion photograph of an ultrashort pulse of
light (bullet shape) in flight. The light bullet was moving
from right to left through a cell containing milky water.
Despite the tremendous shutter speed (10 picoseconds) the
light bullet is somewhat blurred, obscuring a substructure
known to be present in the pulse. Scale in millimeters.

come many of these problems in measurements with crystal plate-
lets.2%% In addition, Kurtz has introduced a useful method for estimat-
ing susceptibilities of power samples.204

SHG by individual molecules, or double-quantum light scattering,
has been discussed by R. Bersohn, Y.-H. Pao, and H. L. Frisch.?%
Their work delineates the relative contribution of both coherent and
incoherent scattering processes to this rather weak nonlinear effect.
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7.1.1 Nonlinear Optical Materials

Advances in physical understanding and demonstrations of new
phenomena in nonlinear optics have largely been dependent on the
discovery and synthesis of materials with large nonlinear optical
coefficients and other essential optical properties. The first successful
phase-matchable material, KDP, discovered by Giordmaine, was cru-
cial to early experiments.2% This was followed by the discovery of
LiNbO; by Boyd and coworkers, which was an order of magnitude
larger in nonlinear coefficient and led to the first optical parametric
oscillator.2” (See also Section 7.2 in Chapter 16). Measurements of
the nonlinear properties of III-V and II-VI binary semiconductors
have been crucial for a basic understanding of the mechanism of non-
linear optical susceptibilities. These and other measurements have
been summarized by Kurtz.2%® High nonlinearity and optical aniso-
tropy were also found in ternary compounds such as the chalcopyrite
semiconductors by G. D. Boyd and coworkers. 2%

C. K. N. Patel’s discovery of efficient SHG at 10.6 ym in tellurium
using the high-power CO, laser made possible the investigation of
nonlinear properties of a large number of solids that are opaque in
the visible region.210 Tellurium is the material with the largest
known nonlinear optical coefficient in a phase-matchable system.
These studies were subsequently extended to longer wavelengths by
D. A. McArthur and R. A. McFarlane.?!! The nonlinear optics studies
in the infrared also led to novel schemes of phase matching in
materials that do not possess natural birefringence. These novel
phase-matching techniques include reflection phase matching and the
use of plasma dispersion.?!2

Early observations of the nonlinear optical properties of organic
compounds were reported by P. M. Rentzepis and Pao?!3 and by Jer-
phagnon.?! B. F. Levine and C. G. Bethea measured an extensive
series of organic molecules and elucidated the importance of bond
conjugation and intramolecular charge transfer in producing large
nonlinearities.”!> They found organic materials with nonlinearity an
order of magnitude larger than LiNbOj;. Organic compounds will
undoubtedly become more important for future nonlinear optical
devices because the molecules can be engineered to optimize perfor-
mance in ways not possible with inorganic compounds.

7.1.2 Theories of Nonlinear Optical Susceptibility

A number of theories of the nonlinear susceptibility of inorganic
crystals have made available increasingly precise predictions of non-
linear dielectric properties. Kleinman provided important early
insights on the form of the nonlinear susceptibility tensor that relates
nonlinear polarization to the square of the electric field.?® R. C.



Quantum Electronics 189

Miller established the scaling of the nonlinear susceptibility with
respect to the linear dielectric constant.?!” Miller’s rule has proved to
be a particularly valuable guide in the search for new nonlinear opti-
cal materials. Garrett and F. N. H. Robinson were able to provide a
physical basis for Miller's rule and useful estimates of optical non-
linearity in terms of an anharmonic oscillator model.>1® This resulted
in a unified phenomenological description of numerous aspects of
infrared nonlinear behavior, Raman scattering, the electro-optic effect,
and pyroelectricity.

J. C. Phillips” dielectric theory of electronegativity and ionicity has
provided a basic new approach to understanding optical nonlinear
response.?!? This theory connects quantitatively the optical properties
of binary crystals to parameters describing fractional ionicity and
covalency. Levine??? has shown how to apply the theories of Phillips
and of J. A. Van Vechten??! to relate the nonlinear susceptibility to
the linear refractive index. A novel aspect of Levine’s theory is the
central role played by the bond charge. The linear and nonlinear
dielectric responses are expressed wholly in terms of the dynamic
response of bond charges. Levine has also been able to extend the
Phillips-Van Vechten approach to ternary and more complicated com-
pounds. Values of nonlinear susceptibilities measured in various
laboratories are in good agreement with the values predicted from
linear dielectric properties on the basis of Levine’s model. Miller and
W. A. Nordland used laser interference techniques to find unexpected
sign changes among the nonlinear susceptibility coefficients of vari-
ous crystals.???> Their discovery turned out to be an essential clue in
completing the model. It is now recognized that the optical non-
linearity in binary crystals arises from two sources—difference in
electronegativity and the difference in ionic radius of the atomic con-
stituents. Contributions from the two sources have opposite signs,
accounting, for example, for the relatively small nonlinearity of
beryllium oxide.

An alternative approach to calculating nonlinear susceptibilities
was developed by M. DiDomenico and S. H. Wemple.223 They were
able to calculate NLO and electro-optical properties in terms of a
polarization potential tensor that relates band shifts to crystal polari-
zation in ferroelectrics (for example, lithium niobate).

J. G. Bergman and coworkers pointed out the high incidence of
acentricity and nonlinear optical behavior in oxides with nonbonded
electron pairs.224 This property provides another guideline in the
search for new materials.

7.1.3 Nonlinear Optical Phenomena and Applications

A totally unexpected discovery was the susceptibility of crystals
such as lithium niobate to laser-induced refractive index changes, first
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observed by Ashkin and coworkers.??> This optical damage, only par-
tially reversible, was attributed by F. S. Chen??® and by Johnston??’
to displacement of photoexcited carriers by spontaneous or photoin-
duced fields, followed by their trapping outside the illuminated
region. G. E. Peterson, A. M. Glass, and N. J. Negran were able to
identify iron impurities as the origin of these laser-induced index
changes in lithium niobate as well as in similar materials.2?®

Chen, J. T. La Macchia, and D. B. Fraser were the first to demon-
strate the use of optically induced index of refraction changes in
lithium niobate for making volume holograms.??° Index changes in
lithium niobate and other ferroelectric crystals continues to be widely
studied as a means of optical information storage, and also continues
to be a limiting factor in the design of nonlinear optical devices in
ferroelectric crystals.

Optical nonlinearities arising from conduction electrons and giving
rise to various four-photon mixing phenomena have been observed
by Patel, Slusher, and Fleury in semiconductors.?3® P. A. Wolff and G.
A. Pearson explained these relatively strong nonlinearities as caused
by nonparabolicity of the conduction band associated with an
increase in effective mass of the electron as it is accelerated by the
optical electric field.?3! This requires a nonlinear term in its equation
of motion.

Nonlinear optical response in electron-gas plasmas leading to
light-off-light scattering, a related third-order effect, has been
analyzed by P. M. Platzman and N. Tzoar.? The scattering of pairs
of laser photons into pairs of different frequency by this mechanism
appears to be feasible.

The important third-order nonlinearity associated with the polariz-
ability of bound electrons in laser host solids can contribute to self-
phase modulation and rapid spectral broadening during the buildup
of picosecond light pulses. This effect has been studied extensively
in glass by Duguay and S. L. Shapiro.?33

Nonlinear optical effects of laser light have been utilized in various
studies of solids and liquids. For example, I. Freund and L. Kopf
made extensive measurements of the order-disorder phase transition
in ammonium chloride by SHG.%3* Below the transition temperature
of 243K, the ordered phase is acentric and exhibits SHG; no SHG is
expected in the completely disordered phase at higher temperatures.
From observations of the temperature and angular dependence of
SHG near 243K, Freund and Kopf observed directly changes in the
order parameter and discovered evidence of domain structure and
residual long-range order at temperatures above 243K. In another
application of NLO, Rentzepis and Giordmaine observed SHG in opti-
cally active liquids and established a relationship between molecular
nonlinear susceptibility and optical rotatory power.?3>
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W. L. Faust and C. H. Henry contributed a necessary step in under-
standing the electro-optic effect in piezoelectric crystals, that is, a
change in the optical index on application of a dc or low-frequency
electric field. They observed sum and difference frequency mixing of
visible laser light with a number of infrared laser frequencies near
the reststrahl in gallium phosphide.za6 This work clarified the
separate contributions to electro-optic mixing arising from the depen-
dence of electric susceptibility on electric field (pure electronic effect)
and lattice displacement (Raman effect). Kaminow and Johnston
reported this type of resolution of the sources of the electro-optic
effect in lithium niobate and lithium tantalate.?” Boyd and coworkers
made microwave measurements of nonlinear susceptibility in various
crystals and sorted out the lattice, electronic, and hybrid contribu-
tions.?® Their studies were based on Garrett’s extended anharmonic
oscillator model.?? Levine, Miller, and Nordland studied second-
harmonic generation at frequencies near the exciton resonance.?4?
They were able to determine the exciton contribution to the non-’
linear optical susceptibility and to compare it with the theoretical cal-
culation based on a modified hydrogenic wave function. Examples of
materials exhibiting the electro-optic effect include LiTaOj;, shown by
R. T. Denton, T. S. Kinsel, and Chen to be useful as an efficient light
modulator at visible wavelengths,241 and GaAs in the Ga;_, Al ,As
heterostructure lasers for the near infrared wavelengths, studied by F.
K. Reinhart.?#? The latter was an outgrowth of an earlier discovery by
Nelson and Reinhart of electro-optic modulation of light passing
through the optical waveguide formed in the plane of a reverse-
biased GaP p-n junc:tion.z"‘3

A. Hasegawa and F. Tappert found theoretically that the nonlinear
refractive index can compensate the pulse-broadening effect of group
dispersion in low-loss optical fibers.2* This leads to a stationary non-
linear optical pulse (called the envelope soliton) in a single-mode
fiber with negative group-velocity dispersion. The first experimental
observations of pulse compression of picosecond pulses and soliton
behavior in fibers was reported by L. F. Mollenauer, R. H. Stolen, and
]. P. Gordon.?%®

Laser studies of the pyroelectric effect have proceeded along with
nonlinear optical work. Of particular interest is the recognition by R.
L. Abrams and Glass that pyroelectric detection in strontium barium
niobate is sufficiently fast to respond to modulation frequencies of at
least 30 MHz.246

D. H. Auston and Glass used a mode-locked glass laser at 1.06 um
to show that the pyroelectric and electro-optic effects in LiNbO3 can
occur on a picosecond time scale.?? Using the optical rectification
produced by these two mechanisms, they produced an 8 psec 300-volt
electrical pulse and used it to switch an ultrafast Pockel’s cell.
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Future high-speed optical communication links may use integrated
optical components for direct optical switching, modulating, and data
processing. Work on nonlinear optical effects in waveguides is,
therefore, of great interest. J. P. Van der Ziel and coworkers studied
phase-matched second-harmonic generation from A=2um to
A=1um in Ga,Al;_,As waveguides and in multilayers grown by
molecular beam epitaxy.?*8 Levine, Bethea, and R. A. Logan studied
phase-matched second-harmonic generation from A == 1.06 um to 0.53
pm using electric field-induced optical harmonic generation in
waveguides filled with an organic liquid.?*’ Reinhart, Logan, and J.
C. Shelton used the electro-optic effect in Ga,Al;_,As waveguides to
construct efficient optical modulators and rib waveguide switches.?>0
These components have the potential of operating in the gigahertz
range.

7.2 Optical Parametric Amplification

With the availability of optical nonlinearities, it was natural to
explore at optical frequencies the parametric amplification
phenomena familiar at radio and microwave frequencies. Taking
advantage of high-quality lithium niobate crystals grown by Nas-
sau,2%! Giordmaine and Miller built the first optical parametric oscil-
lator and demonstrated the coherence and broad tunability charac-
teristic of this light source.?>? [Fig. 5-14] They also observed a prefer-
ence for certain frequencies of oscillation, or clustering—a feature of
oscillators doubly resonant at signal and idler frequencies. Boyd and
Ashkin demonstrated continuous-wave amplification in LiNbO; and
showed theoretically thdt continuous optical parametric amplification
should be achievable.”®® The achievement of tunable continuous-
wave oscillation in barium sodium niobate by R. G. Smith and
coworkers was an important milestone.?5* Further improvements in
stability and frequency control were also reported by Smith.?>® J. E.
Bjorkholm was the first to demonstrate a singly resonant parametric
oscillator and pointed out the tuning and other advantages of this
type of source, obtained at the price of increased threshold.?® The
question of stability of single-mode operation of the singly resonant
oscillators was analyzed by L. B. Kreuzer, who found single-mode
oscillation stable at pump powers higher than required for optimum
efficiency.??” Now commercially available, parametric oscillators pro-
vide a useful tunable source for optical spectroscopy.

Noise in parametric amplification, analogous to fluorescence in a
laser medium, was described in principle by the early theories of W.
H. Louisell, A. Yariv, and A. E. Siegman,258 and Gordon, Louisell, and
L. R. Walker,?®® which were developed in the context of microwave
frequencies. Kleinman carried out a detailed analysis applicable to
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Fig. 5-14. R. C. Miller (left) and J. A. Giordmaine checking the alignment of a
LiNbO, single crystal used by them in the first demonstration of a tunable optical

parametric oscillator.

the optical region, calculating the frequency and directional distribu-
tion of spontaneous parametric noise emitted from crystals.?®® This
understanding makes possible the use of spontaneous noise observa-
tions to measure the nonlinear optical properties.

The possibility of exploring optical nonlinearities at much higher
frequencies was suggested by Freund and Levine, who used an exten-
sion of Kleinman’s theory to predict that parametric fluorescence
could be observed even at X-ray frequencies.261 Although the
equivalent nonlinear susceptibility in the X-ray region is minute by
comparison with optical values, it is compensated by a greatly
enhanced zero-point fluctuation of the electromagnetic field at X-ray
frequencies, which can be considered to beat with the source to pro-
duce the fluorescence. In the early 1970s, P. M. Eisenberger and
McCall observed X-ray down-conversion and verified momentum-
phase matching requirements similar to those in the optical region.262

The significance of this X-ray phenomenon for solid state physics
lies in the possibility, pointed out by Freund and Levine,?®3 and by
Eisenberger and McCall, of the related X-ray down-conversion pro-
cess yielding an optical and an X-ray photon, rather than two X-ray
photons. It can be shown that this type of scattering process is
equivalent to Bragg scattering solely from the valence or outer shell
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electrons seen by the optical frequency. Crystal analysis by this
modified diffraction method offers, in principle, a selective mapping
of outer-shell electron density distributions.

7.3 Stimulated Raman Scattering and Lasers

In an early laser scattering experiment, Giordmaine and W. Kaiser
demonstrated the scattering of light from driven optical phonons dur-
ing the stimulated Raman scattering (SRS) vibration.2%* This type of
scattering has provided the basis for coherent anti-Stokes Raman
scattering, a sensitive new method of high-speed optical spectroscopy.
The decay of driven optical phonons to generate intense lattice excita-
tions of a few angstroms wavelength, as well as the usefulness of
SRS-generated light in resonance experiments, were illustrated by
experiments of M. J. Colles and Giordmaine.26%

An SRS phenomenon with potentially important applications in
laser fusion development is the generation by Raman compression of
optical pulses with very high peak power—higher than available
from practical laser sources. M. Maier, Kaiser, and Giordmaine
demonstrated this effect for the first time in backward-scattering
experiments in a Raman active liquid.2% In this work, compression of
a short optical pulse was achieved by depletion of a longer, counter-
propagating pump pulse, producing a higher intensity than present
originally in the laser pump.

The nonlinear scattering of light from acoustic waves was studied
by Boyd, Nash, and Nelson.2%” They mixed two infrared waves at a
wavelength 10.6 um with an acoustic wave at 15.7 MHz to generate a
phase-matched infrared wave near the optical harmonic wavelength
of 5.3 um. This experiment led to the idea of multiple-phase match-
ing of higher-order acousto-optic interaction as a way of enhancing
the strength, and to the observation of a triply phase-matched, five-
wave, acousto-optic interaction.?%® E. P. Ippen’s achievement of SRS
in liquid-filled optical fibers with low-power, quasi-continuous-wave
lasers,?®” and the observation of similar nonlinear effects in silica core
fibers by Stolen, Ippen, and A. R. Tynes greatly extends the potential
usefulness of SRS light sources.?’? SRS observations of aqueous solu-
tions by Colles, G. W. Walrafen, and K. W. Wecht appear to reveal
resolved spectral details not accessible by sgontaneous Raman scatter-
ing in materials having broadband spectra.?’1

The advantage of using guided-wave structures such as optical
fibers to enhance the stimulated Raman effect was first pointed out by
Ashkin in 1970.%72 This was demonstrated by Ippen’s achievement of
SRS in liquid-filled optical fibers with low-power quasi-continuous-
wave lasers?’3 and the observation of similar nonlinear effects in sil-
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ica core fibers by Stolen, Ippen, and Tymes.274 Fiber Raman lasers
have proved most useful in their simplest form, in which single-pass
stimulated scattering generates a series of pulses in the 1.1 to 1.5 um
spectral region for fiber dispersion studies.?’> [Fig. 5-15] There has
been extensive study of various fiber Raman lasers employing feed-
back and tuning, as well as investigations of other nonlinear effects
such as stimulated Brillouin scattering, four-photon mixing, and self-
phase modulation.

One of the most important stimulated emission processes is that
associated with Raman scattering from electrons in a semiconductor
in a magnetic field. The large Raman cross sections for scattering of
infrared light from single particle excitations, distinct from collective
excitations or plasmons, were pointed out by Wolff?7® and Y. Yafet.?”’
Wolff suggested that inelastic laser light scattering, in which the light
is shifted in frequency by twice the electron cyclotron frequency,
should have a large cross section. In this process, the electron
Landau-level quantum number changes by two. Yafet analyzed the
related process in which the electron Landau level does not change
but in which the electron spin flips. Both processes produce tunable
light scattering as the magnetic field is changed, the spin-flip process
having less tunability but increased cross section and narrower

Fig. 5-15. The fiber Raman laser used in the experiments by Stolen and
coworkers.
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linewidth. These predictions were confirmed and additional hybrid
scattering observed in spontaneous Raman scattering experiments of
Slusher, Patel, and Fleury in indium antimonide.?’8

Patel and E. D. Shaw reported the first stimulated spin-flip Raman
scattering oscillator (SFR laser) and demonstrated its value as a tun-
able infrared spectroscopic source.?’? Pumped by the 10.6 um carbon
dioxide laser and 5.3 um carbon monoxide laser sources, the SFR laser
provides tunability over the 9.0 um to 14.6 um and 5.30 um to 6.2 um
regions. The potential for ultrahigh resolution spectroscopy is shown
by the linewidth of less than 1 KHz measured by Patel near 5.3 um,
the narrowest reported for any infrared tunable source 280

Using a variety of high-power molecular lasers, Patel and his col-
leagues succeeded in making the spin-flip Raman laser the first source
of high continuous-wave and pulsed tunable laser power in the 5 yum
to 17 um region.?®! The tunability of the spin-flip Raman laser in the
16 um to 17 pum range is of special importance in future energy
research because the technique of uranium isotopic enrichment using
UF, reguires a tunable high-power laser source in this wavelength
region. 82

In addition to demonstrating the spectroscopic applications of the
spin-flip Raman laser through a series .of experiments, the same
research group has applied the spin-flip Raman lasers and other
molecular lasers to the problems of gaseous pollution detection.
These studies are summarized in section 1.7 of Chapter 6.

REFERENCES

1. C. E. Cleeton and N. H. Williams, “The Shortest Continuous Radio Waves,” Phys.
Rev. 50 (December 1936), p. 1091.

2. C. H. Townes, “Resolution and Pressure Broadening of the Ammonia Spectrum
Near One-cm Wavelength,” Phys. Rev. 70 (July 1946), p. 109; idem, “Electrostatic
Field Strengths in Molecules and Nuclear Quadrupole Moments,” Phys. Rev. 71
(June 1947), pp. 909L-910L.

3. C. H. Townes, A. N. Holden, ]J. Bardeen, and F. R. Merritt, “The Quadrupole
Moments and Spins of Br, Cl, and N Nuclei,” Phys. Rev. 71 (1947), pp. 644-645; C.
H. Townes, A. N. Holden, and F. R. Merritt, “Rotational Spectra of Some Linear
Molecules Near 1-Cm Wave-Length,” Phys. Rev. 71 (January 1947), p. 64; C. H.
Townes and F. R. Merritt, “Stark Effect in High Frequency Fields,” Phys. Rev. 72
(December 1947), pp. 1266-1267; J. Bardeen and C. H. Townes, “Calculations of
Nuclear Quadrupole Effects in Molecules,” Phys. Rev. 73 (January 1948), pp. 47-
105.

4. J. P. Gordon, H. ]. Zeiger, and C. H. Townes, “Molecular Microwave Oscillator
and New Hyperfine Structure in the Microwave Spectrum of NH;"* Phys. Rev. 95
(July 1954), pp. 282-284.

5. H. E. D. Scovil, G. Feher, and H. Seidel, “Operation of a Solid State Maser,” Phys.
Rev. 105 (January 1957), pp. 762-763.

6. R. N. DeGrasse, E. O. Schulz-DuBois, and H. E. D. Scovil, “The Three-Level Solid
State Traveling Wave Maser,” Bell System Tech. ]. 38 (March 1959), pp. 305-334.



Quantum Electronics 197

7.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

K. B. Jefferts, A. A. Penzias, R. W. Wilson, and P. M. Solomon, “Detection of Inter-
stellar Carbonyl Sulfide,” Astrophys. ]. 168 (September 1971), pp. L111-L113.

A. L. Schawlow and C. H. Townes, “Infrared and Optical Masers,” Phys. Rev. 112
(December 1958), pp. 1940-1949.

A. Javan, “Possibility of Production of Negative Temperature in Gas Discharges,”
Phys. Rev. Lett. 3 (July 15, 1959), pp. 87-89.

T. H. Maiman, “Stimulated Optical Radiation in Ruby,” Nature 187 (August 6,
1960), pp. 493-494.

A. Javan, W. R. Bennett, Jr., and D. R. Herriott, “Population Inversion and Con-
tinuous Optical Maser Oscillation in a Gas Discharge Containing a He-Ne Mix-
ture,” Phys. Rev. Lett. 6 (February 1, 1961), pp. 106-110; U.S. Patent No. 3,149,290;
filed December 28, 1960, issued September 15, 1964.

W. W. Rigrod, H. Kogelnik, D. J. Brangaccio, and D. R. Herriott, “Gaseous Optical
Maser with External Concave Mirrors,” |. Appl. Phys. 33 (February 1962), pp. 743-
744.

A. D. White and J. D. Rigden, “Continuous Gas Maser Operation in the Visible,”
Proc. IRE 50 (July 1962), p. 1697.

See reference 10.

R. J. Collins, D. F. Nelson, A. L. Schawlow, W. Bond, C. G. B. Garrett, and W.
Kaiser, “Coherence, Narrowing, Directionality, and Relaxation Oscillations in the
Light Emission from Ruby,” Phys. Rev. Lett. 5 (October 1, 1960), pp. 303-305.

L. F. Johnson and K. Nassau, “Infrared Fluorescence and Stimulated Emission of
Nd?** in CaWO,,” Proc. IRE 49 (November 1961), pp. 1704-1706.

L. F. Johnson, G. D. Boyd, K. Nassau, and R. R. Soden, “Continuous Operation of
a Solid-State Optical Maser,” Phys, Rev, 126 (May 15, 1962), pp. 1406-1409,

D. F. Nelson and W. S. Boyle, “A Continuously Operating Ruby Optical Maser,”
Appl. Opt. 1 (March 1962), pp. 181-183.

G. D. Boyd, R. J. Collins, S. P. S. Porto, A. Yariv, and W. A. Hargreaves, “Excita-
tion, Relaxation, and Continuous Maser Action in the 2.613-Micron Transition of
CanzU3+,” Phys. Rev. Lett. 8 (April 1, 1962), pp. 269-272.

L. F. Johnson, R. E. Dietz, and H. J. Guggenheim, “Optical Maser Oscillation from
Ni%* in MgF, Involving Simultaneous Emission of Phonons,” Phys. Rev. Lett. 11
(October 1, 1963), pp. 318-320; idem, “Spontaneous and Stimulated Emission from
CO?* Tons in MgF,; and ZnF,,” Appl. Phys. Lett. 5 (July 15, 1964), pp. 21-22; L. F.
Johnson and H. J. Guggenheim, “Phonon-Terminated Coherent Emission from
V2* fons in MgF,,” J. Appl. Phys. 38 (November 1967), pp. 4837-4839.

L. F. Johnson, H. J. Guggenheim, and R. A. Thomas, “Phonon-Terminated Optical
Masers,” Phys. Rev. 149 (September 1966), pp. 179-185.

P. P. Sorokin and J. R. Lankard, “Stimulated Emission Observed from an Organic
Dye, Chloroaluminum Phthalocyanine,” IBM ]. Res. and Dev. 10 (January 1966),
pp. 162-163.

A. G. Fox and T. Li, “Resonant Modes in a Maser Interferometer,” Bell System Tech.
J. 40 (March 1961), pp. 453-488. '

G. D. Boyd and J. P. Gordon, “Confocal Multimode Resonator for Millimeter
Through Optical Wavelength Masers,” Bell System Tech. |]. 40 (March 1961), pp.
489-508.

G. D. Boyd and H. Kogelnik, “Generalized Confocal Resonator Theory,” Bell Sys-
tem Tech. |. 41 (July 1962), pp. 1347-1369.

H. Kogelnik and W. W. Rigrod, “Visual Display of Isolated Optical Resonator
Modes,” Proc. IRE 50 (February 1962), p. 220.

H. Kogelnik, “Matching of Optical Modes,” Bell System Tech. |. 43 (January 1964),
pp. 334-337.

H. Kogelnik, “Imaging of Optical Modes—Resonators with Internal Lenses,” Bell



198 Engineering and Science in the Bell System

System Tech. |. 44 (March 1965), pp. 455-494; idem, H. Kogelnik, “On the Propaga-
tion of Gaussian Beams of Light Through Lenslike Media, Including Those with a
Loss or Gain Variation,” Appl. Optics 4 (December 1965), pp. 1562-1569.

29. H. Kogelnik and T. Li, “Laser Beams and Resonators,” Appl. Optics 5 (October
1966), pp. 1550-1567; idem, “Laser Beams and Resonators,” Proc. [EEE 54 (October
1966), pp. 1312-1329.

30. L. E. Hargrove, R. L. Fork, and M. A. Pollack, “Locking of He-Ne Laser Modes
Induced by Synchronous Intracavity Modulation,” Appl. Phys. Lett. 5 (July 1,
1964), pp. 4-5.

31. M. DiDomenico, Jr., “Small-Signal Analysis of Internal (Coupling-Type) Modula-
tion of Lasers,” J. Appl. Phys. 35 (October 1964), pp. 2870-2876.

32. M. H. Crowell, “Characteristics of Mode-Coupled Lasers,” IEEE ]J. Quantum Elec-
tronics (April 1965), pp. 12-20.

33. P. W. Smith, “Phase Locking of Laser Modes by Continuous Cavity Length Varia-
tion,” Appl. Phys. Lett. 10 (January 15, 1967), pp. 51-53.

34. A. G. Fox and P. W. Smith, “Mode-Locked Laser and the 180° Pulse,” Phys. Rev.
Lett. 18 (May 15, 1967), pp. 826-828; P. W. Smith, “The Self-Pulsing Laser Oscilla-
tor,” IEEE . Quantum Electronics QE-3 (November 1967), pp. 627-635.

35. A. G. Fox, S. E. Schwarz, and P. W. Smith, “Use of Neon as a Nonlinear Absorber
for Mode Locking a He-Ne Laser,” Appl. Phys. Lett. 12 (June 1, 1968), pp. 371-373.

36. P. W. Smith, “Simultaneous Phase-Locking of Longitudinal and Transverse Laser
Modes,” Appl. Phys. Lett. 13 (October 1, 1968), pp. 235-237.

37. W.T. Silfvast and P. W. Smith, “Mode-Locking of the He-Cd Laser at 4416 and
32504, Appl. Phys. Lett. 17 (July 15, 1970), pp. 70-73.

38. O. R. Wood, R. L. Abrams, and T. J. Bridges, “Mode Locking of a Transversely
Excited Atmospheric Pressure CO, Laser,” Appl. Phys. Lett. 17 (November 1, 1970),
pp. 376-378.

39. P. W. Smith, T. J. Bridges, E. G. Burkhardt, and O. R. Wood, “Mode-Locked,
High-Pressure Waveguide CO, Laser,” Appl. Phys. Lett. 21 (November 15, 1972),
pp- 470-472.

40. P. K. Runge, “Mode-Locking of He-Ne Lasers with Saturable Organic Dyes,”
Optics Comm. 3 (August 1971), pp. 434-436.

41. A. Dienes, E. P. Ippen, and C. V. Shank, “A Mode-Locked cw Dye Laser,” Appl.
Phys. Lett. 19 (October 15, 1971), pp. 258-260.

42. C. V. Shank and E. P. Ippen, “Mode-Locking of Dye Lasers,” Dye Lasers, ed. F. P.
Schafer (New York: Springer-Verlag, 1973), pp. 121-143,

43. E. P. Ippen, C. V. Shank, and A. Dienes, “Passive Mode Locking of the cw Dye
Laser,” Appl. Phys. Lett. 21 (October 15, 1972), pp. 348-350.

44. C. V. Shank and E. P. Ippen, “Subpicosecond Kilowatt Pulses from a Mode-Locked
cw Dye Laser,” Appl. Phys. Lett. 24 (April 15, 1974), pp. 373-375.

45. D. M. Bloom, L. F. Mollenauer, C. Lin, D. W. Taylor, and A. M. DelGaudio,
“Direct Demonstration of Distortionless Picosecond-Pulse Propagation in
Kilometer-Length Optical Fibers,” Optics. Lett. 4 (September 1979), pp. 297-299.

46. D. E. McCumber, “Intensity Fluctuations in the Output of cw Laser Oscillators, I,”
Phys. Rev. 141 (January 1966), pp. 306-322.

47. M. Lax, “Quantum Noise. IV. Quantum Theory of Noise Sources,” Phys. Rev. 145
(May 6, 1966), pp. 110-129; idem, “Quantum Noise V: Phase Noise in a Homo-
geneously Broadened Maser,” Physics of Quantum Electronics, ed. P. L. Kelley, B.
Lax, P. E. Tannenwald (New York: McGraw-Hill, 1966), pp. 735-747; idem,
“Quantum Noise. X. Density-Matrix Treatment of Field and Population-
Difference Fluctuations,” Phys. Rev. 157 (May 1967), pp. 213-231.

48. J. P. Gordon, “Quantum Theory of a Simple Maser Oscillator,” Phys. Rev. 161
(September 1967), pp. 367-386.



Quantum Electronics 199

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

M. Lax and M. Zwanziger, “Exact Photocount Distributions for Lasers near Thres-
hold,” Phys. Rev. Lett. 24 (April 27, 1970), pp. 937-940.

T. L. Paoli and J. E. Ripper, “Observation of Intrinsic Fluctuations in Semiconduc-
tor Lasers,” Phys. Rev. A2 (December 1970), pp. 2551-2555.

P. Aigrain, “Masers of Semi-Conducteurs,” Quantum Electronics, Proceedings of the
Third International Congress, Paris, Vol. 2 (New York: Columbia Univ. Press, 1964),
pp. 1761-1767.

N. G. Basov, B. M. Yul, and Yu. M. Popov, “Quantum-Mechanical Semiconductor
Generators and Amplifiers of Electromagnetic Oscillations,” Sov. Phys. JETP 10
(February 1960), p. 416.

W. S. Boyle and D. G. Thomas, U. S. Patent No. 3,059,117; filed January 11, 1960,
issued October 16, 1962.

W. G. A. Bernard and G. Duraffourg, “Laser Conditions in Semiconductors,” Phys.
Status Solidi 1, No. 7 (1961), pp. 699-703.

J. . Pankove and M. J. Massoulie, “Injection Luminescence in Gallium Arsenide,”
]. Electrochem. Soc. 109 (March 1962), p. 67C.

R. J. Keyes and T. M. Quist, “Recombination Radiation Emitted by Gallium
Arsenide,” Proc. IRE 50 (August 1962), pp. 1822-1823.

R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson, “Coherent
Light Emission from GaAs Junctions,” Phys. Rev. Lett. 9 (November 1, 1962), pp.
366-368.

N. Holonyak, Jr. and S. F. Bevacqua, “Coherent (Visible) Light Emission from
Ga(As,_,P,) Junctions,” Appl. Phys. Lett. 1 (December 1, 1962), pp. 82-83.

M. 1. Nathan, W. P. Dumke, G. Burnes, F. H. Dill, Jr., and G. Lasher, “Stimulated
Emission of Radiation from GaAs p-n Junctions,” Appl. Phys. Lett. 1 (November 1,
1962), pp. 62-63.

T. M. Quist, R. H. Rediker, R. J. Keyes, W. E. Krag, B. Lax, A. L. McWhorter, and
H. J. Zeigler, “Semiconductor Maser of GaAs,” Phys. Lett. 1 (December 1, 1962),
pp- 91-92.

J. C. Dyment and L. A. D’Asaro, “Continuous Operation of GaAs Junction Lasers
on Diamond Heat Sinks at 200°K,” Appl. Phys. Lett. 11 (November 1, 1967), pp.
292-294.

M. B. Panish and S. Sumski, “Ga-Al-As: Phase, Thermodynamic, and Optical Pro-
perties,” J. Phys. Chem. Solids 30 (January 1969), pp. 129-137.

1. Hayashi, M. B. Panish, and P. W. Foy, “A Low-Threshold Room-Temperature
Injection Laser,” IEEE ]. Quantum Electron. QE-5 (April 1969), p. 211; L Hayashi
and M. B. Panish, Device Research Conference, Seattle, Washington, June 1970; 1L
Hayashi, M. B. Panish, P. W. Foy, and S. Sumski, “Junction Lasers Which Operate
Continuously at Room Temperature,” Appl. Phys. Lett. 17 (August 1, 1970), pp.
109-111.

Zh. 1. Alferov, V. M. Andreev, D. Z. Garbuzov, Yu. V. Zhilyaev, E. P. Morozov, E.
L. Portnoi, and V. G. Trofim, “Investigation of the Influence of the AlAs-GaAs
Heterostructure Parameters on the Laser Threshold Current and the Realization of
Continuous Emission at Room Temperature,” Sov. Phys. Semicond. 4 (March 1971),
pp. 1573-1575.

R. A. Furnanage and D. K. Wilson, U. S. Patent No. 3,363,195; filed July 1, 1963;
issued January 1968.

J. C. Dyment, L. A. D’Asaro, J. C. North, B. I. Miller, and J. E. Ripper, “Proton-
Bombardment Formation of Strip-Geometry Heterostructure Lasers for 300K cw
Operation,” Proc. IEEE 60 (June 1972), pp. 726-728.

B. C. DelLoach, B. W. Hakki, R. L. Hartman, and L. A. D’Asaro, “Degradation of
CW GaAs Double-Heterojunction Lasers at 300K,” Proc. IEEE 61 (July 1973), pp.
1042-1044.



200 Engineering and Science in the Bell System

68. W.D. Johnston, Jr., and B. I. Miller, “Degredation Characteristics of cw Optically
Pumped Al Ga, ,As Heterostructure Lasers,” Appl. Phys. Lett. 23 (August 15,
1973), pp. 192-194.

69. P. Petroff and R. L. Hartman, “Defect Structure Introduced During Operation of
Heterojunction GaAs Lasers,” Appl. Phys. Lett. 23 (October 15, 1973), pp. 469-471;
D. V. Lang and L.C. Kimerling, “Observation of Recombination-Enhanced Defect
Reactions in Semiconductors,” Phys. Rev. Lett. 33 (August 19, 1974), pp. 489-492.

70. R. L. Hartman and A. R. Hartman, “Strain-Induced Degradation of GaAs Injection
Lasers,” Appl. Phys. Lett. 23 (August 1, 1973), pp. 147-149.

71. W. B. Joyce, R. W. Dixon, and R. L. Hartman, “Statistical Characterization of the
Lifetimes of Continuously Operated (Al,Ga)As Double-Heterostructure Lasers,”
Appl. Phys. Lett. 28 (June 1, 1976), pp. 684-686.

72. R. E. Nahory and M. A. Pollack, “Low-Threshold Room-Temperature Double-
Heterostructure GaAs;_,Sb, /s Ga;_,5b, Injection Lasers at 1-um Wavelengths,”
Appl. Phys. Lett. 27 (November' 15, 1975), pp- 562-564.

73. K. Sugiyama and H. Saito, “GaAsSb-AlGaAsSb Double-Heterojunction Lasers,”
Japan [. Appl. Phys. 11 (July 1972), pp. 1057-1058.

74. R. E. Nahory, M. A. Pollack, E. D. Beebe, J. C. Dewinter, and R. W. Dixon, “Con-
tinuous Operation of 1.0-um-Wavelength GaAs; ,Sb /As;_ Sb, Double-
Heterostructure Injection at Room Temperature,” Appl. Phys. Lett. 28 (January 1,
1976), pp. 19-21.

75. J. J. Hsieh, J. A. Rossi, and J. P. Donrelly, “Room Temperature cw Operation of
GalnAsP/InP Double-Heterostructure Diode Lasers Emitting at 1.1 um,” Appl.
Phys. Lett. 28 (June 15, 1976), pp. 709-711.

76. C.]J. Neuse, G. H. Olsen, M. Ettenberg, J. . Gannon, and T. J. Zamerowski, “cw
Room-Temperature InxGal_xAs/InyGal_yP 1.06 pum Lasers,” Appl. Phys. Lett. 29
(December 15, 1976), pp. 807-809.

77. H. Kogelnik and C. V. Shank, “Stimulated Emission in a Periodic Structure,” Appl.
Phys. Lett. 18 (February 15, 1971), pp. 152-154.

78. H. Kogelnik and C. V. Shank, “Coupled-Wave Theory of Disttibuted-Feedback
Lasers,” ]. Appl. Phys. 43 (May 1972), pp. 2327-2335; C. V. Shank, R. V. Schmidt,
and B. I. Miller, “Double-Heterostructure GaAs Distributed-Feedback Laser,” Appl.
Phys. Lett. 25 (August 15, 1974), pp. 200-201; H. C. Casey, S. Somekh, and H.
llegems, “Room Temperature Operation of Low-Threshold Separate Confinement
Heterostructure Injection Laser with Distributed Feedback,” Appl. Phys. Lett. 27
(August 1, 1976), pp. 142-144.

79. C. K. N. Patel, “Interpretation of CO, Optical Maser Experiments,” Phys. Rev. Lett.
12 (May 25, 1964), pp. 588-590.

80. C. K. N. Patel, “Selective Excitation Through Vibrational Energy Transfer and
Optical Maser Action in N,—CO,” Phys. Rev. Lett. 13 (November 23, 1964), PP-
617-619.

81. C.K.N. Patel, “CW High Power N,—CO, Laser,” Appl. Phys. Lett. 7 (July 1, 1965),
pp. 15-17; C. K. N. Patel, P. K. Tien, and J. H. McFee, “cw High-Power
CO,~N,—He Laser,” Appl. Phys. Lett. 7 (December 1, 1965), pp. 290-292; C. K. N.
Patel, “16 Watts Output Achieved in Infrared Laser,” Bell Laboratories Record 43
(July-August 1965), p. 311; idem, “Helium Is Key to High Power Lasers,” Bell
Laboratories Record 43 (December 1965), p. 464.

82. J. E. Geusic, H. M. Marcos, and L. G. Van Uitert, “Laser Oscillations in Nd-Doped
Yttrium Aluminum, Yttrium Gallium, and Gadolinium Garnets,” Appl. Phys. Lett.
4 (May 15, 1964), pp. 182-184.

83. W. R. Bennett, Jr., “Recent Progress in Experiments with Gaseous Optical Maser,”
Bull. Am. Phys. Soc. 7 (January 24, 1962), p. 15; C. K. N. Patel, “Optical Power
Output in He-Ne and Pure Ne Maser,” ]. Appl. Phys. 33 (November 1962), PP-
3194-3195.



Quantum Electronics 201

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

C. K. N. Patel, W. R. Bennet, Jr., W. L. Faust, and R. A. McFarlane, “Infrared Spec-
troscopy Using Stimulated Emission Techniques,” Phys. Rev. Lett. 9 (August 1,
1962), pp. 102-104.

C. K. N. Patel, W. L. Faust, R. A. McFarlane, and C. G. B. Garrett, “cw Optical
Maser Action up to 133 pm (0.133 mm) in Neon Discharges,” Proc. IEEE 52 (June
1964), p. 713.

E. L. Gordon, E. F. Labuda, and W. B. Bridges, “Continuous Visible Laser Action in
Singly Ionized Argon, Krypton, and Xenon,” Appl. Phys. Lett. 4 (May 15, 1964),
pp- 178-180.

W. T. Silfvast, “Efficient cw Laser Oscillation at 4416 A in Cd (II),” Appl. Phys. Lett.
13 (September 1, 1968), pp. 169-171; idem, “New cw Metal-Vapor Laser Transi-
tions in Cd, Sn, and Zn,” Appl. Phys. Lett. 15 (July 1, 1969), pp. 23-25.

W. T. Silfvast and M. B. Klein, “cw Laser Action on 24 Visible Wavelengths in Se
11,” Appl. Phys. Lett. 17 (November 1, 1970), pp. 400-406.

M. B. Klein and W. T. Silfvast, “New cw Laser Transitions in Se IL” Appl. Phys.
Lett. 18 (June 1, 1971), pp. 482-485.

W. T. Silfvast and L. H. Szeto, “Simplified Low-Noise He-Cd Laser with Seg-
mented Bore,” Appl. Phys. Lett. 19 (November 16, 1971), pp. 445-447.

M. A. Duguay and P. M. Rentzepis, “Some Approaches to Vacuum UV and X-Ray
Lasers,” Appl. Phys. Lett. 10 (June 15, 1967), pp. 350-352

E. J. McGuire and M. A. Duguay, “Soft X-ray Gain in the Alkali Earths,” Applied
Optics 16 (January 1977), pp. 83-88.

C. K. N. Patel and R. J. Kerl, “Laser Oscillation on XE Vibrational- Rotational
Transitions of CO,” Appl. Phys. Lett. 5 (August 15, 1964), pp. 81-83.

C. K. N. Patel, “cw Laser on Vibrational-Rotational Transitions of CO,” Appl. Phys.
Lett. 7 (November 1, 1965), pp. 246-247.

C. K. N. Patel, “cw Laser Action in N,O(N,—N,O System),” Appl. Phys. Lett. 6
(January 1, 1965), pp. 12-13.

C. K. N. Patel, “cw Laser Oscillation in an N,—CS, System,” Appl. Phys. Lett. 7
(November 15, 1965), pp. 273-274.

T. Y. Chang and T. J. Bridges, “Laser Action at 452, 496, and 541 um in Optically
Pumped CH4F,” Opt. Commun. 1 (April 1970), pp. 423-426.

T. Y. Chang, T. J. Bridges, and E. G. Burkhardt, “CW Submillimeter Laser Action
in Optically Pumped Methyl Fluoride, Methyl Alcohol, and Vinyl Chloride
Gases,” Appl. Phys. Lett. 17 (September 15, 1970), pp. 249-251; idem, “CW Laser
Action at 81.5 and 263-4 um in Optically Pumped Ammonia Gas,” Appl. Phys. Lett.
17 (November 1, 1970), pp. 357-358.

D. T. Hodges, “A Review of Advances in Optically Pumped Far-Infrared Lasers,”
Infrared Physics 18 (December 1978), pp. 375-384.

C. V. Shank, A. Dienes, A. M. Trozzolo, and J. A. Myer, “Near UV to Yellow Tun-
able Laser Emission from an Organic Dye,” Appl. Phys. Lett. 16 (May 15, 1970), pp.
405-407.

A. Dienes, E. P. Ippen, and C. V. Shank, “High Efficiency Tunable CW Dye Laser,”
IEEE JQE 8 (March 1972), pp. 388-389.

H. W. Kogelnik, E. P. Ippen, A. Dienes, and C. V. Shank, “Astigmatically Com-
pensated Cavities for CW Dye Lasers,” IEEE JQE 8 (March 1972), pp. 373-379.

P. K. Runge and R. Rosenberg, “Unconfined Flowing-Dye Films for CW Dye
Lasers,” IEEE JQE 8 (December 1972), pp. 910-911.

C. V. Shank, ]J. Edighoffer, A. Dienes, and E. P. Ippen, ““Evidence for Diffusion
Independent Triplet Quenching in the Rhodamine 6G Ethylene Glycol CW Dye
Laser System,” Opt. Commun. 7 (March 1973), pp. 176-177.

L. F. Mollenauer and D. H. Olson, “A Broadly Tunable CW Laser Using Color
Centers,” Appl. Phys. Lett. 24 (April 15, 1974), pp. 386-388; L. F. Mollenauer,
“Dyelike Lasers for the 0.98-2 um Region Using FJ Centers in Alkali Halides,”



202

106.
107.
108.
109.
110.
111.
112.

113.
114.

115.

116.

117.
118.
119.

120.

121.

122,

123.

124.

125.
126.

127.

Engineering and Science in the Bell System

Optics. Lett. 1 (November 1977), pp. 164-165; L. F. Mollenauer, D. M. Bloom, and
H. Guggenheim, “Simple Two-Step Photoionization Yields High Densities of
Laser-Active F; Centers,” Appl. Phys. Lett. 33 (September 15, 1978), pp. 506-509; L.
F. Mollenauer and D. M. Bloom, “Color Center Laser Generates Picosecond Pulses
and Several Watts CW over the 1.24-1.45 um Range,” Optics. Lett. 4 (August 1979),
pPp. 247-249.

B. Fritz and E. Menke, “Laser Effect in KCl with F A(Li) Centers,” Solid State Comm.
3 (1965), pp. 61-63.

See reference 15.

A. Javan, E. A. Ballik, and W. L. Bond, “Frequency Characteristics of a
Continuous-Wave He-Ne Optical Maser,” ]. Opt. Soc. Am. 52 (January 1962), pp.
96-99.

]. D. Rigden and E. I. Gordon, “The Granularity of Scattered Optical Maser Light,”
Proc. IRE 50 (November 1962), pp. 2367-2368.

L. Kaminow, “Splitting of Fabry-Perot Rings by Microwave Modulation of Light,”
Appl. Phys. Lett. 2 (January 15, 1963), pp. 41-42.

L. H. Enloe and J. H. Rodda, “Laser Phase-Locked Loop,” Proc. IEEE 53 (February
1965), pp. 165-166.

R. A. McFarlane, W. R. Bennett, Jr., and W. B. Lamb, Jr., “Single Mode Tuning
Dip in the Power Output,” Appl. Phys. Lett. 2 (May 15, 1963), pp. 189-190.

See reference 86.

D. E. McCumber and M. D. Sturge, “Linewidth and Temperature Shift of the R
Lines in Ruby,” J. Appl. Phys. 34 (June 1963), pp. 1682-1684.

D. F. Nelson and M. D. Sturge, “Relation Between Absorption and Emission in the
Region of the R Lines of Ruby,” Phys. Rev. 137 (February 1965), pp. 1117-1130.
L.S. Vasﬂinko, V. P. Chebotaev, and A. V. Shishaev, “Line Shape of Two-Photon
Absorption in a Standing-Wave Field in a Gas,” JETP Lett. 12 (August 5, 1970),
pp- 113-116.

J. E. Bjorkholm and P. F. Liao, “Resonant Enhancement of Two-Photon Absorption
in Sodium Vapor,” Phys. Rev. Lett. 33 (July 15, 1974), pp. 128-131.

P. F. Liao and J. E. Bjorkholm, “Direct Observation of Atomic Energy Level Shifts
in Two-Photon Absorption,” Phys. Rev. Lett. 34 (January 6, 1975), pp. 1-4.

J. E. Bjorkholm and P. F. Liao, “AC Stark Splitting of Two-Photon Spectra,” Optics
Commun. 21 (April 1977), pp. 132-136.

J. E. Bjorkholm and P. F. Liao, “Line Shape and Strength of Two-Photon Absorp-
tion in an Atomic Vapor with a Resonant or Nearly Resonant Intermediate State,”
Phys. Rev. A14 (August 1976), pp. 751-760.

P. F. Liao and J. E. Bjorkholm, “Measurement of the Fine-Structure Splitting of the
4F State in Atomic Sodium Using Two-Photon Spectroscopy with a Resonant
Intermediate State,” Phys. Rev. Lett. 36 (June 28, 1976), pp. 1543-1545.

N. A. Kurnit, I. D. Abella, and S. R. Hartmann, “Observation of a Photon Echo,”
Phys. Rev. Lett. 13 (November 9, 1964), pp. 567-568.

P. F. Liao, J. E. Bjorkholm, and J. P. Gordon, “Observation of Two-Photon Optical
Free-Induction Decay in Atomic Sodium Vapor,” Phys. Rev. Lett. 39 (July 4, 1977),
pp- 15-18.

D. F. Liao, N. Economu, and R. R. Freeman, “Two-Photon Coherent Transient
Measurements of Doppler-Free Linewidths with Broadband Excitation,” Phys. Rev.
Lett. 39 (December 5, 1977), pp. 1473-1476.

5. P. S. Porto and D. L. Wood, “Ruby Optical Maser as a Raman Source,” J. Opt.
Soc. Am. 52 (March 1962), pp. 251-252.

H. Kogelnik and S. P. S. Porto, “Continuous Helium-Neon Red Laser as a Raman
Source,” J. Opt. Soc. Am. 53 (December 1963), pp. 1446-1447.

D. F. Nelson and M. Lax, “New Symmetry for Acousto-Optic Scattering,” Phys.
Rev. Lett. 24 (February 23, 1970), pp. 379-380.



Quantum Electronics 203

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

D. F. Nelson and P. D. Lazay, “Measurement of the Rotational Contribution to
Brillouin Scattering,” Phys. Rev. Lett. 23 (October 26, 1970), pp. 1187-1191.

J. M. Worlock and S. P. S. Porto, “Raman Scattering by F Centers,” Phys. Rev. Lett.
15 (October 25, 1965), pp. 697-699.

S. P. S. Porto, B. Tell, and T. C. Damen, “Near-Forward Raman Scattering in Zinc
Oxide,” Phys. Rev. Lett. 16 (March 14, 1966), pp. 450-452.

G. B. Wright and A. Mooradian, “Raman Scattering from Donor and Acceptor
Impurities in Silicon,” Phys. Rev. Lett. 18 (April 10, 1967), pp. 609-610.

C. K. N. Patel and R. E. Slusher, “Light Scattering by Plasmons and Landau Levels
of Electron Gas in InAs,” Phys. Rev. 167 (March 1968), pp. 413-415.

B. Tell and R. J. Martin, “Raman Scattering by Coupled Optical-Phonon-Plasmon
Modes in GaAs,” Phys. Rev. 167 (March 1968), pp. 381-386.

]. F. Scott, T. C. Damen, R. C. C. Leite, and J. Shah, “Light Scattering from Plas-
mas and Single-Particle Excitations in Cadmium Sulfide near Resonance,” Phys.
Rev. B1 (June 1970), pp. 4330-4333.

J. M. Worlock, T. C. Damen, K. L. Shaklee, and J. P. Gordon, “Determination of
the Optical Properties and Absolute Concentrations of Electron-Hole Drops in
Germanium,” Phys. Rev. Lett. 33 (1974), p. 771.

]J. Doehler, J. C. V. Mattos, and J. M. Worlock, “Laser-Doppler Velocimetry of
Electron-Hole Drops in Germanium,” Phys. Rev. Lett. 38 (March 28, 1977), pp.
726-729.

P. A. Fleury, S. P. S. Porto, L. E. Cheesman, and H. J. Guggenheim, “Light Scatter-
ing by Spin Waves in FeF,,” Phys. Rev. Lett. 17 (July 11, 1966), pp. 84-87.

P. A. Fleury and R. Loudon, “Scattering of Light by One- and Two-Magnon Exci-
tations,” Phys. Rev. 166 (February 1968), pp. 514-530.

P. A. Fleury, “Evidence for Magnon-Magnon Interactions in RbMnF3,” Phys. Rev.
Lett. 21 (July 15, 1968), pp. 151-153; idem, “Paramagnetic Spin Waves and Corre-
lation Functions in NiF,,” Phys. Rev. 180 (April 1969), pp. 591-593.

P. A. Fleury and ]. M. Worlock, “Electric-Field-Induced Raman Effect in Paraelec-
tric Crystals,” Phys. Rev. Lett. 18 (April 17, 1966), pp. 665-667.

J. M. Worlock and P. A. Fleury, “Electric Field Dependence of Optical-Phonon
Frequencies,” Phys. Rev. Lett. 19 (November 13, 1967), pp. 1176-1179.

I. P. Kaminow and T. C. Damen, “Temperature Dependence of the Ferroelectric
Mode in KH,PO,,” Phys. Rev. Lett. 20 (May 13, 1968), pp. 1105-1108; I. P. Kami-
now and W. D. Johnston, Jr., “Quantitative Determination of Sources of the
Electro-Optic Effect in LiNbO,; and LiTaOj,” Phys. Rev. 160 (August 1967), pp.
519-522.

M. DiDomenico, Jr.,, S. P. S. Porto, and S. H. Wemple, “Evidence from Raman
Scattering for an Overdamped Soft Optic Mode in BaTiOj,” Phys. Rev. Lett. 19
(October 9, 1967), pp. 855-857.

G. E. Devlin, J. L. Davis, L. Chase, and S. Geschwind, “Absorption of Unshifted
Scattered Light by a Molecular I, Filter in Brillouin and Raman Scattering,” Appl.
Phys. Lett. 19 (September 1, 1971), pp. 138-141.

K. B. Lyons and P. A. Fleury, “Digital Normalization of Iodine Filter Structure in
Quasielastic Light Scattering,” J. App. Phys. 47 (November 1976), pp. 4898-4900.

P. A. Fleury and K. B. Lyons, “Spectroscopic Observation of Very-Low-Energy
Excitations in Glasses,” Phys. Rev. Lett. 36 (May 17, 1976), pp. 1188-1191.

C. H. Henry and J. ]J. Hopfield, “Raman Scattering by Polaritons,” Phys. Rev. Lett.
15 (December 20, 1965), pp. 964-966.

W. L. Faust and C. H. Henry, “Mixing of Visible and Near-Resonance Infrared
Light in GaP,” Phys. Rev. Lett. 17 (December 19, 1966), pp. 1265-1268.

D. F. Nelson and E. H. Turner, “’Electro-Optic and Piezoelectric Coefficients and
Refractive Index of Gallium Phosphide,” J. Appl. Phys. 39 (June 1968), pp. 3337-
3343.



204

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Engineering and Science in the Bell System

5. L. McCall and E. L. Hahn, “Self-Induced Transparency,” Phys. Rev. 183 (July
1969), pp. 457-485.

C. K. N. Patel and R. E. Slusher, “Self-Induced Transparency in Gases,” Phys. Rev.
Lett. 19 (October 30, 1967), pp. 1019-1022; C. K. N. Patel, “Investigation of Pulse
Delay in Self-Induced Transparency,” Phys. Rev. A1 (April 1970), pp. 979-982.

P. K. Cheo and C. H. Wang, “Propagation of a Cavity-Dumped CO, Laser Pulse
Through SFg,” Phys. Rev. A1l (February 1970), pp. 225-230.

H. M. Gibbs and R. E. Slusher, “Peak Amplification and Breakup of a Coherent
Optical Pulse in a Simple Atomic Absorber,” Phys. Rev. Lett. 24 (March 23, 1970),
pp. 638-64l; idem, “Optical Pulse Compression by Focusing in a Resonant
Absorber,” Appl. Phys. Lett. 18 (June 1, 1971), pp. 505-507; R. E. Slusher and H. M.
Gibbs, “Self-Induced Transparency in Atomic Rubidium,” Phys. Rev. A5 (April
1972), pp. 1634-1659; idem, “Self-Induced Transparency in Atomic Rubidium
(Errata),” Phys. Rev. A6 (September 1972), pp. 1255-1257; R. E. Slusher, “Self-
Induced Transparency,” Progress in Optics, Vol. XII, ed. E. Wolf (Amsterdam:
North-Holland, 1974), pp. 53-100.

G. J. Salamo, H. M. Gibbs, and C. C. Churchill, “Effects of Degeneracy on Self-
Induced Transparency,” Phys. Rev. Lett. 33 (July 29, 1974), pp. 273-274; H. M.
Gibbs, S. L. McCall, and G. J. Salamo, “Near-Ideal Self-Induced-Transparency
Breakup in Highly Degenerate Systems,” Phys. Rev. (September 1975), pp. 1032-
1035.

A. G. Fox and P. W. Smith, “Mode-Locked Laser and the 180° Pulse,” Phys. Rev.
Lett. 18 (May 15, 1967), pp. 826-828.

N. A. Kurnit, I. D. Abella, and S.R. Hartmann, “Observation of Photon Echoes,”
Phys. Rev. Lett. 13 (November 9, 1964), pp. 567-568.

C. K. N. Patel and R. E. Slusher, “Photon Echoes in Gases,” Phys. Rev. Lett. 20
(May 13, 1968), pp. 1087-1089.

E. L. Hahn, N. S. Shiren, and S. L. McCall, “Application of the Area Theorem to
Photon Echoes,” Phys. Lett. 37A (November 22, 1971), pp- 265-267.

B. Golding and J. E. Graebner, “Phonon Echoes in Glass,” Phys. Rev. Lett. 37 (Sep-
tember 27, 1976), pp. 852-855.

B. Golding, J. E. Graebner, and W. H. Haemmerle, “Microwave Photon Echoes
from Polyethylene,” Phys. Rev. Lett. 44 (March 31, 1980), pp. 899-902.

P. Hu, S. Geschwind, and T. M. Jedju, “Spin-Flip Raman Echo in n-Type CdS,”
Phys. Rev. Lett. 37 (November 16, 1976), pp. 1357-1360.

S. L. McCall, “Instabilities in Continuous-Wave Light Propagation in Absorbing
Media,” Phys. Rev. A9 (April 1974),pp. 1515-1523.

H. M. Gibbs, S. L. McCall, and T. N. C. Venkatesan, “Differential Gain and Bista-
bility Using a Sodium-Filled Fabry-Perot Interferometer,” Phys. Rev. Lett. 36 (May
10, 1976), pp. 1135-1138.

T. N. C. Venkatesan and S. L. McCall, “Optical Bistability and Differential Gain
Between 85 and 296°K in a Fabry-Perot Containing Ruby,” Appl. Phys. Lett. 30
(March 15, 1977), pp. 282-284.

H. M. Gibbs, S. L. McCall, T. N. C. Venkatesan, A. Passner, A. C. Gossard, and W.
Wiegmann, “Optical Bistability in Semiconductors,” Appl. Phys. Lett. 35 (Sep-
tember 15, 1979), pp. 451-453.

P. W. Smith and E. H. Turner, “A Bistable Fabry-Perot Resonator,” Appl. Phys. Lett.
30 (March 15, 1977), pp. 280-281.

P. W. Smith, E. H. Turner, and P. J. Maloney, “Electrooptic Nonlinear Fabry-Perot
Devices,” IEEE |. Quantum Electron. QE-14 (March 1978), pp. 207-212.

P. S. Cross, R. V. Schmidt, R. L. Thornton, and P. W. Smith, “Optically Controlled
Two Channel Integrated-Optical Switch,” IEEE ]. Quantum Electron. QE-14 (August
1978), pp. 577-580; P. W. Smith, I. P. Kaminow, P. J. Maloney, and L. W. Stulz,
“Self-Contained Integrated Bistable Optical Devices,” Appl. Phys. Lett. 34 (January
1, 1979), pp. 62-65.



Quantum Electronics 205

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.
183.

184.
185.
186.

187.

188.

189.

190.

191.

P. W. Smith, “Hybrid Bistable Optical Devices,” Optical Eng. 19 (July/August
1980), pp. 456-462.

S. L. McCall, “Instability and Regenerative Pulsation Phenomena in Fabry-Perot
Nonlinear Optic Media Devices,” Appl. Phys. Lett. 32 (March 1, 1978), pp. 284-286.
H. M. Gibbs, “Spontaneous Decay of Coherently Excited Rb,” Phys. Rev. Lett. 29
(August 21, 1972), pp. 459-462; idem, “Incoherent Resonance Fluorescence from a
Rb Atomic Beam Excited by a Short Coherent Optical Pulse,” Phys. Rev. A8 (July
1973), pp. 446-445; idem, “Test of Neoclassical Radiation Theory: Incoherent Reso-
nance Fluourescence from a Coherently Excited State,” Phys. Rev. A8 (July 1973),
Pp- 456-464.

Q. H. F. Vrehen, H. M. J. Hikspoors, and H. M. Gibbs, “Quantum Beats in
Superfluourescence in Atomic Cesium,” Phys. Rev. Lett. 38 (April 4, 1977), pp.
764-767.

H. M. Gibbs, Q. H. F. Vrehen, and H. M. J. Hikspoors, “Single-Pulse
Superfluorescence in Cesium,” Phys. Rev. Lett. 39 (August 29, 1977), pp. 547-550.
A. Ashkin, “Acceleration and Trapping of Particles by Radiation Pressure,” Phys.
Rev. Lett. 24 (January 26, 1970), pp. 156-159.

A. Ashkin, “Atomic-Beam Deflection by Resonance-Radiation Pressure,” Appl.
Phys. Lett. 25 (1970), p. 1321.

A. Ashkin and J. M. Dziedzic, “Optical Levitation by Radiation Pressure,” Appl.
Phys. Lett. 19 (October 15, 1971), pp. 283-285; idem, “Optical Levitation in High
Vacuum,” Appl. Phys. Lett. 28 (March 15, 1976), pp. 333-335.

A. Ashkin and J. M. Dziedzic, “Feedback Stabilization of Optically Levitated Parti-
cles,” Appl. Phys. Lett. 30 (February 15, 1977), pp. 202-204.

A. Ashkin and J. M. Dziedzic, “Observations of Resonances in the Radiation Pres-
sure on Dielectric Spheres,” Phys. Rev. Lett. 38 (June 6, 1977), pp. 1351-1354.

A. Ashkin and J. M. Dziedzic, “Optical Levitation of Liquid Drops by Radiation
Pressure,” Science 187 (March 21, 1975), pp. 1073-1075.

A. Ashkin and ]. M. Dziedzic, “Stability of Optical Levitation by Radiation Pres-
sure,” Appl. Phys. Lett. 24 (June 15, 1974), pp. 586-588.

See reference 179.

P. Chylek, J. T. Kiehl, and M. K. W. Ko, “Optical Levitation and Partial-Wave
Resonances,” Phys. Rev. A18 (November 1978), pp. 2229-2233.

A. Ashkin and J. M. Dziedzic, “Observation of a New Nonlinear Photoelectric
Effect Using Optical Levitation,” Phys. Rev. Leit. 36 (February 2, 1976), pp. 267-
270.

See reference 181.

See references 175 and 176.

J. E. Bjorkholm, A. Ashkin, and D. B. Pearson, “Observation of Resonance Radia-
tion Pressure on an Atomic Vapor,” Appl. Phys. Lett. 27 (November 15, 1975), pp.
534-537.

J. E. Bjorkholm, R. R. Freeman, A. Ashkin, and D. B. Pearson, “Observation of
Focusing of Neutral Atoms by the Dipole Forces of Resonance-Radiation Pres-
sure,” Phys. Rev. Lett. 41 (November 13, 1978), pp. 1361-1364.

D. B. Pearson, R. R. Freeman, J. E. Bjorkholm, and A. Ashkin, “Focusing and
Defocusing of Neutral Atomic Beams Using Resonance-Radiation Pressure,” Appl.
Phys. Lett. 36 (January 1, 1980), pp. 99-101.

). E. Bjorkholm, R. R. Freeman, A. Ashkin, and D. B. Pearson, “Experimental
Observation of the Influence of the Quantum Fluctuations of Resonance-Radiation
Pressure,” Optics. Lett. 5 (March 1980), pp. 111-113.

A. Ashkin, “Trapping of Atoms by Resonance Radiation Pressure,” Phys. Rev. Lett.
40 (March 20, 1978), pp. 729-732; A. Ashkin and J. P. Gordon, “Cooling and Trap-
ping of Atoms by Resonance Radiation Pressure,” Opt. Lett. 4 (June 1979), pp.
161-163.

J. P. Gordon and A. Ashkin, “Motion of Atoms in a Radiation Trap,” Phys. Rev.



206 Engineering and Science in the Bell System

A21 (May 1980), pp. 1606-1617.

192. W. Kaiser and C. G. B. Garrett, “Two-Photon Excitation in CaFZ:Eu2+,” Phys. Rev.
Lett. 7 (September 15, 1961), pp. 229-231.

193. D. A. Kleinman, “Laser and Two-Photon Processes,” Phys. Rev. 125 (January
1962), pp. 87-88.

194. ]J. A. Giordmaine, P. M. Rentzepis, S. L. Shapiro, and K. W. Wecht, “Two-Photon
Excitation of Fluorescence by Picosecond Light Pulses,” Appl. Phys. Lett. 11
(October 1, 1967), pp. 216-218.

195. M. A. Duguay and J. W. Hansen, “Ultrahigh Speed Photography of Picosecond
Light Pulses,” IEEE ]. Quant. Electron. QE-7 (1971), pp. 37-39.

196. J. A. Giordmaine, “Mixing of Light Beams in Crystals,” Phys. Rev. Lett. 8 (January
1, 1962), pp. 19-20.

197. D. A. Kleinman, “Theory of Second Harmonic Generation of Light,” Phys. Rev.
128 (November 1962), pp. 1761-1775.

198. A. Ashkin, G. D. Boyd, and J. M. Dziedzic, “Observation of Continuous Optical
Harmonic Generation with Gas Masers,” Phys. Rev. Lett. 11 (July 1, 1963), pp.- 14-
17.

199. G. D. Boyd, R. C. Miller, K. Nassau, W. L. Bond, and A. Savage, “LiNbO;: An
Efficient Phase Matchable Nonlinear Optical Material,” Appl. Phys. Lett. 5 (1964),
Pp- 234-236.

200. G. D. Boyd and D. A. Kleinman, “Parametric Interaction of Focused Gaussian
Light Beams,” |. Appl. Phys. 39 (July 1968), pp. 3597-3639.

201. F. R. Nash, G. D. Boyd, M. Sargent, III, and P. M. Bridenbaugh, “Effect of Optical
Inhomogeneities on Phase Matching in Linear Crystals,” J. Appl. Phys. 41 (May
1970), pp. 2564-2575.

202. J. E. Geusic, H. J. Levinstein, S. Singh, R. G. Smith, and L. G. Van Uitert, “Con-
tinuous 0.532-u Solid-State Source Using Ba,NaNbgO,5,” Appl. Phys. Lett. 12 (May
1, 1968), pp. 306-308.

203. J. Jerphagnon and S. K. Kurtz, “Maker Fringes: A Detailed Comparison of Theory
and Experiment for Isotropic and Unijaxial Crystals,” ]. App!. Phys. 41 (March
1970), pp. 1667-1681.

204. S. K. Kurtz and T. T. Perry, “A Powder Technique for the Evaluation of Nonlinear
Optical Materials,” J. Appl. Phys. 39 (July 1968), pp. 3798-3813.

205. R. Bersohn, Y-H. Pao, and H. L. Frisch, “Double-Quantum Light Scattering by
Molecules,” J. Chem. Phys. 45 (November 1966), pp. 3184-3198.

206. See reference 195.

207. See reference 200; also, J. A. Giordmaine and R. C. Miller, “Tunable Coherent
Parametric Oscillation in LiNbO; at Optical Frequencies,” Phys. Rev. Lett. 14 (June
14, 1965), pp. 973-976; idem, “Optical Parametric Oscillation in LiNbO3,” Physics
of Quantum Electronics, ed. P. L. Kelley, B. Lax, and P. E. Tannenwald (New York:
McGraw-Hill, 1966), pp. 31-42.

208. S, K. Kurtz, “Nonlinear Optical Materials,” in Laser Handbook, Vol. 1, ed. F. T.
Arecchi and E. O. Schulz-Dubois (Amsterdam: North Holland, 1972), pp. 923-974.

209. G. D. Boyd, E. Buehler, F. G. Storz, and J. H. Wernick, “Linear and Nonlinear Opt-
ical Properties of Ternary AlBlVCY2 Chalcopyrite Semiconductors,” IEEE |. Quant.
Electron. QE-8 (April 1972), pp. 419-426; G. D. Boyd, H. Kasper, and J. H. McFee,
“Linear and Nonlinear Optical Properties of AgGaS,, CuGaS,, and CulnS,, and
Theory of the Wedge Technique for the Measurement of Nonlinear Coefficients,”
IEEE ]. Quant. Electron. QE-7 (December 1971), pp. 563-573; G. D. Boyd, J. H.
McFee, F. G. Storz, and H. M. Kasper, “Linear and Nonlinear Optical Properties of

Some Ternary Selenides,” IEEE |. Quant. Electron. QE-8 (December 1972), pp. 900-
908.



Quantum Electronics 207

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

C. K. N. Patel, “Efficient Phase-Matched Harmonic Generation in Tellurium with a
CO, Laser at 10.6u,” Phys. Rev. Leti. 15 (December 27, 1965), pp. 1027-1030; idem,
“Parametric Amplification in the Far Infrared,” Appl. Phys. Lett. 10 (November 1,
1966), pp. 332-334; idem, “Investigation of Nonlinear Phenomena and Scattering
Processes at 10.6 Microns,” Modern Optics, Vol. XVII (New York: Polytechnic
Press, 1967), pp. 19-51; C. K. N. Patel, “Optical Harmonic Generation in the
Infrared Using a CO, Laser,” Phys. Rev. Lett. 16 (April 4, 1966), pp. 613-616; C. K.
N. Patel, R. E. Slusher, and P. A. Fleury, “Optical Nonlinearities Due to Mobile
Carriers in Semiconductors,” Phys. Rev. Lett. 17 (November 7, 1966), pp. 1011-
1014.

D. A. McArthur and R. A. McFarlane, “Optical Mixing in Cadmium Telluride
Using the Pulsed Water Vapor Laser,” Appl. Phys. Lett. 16 (June 1, 1970), pp. 452-
454,

G. D. Boyd and C. K. N. Patel, “Enhancement of Optical Second-Harmonic Gen-
eration by Reflection Phase Matching in ZnS and GaAs,” Appl. Phys. Lett. 8 (June
15, 1966), pp: 313-315; N. Van Tran and C. K. N. Patel, “Free-Carrier Magneto-
Optical Effects in the Far Infrared Difference Frequency Generation in Semicon-
ductors,” Phys. Rev. Lett. 22 (March 10, 1969), pp. 463-466.

P. M. Rentzepis and Y.-H. Pao, “Laser-Induced Optical Second Harmonic Genera-
tion in Organic Crystals,” Appl. Phys. Lett. 5 (October 15, 1964), pp. 156-158.

J. Jerphagnon, “Optical Second-Harmonic Generation in Isocyclic and Heterocy-
clic Organic Compounds,” IEEE |. Quantum Electron. QE-7 (January 1971), pp. 42-
43

B. F. Levine, “Studies of Molecular Characteristics and Interactions Using Hyper-
polarizabilities as a Probe,” in Dielectric and Related Molecular Processes 3 (London:
The Chemical Soc., Burlington House, 1977), pp. 73-107; B. F. Levine and C. G.
Bethea, “Second and Third Order Hyperpolarizabilities of Organic Molecules,” .
Chem. Phys. 63 (1975), pp. 2666-2682.

D. A. Kleinman, “Nonlinear Dielectric Polarization in Optical Media,” Phys. Rev.
126 (June 1962), pp. 1977-1979.

R. C. Miller, “Optical Second Harmonic Generation in Piezeoelectric Crystals,”
Appl. Phys. Lett. 5 (July 1, 1964),pp. 17-19.

C. G. B. Garrett and F. N. H. Robinson, “Miller’s Phenomenological Rule for Com-
puting Nonlinear Susceptibilities,” IEEE ]. Quantum Electron. QE=2 (August 1966),
pp- 328-329; F. N. H. Robinson, “Nonlinear Optical Coefficients,” Bell System Tech.
J. 46 (May-June 1967), pp. 913-956; C. G. B. Garrett, “Nonlinear Optics, Anhar-
monic Oscillators, and Pyroelectricity,” IEEE ]. Quantum Electron. QE-4 (March
1968), pp. 70-84.

J. C. Phillips, “Ionicity of the Chemical Bond in Crystals,” Rev. Mod. Phys. 42
(July 1970), pp. 317-356.

B. F. Levine, “Electrodynamical Bond-Charge Calculation of Nonlinear Optical
Susceptibilities,” Phys. Rev. Lett. 22 (April 14, 1969), pp. 787-790; idem, “A New
Contribution to the Nonlinear Optical Susceptibility Arising from Unequal
Atomic Radii,” Phys. Rev. Lett. 25 (August 17, 1970), pp. 440-443.

J. A. Van Vechten, “Quantum Dielectric Theory of Electronegativity in Covalent
Systems. 1. Electronic Dielectric Constant,” Phys. Rev. 182 (June 1969), pp. 891- 905.
R. C. Miller and W. A. Nordland, “Absolute Signs of Second-Harmonic Genera-
tion Coefficients of Piezoelectric Crystals,” Phys. Rev. B2 (December 1970), pp.
4896-4902.

M. DiDomenico, Jr., and S. H. Wemple, “Oxygen-Octahedra Ferroelectronics. I
Theory of Electro-Optical and Nonlinear Optical Effects,” ]. Appl. Phys. 40 (Febru-
ary 1969), pp. 720-734.



208

224,

225.

226.

227.

228.

229.

230.
231.

232.

233.

234.

235.

236.

237.
238.
239.
240.

241.

242,

243.

244.

245.

Engineering and Science in the Bell System

J. G. Bergman, G. D. Boyd, A. Ashkin, and S. K. Kurtz, “New Nonlinear Optical
Materials: Metal Oxides with Nonbonded Electrons,” J. Appl. Phys. 40 (June
1969), pp. 2860-2863.

A. Ashkin, G. D. Boyd, J. M. Dzijedzic, R. G. Smith, A. A. Ballman, J. T. Levinstein,
and K. Nassau, “Optically Induced Refractive Index Inhomogeneities in LiNbO,
and LiTaO;,” Appl. Phys. Lett. 9 (July 1, 1966), pp. 72-74.

F. S. Chen, “Optically Induced Change of Refractive Indices in LiTaO, and
LiTaO;,” J. Appl. Phys. 40 (July 1969), pp. 3389-3396.

W. D. Johnston, Jr., “Optical Index Damage in LiNbO; and Other Pyroelectric
Insulators,” J. Appl. Phys. 41 (July 1970), pp. 3279-3285.

G. E. Peterson, A. M. Glass, and N. J. Negran, “Control of the Susceptibility of
Lithium Niobate to Laser-Induced Refractive Index Changes,” Appl. Phys. Lett. 19
(September 1, 1971), pp. 130-132.

F. 5. Chen, J. T. La Macchia, and D. B. Fraser, “Holographic Storage in Lithium
Niobate,” Appl. Phys. Lett. 13 (October 1, 1968), pp. 223-225.

See reference 209.

P. A. Wolff and G. A. Pearson, “Theory of Optical Mixing by Mobile Carriers in
Semiconductors,” Phys. Rev. Lett. 17 (November 7, 1966), pp. 1015-1017.

P. M. Platzman and N. Tzoar, “Nonlinear Interaction of Light in a Plasma,” Phys.
Rev. 136 (October 1964), pp. 11-16.

M. A. Duguay, J. W. Hansen, and S. L. Shapiro, “Study of the Nd:Glass Laser
Radiation,” IEEE ]. Quantum Electron. 6 (November 1970), pp. 725-743.

L. Freund and L. Kopf, “Long-Range Order in NH,Cl,” Phys. Rev. Lett. 24 (May 4,
1970), pp. 1017-1021.

J. A. Giordmaine, “Nonlinear Optical Properties of Liquids,” Phys. Rev. 138 (June
1965), pp. 1599-1606; P. M. Rentzepis, J. A. Giordmaine, and K. W. Wecht,
“Coherent Optical Mixing in Optically Active Liquids,” Phys. Rev. Lett. 16 (May 2,
1966), pp. 792-794.

W. L. Faust and C. H. Henry, “Mixing of Visible and Near-Resonance Infrared
Light in GaP,” Phys. Rev. Lett. 17 (December 19, 1966), pp. 1265-1268.

See reference 141.

G. D. Boyd, T. J. Bridges, M. A. Pollack, and E. H. Turner, “Microwave Nonlinear
Susceptibilities Due to Electronic and lonic Anharmonicities in Acentric Crystals,”
Phys. Rev. Lett. 26 (February 15, 1971), pp. 387-390.

See reference 217.

B. F. Levine, R. C. Miller, and W. A. Nordland, Jr., “Resonant Exciton Nonlineari-
ties with Spatial Dispersion,” Phys. Rev. B12 (November 1975}, pp. 4512-4521.

R. T. Denton, T. S. Kinsel and F. S. Chen, “Me/s Optical Pulse Code Modulator,”
Proceedings of the IEEE 54 (October 1966), pp. 1472-1473.

F. K. Reinhart and B. I Miller, “Efficient GaAs—Al,Ga,_,As Double-
Heterostructure Light Modulation,” Appl. Phys. Lett. 20 (January 1, 1972), pp. 36-
38.

D. F. Nelson and F. K. Reinhart, “Light Modulation by the Electro-Optic Effect in
Reverse-Biased GaP p-n Junction,” Appl. Phys. Lett. 5 (October 1, 1964), pp. 148-
150.

A. Hasegawa and F. Tappert, “Transmission of Stationary Nonlinear Optical
Pulses in Dispersive Dielectric Fibers. I. Anomalous Dispersion,” Appl. Phys. Lett.
23 (August 1, 1973), pp. 142-144; idem, “Transmission of Stationary Nonlinear
Optical Pulses in Dispersive Dielectric Fibers. II. Normal Dispersion,” Appl. Phys.
Lett. 23 (August 15, 1973), pp. 171-172.

L. F. Mollenauer, R. H. 5tolen, and J. P. Gordon, “Experimental Observation of
Picosecond Pulse Narrowing and Solitons in Optical Fibers,” Phys. Rev. Lett. 45
(September 29, 1980), pp. 1095-1098.



Quantum Electronics 209

246.

247.

248.

249.

250.

251.

252,
253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

R. L. Abrams and A. M. Glass, “Photomixing at 10.6 with Strontium Barium
Niobate Pyroelectric Detectors,” Appl. Phys. Lett. 15 (October 15, 1969), pp. 251-
253.

D. H. Auston and A. M. Glass, “Optical Rectification by Impurities in Polar Cry-
stals,” Phys. Rev. Lett. 28 (April 3, 1972), pp. 897-900; idem, “Optical Generation
of Intense Picosecond Electrical Pulses,” Appl. Phys. Lett. 20 (May 15, 1972), pp.
398-399.

]. P. Van der Ziel, R. C. Miller, R. A. Logan, W. A. Nordland, Jr., and R. M. Miku-
lyak, “Phase-Matched Second-Harmonic Generation in GaAs Optical Waveguides
by Focused Laser Beams,” Appl. Phys. Lett. 25 (August 15, 1974), pp. 238-240.

B. F. Levine, C. G. Bethea, and R. A. Logan, “Phase-Matched Second Harmonic
Generation in a Liquid-Filled Waveguide,” Appl. Phys. Lett. 26 (April 1, 1975), pp.
375-377.

F. K. Reinhart and R. A. Logan, “Integrated Electro-Optic Intracavity Frequency
Modulation of Double-Heterostructure Injection Laser,” Appl. Phys. Lett. 27
(November 15, 1975), pp. 532-534; J. C. Shelton, F. K. Reinhart, and R. A. Logan,
“Single-mode GaAs—Al, Ga;_,As Rib Waveguide Switches,” Appl. Optics 17
(March 1978), pp. 890-891.

K. Nassau, H. J. Levinstein, and G. M. Loiacono, “Ferroelectric Lithium Niobate.
1. Growth, Domain Structure, Dislocations and Etching,” J. Phys. Chem. Solids 27
(June/July 1966), pp. 983-988; idem, “Ferroelectric Lithium Niobate. 2. Prepara-
tion'of Single Domain Crystals,” J. Phys. Chem. Solids 27 (June/July 1966), pp. 989-996.
See reference 206.

G. D. Boyd and A. Ashkin, “Theory of Parametric Oscillator Threshold with
Single-Mode Optical Masers and Observation of Amplification in LiNbO;,” Phys.
Rev. 146 (June 1966), pp. 187-198.

R. C. Smith, J. E. Geusic, H. J. Levinstein, J. J. Rubin, S. Singh, and L. G. Van
Uitert, “Continuous Optical Parametric Oscillation in Ba,NaNb;O,5,” Appl. Phys.
Lett. 12 (May 1, 1968), pp. 308-310.

R. G. Smith, “Optical Parametric Oscillators,” Laser Handbook, ed. F. T. Arecchi and
E. O. Schulz-Dubois (Amsterdam: North Holland, 1972), pp. 837-896.

J. E. Bjorkholm, “Efficient Optical Parametric Oscillation Using Doubly and Singly
Resonant Cavities,” Appl. Phys. Lett. 13 (July 15, 1968), pp. 53-56.

L. B. Kreuzer, “Single and Multimode Oscillation of the Singly Resonant Optical
Parametric Oscillator,” Proc. Joint Conf. on Lasers and Opto-Electronics (London:
LER.E, 1969), pp. 52-63.

W. H. Louisell, A. Yariv, and A. E. Siegman, “Quantum Fluctuations and Noise in
Parametric Processes. I.,” Phys. Rev. 124 (December 1961), p. 1646-1654.

J. P. Gordon, W. H. Louisell, and L. R. Walker, “Quantum Fluctuations and Noise
in Parametric Processes. II,” Phys. Rev. 129 (January 1963), pp. 481-485.

D. A. Kleinman, “Theory of Optical Parametric Noise,” Phys. Rev. 174 (October
1968), pp. 1027-1041.

I. Freund and B. F. Levine, “Parametric Conversion of X-Rays,” Phys. Rev. Lett. 23
(October 13, 1969), pp. 854-857.

P. M. Eisenberger and S. L. McCall, “X-Ray Parametric Conversion,” Phys. Rev.
Lett. 26 (March 22, 1971), pp. 684-688; idem, “Mixing of X-Ray and Optical Pho-
nons,” Phys. Rev. A3 (March 1971), pp. 1145-1151.

I. Freund and B. F. Levine, “Optically Modulated X-Ray Diffraction,” Phys. Rev.
Lett. 25 (November 2, 1970), p. 1241.

J. A. Giordmaine and W. Kaiser, “Light Scattering by Coherently Driven Lattice
Vibrations,” Phys. Rev. 144 (April 1966), pp. 676-688.

M. J. Colles and J. A. Giordmaine, “Generation and Detection of Large-R-Vector
Phonons,” Phys. Rev. Lett. 27 (September 6, 1971), pp. 670-674.



210

266.

267.

268.

269.

270.

271.

272,

273.

274.
275.

276.

277.

278.

279.

280.

281.

282.

Engineering and Science in the Bell System

M. Maier, W. Kaiser, and J. A. Giordmaine, “Intense Light Bursts in the Stimu-
lated Raman Effect,” Phys. Rev. Lett. 17 (December 26, 1966), pp. 1275-1277; idem,
“Backward Stimulated Rarnan Scattering,” Phys. Revo. 177 (January 1969), pp. 580-
599.

G. D. Boyd, F. R. Nash, and D. F. Nelson, “Observation of Acoustically Induced
Phase-Matched Optical Harmonic Generation in GaAs,” Phys. Rev. Lett. 24 (June
8, 1970), pp. 1298-1301.

D. F. Nelson and R. M. Mikulyak, “Observation of a Triply Phase-Matched Five-
Wave Acousto-Optic Interaction,” Phys. Rev. Lett. 28 (June 12, 1972), pp. 1574~
1577.

E. P. Ippen, “Low-Power Quasi-cw Rarnan Oscillator,” Appl. Phys. Lett. 16 (April
15, 1970), pp. 303-305.

R. H. Stolen, E. P. Ippen, and A. R. Tynes, “Raman Oscillation in Glass Optical
Waveguide,” Appl. Phys. Lett. 20 (January 15, 1972), pp. 62-64; E. P. Ippen, C. K.
N. Patel, and R. H. Stolen, U.S. Patent No. 3,705,992; filed December 13, 1971,
issued December 12, 1972.

M. J. Colles, G. W. Walrafen, and K. W. Wecht, “Sti:nulated Raman Spectra from
Hj, O, Dy, O, HDO and Solutions of NaClO, in H,O and D,0,” Chem. Phys. Lett. 4
(February 1, 1970), pp. 621-624.

A. Ashkin and E. P. Ippen, U. S. Patent No. 3,793,541; filed December 21, 1970,
issued February 19, 1974.

See reference 268.

See reference 269.

L. G. Cohen and C. Lin, “Pulse Delay Measurements in the Zero Material Disper-
sion Wavelength Region for Optical Fibers,” Appl. Opt. 16 (December 1977), pp.
3136-3139.

P. A. Wolff, “Thomson and Raman Scattering by Mobile Electrons in Crystals,”
Phys. Rev. Lett. 16 (February 7, 1966), pp. 225-228.

Y. Yafet, “Raman Scattering by Carriers in Landau Levels,” Phys. Rev. 152
(December 1966), pp. 858-862.

R. E. Slusher, C. K. N. Patel, and P. A. Fleury, “Inelastic Light Scattering from
Landau-Level Electrons in Semiconductors,” Phys. Rev. Lett. 18 (January 16, 1967),
pp- 77-80.

C. K. N. Patel and E. D. Shaw, “Tunable Stimulated Raman Scattering from Con-
duction Electrons in InSb,” Phys. Rev. Lett. 24 (March 2, 1970), pp. 451-455; C. K.
N. Patel, E. D. Shaw, and R. J. Kerl, “Tunable Spin-Flip Laser and Infrared Spec-
troscopy,” Phys. Rev. Lett. 25 (July 6, 1970), pp. 8-11.

C. K. N. Patel, “Linewidth of Tunable Stimulated Raman Scatteting,” Phys. Rev.
Lett. 28 (March 13, 1972), pp. 649-652.

C. K. N. Patel, “Spin-Flip Raman Lasers and High Resolution Spectroscopy,” Proc.
of the Sixth Int. Conference on Raman Spectroscopy, ed. E. D. Schmid, R. S. Krishnan,
W. Kiefer, and H. W. Schrotter (London: Heyden & Son., Ltd., 1978), pPp. 369-379.
C. K. N. Pate], T. Y. Chang, and V. T. Nuyen, “Spin-Flip Raman Laser at
Wavelengths up to 16.8 um,” Appl. Phys. Lett. 28 (May 15, 1976), pp. 603-605.



Chapter 6
Atoms, Molecules, and Plasmas

Studies of atoms, molecules, and plasmas cover a wide range of physics
subfields to which Bell Laboratories scientists have made important contribu-
tions. In atomic and molecular physics the research activities have ranged
from fundamental spectroscopy of the simplest of atoms and molecules—such
as the Lamb shift in hydrogenic atoms, the hyperfine structure of the hydro-
gen molecule ion, and atomic collisions in a helium-neon discharge—to the
radiation from ion-atomic and ion-molecular collisions that take place in the
earth’s atmosphere, and the opto-acoustic spectroscopy of polluting gases.
The more massive biological molecules have also been studied at Bell Labs,
including the application of the high-resolution technique of nuclear magnetic
resonance to study DNA and hemoglobin, and the use of fluorometric screen-
ing tests for lead poisoning. Early plasma physics research included the
discharge mechanisms in telephone relays and studies of the collective modes
of ionized gases, electron beams, and solid-state plasmas, as well as plasma
instabilities.

1. ATOMIC AND MOLECULAR PHYSICS

The study of atomic and molecular physics has been an important
facet of the research at Bell Laboratories. Although these efforts were
often motivated by the need to understand the atomic and molecular
systems from which new laser systems were invented, many experi-
ments whose sole aim was to probe the fundamental physics of atoms
and molecules were also performed. Indeed, the invention of the
laser gave rise to a renaissance of optical spectroscopy in the 1970s as
the high power and spectral purity of laser sources were used to
uncover new and detailed information about atomic systems. (For
more on this topic, see section VI of Chapter 5.)

1.1 Lamb Shift in Hydrogenic Ions

A good example of fundamental atomic physics research was Bell
Labs’ collaboration with members of Rutgers University in determin-

Principal authors: W. E. Blumberg, A. Hasegawa, A. A. Lamola, P. F. Liao, P. M. Platzman,
R. G. Shulman, R. E. Slusher, and C. M. Surko
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ing the Lamb shift of hydrogenic atoms. The Lamb shift, or energy
separation between the 25y, and 2P, excited states of the hydrogen
atom, arises from the quantum nature of the electromagnetic field and
was first measured by W. E. Lamb at Columbia University in 1946.!
The various electron-photon interactions that contribute to this effect
were explained by quantum electrodynamics (QED) field theory.
Extensive measurements of the Lamb shift of hydrogen-like atoms,
along with the anomalous magnetic moment of the electron, have
provided the traditional observable parameters for testing the theoret-
ical predictions and limitations of QED. A Lamb shift measurement
of high precision performed by M. Leventhal and P. E. Havey of Bell
Labs on °Li** showed the predictions of the theory to be in reason-
able agreement with the data.”

Atoms of higher atomic number, Z, ionized to one remaining elec-
tron, are quantum-mechanically analogous to the hydrogen atom, but
QED predicts an increase in the Lamb shift proportional to the fourth
and higher powers of Z. This dependence allows higher sensitivity
study of QED interactions and offers the possibility of observing new
and unexpected atomic phenomena. Such highly ionized species can
be produced from beams of high-energy ions, which became available
at the Bell Labs-Rutgers University tandem accelerator about 1967.
(See section 1.2 of Chapter 8.)

In the late 1960s, D. E. Murnick and Leventhal began experiment-
ing with beams of 20 MeV to 35 MeV C°' ions (Z = 6). New meas-
urement techniques were developed that used electron adding in gas
cells, electric field mixing in the beam, and efficient, soft X-ray detec-
tion. In collaboration with H. W. Kugel of Rutgers, these experi-
ments were extended to O’* beams (Z = 8), using energies in the
range of 36 MeV to 48 MeV. Measurements with a 0.5 percent preci-
sion were obtained.?

In 1974, Kugel and coworkers started experiments on F*(Z = 9)
using an infrared gas laser to probe resonantly a beam of these
excited hydrogenic ions.* Ion energies of 64 MeV were used, with
resonance radiation provided by a pulsed hydrogen bromide chemical
laser. A high-precision (1 percent) result was obtained by Doppler
effect tuning made possible by varying the angle of the laser beam
with respect to the high-velocity ion beam. Experiments on Cl!¢*
ions at 190 MeV were carried out at Brookhaven National Laboratory
using discrete tuning of a high-power CO, laser to measure the Lamb
shift to 0.5 percent precision.5 In all cases studied so far, the QED
theory prediction has been validated.

1.2 The Hydrogen Molecular Ion Hyperfine Structure

Another example of an experiment in fundamental physics is the
research by K. B. Jefferts on the ionized hydrogen molecule Hj.
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Jefferts was able to determine the hyperfine spectrum of the molecule
and interpret it in terms of the prediction of exact quantum-
mechanical calculation. In order to perform this experiment, Jefferts
used time-varying electric and electromagnetic fields in a technique
he had previously used at the University of Washington,® to form ion
traps to prevent collision of the ions with container walls and to
allow precision measurements of the radio frequency spectra. He first
experimented with the simpler parahydrogen molecule ion having
antiparallel protons. For this molecule the nuclear spin (I) is 0, and
the electronic angular momentum is characterized by the quantum
number | = 0, 2, 4, and so on. He then proceeded with the orthohy-
drogen molecule with parallel proton spins (I = 1). The appropriate
J values for the molecule are | = 1, 3, 5 and so on, resulting in a
more complicated spectrum. In this jonized molecule, the complex
interaction of the single electron with the nuclear spin and the vari-
ous possible orbital momenta results in a spectrum of about 30 lines
with frequencies ranging from 3 to 1410 megahertz (MHz). [Fig. 6-1]

Jefferts’ measurements and analysis marked the first understanding
of the hyperfine structure of this simplest of all molecules. Prior to
this, neither theoretical nor experimental determination of this basic
molecular interaction had existed.

1.3 Optical Pumping of States with Nonzero Orbital Angular Momentum

In the early 1950s, A. Kastler of Ecole Normale Superiére proposed
a method for producing orientation of atomic and nuclear angular
momenta by illuminating atomic gases with polarized resonance radi-
ation.? The absorption and subsequent emission of the radiation
leaves the atoms in a nonequilibrium-oriented state; that is, specific
atomic states receive excess population. When radio frequency and
microwave radiation are applied to further perturb this excess popula-
tion, the level structure of the atom can be determined. This data is
used to determine nuclear spins, nuclear magnetic moments, electric
quadrupole moments, and a host of important atomic parameters such
as collision cross sections and excited-state lifetimes.

Early optical pumping experiments were done on states with zero
orbital angular momentum, such as the 1S, ground states of the
diamagnetic atoms mercury and chlorine or the 25,, ground states of
the alkali atoms, which also have zero orbital angular momentum. In
the late 1960s, H. M. Gibbs and coworkers at Bell Labs investigated
optical pumping of two kinds of states with nonzero orbital angular
momentum: the diamagnetic 3Py ground state of *”Pb (I = 1/2) and
the paramagnetic P; states of lead and thallium.? The objective was to
determine whether any states of nonzero orbital angular momentum
could exhibit long enough relaxation times, comparable to those in §
states, to permit precision measurements. Gibbs found that the prob-
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Fig. 6-1. Hyperfine energy levels and vector
coupling schemes for the simplest molecule,
HJ. In para-HJ, the nuclear spins of the two
protons are antiparallel (I = 0); in ortho-HJ,
the nuclear spins are parallel (I = 1), K = |
and K = 2 refer to the rotational states of the
molecule. S is the electron spin, and F is the
total angular momentum. [Jefferts, Phys. Rev.
Lett. 23 (1969): 1476].

ability for nuclear spin relaxation in a single-wall collision was low
(X7 percent), in sharp contrast with the alkali 2S1/2 case where practi-
cally every collision completely disorients the electronic spin. This
work demonstrated clearly that the nuclear orientation of an atom
with nonzero orbital angular momentum, but with zero total angular
momentum [, can relax very slowly. This slow relaxation is due to
the short duration time of a collision compared with the period in the
hyperfine frequency, even in a state with strong hyperfine coupling
such as the °P;. In such cases, the well-established impact approxima-
tion predicts that I and ] are decoupled during the collision; there-
fore, the nuclear orientation is unchanged since direct interactions
with the nucleus are weak. With the attainment of long-lived nuclear
polarization, it was possible to determine the nuclear moment of
27Pb with high precision.
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1.4 Radiation from Low-Energy, Ion-Atom, and Ion-Molecule Collisions

In 1968, N. H. Tolk initiated experimental investigations of
low-energy (5 eV to 10 keV) ion-atom and ion-molecule collisions.
His studies indicated that these collision processes can be very
efficient in producing optical radiation arising from outer-shell elec-
tronic excitation of the colliding particles. These studies are of
interest in understanding the atomic physics of high-altitude nuclear
bursts and atmospheric reentry phenomena and have an impact on
studies of auroral phenomena and on solar wind bombardment of
comet gases. They also provide a fundamental insight into the
detailed mechanism of the quasi-molecular collision process, where
the particles are molecular entities for the duration of the collision
but are not bound to each other.!?

The results of these experiments contradicted a popularly accepted
principle known as the “adiabatic criterion,” which predicted a very
low probability for the occurrence of inelastic collisions that would
result in optical radiation.!! Specifically, at low energies (defined as
encompassing the energy threshold for the inelastic effect with an
upper limit of a few tens of kilo-electronvolts), it was found that in
many cases the absolute emission cross sections were as large as they
had been measured to be at much higher energies. This implied a
highly efficient mechanism for transferring the kinetic energy of the
colliding heavy particles into internal electronic energy. In addition
to the observation of a wealth of newly observed effects, in many
instances there was found to be pronounced oscillatory structure in
the emission cross sections measured as a function of ion-bombarding
energy. In the early 1970s, Tolk and C. W. White at Bell Labs, in col-
laboration with S. H. Neff at Eartlham College and W. Lichten at Yale
University, observed strong optical polarization effects in low-energy
Na*-Ne collisions.!? [Fig. 6-2]

These experimental results led to an explanation of low-energy,
heavy particle collisions in terms of the quasi-molecule formed by the
colliding particles during the collision. It was recognized that many
quasi-molecular states may lead to the final atomic or ionic excited
states involved in these collisions. If two or more of the molecular-
state channels are assumed to lead to the same excited state, then the
oscillations can be explained as arising from the quantum-mechanical
phase interference between the two states. The existence of strong
polarization effects constituted the first experimental observation of
strong sublevel-state selection associated with collision quantum-
mechanical phase-interference phenomena.!®

1.5 Anticrossing Spectroscopy

In the mid-1970s T. A. Miller and R. S. Freund developed a spec-
troscopic method based upon energy level anticrossings to study
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Fig. 6-2. Quantum-mechanical phase interference between coherently
related matter waves. The variation of intensity of two spectral lines,
arising from the collision of ionized sodium atoms (Nat) on neutral
helium gas, is shown as a function of the energy of the moving sodium
ion. In the collision, a coherent superposition of quantum states
occurs—the result of an exterial neon electron being associated with
either an excited state of the sodium atom (rendering it neutral) or an
excited state of neon. The upper levels of these excited states are near
resonance, making possible quantum-mechanical phase interference.
The phenomenon resembles the interference that occurs in R. A.
Young’s well-known two-slot experiment for electrons. [Tolk et al.,
Phys. Rev. A13 (1976)].

interactions between singlet and triplet states of some of the simplest
and, therefore, most fundamentally important atoms and molecules.'4
[Fig. 6-3] In this method the singlet and triplet levels are tuned
toward one another by an external magnetic field. They would cross
except that near the point of crossing, weak interactions mix their
wavefunctions and each level becomes a mixture of singlet and trip-
let. Here the noncrossing rule of Wigner and von Neumann, one of
the basic results of quantum mechanics, states that a pair of atomic or
molecular energy levels cannot intersect or cross unless they are of
completely different symmetry. Therefore, the levels repel each other
when they approach as a function of a variable such as magnetic
field. This behavior is called an avoided crossing or an anticrossing.
The exact field of the anticrossing can be measured by monitoring the
fluorescence emission intensities from either level as a function of
magnetic field. This field, and a knowledge of the magnetic behavior
of the energy levels, permit calculation of the zero-field separation of
that pair of singlet and triplet levels.
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Fig. 6-3. Anticrossings between singlet and triplet levels of
molecular deuterium. Within the circle at the top is a schematic
illustration of an anticrossing, with the hypothetical energy levels
in the absence of an interaction shown by dashed lines. The
observed changes of visible light emission intensity are shown at
the bottom. Their interpretation, in terms of energy levels and
selection rules, is shown above. [Jost et al., Chem. Phys. Lett.
37, (1976): 5091.

Since singlet-triplet interactions are weakest when the nuclear
charge is small, little was known about the strength of the interac-
tions and the relative positions of the singlet and triplet energy levels
in the simplest and most fundamental atoms and molecules. For
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example, although over 35,000 lines have been cataloged in the elec-
tronic spectrum of molecular H,, not one of these lines is assigned to
a singlet-triplet transition. Thus, while the energies of the various
levels within the singlet or triplet manifold are known to an accuracy
of 107 electronvolt (eV), the absolute energy of any triplet H, state
with respect to the ground or any other singlet state was uncertain by
over 1072 eV. From experiments on several pairs of levels, Miller and
Freund determined the absolute energies of all the triplet levels of H,
with respect to the singlet states to an accuracy as good as the known
levels within each manifold.

Besides determining the separation between singlet and triplet lev-
els, the anticrossing technique also provided a unique method for
measuring the strengths of the interactions between the singlet and
triplet states. Numerous measurements of spin-orbit and hyperfine
coupling constants of H, were made by this method. In addition to
the results of H,, anticrossing experiments have yielded similar infor-
mation for singlet-triplet interactions in the helium atom and the D,
molecules, and on double-quartet interactions in CN and 02+ .

1.6 Laser Spectroscopy

During the 1960s and 1970s, the development of the laser into a
readily available source of tunable narrow-band, powerful, coherent
optical radiation resulted in a rebirth of optical atomic spectroscopy.
The first demonstration of spectroscopy with tunable lasers was pro-
vided by C. K. N. Patel in 1963, when he measured the Doppler
broadening and the atomic temperature of a xenon discharge using a
xenon laser with a tuned frequency at 2.026 um.!® These seminal
studies obtained a resolution of 1:108. New methods of spectroscopy
that were capable of revealing new information about atomic systems
were developed in laboratories throughout the world.

1.6.1 Mechanism of Atomic Collisions in Helium-Neon Discharge

In 1971, P. W. Smith of Bell Labs collaborated with T. Hinsch of
Stanford University on experiments investigating atomic collisions in
helium-neon discharges.!® These experiments were initially motivated
by the desire to understand the helium-neon laser. In their experi-
ment, two beams of light from a tunable laser pass in opposite direc-
tions through a sample discharge. The Doppler effect causes moving
atoms to sense these two beams as having different optical frequen-
cies. The atomic motion causes the atom to view the laser frequency
as shifted from o to w(1+ v/c), where v is the atomic velocity along
the beam and c is the speed of light. The plus sign is taken for one
beam, while the minus is taken for the other counter-propagating
beam. If the laser is tuned to the exact atomic resonance frequency of
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stationary atoms, atoms with zero longitudinal velocity will interact
with both beams of light and the transmission of one beam will be
modified by the other. If the laser is tuned away from exact reso-
nance the Doppler shift will cause each beam to be resonant with a
different velocity group of atoms and, hence, no transmission
modification will result, unless collisions cause the atomic velocities
to change. It was this sensitivity to atomic collisions that allowed the
study of collisional processes within the discharge.

In 1980, P. F. Liao and J. E. Bjorkholm at Bell Labs, in collaboration
with P. R. Berman of New York University, extended the techniques
of atomic collision studies with lasers by using two different lasers. 17
One laser was used to pump only atoms with a specific velocity into
an excited state. The second laser then probed transitions from that
excited state to another state. If there were no collisions, tuning of
the second laser would reveal a very narrow absorption line. Colli-
sions caused the line to broaden, with a resulting shape that was
determined by details of the collision process.

1.6.2 High - Resolution Spectroscopy

The ultrahigh frequency resolution available with stabilized lasers
enabled accurate determination of many fundamental atomic parame-
ters. As an example, the saturation spectroscopy techniques used by
Smith and Hinsch in 1971 provided spectra whose linewidth was
Doppler-free, because only the atoms with zero longitudinal velocity
are observed in the absence of collisions. In 1972, a variant of this
technique, called intermodulated fluorescence spectroscopy, was
developed by M. S. Sorem and A. L. Schawlow at Stanford Univer-
si’cy.18 In this technique, saturated absorption resonances are not mon-
itored through changes in transmission, but by detecting changes in
fluorescence. Furthermore, the two counter-propagating beams are
modulated at different frequencies and only the component of the
fluorescence that is modulated at either the sum or the difference fre-
quency is recorded. In 1980 this technique was used by R. R. Free-
man and coworkers to improve isotope shift measurement of the
helium 2°P—3°D discharge by more than an order of magnitude.’’
They were also able to uncover details of hyperfine induced singlet-
triplet mixing in 3He.

Doppler-free two-photon spectroscopy was another technique
developed in the 1970s. This technique, which is discussed in some
detail in Section 6.1.1 of Chapter 5, allowed high-resolution studies of
excited states such as the study of the 4f level in atomic sodium by
Liao and Bjorkholm 2

The high optical power available made it possible to determine
many new properties of very highly excited states, including states
that lie near the ionization limit of an atom. Among these studies
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were the efforts of the group at M.IT. headed by D. Kleppner to
understand the effects of electric fields on highly excited states in
atoms. At Bell Labs in 1978, Freeman and G. C. Bjorklund demon-
strated the effects of electric fields on autoionizing states of multielec-
tron atoms.?! In 1979, Freeman and N. P. Economou discovered new
electric-field-induced resonances in the normally featureless one-
electron continuum above the ionization limit.?2 Similarly, the appli-
cation of strong magnetic fields was found by Economou, Freeman,
and Liao to produce structures in the continuum known as quasi-
Landau levels.

1.6.3 Subpicosecond Molecular Spectroscopy

Early work in time-resolved spectroscopy of molecules used
Nd:glass lasers that produced optical pulses in the 5 to 10 picosecond
(ps) range. In 1974, the invention of the passively mode-locked dye
laser by C.V. Shank and E.P. Ippen, [Fig.6-4] and subsequent
improvements, pushed the pulsewidth to 0.3 ps.23 In 1981, R. L. Fork,
B. I. Greene, and Shank were able to generate pulses as short as 90
femtoseconds (90 x 10715).24 [Fig. 6-5]

The availability of continuous trains of subpicosecond optical
pulses has opened up a new field of high-resolution, time-resolved

Fig. 6-4. C. V. Shank (left) and E. P. Ippen standing in front of their sub-
picosecond dye laser.
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Fig. 6-5. Autocorrelation function of a
90-femtosecond (1071° second) optical
pulse. This is the first optical pulse ever
generated and measured having a
duration of less than 0.1 picosecond.
[Fork, Greene, and Shank, Appl. Phys.
Letr. 38 (1981): 672].

spectroscopy. These techniques have had an impact in solid state
physics, chemistry, and biology, making it possible to obtain quantita-
tive measurements instead of qualitative observations. Using these
new techniques, the nonradiative relaxation rate in the molecule azu-
lene was determined to be 1.9£0.2 ps,? the first high-precision meas-
urement for a very short life time associated with a nonlinear relaxa-
tion process. Further, the techniques have been applied to numerous
molecular investigations, including rotational relaxation in the dye
3,3’-diethyloxadicarbocyanine-iodide (DODCI), picosecond photo-
chemistry of bacteriorhodopsin, and measurements of time-resolved
conformational dynamics in large molecules.

1.7 Opto-Acoustic Spectroscopy of Gases and Pollution Detection

In 1970, C. K. N. Patel and E. D. Shaw invented the spin-flip
Raman laser (SFR laser), which provides tunable infrared radiation.
(For more on this topic see Section 7.3 of Chapter 5.) The important
characteristic of the tunable spin-flip Raman laser is its ability to pro-
duce higher power than any other tunable source known to date in
the infrared spectrum, where most molecules have their fundamental
absorption bands. The application of tunable lasers with a
calorimetric absorption measurement technique has revolutionized
the measurements of minute gaseous constituents. This work, first
reported by L. B. Kreuzer and Patel,%6 relies upon the fact that in an
absorption cell, the energy that is not transmitted because of absorp-
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tion by the constituents is eventually converted into thermal energy.
If the radiation going into the absorption cell is periodically inter-
rupted, some energy is converted into sound that can easily be picked
up using a sensitive microphone. This technique, called the spectro-
phone technique, was first demonstrated by Alexander Graham Bell, %’
J. Tyndall,®® and W. C. Roentgen? toward the end of the 19th cen-
tury. However, it took the discovery and invention of high-power
tunable lasers for the technique to become a viable source of spectros-
copy and a means of detecting extremely small concentrations of
desired species. As in all calorimetric measurements, the sensitivity
of this technique improves as the amount of available power
increases. For the case of the spin-flip Raman laser, where
continuous-wave power in excess of 1 watt is available between 5 and
7 um, Patel showed that it is possible to detect nitric oxide pollution
to a level of about 1 x 107 molecules per cubic centimeter (cc).30 At
atmospheric pressure this corresponds to a volumetric mixing ratio of
1 part in 102,

The spectrophone technique was first used in 1971 to measure
nitric oxide in various samples, including ambient air samples col-
lected in parking lots, near highways, and in the exhaust tailpipe of
an automobile. This technique produces an output signal from the
opto-acoustic cell that varies linearly with the concentration of the
absorbing species over a very wide range. In the case of nitric oxide,
this linearity has been shown to exist over a range from about 107
molecules per cc to about 10' molecules per cc.3! No other known
measurement technique has this kind of linearity. The technique of
using tunable laser radiation, together with the opto-acoustic detec-
tion technique, has wide applicability because all known polluting
molecular gaseous species have absorptions in the infrared region of
the spectrum.

Several important measurements of pollutants have been made
with the opto-acoustic technique. In the early 1970s, Patel and his
colleagues at Bell Labs and at Sandia Laboratories instrumented a bal-
loon package with an SFR laser and opto-acoustic cell so that mea-
surements of nitric oxide concentration could be made atan altitude of
28 kilometers.3? [Fig. 6-6] This concentration is an important parame-
ter because it is known that nitric oxide acts as a catalyst to destroy
ozone. Ozone in the stratosphere serves as a protective filter that
prevents harmful ultraviolet radiation from reaching the surface of
the earth. The Bell Labs and Sandia Laboratories group measured not
only the concentration of nitric oxide but also its evolution and decay
caused by solar radiation (represented by the photon energy hv). The
chemical reactions of interest are:
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NO, + h» — NO + O
N02 + O —- NO + Oz
NO + 03 — NO, + O,

The measurements of the diurnal variation, together with the abso-
lute concentration of nitric oxide, put the nitric oxide -catalysis
hypothesis on a firm observational basis.

Another application of opto-acoustic spectroscopy was the analysis
of gases arising from the reduction of nitric oxide on platinum
catalysts.3® The gas concentrations and temperatures used in these
laboratory measurements were similar to those that would be encoun-
tered in an automobile exhaust treatment catalyst. It was seen that
under certain conditions high concentrations of hydrogen cyanide
(HCN), approximately 700 parts per million, were being released.
The toxicity of HCN is well known—its emission is clearly undesir-
able and potentially harmful. Subsequent studies by scientists from
the Environmental Protection Agency confirmed these measurements.
Thus, under certain conditions even automobiles with existing
catalysts or future mandated catalysts could produce unacceptable
concentrations of HCN.

II. PLASMA PHYSICS

A plasma is a collection of charged particles that are free to move
either in response to mutual Coulomb interactions or in response to
externally applied forces. One of the most striking characteristics of a
plasma is the fact that the individual charged particles do not move
independently, but owing to their mutual interactions, exhibit a wide
range of collective motion. For example, as an ion moves in an ion-
ized gas, a cloud of electrons moves with it to electrically shield the
perturbation in the charge density. The radius of this shielding cloud
of electrons is called the Debye length, Ap. For the collection of
charged particles to exhibit the collective behavior characteristic of a
plasma, there must be many particles in a sphere with radius A\p. The
Debye length is proportional to the square root of the temperature of
the plasma, and plasma temperatures can range from a few kelvin in
solid state plasmas such as the electrons or holes in semiconductors,
to 10°K in the interior of stars or thermonuclear reactors. Plasma
densities can also vary widely from values as low as 1cm™ to
10 cm™3 characteristic of interstellar plasmas, to densities approaching
10%° cm™3, such as those predicted for small pellets of solid heated by
intense laser light. Therefore, it is not surprising that plasmas are
relevant to a wide range of physical phenomena.
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2.1 Gas Discharges and the Arc Plasma

The earliest work in the area of plasma physics was related to the
study of gas discharges. In the early 1920s, K. K. Darrow wrote a
series of tutorial articles on “contemporary advances in physics,”
which were published in the Bell System Technical Journal. The fifth
article in this series, published in 1925, was entitled “Electrical
Phenomena in Gases.”>* As research on electron tubes progressed,
high-frequency phenomena in discharges became more important. In
1932 and 1933 Darrow discussed these phenomena in a two-part arti-
cle entitled “High Frequency Phenomena in Gases.”3°

2.1.1 Gas Discharge as a Circuit Element

In 1939, S. B. Ingram pointed out that the glow discharge initiated
in a gas-filled tube by a cold cathode has a number of interesting and
useful electrical properties.36 For example, in contrast to the conven-
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Fig. 6-6. (A) Schematic of the experimental setup used for spectroscopic
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tional vacuum-tube, the cold-cathode device can start immediately
when a voltage is applied and does not deteriorate when used in
standby service. In this device the background gas is ionized to pro-
duce a compensated plasma. Once this ionization (breakdown) is ini-
tiated, the tube voltage decreases and is nearly independent of the
current through the device. Work on cold-cathode devices was con-
tinued in the 19405,37 and in the 1950s M. A. Townsend and W. A.
Depg) developed a cold-cathode relay suitable for telephone switch-
ing.’® The resulting device used a hollow cathode because the
geometry of a hollow cathode resulted in a low impedance circuit ele-
ment particularly suited to switching applications. In 1958, A. D.
White described an improved cathode geometry that maximized the
cathode area.3? The resulting hollow cathode tube produced a rela-
tively uniform, high-density plasma. For switching purposes this
relay (which was called the talking-path tube) provided a fast, low-
impedance switch operable at a relatively low applied voltage. The
talking-path tube was used as the basic switching element in the first
field trial of an all-electronic switching office conducted in Morris,
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per cubic centimeter is given. Bottom: Relative output signal as a function of the
SFR laser magnetic field for NO, taken after ultraviolet sunrise; NO absorption
signals at magnetic fields of 2545 and 2605 gauss can be seen. Calibration in
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concentration of (2 £ 0.15) x 10° mol/cc. [Patel, Burkhardt, and Lambert,
Science 184 (1974)].
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Illinois, from 1960 to 1962.2° However, an analysis of the data from
this test determined that a mechanical device, the relay, offered supe-
rior reliability and use of the talking-path tube was discontinued.4!

2.1.2 The Nature and Motion of Plasma Particles

In 1946 Bell Labs initiated investigations into fundamental
processes in gas discharges. Some years before, R. W, Engstrom and
W. S. Huxford at Northeastern University had observed that the
pulsed operation of a Townsend discharge could be used to separate
various ionization processes occurring in the disc:harge.42 The Town-
send discharge is a discharge in a low-pressure gas where the current
is controlled by varying the flux of electrons emitted from the
cathode.®3 In 1948, R. R. Newton at Bell Labs extended the theoretical
analysis of such a discharge to show that, with increased time resolu-
tion, the measurements could be used to study specific processes such
as ion-induced electron emission.4* During the same period, J. A.
Hornbeck carried out experimental studies of these relatively rapid
phenornena,45 while J. P. Molnar concentrated on slower processes in
the discharge which, for example, involve metastable atoms and
molecules.*® They were able to identify specific ionic reactions and to
measure electron and ion mobilities, the cross sections for the reac-
tion of excited-state and ground-state atoms, and the lifetimes of
metastable states.

Hornbeck provided precise measurements of the mobility of ions in
rare gases (for example, helium, neon, and argon).” His studies
covered a sufficiently large range of electric fields to enable him to
examine changes in the mobility in the regime where the energy
gained by ions between collisions is comparable to, or larger than,
the thermal energy of neutral atoms in the background gas. This
problem was considered from a theoretical viewpoint in a series of
papers by G. H. Wannier.*8 He performed detailed computer calcula-
tions and obtained excellent agreement with the experimental mobil-
ity measurements over a wide range of applied electric fields. [Fig. -
6-7] In addition to this, Wannier calculated detailed, three-
dimensional, ion velocity distributions that provided great insight
into the effect of the electric field on the ions in this nonlinear
regime.

Hornbeck and Molnar discovered that molecular ions were a very
important jon species in discharges in the rare gases. 4 They
identified a process for the formation of these ions (now referred to
as the Hornbeck-Molnar process), which can be written

X+X —=X$+e

where X~ denotes a rare gas atom in an excited electronic state. R. N.
Varney extended the mobility measurements made by Hornbeck to
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Fig. 6-7. (A). Drift velocity in an electric field of Ne* ions in neon
gas. Comparison of observed results with an “asymptotic™ straight
line of slope '%. (B). Velocity distribution function of ions moving
through the parent gas in a high field. [Wannier, Bell System Tech.

J. 32 (1953): 190, 216].

measure the mobilities of krypton and xenon and the molecular ions
of nitrogen and oxygen, and in 1954 he extended the analysis of the
pulsed discharge.50 In addition, Varney measured the activation ener-
gies for reactions involving molecular ions by studying the tempera-
ture dependence of the time-resolved currents.

K. B. McAfee used the pulsed-discharge technique to study the pro-
cess of electron capture by neutral SFs molecules, and discovered that
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SFe had an extremely large electron-capture cross section.’! He found
that the cross section for collision of these negative ions with neutral
atoms was very large in SF¢ relative to that found for negative ions in
other gases. A.]J. Ahearn and N. B. Hannay studied the electron cap-
ture process in low-pressure SFq gas using a mass spectrometer.’? The
practical consequence was that it was very difficult to initiate a
discharge in SFg, and this gas became widely used in high-voltage
engineering applications to prevent electrical breakdown.

Later, McAfee and D. Edelson were the first to install a mass-
analyzer in situ in a plasma discharge to study the ions directly. Sub-
sequent studies by McAfee and coworkers focused on more compli-
cated reactions of ions and molecules that are important in plasma
chemistry. For example, Edelson, J. A. Morrison, and McAfee con-
sidered the time-dependent diffusion in a discharge of multi-ion
species..53

2.1.3 Breakdown Phenomena and the Plasma Arc

Plasma phenomena frequently occur even in mechanical switches,
usually with deleterious results. Arcing in switches and relays has
been a fundamental problem in the telephone system since the begin-
ning of the industry. Consequently, the arc plasma has been the
focus of considerable research activity at Bell Labs. From a plasma
physics point of view, the arc plasma is a relatively dense and long-
lived laboratory plasma of considerable interest and importance. In
the arc plasma, ions can originate from the electrodes, as opposed to
the Townsend discharge where ions originate from neutral gas atoms
in the space between the electrodes. From a practical viewpoint, the
erosion of material from electrical contacts and contact melting are
phenomena to be avoided if at all possible. Prior to the late 1940s it
was believed that an arc in air can exist only when the potential
between the electrodes is of the order of 300 volts. Yet in telephone
relays, discharges appeared to erode electrical contacts operating at a
potential difference of only 48 volts. Some work at the turn of the
century had indicated that low voltage arcs were possible, but this
was somehow disregarded by workers in the field. Bell Labs
researchers, motivated by problems concerning the erosion of electri-
cal contacts, came to understand the physics of the low-voltage arc in
detail. A crucial feature of these discharges is the fact that upon clo-
sure of a pair of contacts, a discharge occurs only when the electrodes
are closer than a few thousand angstroms.

In 1948, L. H. Germer and F. E. Haworth studied the low-voltage
discharge between close electrodes. They hypothesized that because
the discharge occurs on a very short time scale, field emission might
initiate the discharge but another process must be involved in the
intense and rapid ejection of electrons.>* Newton correctly explained
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this process as field emission assisted by the presence of individual
positive ions close to the cathode.5® J. J. Lander and Germer wrote the
first of a series of papers on the erosion of electrical contacts in an
arc. They found that these processes are related to the power dissipa-
tion at the metal surface that causes evaporation and melting.5 In
1955, ion-assisted field emission was studied further by W. S. Boyle
and P. P. Kisliuk,” and in 1956 the transition from a glow discharge
to arc plasma was studied in detail by Boyle and Haworth.5® These
studies achieved a quantitative understanding of the arcing
phenomenon. Germer and Boyle showed that two distinct types of
arc are possible depending on the surface conditions of the elec-
trodes.”® [Fig. 6-8] Field emission and ohmic heating can lead to
cathode erosion in the cathode arc. However, if the cathode surface
is sufficiently smooth, the anode melts before appreciable cathode
erosion, and in this case, material from both the cathode and anode
can contribute to the discharge.

CATHODE ARCS
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Fig. 6-8. Striking distances between palladium electrodes at 300
volts for arcs of the anode and cathode types. [Germer and Boyle,
J. Appl. Phys. 27 (1956): 36].
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The process of breakdown between close electrodes was studied
further by Kisliuk and Germer in 1959. Germer showed experimen-
tally that the number of ions involved was small encugh to eliminate
the possibility that the field of many ions together was important in
enhancing electron emission.®® This work was, in fact, a final
confirmation of the single-ion model proposed by Newton a decade
earlier. Kisliuk predicted theoretically that the ion-enhanced field
emission would be important in breakdown in gases, liquids, and
solids, but would not be effective in vacuum.®! Because of the ion’s
relatively high velocity, it spends too little time close to the surface to
enhance the field emission significantly in a vacuum.

Breakdown in gases with ac fields differs significantly from that
observed when dc electric fields are applied. In 1955 D. J. Rose at
Bell Labs and S. C. Brown at M.LT. studied microwave breakdown in
N3, O, and air.%2 They were able to make a quantitative model of the
observed phenomena and relate them to previous observations with
dc fields.

2.2 The Collective Modes of Plasmas

2.2.1 Collective Modes of Ionized Gases and Electron Beams

The pioneering experiments on gas discharges conducted at the
General Electric Company in the 1920s, and at Bell Laboratories in the
1930s and 1940s led to many basic discoveries concerning collective
modes in plasmas. This research was motivated by interest in the
discharge phenomena that occurred in the early electron tubes. The
study of noise in these tubes and the quest for higher oscillating fre-
quencies led to the study of a wide range of plasma phenomena
which, for example, limit the power output and frequency response
of the electron tube.

It was I. Langmuir at General Electric who, in 1928, coined the
work “plasma” in the context used here. He showed that the
approach of electrons to a Maxwellian velocity distribution depends
on collective plasma modes,63 and, with L. Tonks, he identified the
two basic collective modes of oscillation of an unmagnetized
plasma.®* These modes are the electron plasma oscitlation, with the
frequency w,./2w proportional to the square root of the electron den-
sity, and the ion acoustic wave, which is a type of sound wave where
the pressure is mediated by the Coulomb force. The ion acoustic
wave has a frequency w,/27 which is proportional to the wave vector
K of the wave (K=2x/\) and to the square root of the electron tem-
perature. As discussed below, these two collective modes are impor-
tant to both linear and nonlinear phenomena in plasmas.

As mentioned above, the earliest considerations of plasma
phenomena at Bell Laboratories were related to electron tubes. In
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1934, G. L. Pearson discussed the effect of space-charge fluctuations
associated with positive ions on vacuum tube noise,65 and in 1938, A.
J. Rack studied the effect of space charge and transit time on tube
noise.% In 1939, F. B. Llewellyn and A. E. Bowen studied methods of
producing high-frequency signals in electron tubes,®” and in the same
year J. R. Pierce discussed the effects of space charge in the design of
intense electron beams.® In 1943, Llewellyn and L. C. Peterson wrote
down the frequency-dependent equations that describe accurately the
electron stream in a diode.®® However, the final spark for much tech-
nological development and plasma physics discoveries was the inven-
tion in 1946 by R. Kompfner, who was then at Oxford University, of
a new type of high-frequency amplifier called the traveling wave
tube (TWT).”°

Pierce immediately realized that the TWT had great potential as a
broad-band amplifier.”! In the course of analyzing and improving the
basic design of the TWT, several important discoveries of significance
to plasma physics were made. The collective modes of oscillation of
the electron beam traveling along the axis of a helix are essential in
the TWT geometry. The helical, slow-wave structure provides a way
of phase matching electromagnetic radiation to these collective beam
modes. Pierce’s analysis of the TWT started with a detailed con-
sideration of the collective modes of the electron beam.”? [Fig. 6-9]
His analysis of the coupled electron-beam, slow-wave structure prob-
lem included a component of the wave traveling anti-parallel to the
direction of the beam propagation. This mode is the fundamental
constituent of the “backward-wave, voltage-tuneable oscillator”
developed by Kompfner and N. T. Williams.”> Also included in these
analyses were the situations where the beam travels through a back-
ground of positive ions, 74 where there are multiple electron
streams,75 and where the beam has a velocity spread, that is, a “finite
temperature beam.””’® (For more on Pierce’s work see the chapter on
vacuum tube electronics in the forthcoming volume on communica-
tions science research.)

More than a decade later collective modes in strongly magnetized
plasmas were studied in considerable detail by S. J. Buchsbaum. In
1961, he studied the absorption of radio-frequency radiation near the
ion-cyclotron resonance frequency.”” The ion cyclotron frequency,
w; /2w, is the frequency of oscillation of a charged particle in the
direction perpendicular to an applied magnetic field. In Buchsbaum’s
experiments on plasmas with more than one ion species, as the
plasma density was increased the collective behavior shifted from the
individual ion resonances to the hybrid, ion-ion resonance frequency
that depends on the masses of all of the ions in the plasma. These
results have been applied to the interpretation of heating fusion plas-
mas with radio-frequency waves near the ion-cyclotron frequency.
The fact that the absorption of radiation may be controlled by the
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Fig. 6-9. Possible modes of oscillation of an electron beam
coupled to a slow-wave circuit structure—the helix in a
traveling wave tube. This calculation was one of the first
analyses of the nonlinear interaction of modes in a plasma.
Here K is the wave vector, which is inversely proportional to
the wavelength (K = 2x/A), and K, (2%/\,) is the wave vector
of an electromagnetic wave propagating down the slow wave
structure in the absence of an electron beam. The frequency
unit is the electron-beam velocity divided by the circuit
wavelength. The dotted line represents two modes—one
increasing in amplitude and one damped in space. The
growing mode produces the microwave power in the traveling
wave tube circuit. This type of calculation—one of the first
analyses of the nonlinear interaction of modes in a plasma—
has become a cornerstone of modern plasma physics.

relative concentration of various ion species may prove to be of
significant practical value in heating fusion plasmas.

In 1964, Buchsbaum and A. Hasegawa [Fig. 6-10] found a series of
narrow microwave absorption peaks near harmonics of the electron-
cyclotron frequency.’® They identified these absorption peaks as long-
itudinal plasma oscillations propagating perpendicular to the mag-
netic field. The Buchsbaum-Hasegawa resonances, as they became
called, are dependent upon the density gradients in the plasma and
propagate, for example, near the axis of cylindrical arc discharges.
They are closely related to the modes in a uniform plasma predicted
theoretically by I. B. Bernstein and provide the first experimental
observation of this rather general class of waves.”? A similar micro-
scopic wave that exists in the central region of a hot plasma was
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Fig. 6-10. S. J. Buchsbaum (left) and A. Hasegawa identified the longitudinal
modes of oscillation of an inhomogeneous magnetized plasma now known as the
"Buchsbaum-Hasegawa resonances.” Buchsbaum also developed theories of cyclotron
resonance in plasmas containing multiple ion species and the propagation of waves
in solid-state plasmas. He has held various technical leadership positions at Bell
Labs and became executive vice president in 1980. Hasegawa has made many
other fundamental contributions to plasma physics, including the development of the
theory of Alfvén waves in a hot plasma and nonlinear theories of waves in
magnetized plasmas.

described theoretically by Hasegawa and L. Chen in 1975.8% This
“kinetic Alfvén wave” is the analog in a hot plasma of the familiar
Alfvén wave (which is a wave in a cold magnetized plasma named
after the Swedish Nobel laureate H. Alfvén).81 Since the kinetic
Alfvén wave has a component of electric field parallel to the mag-
netic field, it is very effective in heating the plasma particles.2

2.2.2 Wave Damping and “’Pseudowaves”

Another facet of wave propagation in plasmas is the mechanism for
wave damping. L. D. Landau of the Soviet Union proposed a
mechanism for wave damping in a collisionless plasma that involves
the interaction of the wave with a group of ions or electrons moving
with velocities nearly equal to the wave-phase velocity.83 In 1981, P.
M. Platzman and Buchsbaum included the effects of collisions in the
theory of electron Landau damping and showed that the wave damp-
ing depends critically on the collisions of electrons trapped in the
potential troughs of the wave.?* Their paper was the first discussion
of the importance of particles trapped in waves on wave damping—a
subject that became recognized as central to many phenomena in
plasma physics.
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Because of the long-range nature of the Coulomb force, a type of
sound wave called the ion-acoustic wave can propagate even in a col-
lisionless plasma. G. M. Sessler and G. A. Pearson at Bell Labs stud-
ied ion-acoustic waves in weakly ionized plasmas with electron tem-
peratures much larger than ion temperatures.3> They found that in
this case, the wave damping is predominantly caused by collisions of
ions with neutral atoms. They also discovered that another distur-
bance propagates in the plasma with a phase velocity near the velo-
city of the ion-acoustic wave. However, in contrast to the ion-
acoustic wave, this mode can exist at frequencies above the ion-plasma
frequency. This disturbance, now known as the pseudowave, is the
ballistic motion of groups of ions that was predicted in the second
half of Landau’s paper on damping. Pseudowaves are important
because they damp more slowly than do ordinary waves generated in
the plasma. The role of the Landau damping and collisional effects at
the transition frequency from the collisional to the collisionless ion-
acoustic wave was later studied theoretically by T. Huang, Chen, and
Hasegawa.%

2.2.3 Collective Modes of Solid-State Plasmas

The charge carriers in semiconductors and metals, the electrons and
holes, can act collectively in a manner similar to that of the electrons
and ions in gas plasmas. This collective behavior has been the subject
of numerous experiments designed both to study the nature of the
collective modes in “solid-state plasmas” and to use these modes as
tools to investigate other properties of semiconductors and metals.

There are many similarities between plasmas in solids and in gases,
but there are also distinct differences. Plasmas in solids can be
created with sufficiently high densities and at sufficiently low tem-
peratures, T, that the quantum nature of the system is important. By
the Pauli exclusion principle, each identical electron or hole must
occupy a distinct state in phase space. When the plasma density is
made high enough, the last occupied states must have a Fermi
energy, E;, which can be large compared with the thermal energy,
kT. In this case, only particles in the range of energies, E, such that
[E—Ef| < kT play a role in the transport properties of the system,
since only these particles can be thermally excited. The resulting
quantum plasmas can exhibit many interesting and important
phenomena. Another difference between gaseous and solid-state
plasmas arises from the presence of the lattice in the solid. The
interaction between the electrons and holes and the lattice is usually
quite strong. Consequently, the collective modes are frequently
heavily damped, and the plasma is nearly in equilibrium with the lat-
tice even in the presence of external driving forces.
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The collective nature of solid-state plasmas was first observed
experimentally by Boyle, A. D. Brailsford, and J. K. Galt in 1958.%7 In
studying the magneto-optical properties of bismuth at liquid-helium
temperatures, they observed changes of the reflection coefficient of
the solid. Reasoning by analogy with the case of a plasma in zero
magnetic field, they interpreted these changes as evidence for the
excitation of collective modes. In 1959, Galt and coworkers provided
additional evidence that the regions of strong absorption between
cyclotron harmonics could not be explained by the single-particle
behavior of the charge carriers.3® These features were interpreted in
1961 by Buchsbaum and Galt to be caused by the excitation of Alfvén
waves.3? They also pointed out that, because of the relatively high
plasma densities achievable in solid state plasmas, the phase velocity
of Alfvén waves is small compared to the speed of light; conse-
quently, a sample of modest size can be many wavelengths across.
Therefore, Alfvén waves could be studied more conveniently in solid
state plasmas than in gas plasmas. G. A. Williams and G. E. Smith
subsequentlgl investigated in detail the propagation of Alfvén waves
in bismuth.”?

Another collective plasma mode is the helicon. This wave was first
discovered in radio research, where it was called the whistler wave,
named for the characteristic sounds that whistler waves (excited by
lightning strokes) make when detected by a radio receiver. The heli-
con is a circularly polarized electromagnetic wave that can propagate
at frequencies w << w, through a plasma even when w is smaller
than the plasma frequency w,.. In this wave, the electric field vector
rotates in the same direction in which the electrons spiral around the
magnetic field lines. The transverse electron motion then produces
an effective dielectric constant, which is of opposite sign to that of
the dielectric constant without a magnetic field, and consequently,
electromagnetic wave propagation is permitted. The existence of this
mode in solid-state plasmas was pointed out by O. V. Konstantinov
and V. L Perel®® and by P. Aigrain,gz, and it was first observed exper-
imentally in metallic sodium by R. Bowers, C. Legendy, and F. Rose
at Cornell University.93

At Bell Labs, helicons were studied experimentally in silver by C.
C. Grimes, G. Adams, and P. H. Schmidt®® and discussed theoretically
by Buchsbaum and P. A. Wolff.%% By varying the orientation of the
magnetic field with respect to some crystal axis, they were able to
pass from a regime of essentially single-particle behavior to propagat-
ing helicon waves, and finally to a nearly compensated situation (that
is, equal numbers of electrons and holes), supporting rather heavily
damped Alfvén waves. A unified analysis, tying together both the
cyclotron resonances of the individual carriers and the plasma-like
variations in the dielectric response of the solid near the plasma
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hybrid resonances, was achieved for bismuth by Smith, L. C. Hebel,
and Buchsbaum.’® Later, Grimes and Buchsbaum studied the interac-
tion between helicon waves and transverse sound waves in potas-
sium.” The damping of helicon waves in metals can be used to study
properties of the Fermi surface, since the condition for Landau damp-
ing involves the momentum associated with the Fermi energy. A.
Libchaber and Grimes studied the damping of helicon waves in potas-
sium %8 [Fig. 6-11] D. J. Bartelink?® and C. Nanney100 discussed the
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Fig. 6-11. Series of traces showing how Landau damping
attenuates the transmitted signal as the angle between the field
and the propagation direction increases. [Libchaber and
Grimes, Phys. Rev. 178 (1969): 1150].
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effects of electrical currents on Alfvén and helicon waves in solid
state plasmas at current values below the threshold for instability.

In 1965, W. M. Walsh and Platzman discovered a set of linearly
polarized waves propagating perpendicular to the applied magnetic
field at frequencies between the electron cyclotron harmonics.!0!
These waves are analogous to the Bernstein waves in gaseous plas-
mas!®? that had been observed in an inhomogeneous plasma by
Buchsbaum and Hasegawa.!®3 They have a short wavelength (as com-
pared, for example, to Alfvén or helicon waves) and were shown in
solid state plasmas to depend on correlations of electron motion.!04

Platzman, Wolff, and N. Tzoar considered the scattering of light
from collective modes (for example, Bernstein waves) in solid state
plasmas.!% C. K. N. Patel and R. E. Slusher studied these collective
modes in plasmas in InAs!% and GaAs.!?7

S. Schultz and G. Dunnifer at the University of California at La Jolla
observed another plasma mode in sodium and potassium.1% These
data were first interpreted by Platzman and Wolff, who showed that
the new mode arises both from the quantum nature of the plasma
and from the exchange interaction between electron spins.109 Study
of this “spin wave” allowed a sensitive test of theories of interacting
quantum liquids. T. M. Rice calculated parameters appropriate to
sodium and potassium from Landau’s theory of Fermi liquids and
obtained excellent agreement with the experimental results.!10 These
experiments and calculations for the spin waves in potassium and
sodium provide a very important part of our understanding of
charged quantum liquids.

2.3 Plasma Instabilities

2.3.1 Electron and Ion Beam Instabilities

In some plasma systems the available energy drives collective
plasma modes to instability. One example is the traveling wave tube,
(TWT) where energy in the electron beam drives a mode on the beam
to large amplitudes while simultaneously coupling energy to an elec-
tromagnetic mode on the slow-wave structure surrounding the beam.
However, in the late 1940s the traveling wave tubes had sufficiently
poor vacuum so that there were always positive ions present, forming
an electron-ion plasma and creating a source of noise. In studying
this noise, J. R. Pierce discovered the electron-ion, two-stream insta-
bility.}1! In this instability, beam energy is used to excite ion-acoustic
waves (that is, sound waves in the plasma) at frequencies below the
jon-plasma frequency. In other areas of plasma physics this instabil-
ity has turned out to be very useful. For example, when excited to
high levels, the ion waves can scatter the electrons in the beam. This
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leads to a greatly enhanced electrical resistivity. Because of this
effect, the electron-ion two-stream instability became recognized as an
effective method of plasma heating.

Another geometry of the electron beam that Pierce considered in
detail was the “double-stream amplifier” where two beams of elec-
trons travel along the same axis (for example, a hollow beam sur-
rounding a solid beam) with different beam velocities.!1? The func-
tion of the helical structure in the TWT is replaced by the second
beam, which can also support a slow electromagnetic wave. This was
the first consideration of the electron-electron two-stream instability,
which is also recognized to be important in many situations in
plasma physics. In Pierce’s early work on electron beams in the pres-
ence of background ions, he discovered a very low-frequency instabil-
ity that can limit the maximum electron-beam current."!® This insta-
bility, which is known as the Pierce instability, has been recognized
to be important in connection with nonlinear plasma excitations
called double layers.114

Other aspects of beam instabilities, such as the effect of a finite-
temperature electron beam and the interaction of the nearly resonant
particles with a wave, were studied during this period. The latter is
the situation that is now referred to as Landau damping, but was
studied independently of Landau’s work in the 1940s and early 1950s
by Bell Labs scientists.

In 1951, S. Millman, in the course of developing an amplifier at a
frequency of 50 gigahertz (GHz), identified a new wave in the
TWT.115 He observed spurious oscillations in the tube under certain
operating conditions. Measuring the wavelength of these oscillations
as a function of tube voltage, Millman showed that they were caused
by waves traveling in the direction opposite to that of the electron
beam. These backward waves on the electron beam were actually
included in Pierce’s analysis of the TWT but were not appreciated at
the time. In 1952, Kompfner and N. T. Williams designed the
voltage-tuneable backward-wave oscillator based on this collective
mode of the electron beam.!1® The backward wave oscillator is a case
of an “absolute instability,” which grows simultaneously at all points
in space. This is in contrast to the case of the TWT, which is an
example of a “convective instability” (growing from a particular point
in space). The distinction between convective and absolute instabili-
ties is another important result that has had many applications in
plasma physics. A detailed analysis of the problem of the electron
beam coupled to a periodic structure with particular emphasis on the
case of the backward wave oscillator was made by L. R. Walker at Bell
Labs in 1953.117

Walker was also the first to write down the general condition for
the stability of the collective modes of an arbitrary distribution of
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plasma particles.!'® This condition is frequently referred to as the
“Penrose criterion,” after O. Penrose who rederived it several years
after Walker. 11 This analysis can be applied to an arbitrary velocity
distribution to give qualitative insight into the problem without
detailed calculations. For this reason it is useful in the analysis of a
great number of plasma problems.

Work on electron beams continued at Bell Labs into the late 1950s.
The quest for higher-power electron beams led to the discovery and
study of instabilities in the important case of a magnetic field parallel
to the direction of propagation of the beam. In the case of a mono-
energetic (“zero temperature”) electron beam, there exists a self-
consistent steady-state solution that is referred to as Brillouin flow.
Generalizations of Brillouin flow were discussed by Walker.?® He
also treated the problem of energy storage and power flow in electron
beams.}2! Other electron-beam phenomena were discussed by C. C.
Cutler,'?? W. W. Rigrod,'?® Rigrod and Pierce,'2* and A. Ashkin.1?®

The case of the three-dimensional ion-acoustic instability driven by
the flow of electrons in a plasma was studied by Slusher, C. M. Surko,
and D. R. Moler in collaboration with M. Porkolab at the Princeton
Plasma Physics Laboratory.!?% [Fig. 6-12] They developed small-angle
CO; laser scattering techniques to study the wave vector and fre-
quency spectra of density fluctuation phenomena in plasmas.'?” They
applied these techniques to measure the wave vector distribution of
the ion-acoustic fluctuations as a function of electron current in order
to understand the nonlinear mechanisms involved in determining the
saturated state of the instability.

In addition to electron beams and currents, ion beams can also gen-
erate plasma instabilities. R. P. H. Chang!?® and H. Ikezi at Bell Labs,
with collaborators from Princeton University, studied the excitation
of the lower hybrid wave (having a frequency close to the ion plasma
frequency) by an ion beam.!?’ In a related set of experiments, R. A.
Stern, in collaboration with scientists from the University of Califor-
nia at Irvine,'%0 and Ikezi in collaboration with a group at Princeton
University,131 studied the excitation of the electrostatic ion cyclotron
instability by an ion beam. Stern and J. A. Johnson at Rutgers
University developed a diagnostic technique using a laser to
resonantly excite the fluorescence of ions in a plasma.!32 The ion
fluorescence radiation is spread in frequency by Doppler shifts caused
by the ion motions and is therefore a measure of the ion velocity dis-
tribution. This technique was used to study the spatial distribution of
ion heating caused by the ion-beam induced instability. These ion-
beam instabilities may play important roles in heating fusion plasmas.
In particular, there is evidence that these instabilities are created
when “neutral beams” (that is, neutralized ion beams) are used to
heat fusion plasmas.
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Fig. 6-12. Optical arrangement used by Slusher and Surko to study waves and
fluctuations in plasmas. The waves of interest typically have wavelengths (\) in the
range of a few millimeters corresponding to wavevectors K (K = 2x/A) near 20 cm™..
The techniques used to study small scattering angles (8 ~ 0.1°) permit the study of a
wide range of wavelengths with only a small angular access to the plasma. The scattered
radiation (S) is heterodyne-detected using a reference local oscillator beam (LO). This
detection method permits the study of very small perturbations in plasma density (~ 107
electrons/cm’). These techniques were applied to a wide range of plasma problems (See
references 126, 127 and 160).

2.3.2 Parametric Decay

The parametric process is a nonlinear coupling between three
waves with frequencies f, f,, and f3 such that

fi=f2+fa

For example, by modulating an electron beam at frequency fo, a wave
at fo/2 can be amplified with the power supplied at fo. Shortly after
H. Suhl proposed the first parametric amplifier using a ferromagnetic
sample in a microwave cavity,133 T. J. Bridges,!3* and W. H. Louisell
and C. F. Quate135 discussed the use of the modes on an electron
beam to amplify microwave-frequency signals. Parametric processes
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have been found to be very important in plasma physics and have
been studied in a wide range of situations. J. M. Manley and H. E.
Rowe recorded the general relationships that govern parametric
processes.136 These equations, now known as the “Manley-Rowe rela-
tions,” have had many applications to nonlinear plasma processes.

In 1966, Stern and Tzoar performed the first experiments to study
parametric processes in a compensated plasma.’® They injected
microwaves into a plasma to excite an electron-plasma wave and an
ion-acoustic wave. They also demonstrated that a plasma wave could
be excited by two microwave signals whose frequency difference was
that of the plasma wave.138 In 1969, Stern studied another parametric
process where a microwave signal decays into two lower-hybrid
waves. 13

Later, Chang at Bell Labs, in collaboration with Porkolab and M.
Ono at the Princeton Plasma Physics Laboratory, studied the
parametric decay of radiation near the ion cyclotron frequency in
plasmas with more than one ion species.}4? They found that the elec-
tromagnetic radiation can decay into the ion-ion hybrid mode (which
had been discovered previously by Buchsbaum), and a lower-
frequency drift wave. This process may be important in situations
where plasmas are heated using power near the ion-cyclotron fre-
quency.

The parametric decay processes of modes in the plasma are also
important. Chang and Porkolab showed that a lower-hybrid wave
excited in the plasma can decay into another lower-hybrid wave and
either an ion quasi-mode (an over-damped ion-acoustic acoustic wave)
or a nonoscillatory mode near zero frequency.l'H'142 They also
observed heating of the particles in the plasma as a result of these
parametric instabilities, which again may play an important role in
the heating of fusion plasmas. The theory of plasma heating by non-
linear excitation of the lower-hybrid waves was studied by Hasegawa
and Chen.}*3 Hasegawa studied the decay of a plasma wave (that is, a
Langmuir wave) into two electromagnetic waves, % and Hasegawa
and Chen'#® showed that the decay of the kinetic Alfvén wave can be
important in plasma heating.

Parametric decay processes are also important in the nonlinear
development of plasma instabilities. Stern, J. F. Decker, and Platzman
studied the decay of modes excited in a plasma by an ion beam, 146
Ikezi, Chang, and Stern studied the nonlinear wave interaction
between electron-plasma waves (excited by an electron beam) and
jon-acoustic waves.!*” They observed that the electron-plasma wave is
trapped in a wave packet of ion-acoustic modes.

An important application of the parametric decay instabilities is the
free electron laser that utilizes the stimulated Raman or Compton
scattering from a relativistic electron beam to up-shift the radiation
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from a lower-frequency laser beam.!*® In this application, Hasegawa
and coworkers showed theoretically that the limitation in the laser
gain is caused by heating the electron beam by a large pump field,
and they obtained the condition for the optimization of the gain.14°

2.3.3 The Disruptive Instability in Tokamaks

The tokamak is a prototype fusion device that uses a toroidally
shaped magnetic field configuration to contain a hot plasma. In the
tokamak, a current induced in the plasma both stabilizes and heats
the plasma. In general, this device has been quite successful in
achieving hot, dense, well-contained plasmas. However, some
regions of density and plasma current have been unachievable
because of the appearance of an instability of the plasma called the
“disruptive instability.” This instability can cause the plasma to strike
the wall of the containing vessel. H. Ikezi and K. F. Schwartzenegger
at Bell Labs, in collaboration with S. Yoshikawa at Princeton Univer-
sity, have developed a new magnetic field design for the tokamak.!%°
They invented a winding that looks like a zipper, which, when
placed on the outer major radius side of the plasma, helps to stabilize
and control it. This design appears to be particularly useful in study-
ing and controlling the disruptive instability.

2.3.4 Instabilities in Solid-State Plasmas

Instabilities have also been created and studied in a number of
solid-state plasmas where the collective modes are excited by electri-
cal currents in the plasma. Buchsbaum, A. G. Chynoweth, and W. L.
Feldmann observed the generation of microwave radiation when elec-
tric and magnetic fields were applied to a plasma in InSb.15! Similar
phenomena in BiSb alloys were later studied by C. A. Nanney at Bell
Labs and E. V. George at M.L.T.1>2 D. |. Bartelink studied instabilities
created in bismuth plasmas, including those involving helicon and
Alfvén waves.!>> He found that both “convective” instabilities (that
is, growing in space) and “absolute” instabilities (growing in time at
all points in space) could be generated in these plasmas.

2.4 Highly Nonlinear Plasma States

2.4.1 Plasma Turbulence

Plasma turbulence is a relatively common phenomenon that, in
general, is not well understood. Several problems in plasma tur-
bulence of practical significance have been considered at Bell Labs.
Upon re-entering the atmosphere, satellites and missiles generate a
turbulent plasma, an area studied as part of the National Defense
research conducted in the 1960s. D. S. Bugnolo studied theoretically
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the turbulence in weakly ionized gases characteristic of the wakes of
reentry vehicles.®® He considered the nature of the fluctuations, the
effect of velocity shear on these fluctuations, and the effects of aniso-
tropies in the velocity distribution of the plasma particles. He also
considered the problem of an electrical breakdown in a flowing
gas.1> V. L. Granatstein,!%® and Granatstein, Buchsbaum, and Bug-
nolo,'¥ studied experimentally the resulting neutral and plasma den-
sity fluctuations when a plasma is present in a turbulent neutral gas
flow. They found that if the plasma electrons are not in thermal
equilibrium with the neutral gas, differences between the neutral
fluid turbulence and the plasma turbulence can result. Finally, K. B.
McAfee and R. M. Lum studied cesium plasmas in the wakes of
spheres entering the earth’s atmosphere.158

In a fully ionized plasma, C. N. Judice, J. F. Decker, and Stern stud-
ied theoretically and experimentally the highly nonlinear evolution
of large-amplitude, ion-acoustic waves.!%? [Fig. 6-13] They found that
the waves first steepen to form shock fronts at the leading edges of
the waves. These shocks then drive ions ahead of the shock, which
in turn generates short-wavelength, ion-acoustic wave turbulence
through the ion-ion two-stream instability. As time progresses, the
orderly motion of the ions in response to the potential of the long-
wavelength, ion-acoustic wave is rapidly converted to very short-
wavelength and highly turbulent fluctuations.

Using small-angle CO, laser scattering techniques, Surko and
Slusher studied the turbulent low-frequency density fluctuations
driven in tokamak plasmas by the energy associated with temperature
and density gradients in the plasma.!® The plasma in a tokamak is
relatively stable and long-lived, and is therefore convenient for the
study of many collective plasma phenomena, in addition to having
considerable practical importance as a prototype fusion device. Surko
and Slusher showed that the fluctuations in tokamaks form a nearly
isotropic two-dimensional turbulence in the plane perpendicular to
the toroidal magnetic field. This turbulence is thought to play an
important role in particle and energy transport across the magnetic
field (that is, out of the tokamak’s “magnetic bottle”). Hasegawa and
K. Mima considered this turbulence theoretically and pointed out
important nonlinear terms that determine the spectra of the fluctua-
tions.1! The nonlinear equations that they used to describe the tur-
bulence are now known as the Hasegawa-Mima equations and are
closely related to those used to study atmospheric turbulence.

Later, Slusher and Surko developed a technique to study the spatial
distribution of fluctuations in plasmas by correlating the forward
scattering from two crossed CO; laser beams.!62 Using this technique,
they showed that the fluctuations in tokamaks have a marked depen-
dence on plasma density. The fluctuations are very large at the edge
of high density tokamak plasmas, and may have physical conse-
quences for transport and plasma heating.
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Fig. 6-13. The evolution of a one-dimensional plasma
turbulence from a large-amplitude, coherent wave is studied
using a computer simulation (see reference 159). The
distribution of ions in position x and velocity v is shown at
four different times 7 (n units of w]!) in response to the
potential of a long-wavelength, ion acoustic wave. At 7 = 47,
a shock front begins to develop near x=0.4. Later, at
7 =108, an ion beam can be seen near v=3, which was driven
by the potential of the shock. Finally, this ion beam generates
a short-wavelength, ion ‘acoustic turbulence as shown in the
figure at 7 = 250.

2.4.2 Solitons

A nonlinear interaction of waves in the plasma does not necessarily
lead to plasma turbulence. In fact, it sometimes leads to a coherent
nonlinear state. In 1965, N. J. Zabusky at Bell Labs and M. D. Kruskal
at Princeton University showed that elastic waves with a cubic non-
linearity form a set of isolated nonlinear waves that are stable even
with respect to collisions among themselves.1%3 Zabusky and Kruskal
named these waves “solitons.” The nonlinear properties of soliton
propagation are characteristic of a wide range of phenomena includ-
ing shallow water waves, waves in plasmas, and phonons in anhar-
monic crystals. [Fig. 6-14]
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Fig. 6-14. (A) The evolution of a large-amplitude disturbance in a system with a non-linear
coupling is shown as a function of distance and time, ¢ (from the theoretical work of Zabusky
and Kruskal, Reference 163). The pulse first steepens to form a shock front and then evolves
into a train of solitons. Solitons, once formed, tend to propagate without distortion. In fact,
Zabusky and Kruskal showed that solitons can actually propagate through one another Ge.,
“collide™) and still retain their identity. (B) The experimental evolution of an jon-acoustic
disturbance in a plasma into a train of ion-acoustic soliton pulses is shown as a function of
time at various distances from the source (from the work of Ikezi and collaborators, Reference
164). The agreement with the predictions of Zabusky and Kruskal is remarkably good.
These experiments also verified that solitons maintain their identity after undergoing collisions
with one another.
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Ion-acoustic wave solitons were observed and studied in a double
plasma (DP) device (consisting of two plasmas at different potentials
separated by a grid) by H. Ikezi, R. J. Taylor, and D. R. Baker at the
University of California at Los Angeles.!%* A similar DP machine was
used at Bell Labs by Stern and Decker,!%® and by Judice, Decker, and
Stern,'% to study a wide variety of related nonlinear phenomena. In
the case of the large-amplitude, ion-acoustic waves, solitons were
observed to form behind the sharply steepened wavefronts.

Hasegawa and coworkers obtained solitary-wave solutions of the
electron plasma wave in both two and three dimensions,'®’ and
Hasegawa and Mima showed that the kinetic Alfvén wave can form
an exact solitary wave. 168

In a nonlinear and strongly dispersive medium, the envelope of a
continuous train of waves can also become a soliton. Such localized
waves are often called envelope solitons. They can result from' the
modulational instability, which is an instability in the amplitude
modulation of a plane wave in a nonlinear dispersive medium.
Using theory and computer experiment, Hasegawa showed that a
cyclotron wave propagating in the direction of a magnetic field
develops a modulational instability.}®® Hasegawa and M. Kato
demonstrated that the ion-acoustic wave is also modulationally
unstable if (and only if) the modulation is applied in a direction
oblique to the direction of the wave propagation.!”9 The behavior of
amplitude modulation on the ion-acoustic waves was studied experi-
mentally by Ikezi, Schwartzenegger, and A. L. Simons of Bell Labs
and coworkers at Nagoya University, Japan. The ion waves were
found to be modulationally stable if the modulation is applied in the
direction of the wave propagation.'”! In 1975, Hasegawa showed
theoretically that an envelope of random phase waves can become a
soliton, but unlike the case of an envelope of a single wave, it can
have an arbitrary shape.l”2

ITIl. MOLECULAR BIOPHYSICS

The emerging molecular approach to the study of fundamental bio-
logical processes showed that it might be possible for physicists to
contribute to the understanding of some of these processes in a quan-
titative way. This possibility induced many physicists during the
1960s and 1970s to undertake research in the exciting new field of
molecular biophysics. In the early 1960s several physicists at Bell
Labs became interested in applying the approaches and techniques of
solid state physics to studies of biological molecules. In these studies
it was necessary to match the techniques to problems very carefully

so that physical certainty was retained in the complicated biological
systems.
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The early interest in biological research was activated in 1961 by a
report of an unexplained electron spin resonance (ESR) signal from
deoxyribonucleic acid (DNA) at laboratories in the Soviet Union.
After studying the ESR properties of DNA at Bell Labs, it was con-
cluded that the signal was caused by a ferromagnetic resonance aris-
ing from an iron-oxide impurity, and that DNA itself was not fer-
rc»ma.gnetic.”3

3.1 Nuclear Magnetic Relaxation of Water Protons in DNA

It had been proposed that many biological processes produced
unpaired electrons, or free radicals. W. E. Blumberg, who had been
studying nuclear relaxation in solids, designed an apparatus to mea-
sure the spin lattice relaxation times of the nuclear spins of water
protons in solutions of biological samples. Blumberg’s purpose was
to detect free radicals formed during biological processes such as cell
division.!”* However, no effects that could be assigned to such free
radicals were observed. The same apparatus was used in a subsequent
series of experiments in which paramagnetic metal ions were intro-
duced into water solutions of biological molecules, in particular DNA.
The idea was to study the metal-ion binding because it was expected
that binding to the DNA would shield the paramagnetic ion from the
water molecules. If this occurred, the large magnetic moments of the
paramagnetic electrons would not induce nuclear spin-flips of the
water protons in DNA as efficiently as in water solution. Surpris-
ingly, the paramagnetic ions were more effective in inducing transi-
tion of the water protons when the metal was bound to DNA. This
“nuclear relaxation enhancement” was explained and developed at
Bell Labs by J. Eisinger, R. G. Shulman, and Blumberg,1”% and later by
others elsewhere,’® as a useful probe of the structure of biological
molecules.

By this time it was clear to the scientists involved that it was possi-
ble to make simple and interpretable physical measurements on large
and complex biological molecules. The philosophy that soon
developed among the Bell Labs workers was to use the biomolecules
in experiments and to use simpler molecules only as models in exper-
iments suggested by initial studies with the biomolecules. In this
way the scientist is in a better position to devise methods and obtain
data that are useful from the biological point of view.

3.2 Optical Studies of DNA and Other Molecules

Irradiation of DNA with ultraviolet light at low temperature was
shown to result in the formation of a free radical.!”” Determination of
the hyperfine interaction of the radical from its ESR spectrum eventu-
ally led to its identification by Eisinger, Shulman, and their collabora-
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tors as the hydrogen atom adduct of thymine.178 [Fig. 6-15] In order
to understand the path by which the radiation produced the free rad-
ical, an investigation of the electronically excited states of DNA and
its constituents was initiated, first at low temperatures and afterward
at room temperature.w9 A first-order picture of electronic relaxation,
energy transfer, and the mechanisms of the photochemical processes
emerged. On the basis of these studies it was realized that it was pos-
sible to introduce electronic excitation selectively into the thymine
bases by a sensitization technique.180 [Sensitization means that the
energy (hv) absorbed by a sensitizer molecule is passed on to another
molecule, which then may fluoresce or undergo photochemical reac-
tion.] The consequence of this is the formation of a single stable pho-
toproduct in the DNA, a dimer formed by two adjacent thymines.
Subsequent chemical studies on the thymine dimer showed that it
could be formed with 100-percent quantum efficiency by light at
2800A and broken with 100-percent efficiency by light at 24004 181
These two different states of the thymine dimer had different absorp-
tion spectra, which could be identified by the difference in the
dispersion of light in the visible region. This led to the suggestion
that analogous photodimers could be used as materials for optical
memory devices.!82

Fig. 6-15. R. G. Shulman (left) and J. Eisinger discuss damage centers in DNA induced
by ultraviolet radiation. They are standing in front of a model of the DNA double helix.
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In a biological application of the sensitization technique, a way to
sensitize DNA in a bacteriophage was developed.183 It was shown
that the thymine dimer is virtually the only stable photoproduct
formed in a bacteriophage under these conditions. This made it pos-
sible to study the lethal and mutagenic effects of a particular change
in the DNA introduced by radiation with light and helped to sort out
the effects of the several other changes introduced by direct irradia-
tion of the DNA 184

In addition to the use of the most advanced physical techniques
developed elsewhere, new approaches and techniques for studying
biomolecules were developed at Bell Labs. One useful technique for
determining distances between certain groups in biological molecules
involved the measurement of the efficiency of electronic energy
transfer between absorbing and emitting centers. In the 1970s, such
an energy transfer approach was combined with fluorescence polari-
zation measurements. A complete mathematical analysis demon-
strated that the combined approach allows much more accurate deter-
mination of the molecular distances.!8

3.3 Physical Transport of Biomolecules

Biochemists had been using electrophoresis for many years to
separate electrically charged biomolecules on the basis of their
different mobilities in an electric field. Eisinger and Blumberg real-
ized that these molecules would obey the differential equations of
motion, including interactions between molecules of different kinds,
just as the various carriers in a semiconductor would drift and
interact. They showed that the interactions among the molecules
could be determined if the concentration profiles of the various
molecules present were measured at time zero and after a known
time under an electric field.18¢ This technique has been used to mea-
sure interactions among many different types of biomolecules—for
example, the transfer ribonucleic acids (RNAs), one kind of molecule
participating in protein synthesis.187

3.4 Nuclear Magnetic Resonance
3.4.1 Nuclear Magnetic Resonance of Proteins and Nucleic Acids

In the late 1960s, emphasis in magnetic resonance studies shifted to
high-resolution nuclear magnetic resonance (NMR) studies of protons
and C in large biological molecules. The motions of most proteins
are rapid enough so that it is possible to get reasonably narrow,
resolved lines in their NMR spectra at the high magnetic fields avail-
able from superconducting solenoids. Fourier transform techniques
resulted in increased sensitivity, so that with the current NMR equip-
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ment resonances from single nuclei in large molecules (molecular
weight up to 65,000) could be observed, resolved, and identified. At
the time of this writing, the emphasis of the NMR work has been on
the structure of biological molecules in solution under conditions
where they are functional. In this way the clearest picture of the
relationship between structure and function can be achieved.

D. J. Patel pointed out that certain hydrogen-bonded protons could
be easily and selectively studied by NMR because a hydrogen bond
shifts the proton resonance to lower fields, resolving it from the reso-
nances caused by the majority of the protons. Furthermore, the slow
exchange rate in and out of the hydrogen bond enables the reso-
nances to be distinguished from those of the solvent and to be
identified by exchanging them with deuterons in D,0.18 Hydrogen
bonding makes a major contribution to the three-dimensional struc-
ture of biomolecules, especially nucleic acids, and the NMR method
has revealed the kinetics of molecular motion.!8?

The NMR spectrum of a large macromolecule such as DNA in solu-
tion is very complex and unresolved because molecular tumbling is so
slow that motional narrowing is not achieved as it is for the relatively
small molecules found in drugs. Patel exploited this difference to
study the binding of drugs to DNA.1® In this way, he was able to
explain the mechanism of action of a number of antibiotic and carci-
nostatic drugs that inhibit DNA transcription.!%!

Considerable attention has been paid to hemoglobin, where NMR
and kinetic experiments have been combined to determine the
mechanism responsible for the cooperative oxygenation in that
molecule. In these experiments the NMR spectra were used to
characterize the three-dimensional state of the molecules in solution.
The kinetics of oxygen binding showed that when the state changed
so did the oxygen affinity. The hypothesis of the so-called two-state
allosteric mechanism was shown to be a good approximation of the
behavior of the biomolecule. The extensive literature on hemo§lobin
was analyzed and shown to be consistent with this hypothesis.!”? The
idea that one hypothesis could explain data from diverse sources,
familiar to physicists, had been a novelty in biochemistry.

3.4.2 Nuclear Magnetic Resonance of Biomolecules in Vivo

The advent of spectrometers with high sensitivity and large sample
volumes made it possible to detect continuously resonances from a
variety of low molecular weight intracellular metabolites in suspen-
sion of living cells and perfused intact organs. Previously, measure-
ments of metabolite concentrations required destruction of the cells.
The earlier studies by J. M. Salhany and coworkers concentrated on
3P, with a nuclear spin of %, a 100-percent natural molecule of con-
siderable biological importance.!®® They studied correlations between
the state of energization of bacterial cells, as reflected in the levels of
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adenosine tri-phosphate (ATP), which could be clearly seen in the 3P
NMR spectra, and the difference in pH between the inside and the
outside of the cell that could be obtained from the pH dependence of
the chemical shift of inorganic phosphate. This correlation is the
basis of biological energy use, because in many cases ATP is derived
from the proton gradient across the cell.

Building on this earlier work, T. R. Brown and coworkers used the
techniques of double-resonance NMR to measure enzymatic rates in
vivo. These techniques rely on the fact that a nuclear spin will
“remember” a perturbation for a time on the order of its spin-lattice
relaxation time. Thus, if the spin states of a particular species are
saturated while they are also chemically exchanging with another
species, the second species will show a reduced magnetization if the
chemical exchange rate is comparable to the spin-lattice relaxation
rate. The exchange rate can be obtained by measuring the magnetiza-
tion reduction and the spin-lattice relaxation time. Applying these
techniques to a suspension of the bacterium Escherichia coli, Brown, K.
Ugurbil, and Shulman were able to measure the synthesis rate of ATP
in E. coli while the cells were respiring. This was the first time that a
unidirectional enzymatic rate had been measured in a living system.
In the late 1970s, Brown and collaborators at Oxford University used
these techniques to study enzymatic rates in perfused muscles and
hearts.!?* These experiments revealed that the function and activity
of the enzyme creatine phosphokinase in these systems was consider-
ably more complex than previously thought.

In addition to the NMR work with 3P, Bell Labs scientists
pioneered in the use of compounds in which 13C has been incor-
porated at known locations to study in vivo metabolism of cells and
organs. Realizing that inserting a chemical label into a molecule,
which would later be catabolized by the cell, would provide a vast
amount of information on the rate processes that occur in vivo, Ugur-
bil and coworkers studied the uptake and metabolism of *C-labelled
glucose in E. coli.l®® [Fig. 6-16] They were able to measure the reaction
rates of several enzymes caused by the movement of the '3C label in
the glucose that had been fed to the cells but which was observed at
the C6 position in several intermediate metabolites. Additional stud-
ies on rat liver <:ells,196 yeast,197 and on whole perfused mouse
liver,!®® have demonstrated the large amounts of information on
metabolic rates and pathways that can be acquired by this technique
in short periods of time.

3.5 Paramagnetic Resonance in Metalloenzymes

In a parallel fashion, Blumberg and J. Peisach advanced EPR studies
of the paramagnetic ions such as copper and iron in metalloenzymes
to the point where the data could be interpreted in terms of the elec-
tronic state of the ion, and translated into the chemical structure at
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Fig. 6-16. Phosphorus-31 NMR spectra at 145.7 MH, of an
anaerobic E. coli suspension containing approximately
5 x 10" cells per milliliter (A) before and (B) 4 to 6 minutes
after glucose addition. ppm is the departure, in parts-per-
million, from the true value of the nuclear magnetic moment
of 3P. Each spectrum was the sum of 400 scans with a
repetition time of 0.34 second and a 45-degree radio-frequency
pulse. Abbreviations: S—P, sugar phosphates; P;, inorganic
phosphate; Pf*, Pii”, external and internal P;, respectively;
PEP, phosphoenolpyruvate; NOP, nucleotide diphosphate;
NADY, nicotinamide adenine dinucleotide; UDPG, uridine
diphosphate glucose; FBP, fructose 1,6-biphosphate; DHAP,
dihydroxyacetone phosphate; NTP, nucleotide triphosphate. R
is the reference signal from 0.1 percent orthophosphoric acid in
0.1-mole HCI; X is unassigned. [Shulman et al., Science 205
(1979): 161; adapted from Ugurbil et al., Proc. Natl. Acad.
Sci. US.A. 75 (1978): 2244].

the ion site. The systematics of the approach have elucidated the
relationships between structure around the iron proteins.!?’ Using a
method of classification of the EPR spectra of copper developed by
Peisach and Blumberg,??® unknown metal-ligand atoms can some-
times be identified in copper-containing proteins.

3.6 Translation of the Genetic Code

One of the most puzzling questions in biological information
retrieval has been the mechanisms by which the genetic code is
translated from the DNA to proteins. J. J. Hopfield proposed a
kinetic proofreading mechanism that uses the energy obtained by
splitting adenosine triphosphate (ATP), a small molecule commonly
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used for biological energy storage, to enable the protein synthesis
enzymes to read the amino acid selected for a second time. Essen-
tially, this uses the free energy obtained from splitting ATP to reduce
the entropy of the system. This would give a rejection ratio for the
incorrect amino acid approaching the initial rejection ratio squared.
T. Yamane and Hopfield tested this hypothesis on several systems,
and the results strongly support the proposed mechanism.?%! It is
important to note that this hypothesis,” which has generally been
accepted, postulates a novel role for the high-energy bond of ATP, in
that it is no longer split just to create another unstable bond in a cou-
pled reaction. In addition it points out that nature’s way of retriev-
ing information stored in the gene is novel, rapid, and efficient.

3.7 Extended X-Ray Absorption Spectroscopy in Biomolecules

In the mid-1970s Shulman and Blumberg became interested in
applying the newly developed technique of extended X-ray absorp-
tion spectroscopy (see section 2.3 of Chapter 8) to Dbiological
molecules such as rubredoxin and hemoglobin. G. S. Brown and P.
Eisenberger, together with a group from the University of California
at Berkeley, developed the fluorescence detection approach and
applied it to absorption spectroscopy.2%2 By the end of 1975, a whole
new apparatus had been constructed for this detection approach.
With this development, the technique of absorption spectroscopy
could be applied to dilute biological systems. Work on rubredoxin by
Shulman, Eisenberger, and Blumberg initially started by using the
transmission detection approach.2%% The technique was extended to
greater accuracy with the help of Brown, B. M. Kincaid, and B. K.
Teo, and the utilization of the fluorescence detection approach.2%* It
was found that contrary to proposed explanation by early X-ray crys-
tallography, no short iron-sulfur bond in rubredoxin exists. Subse-
quent X-ray crystallography work confirmed the X-ray absorption
results.

Eisenberger and coworkers studied the cooperative process of oxy-
gen binding in blood.2%®> They found that the change in oxygen
affinity responsible for the cooperative oxygen binding process was
not due solely to local structural changes around the iron porphyrin
site. They suggested that the mechanism for the cooperative process
was more complicated and delocalized than was thought to be the
case on the basis of previous work.

L. Powers, Eisenberger, and J. Stamatoff used the focused X-ray
beam line, together with a newly developed focusing X-ray fluores-
cence detector, to study very dilute biological systems.?% Their mea-
surements of calcium proteins and calcium ions in membranes indi-
cated changes in coordination and bond length as the concentration
of ions was varied.
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3.8 Fluorometric Screening Test for Lead Poisoning

The development of an instrument that permits rapid screening of
populations at risk for lead poisoning parallels the long-standing
interest at Bell Labs in ways to inhibit photodegradation and oxida-
tion of polymers in telephone-cable sheathing. (For more on this
topic, see Chapter 14, section 3.1.) Research scientists became
interested in how living organisms are protected from sunlight dam-
age. This led them to investigate the heightened sunlight sensitivity
associated with protoporphyria, one variety of a family of human
genetic diseases.

Heme iron complex of protoporphyrin is a constituent of many
important proteins and enzymes found in the body. For example,
heme is the key constituent of hemoglobin, the oxygen-carrying red-
colored component of blood, and provides the center of reaction of
molecular oxygen in all higher organisms. In patients with protopor-
phyria there is a deficiency in the activity of the enzyme that
catalyzes the insertion of iron into protoporphyrin and grotoporphy-
rin accumulates in the red cells in excessive amounts.??” This free
protoporphyrin leaks from the red cells, and some of it diffuses to the
skin and causes photosensitivity in the patients by allowing oxygen
to react in an uncontrolled way. It can be observed in the blood
because it is strongly fluorescent. Heme, because of the iron, is nei-
ther fluorescent nor is it a photosensitizer.

It was reported that patients with severe lead poisoning have as
much protoporphyrin in their blood as do patients with protoporphy-
ria.?® But intriguingly, there is no photosensitivity associated with
lead poisoning. Investigation of the nature of fluorescence exhibited
by porphyrins in the blood of porphyrics and of lead-intoxicated
patients led A. A. Lamola and Yamane to discover that the porphyrin
accumulating in the blood of a lead-poisoned person was, in fact, zinc
protoporphyrin and not metal-free porphyrin.209 In contrast to free
protoporphyrin, the zinc protoporphyrin {)ers1sts in the red cells for
their entire life span, about four months.?1% It does not diffuse to the
skin and, therefore, does not lead to photosensitivity. Zinc protopor-
phyrin, unlike heme, fluoresces in the red region of the spectrum
when excited by blue light. This permits fluorometry, with its
inherent high sensitivity, to be used as a measure of the concentra-
tion of zinc protoporphyrin in the blood. It was quickly demon-
strated that the blood-zinc protoporphyrin level was well correlated
with the lead level in a population of children.2!!

Optical emission spectroscopy in the laboratory has been an
extremely useful tool in uncovering the differences between the por-
phyrins and their binding sites in red blood cells. However, com-
mercial fluorometers generally require that the blood be diluted until
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a negligible fraction of the exciting light is absorbed in the sample.
In order to avoid this dilution step, which is difficult to perform accu-
rately in a non-laboratory situation, Lamola, Eisinger, and Blumberg
decided to excite a drop of whole blood placed on a thin glass slide
from underneath and to measure the red fluorescence emitted from
the same side of the slide—a technique known as frontface fluores-
cence. [Fig. 6-17] An automated instrument called the
hematofluorometer was developed by Blumberg, Eisinger, Lamola,
and D. M. Zuckerman using this technique.212 The instrument is rela-
tively inexpensive, requires only one small drop of untreated blood,
and is readily portable. Its operation is very simple, and it presents
the answer in any desired units, such as micrograms of zinc
protoporphyrin per gram of hemoglobin.

Although a way to assay blood protoporphyrin in small samples
had been worked out in New York City by S. Piomelli,?!? the method
developed by the Bell Labs group was even more specific, simpler,

Fig. 6-17. A. A. Lamola operating the original
hematofluorometer used to detect lead poisoning by
examination of a drop of blood.
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and less expensive, since it required no chemical manipulation of the
sample. The simple and portable instrument for on-the-spot testing
obviates the need for expensive and inefficient follow-up procedures.
[Fig. 6-18]

The hematofluorometer has been recommended by the Department
of Health, Education, and Welfare for use in childhood lead poison-
ing screening programs and in the Early and Periodic Screening,
Diagnostic, and Treatment Program.?!¥ The hematofluorometer has
also been approved by the Occupational Safety and Health Adminis-
tration for monitoring undue lead absorption in workers occupation-
ally exposed to lead.”’® As of the summer of 1980, more than 800
hematofluorometers were in use in public health agencies, hospital
clinics, and industrial hygiene departments. These instruments were
manufactured by several instrument companies licensed by the Bell
System at no cost. Bell Labs provided technical information and
assistance to these companies in the public interest.

Using the hematofluorometer, the Bell Labs group took part in epi-
demiological studies of lead intoxication in occupationally exposed
groups carried out with the Environmental Sciences Laboratory of the
Mount Sinai School of Medicine in New York. It was established that
the concentration of zinc protoporphyrin in blood is a much better
indicator of chronic lead intoxication than is the concentration of lead

Fig. 6-18. The portable testing device for lead poisoning developed by Bell Labs scientists,
shown being demonstrated at a Massachusetts Governor’s Conference on childhood lead
paint poisoning. Dr. R. Klein, left, director of the state’s childhood lead poisoning
prevention program, tests an infant while her father and Bell Labs’ W. E. Blumberg, right,
one of the developers of the testing equipment, look on.
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in the blood.21® Thus, the hematofluorometer test is directly related to
the actual health of a patient. Ominously, the epidemiological study
also demonstrated that the central nervous system is affected by lead
intoxication at levels not very much higher than the average level
attained by city dwellers in the U.s.2?

At the time of this writing, the hematofluorometer is in use within
the Bell System, where more than 40,000 employees work with
lead—for example, in soldering and in replacing and reclaiming old
lead-sheathed cable. Because of the accuracy of the
hematofluorometer even at low zinc protoporphyrin levels, it was
shown that the average lead absorption by solderers in a Western
Electric plant was no higher than a control group of nonsolderers and
lower than the average city dweller, a testimony to the effective
industrial hygiene practices of the Bell System.2!8

3.8.1 Application to Management of Neonatal Jaundice

A hematofluorometer based on the principles discussed in the pre-
vious section and capable of assessing the status of newborn infants
with neonatal jaundice was in the final stages of successful clinical
testing in the early 1980s.

Bilirubin, the natural breakdown product of heme, is a potent cen-
tral nervous system poison. In adults, it is transported to the liver
where it is detoxified and prepared for excretion into the bile. Not
present in the fetus, this detoxifying system is induced after birth.
Because of either or both a delay in the induction of detoxification
and an excessive production of bilirubin due, for example, to Rh fac-
tor difficulties, there is often a transient rise in the serum. This leads
to a yellow coloration of the skin known as jaundice. If enough
bilirubin enters the central nervous system, irreversible brain damage
occurs. Neonatal jaundice is the most common problem encountered
in the newborn nursery, the main concern being the proper assess-
ment of risk for brain damage so that appropriate preventive therapy
can be applied. Because the risk for bilirubin-associated brain dam-
age is not simply related to the serum bilirubin level, therapeutic
indication in neonatal jaundice is often c:omplicatecl.219

In a series of papers, Lamola and coworkers demonstrated that
some relatively simple fluorimetric measurements made on very small
specimens of whole blood reveal much information concerning the
risk for bilirubin-associated brain damage in a neonate.” ~~~ Blum-
berg, Lamola, and Zuckerman developed a microprocessor-controlled
hematofluorometer for simple automated testing of blood specimens
from neonates. Using this instrument, less than 0.2 cc of whole blood
and a few minutes of operator time is required, making the protocol
useful directly in the intensive care nursery around the clock. While
other approaches to blood tests aimed at assessing brain damage risk
have been developed over the years none has been adopted for rou-
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tine use because all of them are technically complicated or require
large volumes of blood.

The technology for the bilirubin hematofluorometer was made
available to instrument manufacturers so that the medical benefit of
this advance could be expedited.
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Chapter 7

Astrophysics and
Magnetospheric Physics —
Cosmic Background Radiation

The interest of Bell Labs scientists in both astrophysics and the physics of
the magnetosphere stems from a desire to understand the factors affecting
electromagnetic propagation in the earth’s atmosphere. The contributions to
astrophysics began in the early 1930s, soon after sensitive antennas were built
to gather data on radio propagation. Serious studies of the earth’s magneto-
sphere did not begin until three decades later when Bell Labs launched the
first Telstar communications satellite. K. G. Jansky’s investigation of the
source of noise affecting transatlantic radio propagation gave rise to the birth
of the astrophysics field of radio astronomy. The research of A. A. Penzias
and R. W. Wilson in the 1960s on microwave background radiation had
strong impact on modern cosmology. Other research contributions by Bell
Labs scientists to astrophysics include the development and use of highly sen-
sitive detectors, which led to the discovery of many molecules in the inter-
galactic space as well as to gamma-ray astronomy and the search for gravity
waves.

The studies of the magnetosphere dealt with the earth’s radiation environ-
ment produced by energetic electrons and protons trapped in distinct belts
around the earth and how these are affected by solar flares. Satellite investi-
gations are complemented by magnetic data on ultra-low-frequency variations
in the earth’s magnetic field, obtained from magnetometers placed in experi-
mental stations in Antartica and at high northern latitudes.

I. ASTROPHYSICS

Studies in astrophysics at Bell Laboratories were motivated by the
need to understand sources of interference in radio communication.
In the 1920s and early 1930s interest was focused in the 10°to 10°

Principal authors: L. J. Lanzerotti, R. A. Linke, and R. W. Wilson
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hertz (Hz) region of the electromagnetic spectrum, covering the range
of AM and FM radio-frequency bands. With the development of
radio-relay microwave applications to cross-country communication in
the 1940s and the beginning of exploration of electromagnetic propa-
gation in the circular waveguide, interest shifted to the study of pos-
sible sources of interference in the microwave and millimeter
wavelength (10° Hz to 10" Hz) regions. The two major fields of
astrophysics in which Bell Labs scientists played leading roles—radio
astronomy and the experimental confirmation of the “Big Bang”
theory of the origin of the universe—can be traced directly to the
Bell System’s involvement in communications in these two broad
regions of the electromagnetic spectrum.

1.1 Radio Astronomy — Early Observation of Galactic Radio Noise

The science of radio astronomy was initiated in 1932 by K. G. Jan-
sky, who had been studying the sources of noise on
high-frequency—20 megahertz (MHz)—transatlantic radio circuits.
He had built a large, highly directive antenna on a turntable that
rotated three times per hour, in order to resolve the angle of arrival
of the noise. [Fig. 7-1] The received signal strength was recorded on
a chart recorder. Jansky also listened to determine the character of
the noise, and discovered that there were three major sources of
noise: the familiar crackling noise from nearby thunderstorms, distant
thunderstorms, and a continuous hiss-like noise whose intensity
varied in a pattern that almost exactly repeated from one day to the
next.! In further investigation of the continuous hiss component, Jan-
sky discovered that its maximum occurred four minutes earlier each
day and after a year had shifted by a full twenty-four hours. A. M.
Skellett of Bell Laboratories, a Ph.D. astronomy student at Princeton
University, showed him that this is what would be expected from a
source associated with the fixed stars.? In a later paper, Jansky
showed that the hiss-type static came from the plane of the Milky
Way and that the maximum came from the direction of its center.?
This first radio-astronomical observation was published and publi-
cized, but astronomers of the day did not fully appreciate its
significance. Part of the problem was that the astronomers did not
understand that the strength of the hiss that Jansky reported in
microvolts/meter actually corresponded to a thermal temperature
many times greater than the value of 10,000K that they would have
expected from jonized hydrogen regions. It was only after World
War II, when the radar developers took an interest, that the science of
radio astronomy began to blossom.
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Fig. 7-1. K. G. Jansky in front of the antenna he used to discover radio waves coming from
space.

1.2 Microwave Background Noise Studies —Impact on Cosmology

The cosmic microwave background radiation, considered a relic of
the explosive beginning of the universe, was discovered in 1965 by
A. A. Penzias and R. W. Wilson [Fig. 7-2] at Bell Labs” Crawford Hill,
New Jersey, site.>® Penzias and Wilson received the Nobel Prize in
physics in 1978 for their work in this area. The discovery was made
with a uniquely sensitive microwave receiving system, originally
built for receiving signals bounced from the Echo balloon—the
world’s first communications satellite. Two developments formed the
key components in the Echo receiving system. The first was a
traveling-wave maser amplifier with an intrinsic noise temperature of
only a few degrees kelvin.” The other was the 20-foot horn reflector
antenna,® whose most important property in this application was its
very effective rejection of radiation from the backward direction,
which reduced the pickup of ground radiation to negligible levels
(approximately 0.1K). [Fig. 7-3]

In 1963, when the Echo receiving system was no longer needed for
satellite work, preparations were made to use the 20-foot horn
reflector for radio astronomy. At that time a maser amplifier from
project Telstar, operating at a microwave wavelength of 7.35 centime-
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Fig. 7-2. R. W. Wilson (left) and A. A. Penzias, discoverers of cosmic
background radiation, direct evidence for the “Big Bang” theory of
cosmology.

Fig. 7-3. The 20-foot horn-reflector antenna used in the discovery of microwave background
radiation.
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ters (cm), was installed and an accurate measurement of its sensitivity
was underway.” A radio astronomy receiver (radiometer) incorpora-
ting the maser was designed to make accurate measurements. It con-
tained two additional unique features: a liquid-helium-cooled refer-
ence noise source whose equivalent noise temperature (a convenient
measure of its output power) was 5K and could be accurately calcu-
lated;!® and a waveguide switch that allowed very accurate compari-
sons of the intensity of the radiation from the antenna and the refer-
ence noise source. The first radio astronomy project used the mea-
sured gain of the 20-foot horn reflector to make precise measurements
of the intensities of several bright radio sources that had traditionally
been used as radio-astronomical calibrators.!!1?2  The results of this
work also provided the data for a convenient and widely used
method of measuring the sensitivity of satellite earth stations.

When the radiometer was put into operation, the first measure-
ments showed that the equivalent antenna temperature was about
7K—hotter than the reference noise source by about 2K. The antenna
temperature should have been only 3.3K—the sum of the atmospheric
contribution (2.3K) and the radiation from the walls of the antenna
and ground (1K). This would have been 1.7K less than the cold load.
During the period when accurate source measurements were being
made (almost a year), the excess antenna temperature was found to be
constant, independent of direction in the sky, polarization, and sea-
son. At the end of that period an intensive effort to find the physical
origin of excess temperature was undertaken.

Success came in an unexpected way when contact was made with
R. H. Dicke and his group at Princeton University. Although not the
first to do so, Dicke predicted the existence of such all-pervasive radi-
ation as a result of a postulated “Big Bang” origin of the universe. (A
review of early theories of the “Big Bang”-type universe appears in a
paper by Penzias.!®) Dicke also suggested that the radiation would be
observable, and his group set out to make a measurement. However,
measurements by Penzias and Wilson gave a value of the temperature
of the microwave background and suggested that the expected radia-
tion from the early universe was present. Subsequent measurements
have borne this out.!

The discovery of cosmic microwave background radiation has had a
dramatic effect on the science of cosmology. Not only has it provided
direct evidence for a “Big Bang” type of cosmology, it serves as a
probe of conditions in very early stages of the universe.

In 1966, a second well-calibrated radiometer was built for the 20-
foot horn reflector. The radiometer was capable of receiving the 21-
c¢m microwave line of atomic hydrogen, the more important of the
two then-known radio frequency lines. A background temperature
measurement was made with this radiometer,15 adding to the
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confirmation of the thermal spectrum of the background; it was then
used for several additional measurements.!® A new lower limit to the
amount of intergalactic neutral hydrogen was obtained, confirming
that neutral hydrogen does not make up a significant fraction of the
mass of the universe. The high-velocity hydrogen emission in the
neighborhood of the astronomical coordinates I = 30°, b = 45° was
extensively mapped and found to be one continuous cloud.!” Another
region near the south galactic pole was found to extend approxi-
mately 60° and to exhibit a continuous velocity shift along its length,
suggestive of rigid motion.!® Extensive measurements of hydrogen in
the vicinity of the galactic center resulted in new kinematic models of
the explosive events of that region.!® Additional calibration measure-

ments of interest to the radio-astronomy community were also
made.?0

1.3 Application of Sensitive Receivers to the Study of Molecules in Inter-
stellar Space

In 1968, Penzias and Wilson made a low-noise, 4-millimeter
wavelength receiver using components that had been developed at
Crawford Hill for the circular electric-mode waveguide system. The
most important advance in this receiver was the use of GaAs Schottky
barrier diodes made by C. A. Burrus in the mixer.?! This receiver was
used with the new 36-foot diameter antenna for millimeter-wave
radiation studies by the National Radio Astronomy Observatory
(NRAO).

In 1970, K. B. Jefferts, Penzias, and Wilson started a revolution in
the understanding of the interstellar medium by discovering an
intense spectral line of carbon monoxide at 2.6 millimeter (mm)
wavelength coming from the Orion Nebula.2? They used a 90 to 140
gigahertz (GHz) spectral-line receiver that they had assembled for the
36-foot antenna in collaboration with S. Weinreb of the NRAO. This
receiver used Burrus diodes for both the main mixer and for the har-
monic mixer, which was used to phase-lock the local oscillator kly-
stron. In the next year nine new molecular species were discovered
by the Bell Labs group, including molecules containing the rare iso-
topes ®C and 0. Other observers using a derivative of the 4-
millimeter receiver discovered several other species. The advantage
of millimeter-wave spectroscopy of rotational levels is that any
molecule containing two or more elements heavier than hydrogen
and having a dipole moment can be measured.

In the decade from 1970 to 1980, Bell Labs continued at the fore-
front of millimeter-wave spectral-line astronomy. The Crawford Hill
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7-meter antenna, built for the Comstar Beacon experiment and radio
astronomy,23 has been the world’s most sensitive millimeter-wave
spectral-line radio telescope since its operation began in 1977. Much
work has been directed to studying isotope ratios as an aid for under-
standing nucleosynthesis.?* The discovery of deuterated molecules®
has made it possible to obtain measurements that indicate that the
expansion of the universe will continue forever, that is, that we live
in an open universe.?®?’ In the 1970s, scientists at Bell Labs
discovered 24 new molecular species, studied the chemistry and phys-
ics of dense molecular clouds, and demonstrated that carbon monox-
ide is an excellent tracer of the special activities present in spiral arms
of galaxies.28 [Fig. 7-4]

1.3.1 Instrumentation

In an effort to reach higher frequencies, as well as to detect weaker
signals, scientists at Bell Labs have introduced a number of new de-
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Fig. 7-4. Molecules in interstellar space discovered by Bell Labs scientists.
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vices and techniques. In 1970, T. G. Phillips and Jefferts developed a
new type of radio receiver for millimeter and submillimeter waves.?’
The new receiver made use of the bulk properties of a single crystal
of highly pure indium antimonide. The electrical resistance of this
material provided a sensitive measure of the temperature change of
the electron gas. This temperature rises above that of the lattice at
liquid helium temperatures by the absorption of incident photons.
This device, called the “hot electron bolometer,” is sensitive at fre-
quencies up to 500 GHz and was used to detect interstellar carbon
atoms through a transition at 492 GHz.30

The sensitivity of the more conventional down-converter receivers
was increased nearly fourfold when a mixer diode produced by
molecular beam epitaxy (MBE) was operated at cryogenic tempera-
tures.3! (For more on this topic see Chapter 2, section IV.) M. V.
Schneider, R. A. Linke, and A. Y. Cho demonstrated in 1977 that a
millimeter-wave-mixer diode could be specifically tailored for cryo-
genic operation through MBE by depositing a very lightly doped
active layer on the more heavily doped buffer layer.3>> Cryogenic
receivers using MBE diodes and covering 70 GHz to 140 GHz were
put into use on the offset Cassegrainian antenna at Bell Labs’ Craw-
ford Hill, N.J., site. They proved to be the most sensitive receivers
available in this band for a number of years.

In 1978, G. J. Dolan, Phillips, and D. P. Woody demonstrated that
the nonlinear properties of superconducting tunnel junctions could
be used to make a mixer receiver at 115 GHz with extremely low
noise.3* The physical effect that is used in the device is photon-
assisted tunneling between two superconducting films separated by
an oxide barrier—an effect first observed in 1962 by A. H. Dayem and
R. J. Martin.3% (See Chapter 9, section 1.5.)

1.4 Statistical Study of Galaxies

Knowledge of the nature of the universe during the 15-billion year
time span from the “Big Bang” to the present is sparse, but desireable
for understanding the physics of the early universe and stellar evolu-
tion. Research into these questions through statistical studies of the
thousands of faint images on photographic plates exposed on large
telescopes had long been impractical. However, a technique for
automated pattern recognition of faint images developed by J. A.
Tyson and J. F. Jarvis in the late 1970s made possible an automated
analysis of galaxies and resulted in the statistical study of galaxy evo-
lution and cosmology.36

From this study, it appears that galaxies are apparently older than
had been thought, substantially changing the picture of the early
universe. In addition to new constraints on spiral galaxy star-
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formation rates, the resulting limits for the epoch of galaxy formation
are a factor-of-five earlier than previously obtained.

1.5 Gravity Waves

In 1913, Albert Einstein saw that his new theory of gravity, the
general theory of relativity, would predict the existence of gravita-
tional waves that would be radlated when highly dense matter elasti-
cally deforms or accelerates.” These waves would travel at the speed
of light and cause a small tidal force on a detector. The detection of
such gravity waves would contribute significantly to astrophysics.

In 1969, ]J. Weber, using a prototype gravity antenna at the Univer-
sity of Maryland, clalmed to have detected intense short bursts of
gravitational waves.3® This publication captured the interest of many
in the astrophysical community, as the data implied an emitter con-
suming about 10° suns per year.

In 1970, Tyson constructed a larger detector with more than 100
times the sensitivity of the University of Maryland system, but
Weber’s claimed bursts were not detected.? In order to improve the
signal-to-noise ratio, in 1973 Tyson arranged to have two detectors in
joint operation, one at Bell Labs, Murray Hill, and the other at the
University of Rochester (which was funded in part by the National
Science Foundation). By 1974, the sensitivity was nearly 2,000 times
that of Weber’s original detector, but even this did not lead to detec-
tion of any gravity waves.*? In a collaborative experiment, a group of
German scientists also obtained null results, in disagreement with
Weber's claims.*! Toward the end of the 1970s the large detector at
Bell Labs had become sensitive enough to see any small burst of grav-
itational waves at the center of our galaxy (30,000 light years dis-
tance) corresponding to the gravitational radiation resulting from
consumption of one seventh of a sun’s mass per year.

1.6 Gamma-Ray Line Astronomy

A new subfield of astrophysics, in which a Bell Labs/Sandia
Laboratories group led by M. Leventhal has played a pioneering role
since 1973, is gamma-ray line astronomy.*> The gamma-ray lines, in
the range of 0.05 MeV to 20 MeV, arise from transitions that occur
between the nuclear energy levels of atoms and molecules immedi-
ately following radioactive decay, inelastic nuclear collisions, or neu-
tron capture. One byproduct of many high-energy astrophysical
processes occurring between ordinary matter and photons is the pro-
duction of anti-electrons, that is, positrons. The annihilation of elec-
trons and positrons usually results in two photons, each carrying
0.511 MeV of energy. The other gamma-ray line process is the syn-
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chrotron emission arising from the motion of electrons in the enor-
mous magnetic fields of neutron stars or pulsars.

Since gamma rays are highly absorbed in the earth’s atmosphere,
large balloons were used to lift the telescope and its related instru-
ments. The telescope itself was built around a large-volume, hyper-
pure germanium diode detector operated at liquid-nitrogen tempera-
ture as the central element. Considerable amounts of data were
obtained when the apparatus was aimed in the direction of two
recent nova explosions and at the Crab Nebula.*® Evidence for a line
feature at 400 keV was obtained, leading to the suggestion that this
may be due to positron annihilation on the surface of a neutron star
being gravitationally redshifted from 511 keV.

Two flights of the system took place over Alice Springs, Australia,
on NASA-supported balloons in November 1977 and April 1979. The
principal observation target on both flights was the galactic-center
region, from which evidence for a line at 0.511 MeV was obtained.**
The intensity of this line corresponds to the annihilation of about
10* positrons-per-second in the galactic-center region. This is the
radiation equivalent of about 10,000 suns. It is not yet known what is
generating all these positrons.

1.7 The Indium Solar Neutrino Spectrometer

The generation of energy in the interior of the sun is believed to
be accomplished by the conversion of four protons into an alpha par-
ticle with a net release of 25 MeV of energy. This conversion takes
place through a series of nuclear reactions. Various steps of this
nuclear reaction chain result in the formation of neutrinos. These
very weakly interacting, stable particles provide a unique probe of
the core of the sun because they are the only particles that can escape
practically unimpeded by the sun’s mass.

In 1976, R. S. Raghavan proposed a neutrino spectrometer that
offers the unique possibility of measuring the energy spectrum of
solar neutrinos.*> This will allow separation of neutrinos produced in
different branches of the nuclear reaction chain, and in addition will
give direct indications of neutrino time variations (bursts) if they
occur. The detector is based on the inverse beta reaction
1811 (y,¢)11%Sn". The electron (produced immediately upon neutrino
capture) is followed by two gamma rays with a few microseconds
delay. This triple signature identifies a neutrino capture and distin-
guishes it from background. The incoming neutrino energy is mea-
sured by the energy of the electron.

Raghavan’s detection scheme is very different from that used in the
only experiment on solar neutrinos reported previously by R. Davis at
Brookhaven National Laboratory.® It promises to resolve ambiguities
in the solar models raised by the Davis experiment.
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II. THE MAGNETOSPHERE

Records of the interest in the nature of the space around the earth,
as manifested in particular by auroral phenomena, go far back into
history.” Beginning in the early part of this century with the obser-
vations and analyses of K. Birkeland*3 and C. Stormer,"“9 the associa-
tions between solar activity and geomagnetic and auroral disturbances
were placed on a more solid theoretical footing through the insights
of a number of investigators, especially S. Chapman and V. C. A. Fer-
raro,50 and Alfvén.®! The launching by the United States and the
Soviet Union of the first artificial earth satellités, with their instru-
mentation for measuring charged particles and magnetic fields, pro-
vided the first opportunities for measuring the space environment in
the vicinity of the earth. The discovery of the trapped radiation belts
around the earth by J. A. Van Allen and his colleagues,®? and by S.
N. Vernov and his associates,” opened an entire new chapter in the
exploration and understanding of the earth’s upper-atmosphere
environment.

2.1 Study of Electrons and Protons in the Van Allen Belts with Detectors
in the Telstar Satellite

Bell Labs entry into the field of in-situ study of the earth’s radiation
environment and magnetosphere began with the launching of the
first Telstar experimental communications satellite on July 10, 1962.
Telstar was equipped with a complement of solid state radiation
detectors that were designed by W. L. Brown and coworkers to meas-
ure the distribution in energy, position, and time of the electrons and
protons trapped in the Van Allen belts in the earth’s magnetic field 5*
Telstar I was launched one day after an American high-altitude
nuclear explosion injected large numbers of additional electrons and
protons into the radiation belts. Thus, the measurements by Brown
and J. D. Gabbe, using the radiation sensors on Telstar, played an
important role in defining the characteristics of the nuclear-explosion
radiation at high altitudes,®® as well as in determining the time
dependence of the radiation as dynamical processes in the magneto-
sphere produced losses of the trapped particles.56 A nuclear explosion
by the Soviet Union in October 1962 produced a very narrow (in alti-
tude) belt of trapped electrons. Measurements of this narrow electron
belt made with the use of particle detectors on Telstar (see Chapter 8,
sections 1.1 and 1.1.1) and on the National Aeronautics and Space
Administration (NASA) Explorer-15 satellite provided the first
significant data on the simultaneous magnetosphere processes of
particle loss along magnetic field lines into the atmosphere and parti-
cle loss by diffusion across magnetic field lines to lower and higher
altitudes.>’>8
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The radiation-belt electron measurements with Bell Laboratories
instruments on the Telstar and Explorer-15 satellites provided evi-
dence that the trapped electrons (both natural and artificial) were
being lost faster than would be predicted theoretically by considera-
tions of simple Coulomb scattering with ionospheric constituents. It
had been suggested that very low-frequency (VLF) waves in the mag-
netosphere might resonate with the individual electron’s cyclotron
frequency, producing a gi.tch-angle scattering of the particles into the
atmospheric-loss cone.” However, C. S. Roberts, in a pioneering
work, demonstrated that this mechanism was totally insufficient to
produce the observed electron losses because the cyclotron resonance
mechanism is very inefficient for scattering particles with pitch angles
close to 90°.%0 He suggested instead that wide-band electromagnetic
noise in the magnetosphere should be the primary source of a pitch-
angle scattering mechanism. In a later study, Roberts and M. Schulz
demonstrated that magnetospheric waves with frequencies compar-
able to a particle’s bounce frequency along a magnetic-field line
would be very efficient for scattering particles with such pitch
angles.®! They envisioned a two-stage loss process for magnetospheric
particles with pitch angles close to 90°: first, bounce resonance
scattering to change the particle pitch angle to an off-equatorial value,
and then cyclotron resonance scattering into the atmosphere.

2.1.1 Radiation Belt Instability and Magnetic Storms

As space exploration of the magnetosphere continued into the mid-
dle and late 1960s, investigations into the natural sources of the
trapped particle populations became of fundamental scientific impor-
tance. A team of scientists responsible for charged-particle and
magnetic-field instruments on the Explorer-26 satellite reported the
first evidence of in-situ electron energization in the radiation belts
during a magnetic storm.®? Later theoretical work by A. Hasegawa
and his colleagues established for the first time the importance of a
plasma instability for particle accelerations within the radiation belts
during a magnetic storm.%® Another study of the effects of magnetic
storms on radiation-belt electrons, using data from Bell Labs’ instru-
ments on Explorer 26, established the occurrence of electron accelera-
tions internal to the radiation belts during all large magnetic
storms.®* This study also suggested that the electron energization
occurred outside the plasmapause, a cold-plasma feature in the mag-
netosphere that had been discovered earlier by D. L. Carpenter of
Stanford University.%®

2.2 Outer Zone Studies with Synchronous Altitude Satellites

The first experimental communications satellite at synchronous alti-
tude, Applications Technology Satellite 1 (ATS-1), was launched by
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NASA in December 1966. Bell Labs semiconductor detector apparatus
on this satellite was used to acquire proton, alpha particle, and elec-
tron data in the outer radiation zone of the magnetosphere until it
was turned off in September 1970. The data from this instrument
have contributed to a number of important discoveries and studies.
These include contributions made by L. J. Lanzerotti, Brown, and
Roberts to an understanding of severe magnetic storm conditions
when the magnetospheric boundary is pushed inside the synchronous
orbit altitude.®® Other studies include collaborative observations of
the geomagnetic substorm acceleration and particle loss processes,®’
and the relationships between substorm-produced electrons in the
magnetosphere and in the magneto tail.®8 Hasegawa proposed
theoretical explanations for possible radiation-belt electron accelera-
tions at the plasmapause and by a driftwave instability in the vicinity
of a magnetosphere-plasma-density gradient.69

One of the discoveries that resulted from the experiment on ATS-1
was the identification of periodic oscillations, dependent upon parti-
cle energy, in the trapped electron fluxes.”® These “drift echoes” were
attributed to sudden changes in the magnetosphere configuration
induced by changes in the solar wind dynamic pressure.71 They pro-
vided crucial evidence of the importance of such magnetospheric
field changes on the redistribution of trapped particles by the process
of radical diffusion.”? Subsequently, trapped proton flux data from
ATS-1 as analyzed by Lanzerotti, C. G. Maclennan, and M. F. Robbins,
provided the first evidence of drift echoes in the fluxes of these parti-
cles.”? [Fig. 7-5]

2.3 Effect of Solar Flares on Particles in Interplanetary Space

In May 1967 and June 1969, Bell Laboratories particle instruments
were launched on the Explorer-34 and Explorer-41 spacecraft, respec-
tively. The instruments were designed to study the electron, proton,
and alpha particle fluxes from solar flares in interplanetary space.
The instruments on both spacecraft functioned well until each satel-
lite burned up upon re-entry into the atmosphere; Explorer-34 in May
1969, and Explorer-41 in December 1972. The data acquired by both
of these spacecraft and interpreted by Lanzerotti and coworkers pro-
vided important new information on the intensities, composition, and
time dependence of low-energy, solar-flare particles. These data pro-
vided the first detailed time-intensity profiles of low-energy, solar-
flare alpha particle fluxes and established that the propagation of the
low-energy (few MeV and less energy) protons and alpha particles
did not obey the classical theory of diffusive particle propagation
from the flare region to the earth.”* The solar cosmic-ray data from
the Explorer-34 experiment also provided the first evidence of the in-
situ acceleration of low-energy particles by interplanetary shock
waves.”> Later work, using electron data, provided an important link
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Fig. 7-5. L. J. Lanzerotti pioneered in fundamental
investigations of the earth’s magnetosphere.

between the time-dependence of the particle fluxes and the fluctua-
tions of the interplanetary field that produces the particle diffusion
between the sun and the earth.”®

The simultaneous acquisition of data with the instruments on both
ATS-1 and Explorer-34 led to the important discovery of the rapid
access of solar-flare particles deep into the magnetosphere under most
conditions of geomagnetic activity.77 This discovery, which was stud-
ied extensively, led to the new concept of the importance of a
diffusive, particle-scattering mechanism that acts to move solar parti-
cles rapidly into trapped orbits in the magnetosphere.”® During the
same time period an important theoretical work was published by A.
Eviatar and R. A. Wolff on the stability of the magnetopause and
small-amplitude wave disturbances at the magnetopause.”?

2.4 Ground-Based Magnetometers in Antarctica and at High Northern Lati-
tudes

The decline in the national space program at the end of the 1960s,
together with a growing realization that single (or even dual) satellite
measurements were not sufficient for a complete spatial understand-
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ing of the magnetospheric wave propagation that modulated the
energetic particle fluxes detected on spacecraft in the magnetosphere,
led to the planning and design of a ground-based magnetometer
array by Lanzerotti and his associates. The array, consisting initially
of three, and later of four, fluxgate magnetometers and the associated
digital data acquisition systems, was spaced in latitude at a fixed long-
itude in the northern hemisphere to be close to the nominal
plasmapause field-line intercept with the jionosphere. Another mag-
netometer instrument was located at the National Science Foundation
Siple Station in Antarctica. The Antarctic instrument is located at the
southern end of a magnetic field line that also passes through one of
the northern stations.

At the time of this writing, data from this array have been exceed-
ingly important in elucidating the nature of the low-amplitude [about
(1-10)x10™° gauss] ultra-low-frequency (about 2 mHz to 50 mHz)
variations in the earth’s magnetic field. The data from the array pro-
vided the discovery that ULF fluctuations can be highly localized in
latitude, near the plasmapause, within the magnetosphere808! The
discovery of the localization of the ULF phenomena led to the under-
standing that these fluctuations can be characterized predominantly
as odd-mode standing Alfvén (shear) waves along a field line.?? An
important implication of this discovery is that the amplitudes of the
fluctuations near the equator on a field line should nearly vanish; this
hypothesis was found to hold in the only extensive comparison
between satellite and ground data made to date.?% Theoretical calcula-
tions by L. Chen and Hasegawa provided the first detailed predictions
of magnetospheric ULF phenomena that can be rigorously compared
with observations.®* These calculations made possible the explanation
of much of the ULF wave phenomena observed near the
plasmapause, as well as the prediction of features of the exciting
source that are amenable to further experimental investigations.

In addition to the wave studies, new methods of data acquisition
and analysis have permitted detailed spectral-analysis studies of the
more noise-like geomagnetic field fluctuations. In the 1970s, these
analyses were used to propose a more quantitative measure of
geomagnetic activity than that previously used worldwide®® and to
study the temporal changes in the radial diffusion coefficient for
radiation-belt electrons under the influence of the geomagnetic field
fluctuations.®® The results of this latter study were found to agree
with the results previously obtained using radiation-belt Sgarticles
measured by the Bell Laboratories instrument on Explorer 15.
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Chapter 8

Ion Beams, X-Rays, Electrons,
and Neutrons in Solids —

Channeling
and Ion Implantation

The interaction of particles or photons obtained from relatively high energy
sources (10* €V to 107 eV) with solids has been an area of intensive study at
Bell Laboratories. A program initiated by Bell Labs scientists, initially
through the application of semiconductor particle detectors, in collaboration
with researchers at Brookhaven National Laboratory and Rutgers University,
led to the discovery of particle channeling and the invention of ion implanta-
tion. Particle channeling proved to be a very useful technique for the study
of such problems as the location of impurity sites in semiconductors and for
measuring ultrashort lifetimes in nuclei. lon implantation came to be a neces-
sary technique for impurity doping in electronic devices. Various aspects of
X-ray spectroscopy have also been investigated at Bell Labs, including X-ray
diffraction as well as inelastic scattering applied to the measurement of elec-
tron momentum transfer in solids, to photoabsorption, to ionic and covalent
bonding, and to surface studies. Neutron scattering has been developed for
the study of phase transitions and the electronic structure of magnetic sys-
tems.

I. PARTICLE DETECTORS, NUCLEAR PHYSICS, AND ION BEAM
RESEARCH

The initiation of a research program in the field of nuclear physics
resulted from a policy decision by the research administration. This

Principal authors: W. L. Brown, P. Eisenberger, L. C. Feldman, W. M. Gibson, P. M.
Platzman, G. K. Wertheim, and E. A. Wood
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decision was made on the recommendation of A. H. White,! who was,
in the late 1950s, the executive director of the physical sciences divi-
sion of Bell Laboratories. In late 1958 and early 1959 the first staff
members were hired specifically to carry out nuclear physics research.
(There were many ex-nuclear physicists already on the staff, working
in other fields of physics, some of whom played a significant role in
advising the administration in its decision to initiate such a program.)

Their first task was to evaluate specific ways in which Bell Labs
could make an impact in the field. In a technical memorandum P. F.
Donovan and W. M. Gibson, together with J. Hensel, outlined the
importance of the then new tandem Van de Graaff accelerator to
nuclear physics studies and proposed that Bell Labs acquire an
accelerator. Indeed, as predicted in that memo, nuclear physics was
about to embark on a new period of growth, spurred by three techno-
logical developments: the tandem accelerators, semiconductor diode
particle detectors, and on-line digital computers. The small nuclear
physics group at Bell Labs, with its ready access to solid state technol-
ogy, was in a very good position to make an impact in this field.
Within a period of five years the group became widely respected
because of its significant contribution to the development of particle
detectors and the use of on-line computers for nuclear physics experi-
ments.

In the absence of an experimental nuclear facility, Bell Labs collab-
orated with other laboratories, especially Brookhaven National
Laboratory in Upton, New York. In the context of these collabora-
tions, the first Bell Labs nuclear physics papers centered on nuclear
reaction mechanisms in light elements and the spectroscopy of light
nuclei by Donovan and collaborators,>® and on the nuclear fission
mechanisms by Gibson and coworkers.*

1.1 Semiconductor Particle Detectors

Virtually from the beginning, it was recognized that semiconductor
detectors represented a potentially powerful tool in nuclear physics
research and a possible entry for the small Bell Labs group into the
established nuclear physics community. Indeed, it was at Bell Labs
that semiconductor particle detectors had previously been invented
by K. G. McKay,>® following the intensive investigation into the
properties of so-called “crystal detectors” by D. E. Wooldridge, A. J.
Ahearn, and J. A. Burton.” Outside Bell Labs, there had been contri-
butions by R. Hofstadter and others.® However, the new detectors did
not catch on and had for the most part been dropped, except at Pur-
due University, where J. W. Mayer was working as a graduate student
in 1958 demonstrating some of the possibilities.
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Soon thereafter, Donovan began producing “state-of-the-art” sem-
iconductor detectors. It was not long before scores of visitors from
nuclear laboratories all over the world began making Bell Labs a port
of call and carrying away a “recipe,” small vials of p-type and n-type
“paint,” and even samples of filter paper, laboratory wipes, and
wooden sticks used by Donovan to perform his “magic art.” The tech-
niques were gradually modified and improved, largely by T. C. Mad-
den and Gibson, to include oxide passivation, controlled diffusion,
and improved contacting and mounting procedures.

One outcome of this work was an invention for improved phos-
phorus and boron diffusion procedures that became widely adopted
throughout the semiconductor industry. Two important contributors
to the developments during this period were G. L. Miller and W. L.
Brown. Miller began collaborating with the Bell Labs nuclear physics
group while he was still at Brookhaven National Laboratory. He was
later recruited to Bell Labs. In the period of development of semicon-
ductor detectors, Brown provided the basis for defining and quantify-
ing the physics underlying these devices. [Fig. 8-1]

1.1.1 Effect of Radiation Damage on Transistors and Telstar Malfunction

It was largely the involvement of Brown and Miller that resulted in
the first major spin-off from the nuclear physics program. In early
1961, as plans for the Telstar communications research satellite were
being formulated, important questions arose about the effects of radia-
tion from the newly discovered Van Allen Belt. The detector
development effort (with its associated electronics development)
prompted Brown and Miller to propose a series of experiments to be
included on Telstar to measure the amount, type, and energy spec-
trum of radiation encountered by the satellite. T. M. Buck, H. E.
Kern, J. W. Rodgers, L. V. Medford, H. P. Lie, E. W. Thomas, and oth-
ers were recruited to help with the intensive design and testing
effort. The highly successful experiments were continued on Telstar
1, Telstar II, and other satellites, and resulted in the Bell Labs magne-
tospheric research program, which is described in Chapter 7 of this
volume.

During 1961, Gibson and Miller, together with T. D. Thomas of
Brookhaven Laboratory and G. Safford of Columbia University, car-
ried out a series of studies of the mechanism of thermal-neutron-
induced fission of uranium and plutonjum. This experiment involved
placing semiconductor detectors and associated preamplifiers in a
high-radiation region of the Brookhaven graphite research reactor.
After troublesome reliability problems with commercial transistors in
the preamplifiers, they succeeded in obtaining a few of the exten-



292 Engineering and Science in the Bell System

Fig. 8-1. W. L. Brown, who has led the Bell Labs research effort in the use of
energetic ions, in one of the two Van de Graaff accelerator laboratories at the
Murray Hill, New Jersey, location of Bell Labs. This accelerator is used as a
source of high-energy positive ions (up to 3 MeV) for ion implantation, modification
of the properties of solids, and ion beam analysis of the composition and lattice
perfection of solids.

sively tested transistors specially selected for use in Telstar. To their
surprise, it was found that even with these transistors the
preamplifiers rapidly became inoperative in the reactor radiation
environment even though they were fine elsewhere. The implica-
tions for Telstar were immediately evident and an intensive investi-
gation traced the failure to ions produced by the incident radiation in
the gas surrounding the encapsulated transistor chip. When operat-
ing voltages were applied to the device in the presence of radiation,
the ions were attracted to the silicon surface near the p-n junction of
the transistor, producing surface inversion layers and resulting in
catastrophic failure. It was also found that the transistors showed a
very large variability in sensitivity to this newly discovered radiation
effect. The discovery of this effect in late 1961, just months before the
scheduled Telstar launch, made it impractical to carry out the investi-
gations and design changes necessary to substitute some other kind of
transistor not subject to this surface ionization problem. Conse-
quently, a massive program was carried out to test thousands of
transistors, and a new satellite electronics system was built containing
less sensitive components.
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In spite of all of these precautions, radiation damage terminated the
life of Telstar I and posed its central problem in reliability. After
more than four months of successful performance, the satellite com-
mand system began to cause difficulty. This led to suspicion that cer-
tain transistors in the command decoder circuit, which were protected
by enough aluminum to stop electrons of energy less than about 1.5
million electronvolts, were probably damaged by more energetic elec-
trons. Before the satellite was launched, it was believed that there
were very few electrons as energetic as this in the inner Van Allen
Belt. However, the Telstar radiation measurements of flux and
energy indicated a substantial fraction of electrons with energies
about 1.5 MeV (the observed flux was about 1,000 times that
expected), probably the result of a high-altitude nuclear explosion
that occurred the day before the satellite was launched. A replica of
the suspected circuit was similarly bombarded with electrons in the
laboratory, and it also failed, confirming the postulated cause for the
failure of the Telstar circuits. [Fig. 8-2]

Because the Brookhaven experiments had shown that in the
absence of applied voltage the transistors recovered, even in the pres-
ence of radiation, an ingenious “trick” was played on the satellite to
get it to turn off its batteries during a period when the satellite was
eclipsed by the earth’s shadow. This turned off the power from the
solar panels and resulted in the celebrated “repair in space” that pro-
longed the useful life of the satellite for some weeks more. This
accidental discovery in the Brookhaven experiments provided a possi-
ble explanation of previous satellite and missile malfunctions.

1.1.2 Instrumentation of Nuclear Physics Experiments

The reconsideration of the technology of nuclear physics measure-
ment was also a feature of much of the effort in the Bell Labs pro-
gram as well as at other laboratories during the decade of the 1960s.
This led to the development of low-noise, charge-sensitive amplifiers
by Miller and E. A. Gere in association with the Brookhaven Labora-
tory Instrumentation Division. Charge-sensitive amplifiers became of
major importance in optical communication systems, in applications
involving charge-coupled devices (CCDs), and in other advanced
design instruments. The effort also led to the work of Miller, J. V.
Kane, Gere, Lie, and J. F. Mollenauer who, among others, pioneered
the coupling of experimental measurements directly with small, dedi-
cated computers. In particular, the Bell Labs group, together with E.
H. Cook-Yarborough, visiting for a year from the Atomic Energy
Research Establishment at Harwell, England, initiated the data bus
approach (a common pathway for back-and-forth transmission among
the subunits of the computer and associated experiments) to
computer-experiment and computer-output equipment interfaces.
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Pulse-counting techniques, largely developed in nuclear laboratories,
became increasingly important to communications technology and
other non-nuclear areas of scientific research, and the small nuclear
instrumentation group continued to play a role in making develop-
ments available.

A major outcome of the early years that was somewhat unusual for
Bell Labs (or any industrial laboratory) was the establishment of a
joint Bell Laboratories-Rutgers University nuclear physics research
program and facility.

1.2 The Rutgers University-Bell Laboratories Accelerator Laboratory

In late 1959, it became evident that the effective involvement of
Bell Labs in nuclear physics required a facility closer to home and
more under our control than those being used at Brookhaven Labora-
tory, at Oak Ridge National Laboratory in Tennessee, at the Univer-
sity of California at Berkeley, and other places.

DIAPHRAGM
PLATINUM WASHER
n-LAYER

KOVAR WASHER
SPACE-CHARGE

REGION
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INSULATOR PEDESTAL
LiD
COPPER STEM
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Fig. 8-2. (A) Drawing of a silicon diffused junction diode particle detector used as the
sensitive element in the particle detector experiments flown on Telstar I and II. The
diode was specially designed and fabricated for operational reliability. It is totally
enclosed in a vacuum-sealed can with a 0.008 cm-thick Kovar window to permit even
low-energy particles to reach the detector. For diode stability and sensitivity it is
formed by high-temperature diffusion of phosphorous into high-resistivity p-type
silicon. For low contact resistance it has a gold-alloy back contact and a platinum-ring
front contact. This design was based on experience with detectors used in nuclear
physics experiments combined with experience with high-vacuum techniques of
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Through the efforts of Brown and Burton of Bell Labs, and H. C.
Torrey, then physics department chairman at Rutgers University, an
arrangement was established to provide a program of joint use of
nuclear facilities. At that same time an order was placed with High
Voltage Engineering Corporation in Massachusetts for a tandem Van
de Graaff accelerator. This was the first of a new higher-energy series
of “King” tandems designed to accelerate protons in two stages up to
16 MeV. A joint Bell Labs-Rutgers University committee was estab-
lished to make major decisions about the design and operation of the
facility.

In 1963, G. M. Temmer [Fig. 8-3] was recruited to be director of
the Nuclear Physics Laboratory and chairman of the joint accelerator
committee. The building was completed in the spring of 1964 and
the accelerator installation completed in mid-1965. During the instal-
lation period and the first ten years of operation of the accelerator
facility, Bell Labs received international recognition for contributions
to physics, as well as technology, arising from this program. For
example, during the design of the accelerator laboratory, Miller and

Gibson, together with Gere, did a careful study of the optimum of
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encapsulation. (B) A cutaway view of one of the detector assemblies flown on Telstar
I and Telstar II. There were four detectors on each satellite measuring different
particles and energy ranges. This detector is mounted in a special housing to enable
the measurement of electrons with energies above 230 keV. Because Telstar I was
launched one day after a high-altitude nuclear test explosion, a large region of space
was filled with an unexpectedly high concentration of energetic electrons, and this
detector played a critical role in helping to understand their distribution and their
origin.
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Fig. 8-3. G. M. Temmer (right), director of the Nuclear Physics Laboratory
at Rutgers University, and G. L. Miller of Bell Laboratories standing in front
of the Rutgers-Bell Labs tandem accelerator. The accelerator facility has
been used collaboratively since its installation in the mid-1960s. Miller and
coworkers at Bell Labs were involved in the design, construction, and
implementation of the nuclear instrumentation and accelerator control systems.

cabling, ground system, power system, and so on for handling and
transmitting low-level pulses. This has served as the guide for many
of the nuclear accelerator facilities built in the United States and else-
where since that time. The impressive physics output from the
Rutgers University-Bell Labs Accelerator Laboratory reflects the close
collaboration of Bell Labs scientists with Rutgers faculty, visitors, and
students. In fact, the extent of the interaction with graduate student
research has represented a unique feature of this program as com-
pared to other research programs at Bell Labs. Since its inception, 12
student Ph.D. research programs and 2 Masters degree programs have
been directed either wholly or in part by Bell Labs scientists. Many of
these students have continued to play an important role in Bell Labs
work subsequent to their graduation.

The flavor and evolution of nuclear physics research at Bell Labora-
tories during its initial period can be conveyed by outlining some of
the major achievements.
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1.2.1 Nuclear Reactions, Nuclear Structure, and Magnetic Moments

In the first years, studies of two-body and three-body final states
utilizing coincidence measurements of reaction products with the
newly developed solid state detectors was perhaps the best known
and most scientifically important result of the program. D. Donovan
was the spokesman of a group that included Kane and Mollenauer, D.
Wilkinson of Oxford University, D. Alberger from Brookhaven
Laboratory, and other visitors and collaborators. This group gained
new insights into neutron, proton, and light nuclei bonding and
interactions.” Studies of mechanisms and properties of nuclear fission
by Gibson, Miller, and collaborators also characterized the early
years.m At the time of this writing, nuclear reaction studies have
been dominated by applications of a new blocking lifetime technique,
which utilizes the particle channeling effect discussed in section 1.3
of this chapter. In this technique, charged particles, emerging from a
nuclear reaction, have an angular distribution that is influenced by
neighboring atoms in rows and planes in the crystal. These serve to
block transmission in certain directions. If the radiative emission has.
a long lifetime, so that the nucleus emits radiation after it has recoiled
from its lattice position, then blocking is reduced. The technique,
first developed at Rutgers University by Gibson and K. A. Nielsen
from Aarhus University in Denmark, has evolved into a valuable tool
for studying nuclear reactions.!! This work has been carried on in
collaboration with Temmer, who was at Rutgers University at the
time, together with a host of visitors and postdoctoral associates and
students from Australia, Japan, Canada, Denmark, and the United
States. The short decay times that can be measured (approximately
10718 seconds) represent a new time frame for studies that might be
called nuclear kinetics.

As in the reaction studies, nuclear spectroscopic studies were dom-
inated in the first years by the coincidence work of Donovan, Kane,
Mollenauer, and collaborators. Structure and excited states of 2C and
the discovery of excited states of *He were the highlights of the
period.!? The middle period was characterized principally by the sys-
tematic studies of transition rates in *Ni and *Fe, and the extensive
study of the spectroscopic and decay properties of °Ca by J. R. Mac-
Donald who had joined the group from Oxford University.!?
Doppler-shift attenuation measurements of gamma rays were a pri-
mary tool in these studies, which were carried out together with N.
Koller from Rutgers University and a number of visitors and stu-
dents. Following this lead, new techniques based on solid state
effects became more and more a part of the program. Nuclear
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moments in a variety of nuclei were studied by using perturbation of
angular correlations of emitted radiation from nuclei imbedded, usu-
ally by implantation, in a magnetic matrix. This research was the
work of D. E. Murnick who joined the nuclear physics group at Bell
Labs from M.LT. in 1967.1% E. N. Kaufmann, and R. S. Raghavan and
P. Raghavan have also made major contributions to this field of
hyperfine interactions in crystals applied to studies of fundamental
nuclear properties.!>16

1.2.2 Application to Other Physics Problems

Bell Labs nuclear physics program has had a very strong depen-
dence on solid state physics techniques. Simultaneously, solid state
or atomic physics studies have made strong and effective use of the
techniques and tools of nuclear physics. Particle channeling studies
were the first, and continue to be an example of the interaction
between solid state and nuclear physics. This is discussed in more
detail below. In the mid-1970s, studies of hyperfine fields led by
Murnick, Kaufmann, R. S. Raghavan, and P. Raghavan addressed an
impressive variety of questions concerning magnetic and quadrupole
interactions,’” transient field strengths experienced by moving ions,
and temperature dependence of hyperfine fields.!® In some cases
these have been combined with channeling studies to define the
details of specific magnetic environments inside crystals. Other
activities in the 1970s centered on studies of basic quantum electro-
dynamics by Murnick, M. Leventhal, C. K. N. Patel, and
O. R. Wood, together with H. W. Kugel of Rutgers University. In
their work, the Lamb shifts of very high energy beams of hydrogenic
(one-electron) carbon, oxygen, and fluorine ions were measured after
excitation in passing through thin foils or gas targets. (See Chapter 6,
section 1.1.) In the fluorine case the measurement involved a pioneer-
ing achievement in the use of an HBr laser to resonantly examine the
excited states produced.!® A CO, laser was used for the ionized
chlorine studies.

1.3 Particle Channeling

It may be of interest to relate briefly one series of events that may
be considered to represent a self-contained microcosm of the whole
research story—how unexpected results in one field can lead to
important applications in another, which may, in turn, provide new
opportunities in the first field again. In 1962, Gibson and Madden
began to develop a very thin [approximately 10 to 20 micrometer
(um)] semiconductor detector through which particles are transmitted.
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This detector would be used to determine the atomic number and
mass of low-mass particles (protons, deuterons, helium ions, and so
on) that might be emitted during nuclear fission of heavy elements.
H. E. Wegner of Brookhaven National Laboratory and others had
attempted to take advantage of the intrinsically improved statistics
(and hence, better resolution) of semiconductor detectors as compared
with other detectors. The expected improvement had not been
observed, and the problem had been ascribed to thickness variations
in the thin silicon detector. Modifying a planar etching technique
developed by other people at Bell Labs, Madden and Gibson pro-
duced detectors that could be shown to be uniform in thickness to
*5 percent and were thinner (15 um) than any previously produced.
However, measurements with monoenergetic, 5 MeV helium ions
showed detector response variations even larger than had been
obtained previously. It was soon discovered that the detector
response depended on small variations in the detector orientation
relative to the direction of the incident particles. It was recognized
that this was a manifestation, at high particle energy, of a particle
channeling effect—the steering of particles through the crystal lattice
by rows or planes of lattice atoms that had previously been demon-
strated at very much lower particle energy (10 to 30 keV) in a number
of laboratories in the United States, Canada, England, and Germany.
[Fig. 8-4]

Interest in this new phenomenon led to an intensive series of stud-
ies at Brookhaven Laboratory, Columbia University, and on the Bell
Labs-Rutgers University accelerator. These studies, which concen-
trated on measurements of particles transmitted through thin crystals,
played an important role in the understanding of particle channeling.
Over the next few years, increasing numbers of people became
involved in the channeling studies and in related particle-solid
interaction studies. Brown was involved from the beginning;
B. R. Appleton, L. C. Feldman, M. R. Altman, and J. K. Hirvonen
were all involved initially as Rutgers University graduate students.
Appleton and Feldman continued at Bell Labs following their com-
pletion of graduate studies at Rutgers and helped to establish a small
accelerator program at Murray Hill. The increased understanding of
energetic particle interactions with crystals and the general interest
generated by this work led to the development of an ion implanta-
tion program at Bell Labs. This is perhaps the most significant spin-
off to date from the nuclear physics program. It is interesting that
just as in the case of particle detectors, the general advantages and
principles of ion implantation were recognized and patented at Bell
Labs in the early 1950s, but the development awaited establishment
of supporting technology (such as nuclear accelerators) and related
background knowledge.
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Fig. 8-4. Channeling of ions in a crystal. This schematic is a greatly distorted view
of two rows of atoms in a crystal and the trajectories of ions between them. The
spacing between the two rows has been enlarged for clarity by a factor of 30
compared with the spacing between atoms in the rows. A beam of particles arrives
from the left moving parallel to the rows. The beam particles encounter the two
rows at all possible impact distances. The trajectories are deflected by the mutual
repulsion between the positive cores of the ions and the atoms. Ions that happen to
have close encounters with the two surface atoms (the end atom in each row) are
strongly deflected. Ions having more distant encounters are less strongly deflected
and may take up oscillating trajectories between the two rows. Such ions are
channeled. They are deflected by gentle repulsive collisions with several atoms at
each turning point and do not have hard collisions with any individual nucleus.
Channeled ions thus penetrate much more deeply into a crystalline solid. If the
incident ion beam is not nearly parallel to the atom rows channeling cannot take
place. For 1-MeV He® ions in silicon the critical angle within which the beam
must be aligned to a <110> axis in order to channel is ~0.3°.

When an energetic ion is incident on a single crystal within a cer-
tain critical angle of a major symmetry direction, the strings of atoms
form channels for the beam, steering the beam by successive small-
angle coulomb collisions. The most direct result of this trajectory
guiding is that projectile-atom distances cannot become very small, so
that those violent atomic collisions that require very small impact dis-
tances do not occur. All nuclear reactions, including Rutherford
scattering, depend on violent collisions. It is this modified nuclear
encounter probability that has given rise to so many of the channel-
ing applications described below. In channeling trajectories, ions also
encounter lower-than-average electron densities. Since an energetic
ion loses energy primarily by collisions with electrons, the low elec-
tronic encounter probability gives rise to reduced energy loss
processes. It was this energy loss reduction that Gibson and Madden
first observed.

1.3.1 Ion Transmission Through Thin Crystals

The energy loss of projectiles through thin crystals was the major
emphasis of the early Bell Labs channeling program. In a series of
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classic experiments on the Bell Labs-Rutgers University tandem Van
de Graaff accelerator, Gibson, in collaboration with C. Erginsoy and
Wegner of Brookhaven Laboratory and Appleton, a Rutgers graduate
student at the time, explored the orientation dependence of energy
loss and multiple scattering (beam spreading effects) for MeV protons
channeled through silicon and germanium.”’?® They demonstrated
the importance of trajectory steering by planes of atoms, provided
precise measurements and models of the channeling energy loss, and
measured the dramatic narrowing of the emergent-beam angular dis-
tribution for channeled ions. Transmission experiments continued
into the mid-1970s to refine the understanding of the channeled ion
trajectories and the flux distribution of channeled ions. Gibson’s col-
laborators in this effort included Feldman, Altman, and J. A.
Golovchenko as well as those mentioned above.”*?? The work with
Golovchenko is of particular note. Using very thin silicon crystals
(1000A), transmission angular distributions were analyzed to deter-
mine the effective channeling atomic potential and the breakdown of
statistical equilibrium, a fundamental tenet of channeling theory.>°

In order to coordinate the transmission results with the reduction
in nuclear scattering in channeling, Gibson enlisted Feldman, another
Rutgers graduate student, to initiate a study of scattering under chan-
neling conditions.3! They examined the effect of atomic arrangement
on the angular distribution of ions emerging from a crystal after a
nuclear collision. Such ions are “blocked” by these neighbors in
symmetry densities. [Fig. 8-5]

Feldman was among the first to compare his measurements with
computer simulations of the channeling process, including lattice
vibrational changes in atomic position. In later years, such calcula-
tions became the standard for experimental comparison. Working
with Feldman during a one-year visit to Bell Laboratories, J. U.
Andersen of Aarhus University in Denmark made detailed compari-
sons between these computer simulations and an analytical approach
originated at Aarhus.3? Other work on the channeling process in the
1967-1970 period included electron and positron channeling done by
W. M. Augustyniak and Andersen in order to obtain more insight
into the importance of quantum effects in channeling descrip-
tions;33"35 de-channeling studies by Feldman, Brown, and Appleton
that considered the various multiple scatterinsg mechanisms that give
rise to the escape of particles from channels; 637 and “double align-
ment” studies of Appleton and Feldman that explored the simultane-
ous use of channeling and blockir\g.%'40

1.3.2 Impurity Sites Location

Possibilities for the applications of channeling processes were
recognized early in the development of the field. Two of the most
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Fig. 8-5. (A) Illustration of the blocking phenomenon in a single crystal of silicon.
An ion beam, not aligned with an axis or a plane in the crystal, enters the solid.
After a collision between an incident particle and a nucleus in the crystal, it may be
scattered and headed toward some other atom. It is blocked from continuing in that
direction and will be deflected away. Since the scattered particle starts from a
nuclear position, it is blocked by other nuclei from emerging in axial or planar
directions. The blocking is thus the inverse of channeling; that is, whereas a
channeling ion does not interact strongly with an atom in a row or plane, the
strongly scattered ion cannot enter a channeling direction. (B) The blocking
pattern of protons from a single crystal of silicon near the <110> axis. The dark
lines, corresponding to the absence of particles, are blocked planes around the
<110> axis in silicon. If the crystal contains atoms out of place (not in the
normal rows or planes), scattering from them can occur in axial or planar
directions, and the blocking pattern becomes measurably less distinct. [Brown, in
Radiation Effects in Semiconductors: 318, 3791.
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useful applications were the determination of the lattice site of
impurities in single crystals and indications of the crystalline damage
in the surface region of a solid. These two applications were rather
finely honed because they were strongly coupled to the understand-
ing of ion implantation, a method of impurity doping that was being
developed at the time. [Fig. 8-6]

The lattice location technique is based on the trajectory of chan-
neled ions, namely, that channeled ions do not undergo close-
encounter processes with atoms on regular crystal sites. As a result,
channeled ions cannot scatter from substitutional impurities. How-
ever, they can interact with interstitial impurities—hence, there is a
discrimination between impurities on different lattice sites. The pro-
cess is sufficiently well understood for it to be a quantitative tool for
lattice site determination in many instances.

Sensitivity to crystalline damage is a result of the fact that channel-
ing requires an ordered arrangement of atoms, and imperfections in
that arrangement disrupt the channeling process. In the limit, an
amorphous or random arrangement of atoms displays no channeling
effects whatsoever. Compared to other damage probes, channeling is
relatively insensitive; however, it is ideal for measuring the rather
massive damage that accompanies ion implantation into most semi-
conductors.

In 1968, W. M. Gibson spent a year at Aarhus University and car-
ried out some of the first channeling measurements on implanted sys-
tems in silicon.2#2 In the same year, Brown supervised the installa-
tion of a 2 MeV Van de Graaff at Bell Labs’ Murray Hill, N.J., site that
became the workhorse for all the channeling applications to follow.
As expected, 1-MeV to 2-MeV helium appeared to be the best probe
for many of the channeling applications, and the majority of the
channeling programs moved from Rutgers, with its high energy tan-
dem Van de Graaff accelerator useful for transmission studies, to the
Bell Labs facility. Measurements of the impurity lattice location type
were carried out in a number of general areas involving implantation
into semiconductors, atomic systems of interest to the field of
hyperfine physics, and implantation formation of alloys in metals.

Studies of internal hyperfine fields at the sites of impurity ions
implanted into metallic hosts were carried out in the early 1970s.
Those studies coordinated the internal electromagnetic field of an
impurity with its lattice location. Measurements were made by Feld-
man, Kaufmann, MacDonald, Murnick, and J. M. Poate in a variety of
atomic systems.43'47 As a result of these measurements, a variety of
anomalous results in the systematics of the hyperfine measurements
were interpreted.



304 Engineering and Science in the Bell System

TWO-DIMENSIONAL MODEL

<01>

<11>

DIRECTIONAL EFFECT ?

L X O
<01> YES 50% NO
<11> YES NO YES

Fig. 8-6. Lattice site location of impurity atoms in a crystal using channeling. Three different
impurity positions are illustrated in the figure: a substitutional position ® (atom in a normal
lattice site) and two interstitial positions X, 0. An ion beam channeling in the <01>
direction passes between the rows of atoms of the crystal marked with diagonal shading. Such
a beam does not interact strongly (as required for a nuclear reaction or for backscattering)
with the ® or one of the X’s because they are in the atomic rows that guide the channeling
motion. The other half of the X’s and the O are “visible” to the beam and may strongly
interact with it. From the standpoint of a beam channeling in the <11> direction, the
situation is much different. The @ is still “invisible” to the channeling beam, as is also the O1.
However, both X’s are now out in the channeled beam path and susceptible to strong
interaction. In this way, it is possible to triangulate on the location of an impurity and locate
it with respect to the position of atoms of the lattice.
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The work in metals led to more general interest in the study of
metals and the possibilities of forming alloys by implantation. Lattice
location measurements again played a significant role in those stud-
ies. In the very dilute regime, the systems of carbon in iron,*® and
boron in iron and tungsten, were explored—both clear cases of inter-
stitial impurities. In the high-dose regime, systems such as tungsten
in copper and gold in nickel were measured and channeling measure-
ments indicated that a new metastable, substitutional phase was
formed.*>%0 This basic work in metals continued beyond the period
covered in this chapter.

1.3.3 Ultrashort Lifetime of Excited Nuclei

One interesting postscript to this story was the use of the channel-
ing effect to measure the lifetime for proton-induced fission of
uranium by Gibson and Nielsen at the Bell Labs-Rutgers University
accelerator in 1969. The channeling effect technique has resulted in
the shortest direct determinations of the lifetime of excited nuclei
ever reported (less than 107!® seconds) and has developed into a
powerful new tool in nuclear physics studies. In addition, applica-
tions of particle channeling have been extended to single-crystal stu-
dies of the positions of impurity ions, radiation damage, and inter-
atomic potential distributions. The technique has even been
extended to ultrahigh energies of several billion electronvolts, where
other new applications may be anticipated.

1.4 Ion Implantation

Ion implantation is the process of injecting (implanting) charged
atoms (ions) into a solid. The materials research scientist may use the
implantation process to alter the electrical, optical, chemical, magnetic,
or mechanical properties of a solid. In general, such modifications
may come about by the interactions of the ion-solid system as the pro-
jectile slows down and by its presence after it comes to rest. The
internal electromagnetic fields in solids can provide large perturba-
tions to a variety of fundamental processes. Thus implantation is a
broadly applied technique and an area of active research.5!

It is apparent why the implantation process has such appeal. The
electronic properties of materials are often governed chiefly by their
impurities and defects. A more conventional method of introducing
impurities, prior to the introduction of ion implantation, was through
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thermal diffusion. By contrast, in the implantation scheme, impurity
atoms are “fired” into the material in a highly directed injection pro-
cess. A solid must accept the impurity, and implantations of any
solid with any impurity are possible at any temperature. In addition,
since the impurities are in the form of an ion beam, great control is
possible in terms of measuring the implanted dose, in reproducibility,
and in terms of the spatial extent of the implanted region.

The implantation process found its first applications in the sem-
iconductor field. The development of semiconductors and their
application in the nuclear energy field stimulated studies of the
effects of nuclear radiation on such devices. The effects were invari-
ably considered as detrimental processes. It required imagination on
the part of R. S. Ohl who, in 1952, reported perhaps the first ion
bombardment experiment that improved device characteristics.>?

The modern era of ion implantation in science and technology
began in the mid-1960s and was stimulated by interest and technical
progress in a number of areas having to do with ion beams and
solids. Of paramount importance in this development were Gibson’s
studies of the phenomenon of ion channeling on the Rutgers-Bell
tandem Van de Graaff accelerator.’®> Not only was the channeling
effect of interest in the field of particle-solid interactions, but its
application played an important role in the further development of
ion implantation. [Fig. 8-7]

1.4.1 Semiconductor Doping

Stimulated by the development of the channeling technique, ion
implantation as a doping technique began to be studied in detail. In
1968, Gibson reported a number of studies on the modification of
semiconductors by ion implantation.>* A. U. MacRae and T. E. Seidel
formed some of the first devices made by implantation at Bell Labs.>®
(For more on this topic see section 3.2 of Chapter 19.)

The importance of ion implantation as a research tool and potential
technological applications was quickly realized by Brown and Burton
at Bell Labs. [Fig. 8-8] They arranged to have the Murray Hill labora-
tory equipped with proper ion beam accelerators, which are relatively
large and expensive pieces of equipment that are normally found in
nuclear physics establishments. Bell Labs’ interest in particle-solid
interaction studies and applications increased to the point that as of
1981 a total of ten accelerators, or ion implantation machines, were in
operation at Murray Hill and an even larger number at branch
laboratories and Western Electric installations.

The first reports of implantation studies in semiconductors from the
Murray Hill 2-MeV facility appeared in 1969. Feldman and Rodgers
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Fig. 8-7. W. M. Gibson adjusting apparatus at the Rutgers University-Bell
Laboratories tandem Van de Graaff accelerator. Gibson is particularly noted
for his pioneering studies of ion channeling in crystalline solids and ion
implantation for doping semiconductors and for modifying other properties of
solids.

studied the depth profile of the lattice disorder accompanying ion
implantation into silicon,’ and J. C. North and Gibson studied boron
implantation into silicon.”” In the following years, there were exten-
sive studies of the bismuth in gallium phosphide system by J. L. Merz
and Feldman.’® Other studies included bismuth in silicon by Brown,
S. T. Picraux, and Gibson,” and heavy ion damage studies in silicon
by Brown, Gibson, P. M. Glotin (a visitor from France), and Hir-
vonen 6061

1.4.2 Device Applications

Beginning in 1969, the publication of papers having to do with ion
implantation increased markedly. Of particular note is the work of
Feldman, Merz, and Augustyniak, who studied the formation of pho-
toluminescence centers in ZnTe by implantation of '°0 and '%0.2
These authors also did an extensive study of the implantation of
bismuth into the compound semiconductor GaP. The bismuth
isoelectronic trap corresponds to the substitutional replacement of
phosphorus with bismuth and is observed as a characteristic line in
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Fig. 8-8. Ion implantation has permitted the very precise tailoring
of doping distributions to achieve unique device parameters.
Varactor diodes (voltage variable capacitors) are an example. In
the work of Moline and Foxhall, implantation of phosphorous ions
into silicon was carried out (1) singly — 10'? 300 keV P/cm? 7°
off the <111> axis; (2) doubly — (1) plus 4x10'® 600 keV P/cm?,
parallel to <111>; (3) triply (1) + (2) plus 6x10'° 300 keV
P/cm? parallel to <111>. The impurity distributions for these
three cases are shown in part (A) of the figure. The subtle
differences among them are evident. Part (B) of the figure shows
the sensitivity of the varactor diodes, dC/C/dV/V, with capacitance.
A high and uniform value is desirable for some applications, the
result achieved with the triple implant. Achieving such subtle
distributions with reproducibility is impractical without the control
of both dose and depth that implantation provides.
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the luminescence spectrum. Using channeling and photolumines-
cence techniques, the optimum implantation and annealing condi-
tions were determined for maximum light emission.

The important system of boron implanted into silicon was studied
by North and Gibson.%® Correlating channeling measurements to
determine the substitutionality of the boron with electrical measure-
ments of the donor concentration, they studied the proper conditions
for efficient implantation. D.F. Daly and K. A. Picker studied
implantation damage using electron paramagnetic resonance tech-
niques.® The widespread scientific applicability of implantation was
also brought forth by the work of Murnick and coworkers, in which
nuclear excited atoms were recoil implanted into ferromagnetic
hosts.%5 In these measurements either the internal electromagnetic
fields or the nuclear properties of the excited atom were deduced.

The rapid progress in ion implantation and ion beam techniques
continued through the early 1970s. Motivated by the implantation
experiments in ferromagnets, fundamental research into implantation
in metals was begun. Seeking to correlate the results of the internal
field measurements with the lattice position of the implanted ion, a
number of channeling-lattice location experiments were carried out in
metals by Feldman, Kaufmann, and Poate.%® High-dose implantations
were investigated in metals as the bridge between impurity injection
and alloy formation was crossed. The classic system of carbon
implanted into iron was explored.

The studies of implantation into silicon continued with increasing
sophistication. Using channeling techniques, Feldman, Brown, and
Gibson made contributions to the efforts being carried on in many
laboratories around the world to understanding the implantation pro-
cess in silicon.” These studies yielded very successful prescriptions
for the use of ion implantation in the production of semiconductor.
devices.

Ion bombardment techniques were also applied to superconductors,
in this case to create defects in a controlled way in order to under-
stand their effect. The implantation of radioactive species into hexag-
onal crystals, combined with channeling techniques by Kaufmann, R.
S. Raghavan, and P. Raghavan, led to new insights into the origins of
the electric field gradients in non-cubic metals.® Implantation was
still a growing technique beyond the end of the period described
herein and continued to provide new developments in science and
technology into the 1980s.

1.4.3 Implantation in Insulators and Metals

While semiconductors have dominated the development of ion
implantation because of their technological importance, some research
has also been carried out with insulators and metals. In insulators,
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the principal interest in 1972-1974 was in the alteration of the index
of refraction of transparent solids (amorphous SiO, in particular) by
ion implantation with the idea of being able to form optical
waveguides of small dimensions in patterns that might be useful in
optical circuits. It was found by R. D. Standley and coworkers that a
wide variety of ions were effective, the major effect being caused by
structural changes, rather than by the presence of a specific impur-
ity.®? Studies with light ions by H. M. Presby and Brown showed that
both electronic excitation in SiO, and elastic collisions of ions with
nuclei of the solid caused changes in the refractive index.”® In these
early studies, the optical loss in guides formed by implantation was
relatively high.

There has been a continuing interest in ion implantation into
metals. The studies in the late 1960s and early 1970s were primarily
concerned with determining the lattice site locations of implanted
impurities in ferromagnetic hosts (iron and nickel) in order to aid in
the interpretation of hyperfine interaction measurements.”! In 1973, J.
M. Poate and his colleagues started a series of experiments to
investigate the metallurgy of the implantation process.”? They studied
copper binary alloys with implantation concentrations up to approxi-
mately 30 percent and observed the formation of equilibrium solid
solutions, metastable solid solutions, and amorphous alloys. These
studies have demonstrated the strong similarities between implanta-
tion and the more conventional rapid quenching techniques.

A major step in ion implantation metallurgy was taken by E. N.
Kaufmann and collaborators in work starting in 1973.73 They chose
beryllium as the host lattice for implantation studies because of the
very low probability of dynamic replacement collisions and low
defect densities. The final impurity should therefore represent the
metallurgical or chemical propensities of the species involved. They
implanted over 25 metallic elements into beryllium to form unique
metastable substitutional and interstitial configurations, and in collab-
oration with the theorists J. R. Chelikowsky and J. C. Phillips, were
able to correlate these configurations using an extension of the exist-
ing theory of metallic alloying.

These studies have shown implantation to be a unique tool for pro-
ducing surface alloys, with much interest at Bell Laboratories and
elsewhere in evaluating other properties of these surface alloys such
as corrosion resistance and hardness.”?

1.5 Ion Scattering

1.5.1 Medium Energy lon Scattering

In 1968, T. M. Buck initiated ion scattering research using ions in
the energy range of 100 keV to 300 keV to analyze surface composi-
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tion and, possibly, surface structure. He was motivated by the need
for improved surface analytical techniques in semiconductor technol-
ogy (Auger electron spectroscopy was not yet widely used), by the
simple kinematic relationships that prevail in the scattering tech-
nique, by the available data on the Rutherford scattering cross sec-
tions, and by the recently discovered channeling effect.

Buck and coworkers used 100 keV He* and H* beams to analyze
trace impurities on silicon and graphite surfaces and thin oxide films
on silicon, with detection sensitivity of 0.001 to 0.01 monolayer,
depending on the atomic number of the target atoms.”> The channel-
ing effect was also used to study abrasion and polishing damage on
silicon.

Electrostatic energy analysis was used because it offered better
energy and depth resolution than could be achieved with a silicon
surface barrier detector. However, the use of an electrostatic analyzer
meant that ions that were neutralized as they scattered from a surface
would not be counted. Information on neutralization probabilities
was needed to correct for this, which led to experiments by Buck and
coworkers that revealed that for H* and He* neutralization depended
primarily on exit velocity independent of the particle path inside the
solid.”®”7 There was some dependence on target material and cleanli-
ness, but there was no evidence of neutralization occurring inside the
solid.

1.5.2 Low-Energy Ion Scattering and Neutralization

Ion scattering experiments at lower energies were started in 1970.
These were stimulated by the results obtained by D. P. Smith at 0.5
keV to 3 keV that indicated extreme surface selectivity.”® At Bell Labs,
D. J. Ball and coworkers studied the transition from medium energy
to low-energy, scattered-ion behavior for He' and Ar*7% They
observed dramatic changes in the scattered-ion energy spectra, which
were believed to arise from the neutralization of low energy ions that
penetrate beyond the surface being backscattered, in sharp contrast to
the medium energy behavior.

Semiquantitative surface composition analysis was demonstrated to
have trace impurity detection limits of 0.005 monolayer for heavy ele-
ments and 0.1 to 0.01 for light elements.®? The technique has proven
to be ideally suited to study equilibrium surface segregation in
alloys—for example, in the copper-nickel system. Working with H.
H. Brongersma at Philips Research Laboratories in the Netherlands,
Buck showed strong copper segregation.81 This was in fair agreement
with calculations based on bond energies—the element with weaker
bonds going to the surface where bonds are missing.
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Low-energy ion scattering has also been applied at Bell Labs to a
wide variety of technological materials, for example, electroplated
platinum and stainless steel by D. L. Malm.5?

Beginning in 1973, work was started to develop a time-of-flight
technique to allow studies of scattered neutrals as well as ions.3? The
technique also provided a large reduction in the beam required for
measurement (and thus in the damage it caused) by allowing scat-
tered particles of all energies to be measured at once. With this tech-
nique, Buck and coworkers found that in addition to the strong neu-
tralization effects mentioned above, the large scattering cross sections
for low-energy projectiles depleted the ion beam and further reduced
scattering from deeper lying layers.84

Stimulated by the observations of R. L. Erickson and Smith,% N. H.
Tolk and coworkers measured the dependence on scattering angle
and target orientation of the dramatic oscillatory structure in the
energy-dependent yield of He® ions scattered from surfaces.8¢
Behavior of this kind was quickly observed in several laboratories,
including the Philips Research Laboratories, where Buck was working
with Brongersma.®

It was recognized that this phenomenon was very similar to biparti-
cle collision-induced oscillatory behavior of optical emission previ-
ously studied.?® These angular-dependent experiments yielded impor-
tant information about the ion-surface interaction at low energies (0.1
keV to 5 keV) and supported the view that the oscillatory behavior
arises from quantum mechanical phase interference between near-
resonant ionic and neutral levels.3?

1.5.3 Rutherford Backscattering from Thin Films

Thin films play an important role in science and technology, espe-
cially in the all-pervasive technology of integrated circuits. An essen-
tial criterion of the thin-film structures in these applications is that
they maintain structural integrity on the submicron scale. However,
it is generally observed that pronounced interdiffusion or phase for-
mation can occur at quite low temperatures.

Rutherford backscattering is a powerful, and undoubtedly the most
quantitative, technique for studying the composition of thin films.
Although the principles and practices of this technique have been
understood for many decades, it was only in the early 1970s that
backscattering was applied to the study of thin films at several labora-
tories in the United States. In 1971, Poate initiated a program at Bell
Labs for the systematic study of thin-film reactions and other
composition-related phenomena using the 2-MeV Van de Graaff
accelerator.
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An jon impinging on a solid interacts with the atoms and electrons
by means of the coulomb force. At MeV energies, the elastic or Ruth-
erford scattering cross sections from the atomic cores are small and
the ion interacts predominantly with the electrons in the solid.
These inelastic electronic interactions, while not imparting sufficient
momentum to deflect the ion, cause an overall energy loss. The
measurement of the loss can be used to deduce the thickness of
material traversed. The ion moves essentially on an undeviated tra-
jectory, losing energy to the electrons until, by chance, it undergoes a
large-angle elastic scattering collision with an atomic core. The frac-
tion of the projectile energy lost in this elastic collision can be
derived from the conservation laws and is a simple function of mass
and scattering angle. Measurement of a backscattered energy spec-
trum can therefore be used to obtain depth and composition
information.

Rutherford backscattering for thin-film analysis is such a quantita-
tive technique because the physical processes are so well understood.
The Rutherford cross sections are known to better than 5 percent
absolute accuracy, and electronic energy losses, from which depth
scales are calculated, are usually known to better than 10 percent.
Thin films or near-surface layers typically 5000A thick can be probed
with MeV ion beams with a depth resolution of 2004 using silicon
surface barrier particle detectors. Buck and his colleagues were the
first to use this technique to study the gettering of iron, cobalt,
nickel, copper, and gold impurities in an ion-damaged surface layer
in silicon by measuring the backscattering of 2-MeV *He ions.*

Many thin-film phenomena were subsequently investigated using
MeV He" scattering. A principal objective was to understand and
characterize low-temperature interdiffusion between thin metal films.
Gold was chosen as a major material of interest because gold films
have been well characterized and because of its importance to the
Bell System.”! Backscattering measurements demonstrated the large
amount of mass transport occurring at low temperatures and the con-
comitant importance of grain boundary diffusion.’? However, the
high concentrations of interdiffused materials in the soluble systems
such as Au-Ag and Au-Pd could not be explained by simple grain-
boundary and bulk diffusion. Experiments on thin self-supporting
single crystal and polycrystalline couples of Ag-Au showed that the
large mass transport was accomplished during grain growth, solute
being dumped from the grain boundaries into the interior of the
grains.93

The reactions between metal films and semiconductors is another
area where large-scale mass transport occurs at low temperatures. For
example, contacts of remarkable lateral uniformity can be formed
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when platinum is reacted with silicon at low temperatures. This con-
tact metallurgy was developed by M. P. Lepselter and is one of the
most widely used contacts in integrated circuits.”* Backscattering
studies showed that the reaction proceeded by the formation and
growth of well-defined, laterally uniform silicide layers; the first
phase to grow was Pt,Si followed by Pt $i.>> The kinetics and activa-
tion energies for the growth of these silicides were determined. The
reaction of metal films with compound semiconductors is much more
complicated than the metal-silicon reactions.”® But backscattering
studies, for example, did reveal some similarities between Pt-Si and
Pt-GaAs reactions with a stable, well-defined layer of PtAs, being
formed at the GaAs interface. [Fig. 8-9]

Backscattering was also used to measure the composition of many
different insulating films of importance to the Bell System: GaP and
GaAs oxides,””® Ta-Si and Ta-Ti oxides,”®1% and silicon nitrides.10!
These amorphous films were interesting because compositions could
be widely varied and backscattering permitted accurate determination
of their composition. Because of the closeness in mass of the gallium
and the arsenic, it was difficult to measure their depth profiles in the
oxides from Rutherford backscattering. However, differentiation
between the two elements was feasible by observing the 'H or ‘He
ion-induced X-rays using a technique developed at Bell Labs by Feld-
man. This technique was then used to characterize plasma-grown
oxides on GaAs. .

The MeV ion-beam techniques were also applied to the study of the
A15 superconductors with the A3B configuration. Materials with this
configuration possess particularly high superconducting transition
temperatures, T,; the sputter-deposited Nb3Ge films of L. R. Testardi
and coworkers exhibited the highest measured T,.)%2 The composi-
tions of many of these sputtered Nb-Ge films were measured and
correlated with the superconducting transition temperature.!®® The
exact proportion of Nb and Ge did not turn out to be a critical vari-
able for maximum T,. It appeared, instead, that high T, was attained
by the elimination of disorder in the film, as was demonstrated by
deliberately damaging high-T, films with the *He beams from the
accelerator.104

Following *He damage, the use of channeling on single-crystal
V3Si, and X-ray diffraction from polycrystalline Nb3Sn films gave
strong clues as to the nature of the disorder.!%%1% It was concluded
that the reduction in T, was associated with substantial displacements
of the A atoms from their equilibrium sites; this was envisaged as a
buckling of the tightly compressed A chains.

1.6 Sputtering

Sputtering is the ejection of atoms from a solid as a result of a cas-
cade of collisions initiated by an incident energetic particle striking
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from scattering from GaAs because of the large mass difference of the two and since, in
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than from a light one. The flat-topped part of the spectrum identified as tungsten is due
to the full thickness of the tungsten film, with the higher energies due to ions scattered
from the outer surface. Scattering from deeper inside provides lower energies because
the helium ions lose energy going in and coming out. The fall-off at the low energy edge
of the tungsten mesa signifies scattering from the inside surface of the tungsten layer.
Part (a) shows that tungsten is a highly stable contact to GaAs since, even when heated
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that have diffused through the gold layer and oxidized on the surface. The low-energy
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depth of about 1500 A. [Sinha and Poate, Appl. Phys. Lett. 23 (December 15, 1973):
6671
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the solid surface. The rudiments of these phenomena were under-
stood very early and it was recognized that the process could be used
either to erode a solid or to deposit the eroded material on another
substrate. Sputtering has played an important role in Bell System
technology from very early times. The application of sputtering to
sample preparation is discussed in Chapter 19 of this volume.

1.6.1 Optical Radiation from Sputtered Particles

As a direct result of the Bell Laboratories studies of low-energy,
ion-atom collisions, in 1970 Tolk and C. W. White discovered that
significant amounts of visible, ultraviolet, and infrared radiation are
produced when a beam of low-energy ions (30 eV to a few tens of
keV) or neutral heavy particles impinge on a surface.!%” It is interest-
ing to note that this discovery evolved as a result of intensive experi-
mental study of an apparently undesirable optical radiation back-
ground that ultimately was found to arise from stray ions colliding
with nearby surfaces. This background from ion-surface collisions
came to be as important an area of experimental and theoretical study
as the research area from which it arose.

Ultimately, three kinds of low-energy, collision-induced radiation
were identified.1%® The first of these is the sputtering of surface
atoms, molecules, and ions in excited states caused by ion or neutral
beam bombardment. The excited particles then decay and give rise to
optical line radiation that is characteristic of surface constituents. The
second kind of radiation observed has a similar nature but arises from
backscattering of excited beam particles. The third type of radiation
is a broad continuum of radiation that comes from the solid surface
itself.

The first two kinds of radiation phenomena have proved important
in understanding ion-surface biparticle collision processes and
sputtering cascade interactions, as well as in providing insight into
experimentally derived parameters for the radiationless de-excitation
processes experienced by an excited surface atom or molecule near a
surface.’% In 1971, the first kind of radiation phenomena also pro-
vided the basis for the invention by White, D. L. Simms, and Tolk of
a new and sensitive method for the analysis of surface composition
called SCANIIR (surface composition by analysis of neutral and ion
impact radiation).!1%111 Thijs technique recognizes the characteristic
optical line radiation emitted by sputtered surface constituents,
including contaminants, with a detection sensitivity as great as 1 part
in 107,

1.6.2 Alloy Sputtering

Although satisfactory quantitative agreement with sputtering
theory for elemental solids had been attained in the 1960s, no such
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agreement prevailed for alloys or compounds. The question of possi-
ble preferential sputtering in multicomponent solids was addressed in
a series of experiments by Poate and Brown in collaboration with ]J.
W. Mayer from the California Institute of Technology.!'?> They found
a very general preference for sputtering of the lighter atomic species
with a consequent buildup of the composition of the heavier species
near the surface. The composition was found to be modified to
depths comparable to the range of the incident particle that produces
the sputtering. The results are important for sputtering used as a tool
in analysis of the depth distribution of the composition of solids by
secondary ion mass spectrometry or by sputter-Auger techniques, and
in the cleaning of solid surfaces before ultrahigh vacuum surface
studies or during device processing.

1.6.3 Sputtering of Condensed Gas Films

A lunchroom conversation concerning the effects of energetic parti-
cles in the solar system on frozen gases on planetary surfaces led to a
series of experiments by Brown, L. J. Lanzerotti, and Poate starting in
1976.113 Frost layers of water, carbon dioxide, ammonia, and methane,
thought to exist on many of the outer planets and their moons, were
found to have orders-of-magnitude larger erosion rates under high-
energy nuclear particle (protons and helium ions) bombardment than
would be explained by established sputtering theory. The
phenomenon is limited to insulators and is caused by electronic exci-
tation of the solids that cannot subsequently distribute the excitation
by electronic conduction as in metals or semiconductors. The large
erosion rates have broad implications for planetary atmospheres and
surfaces.

II. X-RAY SCATTERING AND SPECTROSCOPY

A decade after M. von Laue and coworkers in Germany had first
shown that X-rays can be diffracted by the regular array of atoms in a
crystal,1!* the techniques of X-ray diffraction were introduced at Bell
Laboratories by L. W. McKeehan for the determination of the crystal
structure of iron-nickel alloys.!’> These techniques, which found
wide application to many classes of solid state materials including fer-
roelectrics, superconductors, and semiconductors, made use of the
elastic scattering of a beam of X-rays from the atoms in the crystal.
Since the mid-1960s, scientists at Bell Labs have also become
interested in the inelastic scattering of X-rays as a tool for the study of
the electronic structure of the atoms in crystals.

2.1 X-Ray Diffraction

Some applications of X-ray diffraction were made before and dur-
ing World War II. Using a double-crystal spectrometer, R. M. Bozorth
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and F. E. Haworth measured the perfection of quartz and other crys-
tals.116 Bozorth’s apparatus was also used for the orientation of the
nickel crystals in the Davisson-Germer experiment and for orienting
quartz plates for frequency control of radio communications. W. L.
Bond designed a number of specialized instruments for determining
the orientation and perfection of quartz. He designed a double-crys-
tal X-ray goniometer,!1” a single-crystal automatic diffractometer,!18 a
simple high-temperature powder camera, and an instrument for
measuring lattice constants with unprecedented accuracy.!!® This last
instrument made possible the determination that the oxygen in sili-
con was interstitial, rather than substitutional,!?® and allowed the
measurement of X-ray wavelengths with greater accuracy than had
ever before been attained.!?!

In the 1950s and 1960s, single crystals became key elements in Bell
Labs experimental research in ferroelectricity, semiconductivity,
lasers, magnetism, and superconductivity. The crystallographer E. A.
Wood collaborated on many experiments, using the appropriate X-ray
diffraction techniques to determine the crystal structure of the materi-
als under study. This helped to develop an understanding of the
relationship between physical properties and crystal structure and
made possible the synthesis of many new substances with predictable
properties. Substituent atoms could be introduced into a known
structure in a controlled way, and the relationship between properties
and the substituents at known sites could be quantitatively
determined.'??1?* The effect of an applied field in actually changing
the structure of the crystal sodium niobate was demonstrated with X-
ray diffraction studies.!?’

The role of S. Geller’s X-ray diffraction techniques in determining
the structure of magnetic oxides, leading to the discovery of the mag-
netic garnets, is described in some detail in Chapters 1 and 12 of this
volume.

2.1.1 X-Ray Standing Waves

While X-ray diffraction patterns provided the main “fingerprints”
for determining the atomic scale and geometrical structure of materi-
als, the years following the development of diffraction techniques
saw the development of new ways of probing crystals with this
extremely short wavelength radiation. This progress was made possi-
ble by the extraordinarily high crystalline perfection obtained in
semiconductor materials (that is, silicon and germanium). A Bragg-
diffracted X-ray beam from such a crystal can have the same intensity
as the beam incident on the crystal. Both within the diffracting crys-
tal and in the region just outside its surface, where the incident and
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diffracted beams overlap, there will be a strong X-ray standing wave
excited by interference between these two beams. These standing
waves have the direction and periodicity of the planes responsible for
the diffraction. The phase between the atomic planes and the stand-
ing waves may even be adjusted by making small changes in the X-
ray incidence angle about the Bragg condition. Angular changes of a
few seconds of arc sweep the standing wave antinodes from lying
between the diffracting planes to lying on top of them. This fine
control over the standing wave position provides an atomic-scale
probe of the positions of impurity atoms on the surface or in the
near-surface region of the crystal.

Collaborative work of Bell Labs and Cornell University scientists in
1974 isolated the standmg wave effect and identified the position of
arsenic atoms in silicon.!?® The study was subsequently refined to the
point where the standing wave “fringe shifts” of a few hundredths of
an angstrom could be detected. In 1979, the standing waves were
detected just outside the surface of a silicon crystal and the detailed
information gained about standing wave motion was used to deter-
mine the position of bromine atoms. In addition, the experiments
showed that impurities at crystal-liquid interfaces as well as at crys-
tal-vacuum interfaces could be investigated because of the high pene-
trability of both exciting and scattered X- rays

2.2 Inelastic X-Ray Spectroscopy

When X-rays are weakly scattered inelastically from condensed
matter, the scattering cross section is characterized by the momentum
and energy transfer to the system. X-rays allow the experimentalist
to probe a very interesting and heretofore inaccessible region in this
energy momentum plane. Typical lengths in condensed matter sys-
tems are of the order of 14, and X-rays have the right wavelengths to
probe this distance or momentum scale. However, the electronic
excitation energy, and hence the energy loss in the scattering experi-
ment for almost all circumstances, is about 1 eV or less. Because typi-
cal X-ray energies are about 10,000 eV, very high resolution is
required for most experiments. With modern X-ray sources and
high-resolution spectrometers such experiments became feasible for
the first time in 1968.

2.2.1 Large Electron-Momentum Transfers

Almost all of the experimental work at Bell Labs in inelastic X-ray
scattering was carried out during the 1970s. 128-134 The impetus for the
work on high-momentum-transfer, inelastic X-ray scattering came
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from the 1965 theoretical paper by P. M. Platzman and N. Tzoar.13%
They showed that at large momentum transfers the X-ray scattering
would be a direct measure of the momentum distribution of electrons
in the solid. For the first time this gave experimentalists a way of
making accurate direct measurements of wave functions describing
such distributions. In 1929, J. W. H. DuMond at the California Insti-
tute of Technology in Pasadena had suggested that such a possibility
existed and even did a preliminary experiment on graphite using old
X-ray tubes and a film detector.!36 This singular experiment took
many months of exposure time and gave very fragmentary informa-
tion. The theory showed that better experiments could give, at least
in principle, very important information. The analysis also showed
that at these large momentum transfers the resolution required to
obtain accurate wave-function information was not very prohibitive.
Some preliminary experiments verifying these ideas were done by
several groups, including R. J. Weiss and W. C. Phillips at the Water-
town Arsenal in the United States,! and N. Cooper and J. A. Leaker
in England.!38

In 1968, P. Eisenberger set up a 60-kilowatt continuous-output X-
ray source for doing inelastic X-ray scattering experiments. This
source was almost 100 times more intense than other conventional
sources in use. Thus experiments that took one month to do could be
done in less than one day with comparable signal-to-noise ratio. The
existence of this powerful source of high-intensity, short-wavelength
X-rays made possible a broad range of inelastic scattering studies.
Eisenberger, in collaboration with Platzman, W. C. Marra, and others
began to investigate the large momentum regime (the so-called
Compton regime) and explored many of the properties of wave func-
tions in a variety of low atomic number materials. Atomic helium,
molecular hydrogen, oxygen, and nitrogen, and metallic lithium and
sodium were all probed with this source. The investigators were able
to show quite systematically how various wave-function calculations
compared with the experimental measurement of these wave func-
tions to an accuracy of about 1 percent. In 1971, Eisenberger and
Marra performed experiments on simple hydrocarbon compounds and
were able to show, for the first time microscopically, that the concept
of a localized transferable bond was a realistic picture of bonding in
the hydrocarbons and that in some sense it could be extended to
resonant structures like benzene.l3? [Fig. 8-10] In addition, many of
the qualitative features of bonding that had been theoretically
predicted were for the first time easily measured. The studies of
hydrocarbon bonding were extended by W. A. Reed, Eisenberger, and
L. C. Snyder, using gamma-ray Compton scattering.!40
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The large electron-momentum transfer inelastic scattering studies
were extended to a higher momentum transfer regime using nuclear
gamma-rays as a source of high-energy photons. This work was
pioneered at Bell Labs by Reed and Eisenberger'4! and has been
actively pursued by at least a dozen groups throughout the world.
The advantage of the gamma-ray technique, with its very high energy
(a few 100 KeV) photons, is that it enables wave functions of systems
containing atoms from the whole Periodic Table to be examined.
This is made possible by the availability of solid state detectors
(developed at Bell Labs and now available commercially) and by the
fact that the momentum spectrum is explored over an ever-increasing
energy range as the primary energy range of the gamma-ray is
increased. Using these techniques the wave-function properties of a
whole host of materials including such elemental materials as silicon
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Fig. 8-10. Scattering of high-energy photons (y-rays) from carbon valence
electrons for three different environments of the carbon atom. The incoming y-ray
is monochromatic, and the scattering angle is the same in each case. The abscissa
is the energy loss, and e is proportional to the projection of the momentum
distribution of the electrons in the carbon atom along the scattering direction. The
energy loss, E,, at the center of the dashed line corresponds to Compton scattering
from a free electron at rest. The effect of bonding on the carbon atom is
dramatically revealed. The Compton profile for atomic carbon is obviously
narrower than the profile for the C-C bond in ethane gas, which has the same
length as the C-C bond in diamond. The differences between the molecule and the
crystal are smaller but quite evident—the valence electrons are somewhat more
tightly bound in the molecule than in the crystal.
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and germanium have been examined. The anisotropic Compton tech-
nique has focused on the solid state properties of the outer electrons
by utilizing the difference between Compton profiles measured in
different directions. The experiments require extremely good statis-
tics and the highest quality resolution available.

2.2.2 Intermediate Electron-Momentum Transfer in Light Metals

The inelastic X-ray scattering techniques have also been applied to
smaller momentum transfers, where the collective properties of the
condensed matter systems begin to play an important role. The
experiments by W. A. Reed and coworkers in 1974 focused on the
long wavelength or plasmon properties of the simple light metals
lithium, beryllium, sodium, and so on.!42 At this level, the experi-
ments made contact with the work of C. J. Powell, reported in 1960,
in which electron beams were used as a probe.!*3

At intermediate momentum transfers the inelastic X-ray scattering
from simple metals was an unexplored field of great interest.
Theories of the electron gas were based on weak-coupling or mean-
field approaches which, when parametrized properly, gave a good
description of both the long wavelength and short wavelength limits
of the inelastic X-ray scattering results. At intermediate momentum
transfers the intrinsic, strong, or intermediate coupling character of
the electron gas began to show up. The experiments revealed a
variety of phenomena that seemed to be characteristic of liquids in
general and that have not yet been explained in any satisfactory
Way.144 [Fig. 8-11] Because the electron gas, or the electron liquid, is
one of the fundamental systems in solid state physics, these experi-
ments stimulated new theoretical effort.

2.2.3 Electron Energy Loss Spectroscopy and Photoabsorption Spectroscopy

The use of electron scattering as a probe of the properties of matter
has a long history at Bell Labs. In the 1970s, the trend was toward
higher electron energies, since the problems of multiple scattering
were reduced and penetrating power was increased. In 1973,
G. S. Brown and A. E. Meixner built a high-energy electron spec-
trometer with very high energy resolution suitable for studying ele-
mentary excitations in solids. High-energy electrons (about 300 keV)
would be necessary to penetrate reasonably thick samples (up to a
few thousand angstroms) without suffering appreciable multiple
scattering, and high-energy resolution (about 0.1 eV) would be neces-
sary to observe details about characteristic excitations such as
plasmons and valence band structure in solids. Brown used a clever
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Fig. 8-11. Composite plot of the inelastic X-ray
scattering from three very different metallic materials.
These profiles have been normalized in terms of the free
electron parameters of the substances (that is, the Fermi
energy Eg). The two distinctive features of the plots are
(1) they fall roughly on a universal curve, indicating that
these spectra have a common origin, that is, interaction of
X-rays with an electron gas; and (2) the plots have a
double-humped structure, in contrast to prediction of
theories that prevailed prior to the performance of the
experiment. The theories predicted a broad single-
humped curve that did not include the narrower peaked
features at w/Ep~1. It is now believed that this peak
arises from the liquid-like behavior of the interacting
electron gas in solids due to the short-range order that
exists in this liquid. This experiment, for the first time,
demonstrated the need for considering such short-range
correlations for the electrons in free electron-like solids.

scheme, first used by S. E. Schnatterly and coworkers at Princeton
University,1%3 which involved accelerating the electrons up to high
energy, doing the inelastic scattering at the high energy, and then
decelerating back down to lower energy for a spectral analysis. By
using a single power supply for both acceleration and deceleration,
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very high resolution (about one part in 10% could be achieved
without using an extremely stable power source, since drift and rip-
ple cancel to first order. A series of measurements were made with
the use of such an apparatus by Brown, Meixner, and others on the
momentum transfer dependence of the K-edge threshold in beryllium
and on the M edge of nickel.!#® The nickel work involved using thin,
single-crystal material that had been epitaxially grown on salt and
then floated off in water to make a free-standing film 6004 thick.
The use of single crystals reduced thermal diffuse background scatter-
ing and made it possible to observe the breakdown of the dipole
approximation as momentum transfer increased.

At the end of 1977, B. M. Kincaid realized that there was a very
close correspondence between electron energy loss spectroscopy and
photoabsorption spectroscopy. The only source of photons covering
the range of excitation energies that could be studied using electron
energy loss was synchrotron radiation, at that time a rather rare com-
modity, involving travel to distant laboratories and difficult working
conditions. Kincaid, Meixner, and Platzman showed that better data
for the carbon K edge at 284 eV could be produced using the Bell
Labs, energy loss machine than could be obtained using synchrotron
radiation.'*” The study of the electron loss fine structure (ELFS) on
the carbon edge extended the use of absorption loss structure studies
from the then limited range in the conventional X-ray (EXAFS) part
of the spectrum down to the soft X-ray and ultraviolet regions. The
K edges of beryllium, carbon, oxygen, magnesium, aluminum, and sil-
icon have been studied at Bell Labs, along with the L edges of alumi-
num, silicon, titanium, nickel, and copper. M, N, and O edges of
higher Z elements have also been studied. Energy loss fine structure
has been observed on all these edges, and has been quantitatively
analyzed and compared with theory using analysis techniques
developed by Kincaid for the cases of carbon in graphite and titanium
in titanium metal.!*® The electron energy loss method provided rea-
sonable signal rates in regions of the spectrum where synchrotron
radiation sources were, at least before 1980, very difficult if not
impossible to use.

At the time of this writing, improvements in the electron energy
loss method involving higher beam current, parallel detection of
energy loss events rather than the present sequential method, and
increased angular acceptance in the electron detection system are
expected to yield improvement of at least a factor of 10° in signal rate
for the electron technique. This will open the prospect of measuring
electronic and structural properties of dilute impurities, surface
monolayers, and interfaces in a short time, as well as ELFS for K
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edges of the first row elements and L, M, and N edges of other ele-
ments, all with synchrotron radiation-like intensities but with a small
lab-sized electron energy loss machine.

2.3 Extended X-Ray Absorption Fine-Structure Spectroscopy

Since the 1930s, it has been known that X-ray absorption spectra
have complex oscillatory structures near the absorption threshold and
extending out as far as 1 keV above threshold. The near-edge struc-
ture was generally understood to be caused by transitions to low-
lying, unoccupied bound states and therefore could be useful in
understanding the electronic environment surrounding the absorbing
atom. Many speculations existed concerning the extended structure.
In the late 1960s and early 1970s, using more modern techniques, D.
E. Sayers and E. A. Stern at the University of Washington and F. W.
Lytle at the Boeing Aerospace Company began to reinvestigate the
extended structure.!*? By early 1970, there was a semiquantitative
understanding that the extended absorption reflected the local
geometry around the absorbing atom. Some information had also
been obtained on the coordination number, the atomic character, and
the thermal motion of the neighboring atoms. The power of the
technique is that it can be applied to a material in any state and that
the reference atom may be selected by choosing the energy region to
investigate that corresponds to the characteristic absorption energy
threshold region of the chosen atom.

2.3.1 High-Intensity Synchrotron Radiation and the Measurement of Inter-
atomic Distances

In 1973, Eisenberger and Marra used a high-powered 60-kilowatt
X-ray tube to make high-resolution measurements of the absorption
spectra of copper and silver. At that time Eisenberger became
interested in the synchrotron radiation facility at Stanford University
and collaborated with Kincaid (who at the time was a graduate stu-
dent at Stanford) to conduct measurements using this new source of
high-energy photons. The attraction of this facility was its promise of
increases in photon flux by a factor of 10* to 10°. This increase could
drastically reduce the time of the measurement from weeks to
minutes and could considerably extend the application of the tech-
nique from concentrated systems such as copper to very dilute sys-
tems.

In January 1974, Kincaid and Eisenberger designed an apparatus,
the most critical feature of which was the utilization of a channel-cut
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crystal spectrometer, to convert the broad spectrum radiation from the
synchrotron into a tuneable monochromatic source. The first spec-
trum obtained with this apparatus was that of copper. As hoped, 10°
more flux was available with this facility with the result that the first
spectrum of copper was measured in ten minutes and had ten times
higher signal-to-noise ratio than the spectrum of copper obtained
using the X-ray tubes, which had taken two weeks to obtain.

In the short period between May and July of 1974, Eisenberger and
Kincaid measured over 100 spectra.!® One significant result came
from the measurements of the simple molecules Br; and GeCly. These
measurements, combined with theoretical calculations made by Kin-
caid for his Ph.D. thesis, quantitatively demonstrated that the
extended X-ray structure reflected the local geometry and that intera-
tomic distances could be obtained to an accuracy of 0.1A. The rela-
tively large uncertainty arose from the approximations made in calcu-
lating the energy-dependent scattering phase shift that alters the
extended structure and which consequently affects the distance deter-
mined from the measurement.

Some early experiments were also made on ions in dilute aqueous
solutions and metalloproteins (see section 3.7 of Chapter 6). These
demonstrated the power of the technique for determining local struc-
tural information in disordered systems that could not otherwise be
obtained. However, it soon became clear that if the technique was to
have an impact on understanding the function of the systems studied,
better than 0.14 accuracy would be required. Toward this end, Eisen-
berger and Kincaid were joined by P. H. Citrin in early 1975, and
measurements were made on a large series of simple molecules in an
attempt to experimentally determine the energy-dependent phase
shifts. Since the energy-dependent phase shifts originated from
scattering from the core electrons, it was thought that the phase shift
would be the same for any absorbing and neighboring atom pair
independent of their chemical environment. This concept of chemi-
cal transferability was experimentally verified.!>! Accurate determina-
tion of the phase shifts, together with data analysis techniques
developed by Kincaid, enabled an accuracy of 0.014 to be obtained on
a whole range of simple molecules. Shortly thereafter, P. A. Lee and
G. Beni improved the theoretical calculations of the phase shifts and
demonstrated that their results agreed with the experimentally deter-
mined values and thus could be used to obtain distance information
to 0.01A .acc:uracy.ls2

In 1976, the applications of the technique to chemistry were seri-
ously pursued by J. Reed and B. Teo, in collaboration with Eisen-
berger and Kincaid.1®® Reed and coworkers were able to determine
the structural changes associated with binding catalysts to polymers
for the first time. The significant structural changes observed were
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related to the previously observed changes in catalytic activity. Teo
and collaborators investigated a series of metal complexes in which
the degree of metal-metal binding was related to the degree of oxida-
tion of the metal atom. The degree of metal-metal binding was deter-
mined and the nature of the changes in the chemical bonding with
oxidation was explained.

2.3.2 Application to Superconducting Thin Films

Two of the more significant EXAFS experiments in solid state phys-
ics were the study of zinc single crystals by G. S. Brown and Eisen-
berger!>* and the study of Nbs;Ge superconducting thin films by
Brown and coworkers.!® The zinc single-crystal studies showed that
the local geometry as well as the distance information could be deter-
mined. The anisotropic mean-squared relative displacement caused
by the thermal motion of the atoms was also determined and com-
pared to theoretical calculations of Beni and Platzman.!%® This study
strongly suggested that valuable information could be obtained about
interatomic forces. The thin-film work by Brown and coworkers
attempted to relate the observed structural changes on Nb;Ge films
with deposition conditions and their superconducting transition tem-
perature. Significant variations were observed and interpreted.

2.3.3 Application to Adsorbed Atoms on Surfaces

In the fall of 1976, a major innovation was successfully imple-
mented. A focusing mirror was included as part of a new and
improved experimental station that was assembled by Kincaid and
Eisenberger, together with J. Hastings from Stanford University.
Measurements showed that the new geometry (beam line) had 50
times the flux and 500 times the intensity of the earlier experimental
apparatus. This new development further extended the range of pos-
sible experiments.

The most innovative of these experiments was the application of
absorption spectroscopy to the study of adsorbed atoms on surfaces.
Following an initial suggestion of Lee,'”” Citrin, Eisenberger, and R.
C. Hewitt assembled a new experiment based upon the detection of
the Auger electrons emitted following the absorption of the X-ray
photon.’®® The new high-vacuum apparatus, together with the new
beam line, were successfully used to measure the structure of an
absorbed monolayer of iodine on silver and nickel single-crystal sur-
faces. The distances to the neighboring atoms and the site geometry
of the iodine on various symmetry crystal faces were determined.
Thus, a badly needed analytic tool for surface science was demon-
strated. In fact, this experiment was a measurement on only 10
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atoms, compared with the 10*! atoms that were originally measured
in 1973.

III. X-RAY PHOTOELECTRON SPECTROSCOPY

Research in X-ray photoelectron spectroscopy at Bell Laboratories
was started in 1970. At that time the technique had been well estab-
lished through the efforts of K. Siegbahn at Uppsala University in
Sweden,'> but its promise was only delineated. The basic approach
was to measure the kinetic energy of electrons emitted from solids by
the photoelectric absorption of highly monochromatic, low-energy X-
rays. The K, radiation of aluminum or magnesium at 1486.6 or 1253.6
eV was typically employed. The aluminum K, radiation was mono-
chromatized by Bragg reflection to achieve a total resolution of
approximately 0.5 eV, and the electron kinetic energy was measured
in a hemispherical electrostatic analyzer. The binding energy of the
electron was obtained by subtracting the kinetic energy and spec-
trometer work function from the X-ray photon energy.

3.1 Ionic and Covalent Bonding

The electron binding energies are characteristic of an element but
are subject to small (<5 eV) chemical perturbations. Detailed theoret-
ical discussions of the factors that determined these binding energies
were an integral part of the early years of X-ray photoelectron spec-
troscopy and continue as additional sophistication is brought to bear.
The early point of view was highly chemical. Elemental analysis and
determination of bonding character appeared to be the primary appli-
cations, motivating the acronym ESCA, electron spectroscopy for
chemical analysis.

The initial work undertaken at Bell Labs by G. K. Wertheim fell
into this general pattern. The chemical shifts associated with the
ionic and covalently bonded iron in the ferric-ferrocyanide known as
Prussian Blue were established.!% Another experiment dealt with a
mixed-valence compound, K,FeF; in which iron exists in both
divalent and trivalent states in a ratio that depends on the potassium
content. Two discrete iron-states were found in ESCA as well as in
the Mossbauer effect, indicating that the charge hopping was slow. 161
The study of other mixed-valence compounds was later to cover an
extensive period.

Subsequent work revealed a wealth of phenomena, basically of
atomic physics character. This is not unexpected since core electrons,
which largely retain their atomic character, are readily studied by this
technique. One of the most interesting early discoveries by
Wertheim and A. Rosenzwaig was the final-state, configuration-
interaction satellites in alkali halides.!®? It was deduced that mul-
tielectron final states would be excited directly in the photoemission
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process, even though the photon couples to only one electron. A
detailed study was then made of the so-called s electron multiplet
splitting in the rare earth trifluorides, which re}:resents the exchange
coupling between the 4f and the s electrons. 63 It was found that
electron correlation effects greatly modify the multiplet splitting
within the shell that contains the open subshell, a phenomenon
closely related to the configuration-interaction phenomenon.

3.2 Core Electron and Conduction Electron Spectroscopy

Aspects of solid state physics began to enter the research when
attention shifted to the valence and conduction electron of metals and
alloys. S. Hiifner and coworkers obtained the band structures of
noble and transition metals and of CuNi and AgPd alloys. The data
on the noble metals were found to be in very good agreement with
the details of band structure calculations, those of transition metals
less so. The significance of the small width of the d band of nickel
remained a puzzle for many years, and was accepted as a real man-
ifestation of the bulk band structure only after angle-resolved pho-
toemission later revealed the details of the nickel bands.!®* The data
on the two alloy systems showed that the coherent potential approxi-
mation provides the best description of noble-transition metal alloys;
that is, the d bands remain separated, charge transfer is minimal, and
all the bands narrow with dilution.!®® In the dilute palladium limit
the AgPd alloys exhibit the Friedel-Anderson virtual bound state, that
is, the palladium d electron resonance superimposed on the silver s
conduction band. The extension of this work to metallic oxides, espe-
cially ReO3;, demonstrated the importance of the covalent mixing of
metal d states into the anion p valence band.!®® The d component is
directly revealed in this experiment by virtue of the much larger pho-
toelectric cross section of the d states.

The conduction electrons of a metal manifest themselves even in
core-electron spectroscopy because they react to screen the core hole
produced by photoemission. There are two aspects to this
phenomenon. The first concerns the binding energy of the core elec-
tron, which may be thought of equivalently as the energy of the
screened final-hole state. This was studied in a definitive experiment
by Citrin and D. R. Hamann on gas atoms implanted into the noble
metal.!®” It gave a direct measure of this relaxation energy. The
second aspect concerns the spectrum of the electron-hole pair excita-
tions that produce the screening process. Theoretical calculations boy
G. D. Mahan,168 and by P. Noziéres and C. T. DeDominicis,1 9
predicted a long-tailed, asymmetric line shape and other spectral
characteristics. The manifestations of this phenomenon were found
in the spectra of alkali, noble, transition, and s-p metals and gave the
first unambiguous experimental demonstration of the many-body
screening phenomenon.170 A quantitative study, extending over a
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number of years, was ultimately instrumental in establishing the role
of this same phenomenon in X-ray emission and absorption edges.1”!

3.3 Rare Earth Ion Spectroscopy

The 4f electrons of rare earth ions have a unique character. On the
one hand, they are core-like, of small radial extent, and well shielded
from the neighboring ions; on the other, they are valence-like, have
small binding energies, and exist in fractionally occupied shells. The
photoionization of an incomplete shell gives rise to a spectrum of
final states that are eigenstates of the hole-state atom. This
phenomenon was first observed in the study of the rare earth
trifluorides where the attainable resolution is limited by phonon
broadening.!”? Subsequent work by E. Bucher and M. Campagna on
the rare earth antimonides displayed the final-state multiplets in great
detail. The intensities of the multiplets are compatible with fractional
parentage calculations and their energies are compatible with the op-
tical spectra of the element of next lower atomic number.!”® With
detailed spectra available for each 4f" configuration, Wertheim was
able to study the rare earth interconfiguration fluctuation
phenomenon that occurs in homogeneous systems like TmSe,'7*
SmS,17% and SmBg.17® This work, in collaboration with Campagna and
J. N. Chazalviel, clearly showed the multiplets of two discrete final
states separated by the Coulomb correlation energy, a quantity not
previously directly measured. It also put limits on the time scale of
the fluctuations.

3.4 Application to Surface Studies

Another aspect of X-ray photoemission spectroscopy is its surface
sensitivity, predicated on the small (158) mean-free path of low
energy electrons in solids. On the one hand, this means that careful
surface preparation in vacuum is required for bulk studies; on the
other, it makes the technique particularly useful for surface studies.
This aspect was used by R. F. Roberts to elucidate the mechanism by
which certain organic materials, for example, benzotriazole, passivate
the surface of copper.l”” A dip into an aqueous solution of this com-
pound has been used extensively by Western Electric to prevent the
oxidation of copper on circuit boards. Another technologically
important material, tin-nickel electroplate, spontaneously grows a
passivating layer with good electrical conductivity when exposed to
air. The chemical nature of this 254 oxide film has been thoroughly
investigated by ESCA by J. H. Thomas and S. P. Sharma at Bell Labs’
Columbus, Ohio, laboratory,}”® with some additional work on the
time evolution of the film by H. G. Tompkins and Wertheim.!”’ The
general finding is that the film is initially a hydrated oxide of tin
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which eventually, over a period of months, incorporates divalent
nickel in the form of nickel stannate. In the late 1970’s the thrust of
work shifted toward studies of surfaces; X-rays from a conventional
tube were expected to be replaced by synchrotron radiation as the
form of excitation; and the general trend continued toward greater
use of this technique to solve technological problems.

IV. NEUTRON SCATTERING

Neutron scattering is an important probe of the static and dynamic
structure of condensed matter systems. Typically, thermal neutrons
coming from a nuclear reactor have a wavelength in the range 14 to
5&, which is well matched to the atomic spacing in solids and liquids.
This characteristic combines with the fact that neutrons scatter both
from the nuclei of atoms and from the magnetic electrons surround-
ing them to permit neutron-diffraction study of crystal structures and
magnetic structures. Furthermore, neutrons in this wavelength range
have energies in the range of 0.1 eV to 0.005 eV, which is characteris-
tic of many types of dynamical excitations that occur in condensed
matter systems. Because of their large mass, neutrons couple to
phonons—the collective motion of the nuclei in a solid. Because neu-
trons have a magnetic moment, they couple to the collective motion
of the magnetic moments of the electrons in a solid, the spin excita-
tions, and to local magnetic excitations such as crystal field levels.

Neutron scattering experiments by Bell Laboratories scientists
began in the mid-1950s at Brookhaven National Laboratory. The
early work by E. Prince, and S. C. Abrahams concentrated on deter-
mining magnetic structures.’®181 The major emphasis in the late
1960s and early 1970s centered on the physics of phase transitions.
As discussed in Chapter 9 of this volume, major advances have been
made in the understanding of the evolution of one phase into
another with changes in thermodynamic variables such as tempera-
ture and pressure.

Neutron scattering has been used to study the divergence of the
correlation length near second-order transitions in magnetic systems
and to measure the spontaneous magnetization. The form of the
divergence of these properties was thought to depend fundamentally
on the dimensionality of the magnetic system. In a classic series of
experiments, R. J. Birgeneau and coworkers studied a model two-
dimensional magnetic system, K;MnF,, and clearly established the
two-dimensional behavior of the critical properties of the phase tran-
sition and verified many of the theoretical predictions.l¥2 These
experiments were followed by a pioneering series of studies, begin-
ning with work by R. Dingle and Birgeneau, that elucidated the role
of idealized one-dimensional effects in three-dimensional rnateri-
als.183 [Fig. 8-12] Quasielastic and inelastic measurements were
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reported on two model one-dimensional systems, (CD3),NMnCl; and
CuCl,—2NCsD5. The former is composed of effectively isolated one-
dimensional MnCl; chains—which simulate classical one-dimensional
isotropic spin systems—while in the latter, the isolated CnCLN
chains are an excellent representation of the S = % isotropic chain—a
quantum mechanical system of considerable interest to mathematical
physicists. Both of these mathematical models exhibit exact solutions
for the static correlations and for the dynamics—a rare accomplish-
ment in the many-body problem. The neutron scattering systems
confirmed these exact solutions and showed that they were not just
mathematical curiosities but, indeed, were pertinent to real materials.
Further, they elucidated a whole new range of previously
unpredicted finite temperature properties.
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Fig. 8-12. The structure of certain antiferromagnetic spin systems, of which K,NiF,
and Rb,MnF, are examples, allows only those spins that lie in parallel crystal planes
to interact. These two-dimensional magnetic systems also have the property that the
magnetic sites may be occupied by two different types of ions in a completely random
way. These two properties made these materials invaluable for studying the effects of
dimensionality and disorder on critical phenomena and spin dynamics. (A) shows the
intensity of scattered neutrons from the momentum transfer, A, system
Rb,Mng 5Nig 5F,, in which the manganese and nickel ions are randomly distributed, as
a function of neutron for various temperatures above the antiferromagnetic transition,
Ty = 68.7K. The peak in the intensity occurs in each case at h =1, which
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4.1 Phase Transition in Magnetic Systems

In addition to the understanding of the divergence of many physi-
cal properties at some phase transitions, the use of neutron scattering
has made progress toward elucidating the driving force behind a
number of structural phase transitions. The structural phase transi-
tion in the high-temperature superconductor V;Si is driven by a
softening of a phonon mode; the nature of this softening was studied
by Birgeneau and coworkers.!8% A series of phase transitions in
PrAlO; was shown to be driven by a coupling of the phonons to the
magnetic exciton arising from the 4f electrons of the praseodymium
ions.
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corresponds to a neutron wavelength characteristic of the ordered structure. It
becomes narrower and more intense as the transition is approached, as it would in a
uniform system, showing that the site disorder does not affect the sharpness of the
critical transition phenomena. [J. Als-Nielsen et al., Phys. Rev. B12 (1975): 4977].
(B) is a log-log plot of the variation in the resonance half widths of curves similar to
those shown in (A) as a function of temperature near the transition, Ty, for both
uniform and random systems. Both exhibit the same behavior which, in form, agrees
with the theoretical prediction for a two-dimensional system. [J. Als-Nielsen et al.,
Sol. State Phys. 9 (1976): L124].
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4.2 Electronic Structure of Magnetic Systems

Another class of phase transitions arises in some metals from an
instability in the coupled electron-phonon system. Many of these
transitions are to a state that exhibits a distortion of the charge den-
sity with a periodicity that is not related to the lattice periodicity.
The existence of such incommensurate periodicities means that these
materials are no longer crystals in the traditional sense, and many
properties of the compounds reflect this fundamental difference. At a
lower temperature, the coupling between the lattice and the charge
density wave may drive a second transition in which the charge den-
sity wave becomes commensurate with the lattice periodicity. Both of
these phenomena were established in the 2H polytypes of the layer
compounds NbSe, and TaSe, using neutron scattering by
D. E. Moncton and coworkers. (Moncton was then a graduate stu-
dent at M.LT.).185 After joining Bell Laboratories, Moncton went on
to study the role of impurities in pinning the charge density waves
and thereby destroying long-range, three-dimensional order in the 1T
phase of TaSe,.18¢ In another polytype 4Hb—TaSe,, two independent
charge density waves were found to coexist.

Neutron scattering is a unique probe of local magnetic excitations
in metallic systems. It is well known from light scattering experi-
ments that the degeneracy of the electronic configuration of the 4f
electrons in rare earth ions in insulators is lifted by the crystalline
electric field generated by the surrounding ligands. In metallic sys-
tems, similar effects were inferred from measurements of the mag-
netic susceptibility and heat capacity. The crystal field levels were
determined directly by neutron scattering in a systematic study of the
rare earth metallic compounds by Birgeneau and Bucher of Bell Labs,
in collaboration with K. C. Turberfield and L. Passell of Brookhaven
National Laboratory.!88 They found that the effective point charge
model could be used to describe the crystal field splittings across a
large part of the rare earth series, which implied that the conduction
electrons did not modify the effective field in a fundamental
fashion.1®® However, an experiment by D. B. McWhan, E. I. Blount,
and coworkers measured the change in the crystal field levels as a
function of pressure in PrSb and demonstrated that the microscopic
physics is more complicated than the initial experiments seemed to
indicate. In particular, the shifts predicted by the model are of the
wrong sign, so that the interaction with the conduction electrons
undoubtedly plays a central role.!%® Subsequently, neutron scattering
has been used to probe the interplay between superconductivity and
magnetism in several ternary rare earth systems such as ErRh,B, and
in the Chevrel phases such as Mo(,Sg,w1
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Thus, neutron scattering emerged as a powerful tool for investigat-

ing magnetic structure, phase transitions, and other magnetic prop-
erties of solids.
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Chapter 9

Ordered Phases of Matter
and Phase Transitions

The ordered arrangement of atoms or molecules in some lattice structure,
whether it is a crystalline solid or a liquid, is a common feature of several
fields of physics studied at Bell Laboratories. Research in two areas—
superconductivity and ferroelectricity—began in the early 1950s. Contribu-
tions to the fundamental theory of superconductivity were stimulated by
experimental programs such as the demonstration of the absence of the iso-
tope effect in ruthenium on the superconducting transition temperature, and
studies of Josephson junctions and quantized flux lines. In ferroelectricity,
the physics of domain formation and domain motion in the well-known fer-
roelectric barium titanate was studied, along with a search that led to the
discovery of many new ferroelectrics for potential memory devices. Liquid
crystals, requiring negligible power for operation, turned out to be more prac-
tical for applications such as display devices.

The buildup of a capability in liquid helium techniques stimulated other
research activities in low-temperature physics, such as the work on the
superfluidity of the lighter isotope of helium, 8He, and high pressure experi-
ments at low temperatures, with the phase changes involved in metal-
insulator transitions. Related fundamental studies on phase transitions and
critical phenomena have also been carried out.

I. SUPERCONDUCTIVITY —SUPERCONDUCTIVE TUNNELING

From 1948 to 1978, superconductivity advanced from a research
novelty to a physical property of great technological usefulness. A
theory was developed that explains the enormous variety of super-
conducting phenomena including, even in important cases, the onset
temperature, T.. Bell Laboratories scientists have made important

Principal authors: R. C. Dynes, P. A. Fleury, C. C. Grimes, P. C. Hohenberg, D. B.
McWhan, S. Meiboom, R. C. Miller, and J. M. Rowell
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contributions to both theoretical and experimental developments, as
well as to the applied aspects of superconductivity.

1.1 Contributions to Fundamental Theory

The earliest theoretical work was that of J. Bardeen. Prior to join-
ing Bell Labs he had examined the effect of lattice distortions on the
energy of electrons as a possible explanation of superconductivity. In
1950, while he was at Bell Labs, Bardeen returned to the subject of
the electron-phonon interaction when he learned of the discovery
that T, of mercury depended on isotopic mass.! However, the idea
that electrons could be bound together in pairs through this interac-
tion was not realized until later when Bardeen, L. Cooper, and J. R.
Schrieffer, at the University of Illinois, developed a self-consistent
theory of superconductivity, which became generally referred to as
the BCS theory. At Bell Labs, P. W. Anderson was one of the first to
appreciate the full significance of the BCS theory. Using his concept
of broken symmetry,” Anderson was able to meet the criticism
advanced by G. Wentzel, a visitor at Bell Labs physical research
department, that the BCS theory lacked gauge invariance.

A limitation on the strength of the magnetic field in which a
material can retain its superconductivity was pointed out by A. M.
Clogston.? He noted that the upper critical field, H,,, could become so
large that the Pauli spin paramagnetic energy of the normal electrons
becomes comparable to the condensation energy. This sets an upper
limit on H,;. Subsequently, successful quantitative predictions of H,,,
including spin orbit scattering of the electrons, were made by N. R.
Werthamer, E. Helfand, and P. C. Hohenberg.>

High-field superconductivity was only one of the puzzles posed for
the theorists during this period. For example, the question of why
materials remain superconducting even when very impure was
answered by Anderson in his “Theory of Dirty Superconductors.”?
However, magnetic impurities, which were excluded in Anderson’s
theory, were shown experimentally by B. T. Matthias, H. Suhl, and E.
Corenzwit to have a very strong effect in reducing T,.> This was
explained quantitatively by A. A. Abrikosov and L. P. Gorkov in the
Soviet Union.’ Superconductivity was discovered in elemental
molybdenum when it was realized that as little as 100 parts per mil-
lion of iron could suppress the T,.”

* The theory of “broken symmetry” is based on the observation that, although no sta-
tionary state of a system can be asymmetric, most systems from the scale of molecules
on up are in a metastable asymmetric state (which may last as long as the universe
itself), thus breaking the law of symmetry.
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1.2 Quantized Flux Lines

The high-current capacity of NbsSn in high fields, at first thought
to be due to a filamentary superconducting structure, was explained
about 1962 when the significance of the work of V. L. Ginzburg,® and
especially Abrikosov,” was finally appreciated. According to these
ideas, if the coherence length is short compared with the penetration
depth, the magnetic field can penetrate the superconductor as a lattice
of quantized flux lines. Each line has a phase rotation of 360 degrees,
but the material everywhere away from the lines is superconducting,
as observed in the heat capacity measurements of F. J. Morin and
coworkers.!?

The Abrikosov theory did not mention flux line motion. From his
work on the Josephson effect, Anderson predicted that as a result of
the motion of the flux lines these materials might show resistance
even in the superconducting state. In their study of critical currents
in superconductors, Y. B. Kim, C. F. Hempstead, and A. R. Strnad
observed a very slow motion of the flux and a small resistance.!! This
was explained by Anderson as a flux-creep process in which bundles
of flux are thermally activated away from pinning centers.!? Thus,
increased numbers of pinning centers led to high critical currents, in
agreement with the earlier realization of J. R. Kunzler and coworkers
that cold-working of wires increased the current-carrying capacity.
Thus the term “hard superconductivity’” has the literal meaning that
the mechanisms of superconductivity and mechanical hardness are
very similar. Shortly thereafter, Kim also demonstrated the process
he called flux flow, the unimpeded motion of the line structure, lead-
ing to normal-like resistance and the Hall effect, which Anderson and
Kim called the resistive state of supercondu(:tors.13

1.3 Strong Coupling Theory

A direct challenge to the BCS theory came from the measurement
in 1961 by T. H. Geballe and Matthias, [Fig. 9-1] which showed that
there is essentially no dependence of T, on the isotopic mass of
ruthenium, whereas the theory predicted ch:(mass)‘l/z. 4 The solu-
tion to this problem, provided by P. Morel and Anderson, pointed .
out that the interaction between electrons in superconductors consists
of an instantaneous Coulomb repulsion plus the “retarded” (in time)
electron-phonon-electron interaction, with only the phonon part
depending on isotopic mass.!®> This paper also hinted that the
detailéd form of the material’s phonon spectrum might be important
in determining superconducting properties, but the fact that the
details of this spectrum might be available from studies of supercon-
ductors was not anticipated. However, in 1960, I. Giaever at the
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Fig. 9-1. B. T. Matthias (right) and T. H. Geballe (left), collaborators on many
experiments on superconductivity, with J. P. Remeika, who has synthesized a large
number of new superconducting compounds.

General Electric Company discovered that electron tunneling through
thin insulators into superconductors measures the electronic density
of states.!® This led to determinations of the phonon density of states.
In 1963, J. M. Rowell, Anderson, and D. E. Thomas showed that fine
details of the phonon spectra of lead and tin are reflected directly in
the current-voltage characteristic of such tunnel junctions.!” To turn
these measurements into a spectroscopic tool required a computer
program, written by W. L. McMillan, which matched solutions of the
BCS theory (in a form developed by Eliashberg) to the data using an
iterative procedure. In 1964, McMillan and Rowell used these tech-
niques to calculate the lead phonon spectrum, taking into account the
electron-phonon coupling strength.1 Since that time the computer
program has been widely used. The technique has been applied to
many elements, alloys, and compounds by R. C. Dynes and Rowell,
and by L. Y. L. Shen.!® Such studies demonstrated the accuracy of the
BCS-Eliashberg theory and also made it clear that the electron-
phonon mechanism is responsible for superconductivity in all materi-
als studied, including tantalum and Nbj Sn.

A significant step forward in elucidating the complexity of the
high-temperature superconductors was reported in 1964 when B. W.
Batterman and C. S. Barrett observed that the crystal structure of V;3Si
transformed from cubic to tetragonal when the temperature was
reduced to about 21K.%° Subsequent measurements by L. R. Testardi
of the velocity of ultrasound in V;Si indicated a softening of the lat-
tice as the temperature was lowered and a near vanishing at the
transformation temperature of the restoring force for a certain direc-
tion of shear.?! These results indicated an instability of the lattice in
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high-T, materials and, thus, the importance of the phonon spectrum
in determining T.. Related insights into the BCS-Eliashberg theory
were provided in 1968 by McMillan, who produced a simple equation
linking T, with an electron-phonon coupling strength and an average
phonon frequency of the lattice, showing that in certain transition
metals changes in this frequency dominate changes in T, 22 p B
Allen and Dynes extended the calculations of McMillan in the strong
electron-phonon coupling regime and showed that the maximum T,
was, in principle, limited only by the strength of the electron-phonon
coupling, A2

1.4 The Proximity Effect

P. G. deGennes and Werthamer proposed a theory that calculated
the superconducting transition temperature, T, of superimposed
superconducting-normal films in terms of their individual electronic
properties.24 J. J. Hauser, H. C. Theuerer, and Werthamer verified this
theory in a study of Pb-Au and Pb-Pt “sandwiches” and further
showed the detailed validity of the theory by studying a sandwich
composed of two superconductors (lead and aluminum).?’ They also
conducted experiments on the proximity effect between supercon-
ducting and magnetic films and established the surprising result that
superconductivity disappeared below a certain critical film thickness
of the superconductor (this would not occur in a bare superconduct-
ing film). 6 This result implied that the superconducting order param-
eter vanishes at the superconducting-ferromagnetic interface.?”

By tunneling into the silver side of an Ag/Pb proximity effect
sandwich, Rowell and McMillan observed the superconducting
energy gap induced in the silver film and, at higher energies, a series
of oscillations in the electronic density of states.28 [Fig. 9-2] These
were explained by McMillan and Anderson as an interference
between electron-like and hole-like excitations in the superconduct-
ing film 2

1.5 The Josephson Effect and Tunnel Junctions

In 1962, Anderson was spending a year at Cambridge University
when a student, B. D. Josephson, looking for a way to give experi-
mental meaning to Anderson’s ideas on broken symmetry, predicted
that pairs of electrons should tunnel through a thin oxide layer
between two superconductors and that the magnitude of this pair
current would depend on the relative phase of the superconducting
wave functions on the two sides. Returning to Bell Labs, Anderson
encouraged a search for this effect. Early in 1963, suitable junctions
of tin-tin oxide-lead were successfully made by Rowell and the
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Fig. 9-2. J. M. Rowell (right) and W. L. McMillan (center) contributed to the understanding
of superconducting energy gaps. Rowell, in collaboration with P. W. Anderson, was the first
to observe tunneling supercurrents in Josephson junctions. G. Ahlers (left) performed
precision calorimetric measurements on the superfluid transition in *He (see section 6.1 in this
chapter). This photograph was taken at the occasion of the awarding of the Fritz London
Memorial prize to Ahlers, McMillan, and Rowell in 1978.

predicted tunneling supercurrent was observed by Anderson and
Rowell.3 The magnetic field sensitivity of this current was first
demonstrated as Anderson moved about the laboratory with a bar
magnet. Later, a more quantitative measurement of this “Fraunhofer
diffraction pattern” dependence was made by sliding the magnet
along a table toward the junction. In his work following these obser-
vations Anderson made many advances in the theory, described in a
set of lecture notes of May 1963 that was the first full paper written
on the “Josephson effect.””’1

That Josephson effects can be observed in a narrow superconduct-
ing constriction linking two bulk superconductors was shown in 1964
by Anderson and A. H. Dayem during studies of the interaction of
microwaves with the supercurrent.3? This configuration was chosen to
optimize interactions with radiation. In 1966, C. C. Grimes, P. L.
Richards, and S. Shapiro were among the first to demonstrate the use
of one such geometry as a sensitive radiation detector, an application
that has attracted much interest, especially in astronomy.33 The com-
mercial Superconducting Quantum Interface Devices (SQUID) also
use this geometry.
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The potential importance of the Josephson junction as a digital
logic element was recognized by Rowell and Anderson almost
immediately following their first experimental observations. In the
late 1960s, the development of these circuits was pursued by workers
at other laboratories. In 1966, J. Matisoo at IBM demonstrated experi-
mental switching speeds of less than 1 nanosecond.>* Some years
later, T. Gheewala measured this speed to be less than 13
picoseconds.35 The theoretically predicted speed is less than 5
picoseconds. D. J. Herrell has demonstrated a one-bit adder and a
four-bit multiplier in this technology.3¢ In the IBM work, the mag-
netic field of a control current induces the switching.

At Bell Labs, the approach of current-switched logic in which the
bias and control currents are summed together to induce switching
has been pursued. Using this approach, T. A. Fulton, J. H. Magerlein,
and L. N. Dunkleberger demonstrated an ac-powered one-bit full
adder in 1976 Both field and current switching methods are
described in Rowell’s original patent. In 1978, an improved version
of the adder with subhundred picosecond delays Eer gate was demon-
strated by Magerlein, Dunkleberger, and Fulton, 8 and a dc-powered
flip-flop possessing subhundred picosecond switching speeds was
reported by A. F. Hebard and coworkers.>® Using a new current-
switched gate design developed by Fulton, in 1979 S. S. Pei demon-
strated a new “Josephson switch” that incorporates a 14-gate OR
chain as a vehicle.*

In 1970, Anderson, Dynes, and Fulton proposed a novel memory
device utilizing single quanta of magnetic flux in an oxide Josephson
junction as “bits” of information.#! An example of this type of struc-
ture was built and operated by Fulton in 197242

The effect of a microwave field on superconducting tunnel junc-
tions was investigated by Dayem. In 1962, this study led to the
discovery of the quantum interaction of microwave radiation with
electrons tunneling between superconductors.‘m'4=4 1979 marked the
beginning of renewed interest in such junctions as very high-
frequency detectors, largely because the then-current photolithogra-
phy techniques allowed them to be made with dimensions of approxi-
mately one micrometer. The interaction of phonons with electrons
plays a crucial role in determining superconducting properties.
Experimental evidence for this coupling was first obtained through
ultrasonic measurements by H. E. Bommel and W. P. Mason.*> Their
measurements showed a marked drop in the acoustic attenuation in
lead as the temperature was lowered below the superconducting tran-
sition. These measurements were performed before the advent of the
BCS theory. Later, more careful measurements by R. W. Morse and
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H. V. Bohm at Brown University showed that the drop in attenuation
could be quantitatively related to the decrease in the population of
normal electrons in the superconducting state.*6 These measurements
served as an important verification of the BCS theory and the
existence of a superconduction energy gap.

A study of the behavior of quasiparticles injected into a supercon-
ductor was started in 1966. An experiment was designed by W.
Eisenmenger and Dayem to detect the phonons emitted in the relaxa-
tion of injected quasiparticles using a sapphire single crystal with two
parallel faces. On each face, a Sn-B-Sn tunnel junction was prepared,
one to be used as a generator and the other as a detector. The experi-
ment led to the invention of an ultrahigh-frequency phonon genera-
tor and detector.”” Coherent sound waves of frequencies up to a few
gigahertz had previously been generated in quartz by Bémmel and K.
Dransteld in a microwave cavity by electromagnetic oscillations,
using the piezoelectric properties of quartz.*® Extensive study fol-
lowed to determine the phonon spectrum emitted from an excited
superconductor, in particular, the monochromatic recombination peak
at energy equal to the superconducting energy gap. The phonon
spectrum was then numerically calculated and showed to be in good
agreement with all relevant experimental results,*

In 1971, V. Narayanamurti and Dynes showed that the broad fre-
quency spectrum of a pulse of phonons is narrowed and cut off
sharply at this gap frequency by transmission through a supercon-
ducting film.5° The magnetic field tunability of this gap allowed them
to make numerous studies of phonon propagation in both solid and
liquid helium. In addition to using the relaxation processes in a
superconductor as phonon generators and detectors at very high fre-
quencies, this work led to fundamental questions regarding the
response of superconductors when driven far from equilibrium, and
became an area of very active research at Bell Laboratories.

II. FERROELECTRICITY

Ferroelectric crystals comprise a subclass of pyroelectric crystals
that are, in turn, a subclass of piezoelectric crystals. In a piezoelectric
crystal, the atom positions produce an acentric unit cell that develops
a voltage when subjected to external mechanical stress. In a pyroelec-
tric crystal, the acentric unit cell has, in addition, a permanent electric
dipole moment caused by a displacement of the center of gravity of
the positive charge with respect to that of the negative charge. The
name pyroelectric reflects the temperature-dependence characteristic
of the dipole moment. A pyroelectric crystal in which the direction
of the dipole moment (spontaneous polarization Ps) can be reversed
with an external electric field is called ferroelectric. Therefore, fer-
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roelectric crystals are the dielectric analog of ferromagnets. As with
ferromagnets, regions of uniform Ps are called domains and their
interfaces are called domain walls. As in ferromagnets, domains can
result from long-range electrostatic effects, since a domain terminat-
ing at a surface gives a net electrostatic surface charge that must
either be compensated or must give rise to electrostatic energy.
Domains can also result from strain relief. Sharp domain boundaries
are energetically more favorable than perturbing the moment over a
larger region.

The ferroelectric research effort at Bell Labs, which started in 1948,
revolved around two aspects of ferroelectricity: the crystal chemistry
of ferroelectric materials, leading to the discovery of new ferroelec-
trics; and the advancement of the understanding of the physics of
ferroelectricity—formation of domains, the measurement of polariza-
tion as a function of temperature, and the utilization of reversible
polarization. The materials effort was led by Matthias and
J. P. Remeika with support from the crystallographers E. A. Wood
and W. L. Bond, and from A. N. Holden. The physics research was
initially carried out by W. J. Merz and J. R. Anderson, with theoreti-
cal support by J. R. Richardson and P. W. Anderson and later con-
tinued by A. G. Chynoweth and by R. C. Miller. Both groups were
highly motivated by the possibility that ferroelectrics might be used
for memory devices.

Initially the research effort centered on the ferroelectric BaTiOs.
Matthias brought some expertise in the growth of this crystal with
him when he joined Bell Labs in 1949. Later interest was due in part
to the availability of large, high-quality, single crystals grown by a
method developed by Remeika,®! the simple structure of this crystal,
its amenable room-temperature ferroelectric parameters, and the pos-
sibility that BaTiO; might be useful for new devices utilizing the
reversible polarization.

21 B;:\TiO3 Experiments

W. J. Merz®? and J. R. Anderson®® studied many of the properties of
BaTiO; including the three different phase changes that occur with
temperature, the magnitude and temperature dependence of Pg, the
highly anisotropic dielectric constants that are characteristic of fer-
roelectrics, and details of the thermodynamics of the ferroelectric to
non-ferroelectric phase transition that occurs at 110°C. Merz also
studied the electrical characteristics of ferroelectric switching. His
studies showed for the first time that the polarizing current, ip,y, is
proportional to e”*F where « is the activation field (10* v/cm) and E
is the electric field. [Fig. 9-3] Mason studied the aging of the elastic
and dielectric properties of BaTiO; exposed to elevated temperatures
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Fig. 9-3. The spontaneous dielectric polarization, P;, of BaTiOj as
a function of temperature. At 108°C this crystal goes through a
very sharp transition from a tetragonal ferroelectric phase at
temperatures below 108°C to a cubic nonferroelectric (paraelectric)
phase at higher temperatures. [Merz, Phys. Rev. 91 (1953): 5161,

caused by motion of the domain walls to improve the stabilization of
device behavior.>

In 1959, R. C. Miller and A. Savage demonstrated the presence of
antiparallel domains in unstrained BaTiOj3 using a polarizing micro-
scope.55 They found extensive, sidewise, 180° domain-wall motion
over the range of electric fields studied (up to about 1,000 volts per
centimeter). In some cases the entire electroded area (approximately
2.5 millimeters in diameter) could be reversed with a single growing
domain expanding through sidewise 180° domain-wall motion.5% The
shapes of the expanding domains were size- and field-dependent.
The smallest domains observed were circular in cross section (approx-
imately 107> centimeters in diameter). The 180° domain-wall velocity
v is given by v = v, e™f with v and ¢ nearly field-independent
over many decades of v. Experiments on other ferroelectrics were
also carried out by Miller and collaborators.?® [Fig. 9-4]

Miller and G. Weinreich, following a suggestion of P. W. Anderson,
proposed a model that explained most of the domain-wall phenomena
observed with BaTiO3.%7 This model assumes that wall motion results
from the repeated nucleation of steps along existing parent 180°
domain walls, and that the nucleation rate is the controlling factor in
the propagation of the wall. This model, which gives v proportional
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Fig. 9-4. The electric-field dependence of growing ferroelectric domains in single-crystal
BaTiO;. The spontaneous polarization of a single domain crystal, normal to the plane of the
figure, is partially reversed with three different values of the electric field. [Miller, Intro. Sol.
State Phys. (1971): 494].

to e°E, explains many aspects of the data on domain dynamics for

BaTiO3.

2.2 Ferroelectric Domains in Triglycine Sulfate and Guanidine Aluminum
Sulfate Hexahydrate

Triglycine sulfate (TGS) was discovered to be ferroelectric in 1956
by Matthias, Miller, and Remeika.?® Investigations of domain patterns
in TGS were carried out by A. G. Chynoweth and W. L. Feldman
using water as an etchant to distinguish antiparallel domains.>® The
etch technique was first used in the study of ferroelectric domains by
J. A. Hooton and W. J. Merz in 1955.%0 This technique, initially used
on BaTiO;, makes use of the fact that opposite dipole ends generally
exhibit different etch rates.

Pearson and Feldman developed a powder technique involving col-
loidal suspensions of red lead oxide or sulfur to reveal antiparallel
domains in guanidinium aluminum sulfate hexahydrate (GASH),61
whigm was shown by A. N. Holden and coworkers to be ferroelec-
tric.
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2.3 Lattice Dynamics and Ferroelectricity

One of the most interesting characteristics of ferroelectrics is the
existence of ferroelectric-to-nonferroelectric phase transitions that
occur, for example, at 110°C in barium titanate. Prior to about 1950,
theories of the ferroelectric transition lacked a firm underlying micro-
scopic basis and were largely couched in phenomenological terms.
Expansions of the free energy as power series in the polarization
were constructed and their properties investigated at the transition.
It was not clear, however, whether ionic or electronic polarizabilities
were responsible for the polarization or even whether there were
permanent dipoles in each unit cell or only polarizable entities
interacting via dipole fields. Mason and Matthias suggested the
former in an early paper.®® The evidence for the latter point of view,
initially advanced by J. C. Slater and W. Shockley and also discussed
in unpublished memoranda by Richardson, was summarized in 1951
by P. W. Anderson.%4

In 1958, Anderson suggested that the ferroelectric transition was
caused by an instability in an infrared-active, long-wavelength, optic
phonon whose characteristic frequency approached zero as the transi-
tion temperature was approached.%® In 1959, W. Cochran at Cam-
bridge University also demonstrated the connection between the
polarization catastrophe and the softening of a transverse, infrared-
active, optic phonon at the ferroelectric transition.®® The diverging
susceptibility was therefore connected with a critical slowing down in
the dynamic degree of freedom carrying the symmetry breaking that
distinguished the ordered (ferroelectric) phase from the disordered
phase.

This point of view, which came to be known as the soft-mode
theory of displacive ferroelectric transitions, proved extremely help-
ful in providing a microscopic picture of the phase transition and in
unifying the static and dynamic aspects of the ferroelectric transition.
The first observation of a soft optical phonon was made in the 1940s
by C. V. Raman in his investigation of the alpha-beta transition in
quartz. However, neither the significance nor the microscopic impli-
cations of this observation were appreciated until more than two
decades later. For the ferroelectric case, the first soft-mode studies
were done using infrared reflection by A. S. Barker and M. Tinkham
at the University of California, who investigated strontium titanate.”
Their infrared experiments, and counterparts at Bell Labs by W. G.
Spitzer and coworkers on rutile,68 the ferroelectric BaTiO; and
SrTiO;, gave the correct behavior of the soft phonon qualitatively.
However, as was shown in 1965 by the first scattering observation of
ferroelectric soft modes, the quantitative values for the soft-mode fre-
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quency and linewidth inferred from the infrared experiments were
incorrect.%? The soft-mode concept was later shown to be applicable
to a much broader class of structural phase changes that will be dis-
cussed in section 6.4 of this chapter.

III. LIQUID CRYSTALS

Liquid crystals—that is, liquids containing molecules with a pre-
ferred alignment—were recognized nearly a hundred years ago and
were the object of active research during the first three decades of the
20th century.”® Subsequently, interest in these materials declined and
it was not until the early 1960s that dramatic revival began. One
impetus to this renewed interest was the demonstration by G. H.
Heilmeijer and coworkers at RCA Laboratories that liquid crystals can
provide a unique means for constructing alphanumeric displays
requiring negligible power.”! The use of liquid crystals in digital
watches and calculators became widespread in the 1970s.

Traditionally, three different liquid crystalline phases were recog-
nized: mnematic, in which the molecules show orientational order,
smectic, in which the molecules show some planar order, and
cholesteric, in which the molecular orientation has a periodicity in the
material.

3.1 The Nematic Phase

The first research at Bell Labs on the nematic phase was a follow-up
of a discovery by A. Saupe and G. Englert, who showed that nematic
liquid crystals used as a solvent in NMR spectroscopy produced a
completely new kind of spectrum in which the direct dipolar interac-
tions between nuclei are dominant.”? It soon became apparent that
these spectra provided a new tool for determining the geometry and
conformation of molecules in solution. One formulation of the basic
theory was worked out by L. C. Snyder.”? The experimental tech-
niques were developed by R. C. Hewitt and S. Meiboom, making
them suitable, by the use of isotopic substitution and double irradia-
tion, to increasingly complex molecules.” The technique was applied
to determining the conformation of a variety of molecules, such as
cyclooctane.”®

3.2 The Smectic Phase

Around 1970, research in liquid crystals broadened; in particular,
the interest in the smectic phases grew. It was soon shown that
smectic, in fact, covers a whole series of phases, which were desig-
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nated by the suffixes A through H. Some materials exhibit only a
single liquid crystalline phase, but others show an amazing succes-
sion of thermodynamically stable phases with well-defined transi-
tions. An important contribution to this subject was made by W. L.
McMillan, who formulated a mean field theory for the smectic A
phase, and using the Landau theory of critical fluctuations, made
predictions about the character of the various transitions.”® McMillan
also used X-ray diffraction to study the phase transitions experimen-
tally.””

As pointed out originally by P. G. deGennes at Orsay, France, there
is a striking analogy between the nematic-smectic A transition and
the normal superconducting transition in a metal.”® Theoretical work
by B. I. Halperin and T. Lubensky has shown that there is indeed a
close analogy.”® P. E. Cladis has studied experimentally a number of
effects for which there are superconductor analogs.8? She has shown
that the nematic elastic constants of bend and twist, which
correspond to the diamagnetic susceptibility of a superconductor,
diverge as the nematic-smectic transition temperature is approached
from above. Just as a superconductor expels magnetic flux, so does a
smectic A expel bend and twist distortion. Other observed effects are
the appearance of a periodic distortion in a bent nematic phase near
the smectic transition! and the appearance of the “re-entrant-
nematic phase” in some bilayer liquid crystals, in which an
apparently nematic phase appears both at higher and lower tempera-
tures than the smectic A phase.82 Finallg, the solitary wave instabil-
ity, observed in some flow experiments,®® seems to be similar to the
vortices created in superconducting tunnel junctions.?

Other work on the structure and properties of the smectic phases
include NMR studies by Z. Luz, Hewitt, and Meiboom,% and studies
of the rotational viscosity nematics and smectics by Meiboom and
Hewitt.% These latter studies showed that the smectic C exhibits a
strong viscous damping associated with the onset of another internal
degree of freedom in the smectic D phase.

3.3 The Cholesteric Phase

The cholesteric phase is known to be a twisted nematic, occurring
whenever the liquid crystal molecules lack a center of symmetry.
When the pitch of the twist is comparable to the wavelength of visi-
ble light, cholesteric liquid crystals reflect light in brilliant colors. In
1970, D. W. Berreman and T. J. Scheffer developed a method to
describe this optical phenomenon rigorously, and showed that the
experiment indeed fits the theory in every detail#” This graphically
illustrated that the cholesteric is locally uniaxial.
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3.4 Liquid Crystal Display Devices

One of the striking properties of liquid crystals is that the
molecules are aligned on the surface of the container in a specific
way, their actual orientation depending on the nature and prepara-
tion of the surface. An advance in the understanding of the effects
involved was made by Berreman in 1972, when he derived an approx-
imate expression for the energy difference that yields preferred align-
ment parallel to grooves in a scribed surface.®® This led to a better
understanding of the art of aligning liquid crystals in display devices.
Another important contribution of Berreman to the design of liquid
crystal display (LCD) devices was made in 1974, when he developed a
computer program that solved the comglicated problem of electro-
hydrodynamic flow in a twist-cell LCD.# This program, and the one
developed for the cholesteric liquid crystal, were combined into a
rigorous simulation of the optical properties of a twist-cell LCD when
the applied voltage is varied. Many laboratories have used these pro-
grams to help in the design of high-contrast LCDs.

A thermo-optic display of liquid crystal devices was first demon-
strated at Bell Labs by H. Melchior and coworkers.’® The writing is
produced by the local heating from a laser beam to change a
cholesteric liquid from an ordered to an isotropic phase, from which
light is readily scattered. [Fig. 9-5] An improved light valve, based
on the nematic-smectic A transition, was demonstrated by F. J.
Kahn.®! By combining thermal laser writing and high electric fields,
he was able to obtain local erasure of previously written images.

One scheme for electro-optic liquid crystal displays uses pleochroic
dyes dissolved in a liquid crystal. In 1972, D. L. White suggested
such a scheme using a cholesteric host. By the use of a homeotropic
orientation, and dyes with high order parameters, White and G. N.
Taylor were able to demonstrate high-contrast displays.®?

The twisted nematic liquid crystal display lacks memory. The
smectic display demonstrated by Kahn (discussed previously) is ther-
mally addressed. G. D. Boyd, J. Cheng, and P. D. T. Ngo demon-
strated an electric, field-addressed, bistable nematic liquid crystal
display using pleochroic dyes,93 while Berreman and W. R. Heffner
demonstrated a bistable cholesteric display.’* The demonstration of
bistability holds promise for large, flat-panel, liquid crystal displays.

IV. PHYSICS AT LOW TEMPERATURES

Studies of low-temperature physics began at Bell Laboratories in
1953 with the purchase of a Collins helium cryostat, which for many
years was used primarily for superconductivity and resonance experi-
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Fig. 9-5. Projection display using liquid crystal light valve.
An infrared laser beam writes the information on the light
valve, shown in the small sample being held. The background
is a photograph of the projected image, which shows the clarity
of the laser-written characters. [Maydan, Proc. IEEE 61
(July 1973)].

ments. Later, the liquid helium facilities provided low-temperature
capabilities for experiments in specific branches of solid state physics.
Some particularly interesting studies were resonance experiments by
R. C. Fletcher and G. Feher on shallow energy levels in semiconduc-
tors (see Chapter 1, section 1.2.2), the early demonstrations of two-
level and three-level maser action by Feher and coworkers (also dis-
cussed in Chapter 1), the work on phonon drag in semiconductors by
T. H. Geballe and C. Herring discussed in Chapter 2, section 4.1,
early tunneling studies of Chynoweth,” and J. R. Haynes’ early work
on exciton and impurity spectroscopy in semiconductors.’® In all
cases low temperatures led to vital simplifications of experimental
situations because of the cessation of thermal agitation.
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One of the first experiments at Bell Labs on liquid helium was an
elegantly simple measurement by M. A. Woolf and G. W. Rayfield in
1965 of the energy required to inject an excess electron into liquid
helium.” They measured the work function (the energy required to
extract an electron from the surface of a solid) of a photocell first in
vacuum and then again when it was immersed in liquid helium, and
found that the work function increased by 1.1 electronvolt (eV). This
energy is sufficiently large that an excess electron in liquid helium
pushes the helium atoms away and forms a tiny cavity or bubble in
which the electron resides.

Another experiment on liquid helium, proposed by Anderson and
carried out in collaboration with P. L. Richards, was based on
Anderson’s ideas of broken symmetry and the analogy with the
Josephson phenomenon in superconductivity, which leads to the
presence of resistance in superconductors caused by flow and creep of
quantized flux lines. He predicted that dissipation in superfluid
helium would be accompanied by transverse motion of quantized
vortices and by “phase slippage.”98 These ideas gained complete
theoretical acceptance, but their practical experimental demonstration
ran into serious problems. An attempt to observe ac Josephson
“steps” of gravitational potential during the flow of helium through
an orifice by Richards and Anderson®® was criticized by D. L. Musin-
ski and D. H. Douglass and others as involving acoustic resonance in
the apparatus.!% Some of the experiments were less vulnerable to

this criticism, but none of them had clearly and reproducibly shown
the effect.101

4.1 Vortex Rings in Superfluid Helium

The familiar phenomenon of smoke rings becomes a fascinating
area to study in superfluid helium, where the analogous excitations
are vortex rings. These are generated by accelerating ions that
become bound to the cores of the vortex rings and move through the
helium with the rings. At temperatures below 0.5K, vortex rings are
long lived and can propagate several centimeters with little loss of
energy. Experiments with such vortex rings at the University of Cali-
fornia in Berkeley verified the prediction of early theoretical hydro-
dynamics that as a vortex ring gains in energy, its velocity of propa-
gation decreases. At Bell Labs in 1969, G. Gamota and M. Barmatz
measured the pressure exerted on a membrane by a beam of vortex
rings in helium and showed that the impulse per ring, which is
analogous to the momentum per particle in conventional mechanics,
is proportional to the square of its energy.102 Their experiment
verified another of the predictions of classical hydrodynamics for the
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first time. Gamota, A. Hasegawa, and C. M. Varma also showed that a
pulse of charged vortex rings tends to become bunched together as it
propagates because of the interactions between rings, and that the
bunching mechanism causes a steady beam of charged vortex rings to
be unstable.!03

4.2 Phonons in Helium

R. E. Slusher and C. M. Surko studied the scattering of laser light
from liquid and solid He and *He and obtained precise measure-
ments for the frequencies of the transverse optic phonons in the hex-
agonal close-packed solid helium.!% In general, the Raman spectra of
the solids and liquids were surprisingly similar, which suggested that
near the melting points solids are rather disordered and the motions
of the atoms in the liquids are somewhat correlated.

K. Andres, Dynes, and V. Narayanamurti used heat pulses and
superconducting devices to perform a series of measurements on the
propagation of microwave frequency phonons in liquid helium.1%
These studies clearly revealed the transition from ballistic (nonin-
teracting) phonon propagation to collective (second-sound) phonon
propagation as the temperature was raised from below 0.5K to above
0.7K. They also observed for the first time that in superfluid helium
under pressure at temperatures between 0.4K and 0.7K, a new type of
collective sound wave appears, which has a low propagation velocity
and is composed primarily of excitations called rotons. These mea-
surements provide information on the lifetimes of the elementary
excitations (phonons and rotons) in liquid helium. [Fig. 9-6] The
measurements on roton second sound show that in nearly all colli-
sions between rotons the total number of rotons is conserved. The
lifetimes of high-frequency phonons were also shown to change
markedly with pressure, consistent with the changes in shape of the
dispersion curve (frequency versus wave vector relation) for phonons
with pressure. These measurements provided a direct confirmation of
the anomalous dispersion in the phonon branch of liquid helium at
low pressures.

4.3 Surface Electrons on Superfluid Helium

It was noted earlier that liquid helium displays a repulsive barrier
to penetration of an excess electron into the liquid. This barrier,
together with the attractive image potential, causes helium to support
novel surface states in which electrons are bound just outside the
liquid surface but remain free to move parallel to the surface. The
existence of such states was demonstrated in 1972 by T. R. Brown and
Grimes.1% Their experiments showed that when electrons are depo-
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Fig. 9-6. (A) Experimental traces showing the arrival times
of heat pulses that have propagated through 2.34 mm of
superfluid “He at 24 bar (24 times atmospheric pressure).
The new pulse, which has an anomalously low velocity, is
composed mostly of propagating rotons. (B) Peak velocity
of heat pulses at 24 bar, showing how ballistic phonons and
the collective roton pulse merge into ordinary second sound
at higher temperatures. [Dynes, Narayanamurti, and
Andres, Phys. Rev. Lett. 30 (1973): 1129].

sited on the surface of liquid helium, the cyclotron precession fre-
quency of the electrons depends only on the component of magnetic
field perpendicular to the liquid surface. Other aspects of the poten-
tial that traps the electrons were studied by Grimes and coworkers
using millimeter wavelength spectroscopy.107 They confirmed
theoretical predictions that the bound states have an energy spectrum
that is very nearly hydrogenic.
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A convenient feature of a layer of electrons on the surface of liquid
helium is that the surface density can be varied continuously from
about 10° to 10° electrons per square centimeter. This feature,
together with the simplicity and cleanliness of the system, makes the
electron layer a nearly ideal system in which to test ideas concerning
collective effects caused by electron-electron interactions in two
dimensions.!® As the electron surface density is increased at low
temperature, the properties of the electron layer are expected to
change progressively from those of a gas to a liquid and finally to a
solid. Theoretical considerations indicate that the solid should have a
triangular crystal lattice.1%?

C. C. Grimes and G. Adams studied the collective mode, or
plasmons, in the two-dimensional electron liquid formed by electrons
on liquid helium.!® They demonstrated that the square of the
plasmon frequency was proportional to the electron areal density and
inversely proportional to the plasmon wavelength, as theory had
predicted. They also studied surface electron scattering at different
temperatures by measuring the linewidths of plasmon standing-wave
resonances, which was found to be proportional to the density of
atoms in the helium vapor at temperatures above 0.75K. At lower
temperatures the electrons are only weakly scattered by ripplons,
which are microscopic ripples on the surface of the liquid helium,
and have an electron mobility as high as 107 cm?/(Vs).

C. L. Zipfel, Brown, and Grimes studied the linewidths of reso-
nances corresponding to transitions between bound states when a
magnetic field is applied parallel to the liquid helium surface.lll
They observed that at low electron surface densities the broadening is
close to that expected for a classical electron gas, whereas at higher
surface densities, where the electron motion is liquid-like, the
broadening is much smaller. They attributed this smaller broadening
to motional narrowing arising from an increase in the electron-
electron scattering in the electron liquid.

The possibility that electrons can form a Coulomb crystal under
appropriate conditions was first pointed out by E. P. Wigner in
1935112 The basic idea is that in an appropriate range of electron
density, the Coulomb repulsive energy can be lowered if the elec-
trons stay as far away from each other as possible by forming a regu-
lar crystalline array. Although the appropriate conditions have never
been achieved in three dimensions, Grimes and Adams demonstrated
the basic concept for the first time by showing.that the electron layer
on liquid helium does crystallize at high electron areal densities and
low temperatures.’!3 They measured the frequency dependence of the
impedance of the electron layer, and observed the sudden appearance
of a series of radio frequency (rf) resonances as the temperature was
lowered below 0.46K at an electron density of about 4 x 10% cm™2.
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These rf resonances appeared when the electrons crystallized because
the electron layer then possessed a new set of modes that could be
resonantly excited. The new modes arose from coupling of the longi-
tudinal phonons of the electron lattice to ripplons on the surface of
the helium. The detailed spectrum of the coupled modes was calcu-
lated by D. S. Fisher, B. I. Halperin, and P. M. Platzman.!!4 A study
of the melting temperature of the electron crystal as a function of
areal density tested the validity of computer simulations of the melt-
ing transition.

4.4 Superfluidity in 3He

Soon after the development of the Bardeen, Cooper, Schrieffer
(BCS) theory,!!® which explained the microscopic origins of supercon-
ductivity, physicists began to search for other systems of Fermi parti-
cles that might exhibit some physical properties similar to those exhi-
bited by superconductors, such as superfluidity. Liquid 3He became
an obvious candidate, and experimental evidence of Fermi degen-
eracy in ®He, coupled with L. D. Landau’s successful Fermi liquid
theory, increased theoretical interest in this system.!16

Theoretical considerations indicated that if >He atoms were to form
an analog to the Cooper pairs of the BCS theory, these atoms must be
in a state of non-zero orbital angular momentum, I > 0.117 This finite
angular momentum greatly increased the complexity of the ordered
state beyond that which is seen in superconductors, where I = 0.

Anderson and Morel at Bell Labs were the first to seriously con-
sider this complexity. In 1961, they showed that for each I there
existed many nonequivalent solutions to the BCS equations.118 The
state they predicted would possess the lowest free energy, and hence
be stable, has become known as the Anderson-Morel state. One of
the unusual features of this state is a unique axis along which all the
angular momenta of the Cooper pairs would point, a phenomenon
referred to as “orbital ferromagnetism.”

In 1971, D. D. Osheroff, R. C. Richardson, and D. M. Lee at Cornell
University discovered the phase transition leading to superfluidity in
3e at about 0.00265K.11% In 1972, the Cornell group showed the
existence of two separate ordered phases of liquid 3He.120 They
labeled the higher temperature phase He A, and the lower tempera-
ture phase >He B. The A phase, in particular, showed unusual
nuclear magnetic resonance (NMR) frequency shifts. This effect was
almost immediately explained by A. J. Leggett at the University of
Sussex, England, who considered the coupling between the spin and
orbital components of odd-] BCS-like states as the possible superfluid
states of liquid 3He.1?! Leggett also predicted the existence of new
magnetic resonance modes called longitudinal resonances, which
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should exist for many different BCS states but with frequencies that
depended upon the specific orbital and spin structures.

Shortly after Leggett’s results became known, Anderson and W. F.
Brinkman at Bell Labs began to consider how particular interactions
between *He atoms called spin fluctuations would affect the free ener-
gies of various [ =1 states.1?2 They concluded that the formation of
the condensate itself modified the nature of the spin fluctuations to a
degree that depended upon the microscopic nature of the condensate
wave function. This provided the key for understanding how two
different BCS-like states with the same [-value could be stable over
different temperature intervals. From a variety of considerations,
Anderson and Brinkman tentatively identified *He A as a particular
instance of the state originally studied by Anderson and Morel,
which then became known as the ABM state. They identified *He B
with another [ =1 state first considered by R. Balian and N. R. Wer-
thamer in 1963, just prior to Werthamer’s joining Bell Laboratories.!?3
This was described as the B-W state.

Soon after Osheroff joined Bell Labs in 1973, he and Brinkman
[Fig. 9-7] made the first observations of the new longitudinal reso-

Fig. 9-7. W. F. Brinkman (left) and D. D. Osheroff examine the experimental cell
used to measure the nuclear magnetic resonance properties of superfluid *He. Data on
the table and the equations on the blackboard were used to establish the microscopic
identities of the 4 and B superfluid phases.
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nance modes and verified the predictions of the Leggett theory.124 In

addition, they measured the magnetic susceptibility and NMR spectra
of the B phase. Their results confirmed the hypothesis that SHe B
was a variation of the B-W state. More importantly, they interpreted
subtle variations of the resonance lineshape as caused by spatial varia-
tions of the B-W anisotropy axis. Other aspects of Leggett’s theory
were also confirmed by Osheroff's NMR measurements in %He B and
3He A .125

Bell Labs physicists also developed a theory of textures for SHe B,
which has been of key importance in interpreting NMR spectra in
3He B,'?® and which has been used to predict and interpret the
existence of spin wave modes in superfluid He.1%

It was known even before the original Cornell University NMR
studies that if *He was cooled in the presence of a strong magnetic
field, the superfluid transition temperature (then referred to as T,)
would split into two separate transitions. By 1974, this phenomenon
was understood to arise from changes in the spin-up and spin-down
nuclear spin populations caused by the magnetic field. The ordered
fluid between the two transition temperatures, the A; phase, was
thought to contain ordering in only one of the two spin populations.

In 1974, Osheroff and Anderson made an NMR study of the A,
region that is obtained by cooling %He in a strong magnetic field.1?8
They measured very small NMR frequency shifts in the A; phase,
which they showed to be in excellent agreement with predictions by
the spin fluctuation theory of Anderson and Brinkman,'?® and estab-
lished that no longitudinal resonance mode existed in the A; region.

In late 1974, experiments and theoretical interpretations by Bell
Labs physicists provided a direct measurement of the relative orienta-
tion of the spin and orbital structures in 3He B.130-132 Other experi-
ments by Osheroff and coworkers confirmed the theory of textures in
3He B,!3 and paved the way for the first observations of spin wave
modes in superfluid *He, accomplished at Bell Labs in 1976.1%4

Additional contributions to understanding the superfluid phases of
*He came from the realization by Anderson and Brinkman that cer-
tain textures in He A have associated spontaneously orbital angular
momentum.13? This idea was further developed by Anderson and G.
Toulouse in 1976 to show how the dissipation of flow can occur
through the creation of singular textures possessing the type of defor-
mation described in their paper.!3¢ Work by Osheroff and M. C. Cross
led to the measurements and theoretical understanding of the surface
energy associated with the interface between two macroscopic quan-
tum condensates, and to a better understanding of the first-order
phase transition between *He A and 3He B.1%7138 In addition, mea-
surements by L. R. Corruccini and Osheroff provided the first insights
into spin recovery processes in both superfluid phases of He.1%?
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Although the superfluid properties of 3He are not yet completely
understood, it is worth noting that the knowledge gained about the
microscopic nature of 3He A and 3He B in a few years compares
favorably with that gained about the superfluidity of *He in a half-
century.

V. PHYSICS AT HIGH PRESSURES

In the late 1950s, there was a rapid increase in the use of pressure
as a variable, in addition to the traditional variables of temperature
and chemical composition, in the study of condensed-matter physics.
It became apparent that the electronic properties of many materials
were sensitive functions of pressure and that many materials exhib-
ited phase transitions at high pressure, with accompanying changes
in crystal structure and electronic properties. In the early states of
research at high pressure at Bell Labs, the phase diagrams in the
temperature-pressure plane of a number of elements and simple com-
pounds were determined.!4® Trends in the sequence of crystal struc-
tures or in the occurrence of superconductivity as a function of pres-
sure and atomic number were delineated.!4! During this period Bell
Labs scientists pioneered in the development of techniques for
measuring transport properties,l"‘2 nuclear magnetic resonance,4? and
inelastic neutron scattering down to liquid helium temperatures using
pressures up to 50 to 100 kbar.!4* Of equal importance was the
development of a simplified technique to obtain truly hydrostatic
pressures of 50 kbar in volumes of several cubic centimeters.!4°

5.1 Phase Diagrams in Electronic Transitions

Strong attention was given to the discipline of many-body theory
during the 1960s. (See Chapter 10 of this volume.) A number of elec-
tronic transitions that result from the correlated motions of large
numbers of electrons were predicted. Bell Laboratories scientists con-
tributed greatly to the search for and determination of the phase
diagrams for some of these transitions using the pressure variable. In
one class of transitions, the total electronic energy of the system can
be lowered by introducing a periodic modulation of the spin density
in momentum space. The transition to this state is a sensitive func-
tion of the geometry of the Fermi surface which, in turn, is a function
of pressure. Chromium metal is a unique example of this
phenomenon. The transition in chromium was first clearly estab-
lished by M. E. Fine, E. S. Greiner, and W. C. Ellis in 1951.146 A series
of transport measurements at high pressure (done in conjunction with
T. M. Rice, A. Jayaraman, and D. B. McWhan), optical measurements,
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and further theoretical developments confirmed a number of features
of spin density waves.!¥

5.2 Metal-Insulator Transitions

Another class of transitions that occur under the application of
increasing pressure involves a fundamental change in the electronic
properties from an insulator in which the electrons are localized on
the atoms to a metal in which the electrons form bands. This transi-
tion results from increasing electron-electron correlations in a narrow
conduction band and was predicted by N. F. Mott to be discontinuous
as a function of interatomic spacing.1®® Such a transition was known
to occur in the oxides of vanadium. [Fig. 9-8] In a combination of
experiments on mixed titanium-vanadium-chromium sesquioxides in
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Fig. 9-8. Generalized phase diagram for metal-insulator transition in V,0; as
a function of composition (top scale) and pressure.
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which both the composition and pressure were varied, McWhan and
his colleagues established the general features of the phase diagram
for the well-known Mott transition.!#%1%0 The addition of the pres-
sure variable elucidated the relation between a number of seemingly
isolated transitions observed in the mixed oxides at ambient pressure.
Further measurements of the resistivity, nuclear magnetic resonance,
and the heat capacity in the metallic phase at high pressure and low
temperature established the highly correlated nature of the metallic
phase near the Mott transition. Since these systems are too compli-
cated to yield more than qualitative comparisons with theoretical
models, the study of this transition shifted to the newly discovered
condensation of excitons into an electron-hole liquid in several semi-
conductors at low temperatures. (See Chapter 2, section 5.6.)

5.3 Transitions in Mixed-Valence Compounds

Another class of materials in which pressure experiments at Bell
Labs have played a pivotal role is the mixed-valence compounds.
Electronic transitions were found as a function of pressure from the
divalent toward the trivalent states in a number of normally divalent
rare earth monochalcongenides, such as SmS.15!

The high-pressure phase consists of a mixture of divalent and
trivalent rare earth ions. The traditional models for the properties of
rare earth ions with well-localized 4f electrons, with magnetic
moments coupled together by the conduction electrons, are not ade-
quate to explain the observed physical properties such as the absence
of magnetic ordering at low temperatures.

VI. PHASE TRANSITIONS AND CRITICAL PHENOMENA

The most important manifestation of cooperative effects between
atoms and molecules is the diversity of phases of matter that can occur
in a single system. For example, the substance *He, composed of
chemically inert atoms, is known to display the following bulk
phases, which can be reached by varying temperature and pressure:
gas, normal liquid, anisotropic superfluid (A phase), isotropic
superfluid (B phase), nonmagnetic solid with face-centered cubic,
body-centered cubic, hexagonal close-packed crystal structure, and
two phases of antiferromagnetic solid. The precise understanding of
the way in which one phase transforms into another at a well-defined
value of temperature and pressure is one of the great challenges of
condensed-matter physics and an area of considerable achievement in
the last thirty years. An important class of transitions, the “continu-
ous” or “second-order” transitions, were described in the 1930s by
Landau’s remarkably simple theory, which was supposed to apply to
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all such transitions. It is now known that the Landau theory is only
approximately ~valid, and that the exact properties of
continuous-phase transitions depend on such features as the sym-
metry of the ordered state and the dimensionality of space, but not
on the details of the interatomic interactions. In the last 15 years,
physicists have developed the phenomenological theories of scaling
and universality and the mathematical technique of the renormaliza-
tion group, which have enabled them to describe the exact behavior
of substances near critical points. For example, thermodynamic func-
tions such as the specific heat, the magnetic or dielectric susceptibil-
ity, or the bulk modulus, have singularities described by critical
exponents that the theory seeks to calculate and classify.

6.1 Calorimetric Investigations

Bell Labs scientists have been at the forefront of many of these
developments, both in carrying out accurate experiments on a variety
of materials that illustrate and test the theories, and in formulating
and refining these theories. One of the first theorists to question the
accuracy of the Landau theory was G. H. Wannier, who had contrib-
uted to the solution of the two-dimensional Ising model and recog-
nized its implications for the general theory of cooperative
phenomena.152 In 1967, G. Ahlers began a series of calorimetric mea-
surements on the superfluid transition in “He, which were to set the
standards of precision for experiments in the field of critical
phenomena.153 He improved considerably the accuracy of earlier
determinations of the specific heat at constant volume C,, and in col-
laboration with D. S. Greywall, he measured the precise variation of
the superfluid density, p; with temperatures at various pressures.ls4
These experiments have permitted the most accurate verification to
date of a scaling relation between critical exponents, and the accom-
panying universal amplitudes. Ahlers and coworkers also measured
specific heats in solids undergoing magnetic transitions, and were
able to observe unambiguously the effect of the symmetry of the
ordered state on the critical exponents, thus verifying a key predic-
tion of the theory.

6.2 The Effect of Dimensionality of Space

Another element of crucial importance in determining critical
behavior is the dimensionality of space. Although real materials are
all embedded in three-dimensional space, there exist magnetic sys-
tems, for instance, where interactions within a crystallographic plane
are larger than interactions between planes by six or seven orders of
magnitude. Such “two-dimensional” crystals were grown at Bell Labs
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by H. J. Guggenheim and led to striking illustrations of many
features of the scaling theory. (“One-dimensional” crystals, where
interactions along a line predominate, were also studied.) Neutron
scattering provides a direct probe of the critical fluctuations of the
appropriate magnetic order parameter, and in a series of experiments
carried out at Brookhaven National Laboratory, R. J. Birgeneau (of
Bell Labs) and coworkers studied many of these one-and-two-
dimensional crystals.!>®> Two examples of the crystals studied by Bir-
geneau are KoyMnF,, a two-dimensional antiferromagnet, and
(CD3)4—NMnCl;, a classical one-dimensional antiferromagnet. Neu-
tron scattering experiments on these and other systems confirmed the
applicability of exact solutions of nontrivial many-body problems,
and raised a number of important questions not previously con-
sidered by theorists.

6.3 Critical Dynamics

An important area of critical phenomena concerns dynamic
behavior, that is, transport properties, or more generally, time-
dependent correlation functions, as measured by inelastic scattering
of neutrons or light. The generalization of the phenomenological
scaling theory of critical phenomena to dynamic properties was for-
mulated in a comprehensive way by B. I. Halperin and P. C. Hohen-
berg in 1967.15 This theory, which focused on the conservation laws
and nonlinear mode couplings obeyed by the order parameter, made
predictions for essentially every class of continuous transition. The
most dramatic confirmation of the theory was provided soon after its
initial formulation by R. A. Ferrell and coworkers at the University of
Virginia,!” and in the measurements by Ahlers of the divergence of
the thermal conductivity of *He at the superfluid transition.!>8 Many
other experiments, carried out at Bell Labs and elsewhere, showed
that the dynamic scaling concepts gave a unified and accurate descrip-
tion of transport phenomena near critical points. [Fig. 9-9]

The theory of critical phenomena was placed on firmer mathemati-
cal and physical foundations in the 1970s by the renormalization
group approach pioneered for static critical phenomena by K. G. Wil-
son of Cornell University; the generalization to dynamics was formu-
lated by Halperin and coworkers.!%?

6.4 Structural Transitions

An area of critical phenomena where dynamics plays a crucial role
is in structural phase transitions, where a soft wvibrational mode
describes the dynamics. Such soft modes can be observed either
directly or indirectly. In addition to neutron diffraction, the inelastic
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Fig. 9-9. Thermal conductivity, K, of liquid *He as a function of
temperature above the phase transition temperature, T, on log-log
scales. The points are the data of Ahlers (see reference 153), and the
line is the prediction of dynamic scaling theory (see references 156 and
157). The measurements extend to a distance AT=10"" K from the
transition, which is still sharply defined on this scale. [Hohenberg and
Halperin, Rev. Mod. Phys. 49 (1977): 463).

scattering of laser light has proved to be a valuable experimental tool
in this area. The first light-scattering observations of a ferroelectric
soft mode were made in SrTiO; and KTaO; by P. A. Fleury and J. M.
Worlock.1®? This Raman study led to understanding the well-studied
but puzzling transition in strontium titanate. The observation of a
greatly increased number of lines in the Raman spectrum below T,
was attributed to the fact that the unit cell was doubled. In other
words the transition was “antiferroelectric.”

The experimental vindication of soft-mode viewpoint (discussed in
section 2.3 of this chapter) gave rise to considerable theoretical and
experimental activity during the decade of the 1970s. The inadequacy
of the simple soft-mode picture was demonstrated in a series of
experiments at Bell Labs and elsewhere addressed to anomalies in the
low-frequency portion of the spectrum which had come to be called
“central peak” phenomena. Attempts to explain these phenomena
quantitatively led to increased understanding of anharmonic effects
in the lattice dynamics of structural phase transitions and permitted
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structural transitions to be placed within the general context of criti-
cal phencumena.161

The concept of lattice instabilities also played an important role in
the understanding of yet another class of structural transitions, the
“incommensurate” transitions. These are caused by a phonon insta-
bility at some arbitrary point in the Brillouin zone, resulting in a new
phase with a unit cell that is not an integral multiple of the parent
unit cell. The existence of incommensurate order had been known
for some time in magnetic systems, for example, in antiferromagnetic
chromium. However, the discovery of incommensurate order in a
structural phase transition was made only in 1970 by J. A. Wilson, F.
J. DiSalvo, and S. Mahajan at Bell Labs.162 This discovery led to an
intense theoretical and experimental effort to understand not only the
onset of incommensurate order but to explore the consequences of
such order on the elementary excitations and transport properties.
For example, many of these materials are metals or semimetals and
undergo dramatic changes in their electrical resistivities and magnetic
susceptibilities at the onset of incommensurate order.

Once the concept of incommensurate structures had been estab-
lished within this family of transition metal dichalcogenides, a
number of other incommensurate phase transitions in materials such
as barium manganese fluoride, potassium selenate, and so on were
discovered and explored. Whereas for the conducting compounds,
the microscopic origin of the lattice instability is understood to be the
electron-phonon interaction, the microscopic cause of incommensur-
ability is less obvious for insulating incommensurate systems.

6.5 Impact on Other Fields

The advances made in the study of materials near critical points
quickly found applications in such diverse areas of physics as crystal
growth (see Chapter 19), liquid crystal films, discussed in section III
of this chapter, surface physics (see Chapter 3), the theory of funda-
mental particles (quantum chromodynamics), and hydrodynamic
instabilities. This last field especially experienced renewed activity in
the late 1970s, as physicists sought to understand the transitions that
occur between one mode of flow and another outside of thermal
equilibrium. For example, Ahlers and coworkers were able to use the
sophisticated thermometry techniques developed earlier to detect tur-
bulent signals of small amplitude and low frequency immediately
above the convective threshold, where the cellular flow was thereto-
fore thought to be stable.163
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