
Chapter 10 

The Role 

of Theoretical Physics 
at Bell Laboratories 

There is a complex relation between theoretical and experimental research 
at Bell Laboratories. Theoretical physicists have played an increasing role in 
research activities as the sophistication of physics research has increased. The 
shift of the center of theoretical work from classical physics to qutzntum 
mechanics resulted not only in important contributions to the understanding 
of ordered states of matter but also made possible highly effective reseat·ch on 
localized states, random systems, many body problems, superconductivity, and 
phase transitions. The involvement of the theorists in diverse subfields of 
solid state physics contributed in an important way to the fruitful collabora
tion between the theorists and the experimentalists. 

I. THE NATURE OF THEORETICAL PHYSICS 

Theoretical physics can be defined as the invention and manipula
tion of concepts, using mathematics where necessary, to simplify the 
understanding of known physical phenomena and to predict new 
phenomena. The growth in the number of staff members who iden
tify themselves professionally with theoretical physics has been a 
natural consequence both of the increasing variety of physical 
phenomena used in communication devices, and of the increasing 
maturity, and hence increasing conceptualization, of physics itself. 
At the time of this writing nearly all of these people are specialists in 
theoretical physics, and cfo no experimental work. Fifty years earlier, 
it was more common for theorists to be involved also in experimental 
work. 

Whereas experimental research usually involves investing in com
plicated equipment specifically designed for a particular project, 
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theoretical work usually involves only intellectual commitments. A 
theorist, therefore, often works on a wide variety of projects. 
Theoretical contributions of Bell Labs scientists have covered areas as 
diverse as ionization in gases, superfluidity, chemical bonding, sinter
ing, magnetic resonance, optic~l properties of transparent media, pho
toelectric emission, and so on. The esteem in which some of these 
contributions have betm held by the scientific community is illus
trated by the fact that of the twenty-eight times the annual 
Oliver lE. Buckley Solid-State Physics Prize has been awarded by the 
Amerkan Physical Society up to 1980, eight have involved theoretical 
work (one of these in collaboration with experimental work) done 
largely or entirely at Bell Labs. Many other awards, including Nobel 
Prizes to three individuals, have been awarded to theoretical physi
cists for work done at Bell Labs. There have been dozens of other
and quite different-constellations of theoretical contributions of 
comparable importance. Many, though not all, have been integral 
parts of experimental programs described elsewhere in this history 
and will not be discussed in detail here. Perhaps the best way to con
vey a perspective on theoretical physics research over the years is to 
enumerate the major clusters of conceptual tools that have been 
applied to these many problems, and to illustrate them with a few 
selected samples. 

Several important aspects of theoretical physics research are illus
trated by the early wo1rk of H. Nyquist. Nyquist was intrigued by J. 
B. Johnson's discovery at Bell Labs in 1927-1928 that resistances made 
of quite diverse materials always acted as sources of white noise-the 
mean-square noise voltage in any frequency range being proportional 
to the product of the resistance and the absolute temperature, and 
independent of the material. 1 By a simple but ingenious combination 
of the canonical-distribution and detailed-balance concepts of statisti
cal mechanics with hi:s engineer's knowledge of transmission lines 
and impedance matching, Nyquist (who had joined Bell Labs by this 
time) proved that any type of circuit element with a frequency
dependent impedance must act as a noise source with a spectral den
sity proportional to the real part of the impedance and to the absolute 
temperature.2 This "Nyquist theorem" has been generalized into one 
of the most basic cornerstones of the understanding of the statistical 
mechanics of irreversible processes. 

Nyquist's work is an example of an important development in 
theory consummated in a short time by a single person. In more 
recent history there have been a few such isolated "'one-shot" contri
butions, but more ofte~n the major advances have been made in a 
series of related papers. These advances have usually, as in the 
thermal-noise case, been stimulated by contemporary experimental 
work; yet there are cases where important discoveries have been 
made in what at the time was a realm of pure imagination. Nyquist's 
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fusing of concepts from two quite different fields, statistical mechan
ics and electrical engineering, points out what has been a particular 
strength of Bell Labs work in theoretical physics: the diversity of 
expertise among the theoretical staff, and the propensity of many of 
them to shift their attention from one area to another, transferring 
useful concepts in the process. 

II. THE BUILDUP OF THE THEORETICAL PHYSICS EFFORT 

Theoretical solid-state physicists have formed an indispensable part 
of the physics effort at Bell Laboratories since 1936, when W. Shock
ley joined the staff, and especially since the mid-1940s when J. Bar
deen and a number of others in this field were added. The outstand
ing accomplishment of the late 1940s was the understanding of 
electrical transport and contact phenomena in semiconductors, and of 
the role of minority carriers and surface traps. Chapter 2 of this volume 
has described the intimate relationship between experimental work 
and theory in the discipline of electron waves in solids, a discipline 
whose further exploitation will be discussed below. But some of the 
same theorists also joined other colleagues in work on different types 
of properties of solids, often using tools from the realm of nonquan
tum physics. Thus in the late 1940s and early 1950s, "billiard-ball 
physics" was applied to problems of diffusion in crystals (as well .as to 
phenomena in gas discharges by G. H. Wannier3) and, in conjun<:tion 
with the theory of elasticity, to dislocations (the defects involved in 
plastic deformation) and to the problem of the energy associated with 
boundaries between crystal grains.4 The theory of continuously vary
ing states of magnetization was applied to the structure of the walls 
separating domains of opposite magnetization in ferromagnetic 
materials and to the resonance of magnetization oscillations in a 
high-frequency magnetic field. From C. Kittel's early work5 on the 
theory of ferromagnetic resonance many interesting developments in 
the theory of magnetic resonance arose in conjunction with experi
ments throughout the 1950s. For example, H. Suhl's work on :non
linear pumping in ferromagnetic resonance was seminal in the 
development of the parametric amplifier, as well as important in its 
own right as a new approach to nonlinear problems.6 

Another field of more or less classical physics was ferroelectrics, 
where Shockley stimulated theoretical work that elucidated the con
cept of displacive transitions caused by polarizable dipoles, which led 
eventually toP. W. Anderson's concept of the "soft mode."7 This con
cept, Shockley's early work of the 1930s on order-disorder,8 and 
Wannier's and Anderson's work on antiferromagnetism,9,10 for~~sha
dowed the interest in phase transitions in the 1970s. (Some of these 
developments are described in other sections of this chapter.) 
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Often the new insights gained in the late 1940s and early 1950s 
came merely because the increasing overall sophistication of physics 
research was causing theorists to scrutinize more carefully than ever 
before the relation of the concepts of classical physics to phenomena 
in solid bodies. The theory of sintering-the gradual growing 
together of solid particles when placed in contact at a high 
temperature-is one of the many examples of this.. The motivation 
for such a change comes from the fact that sintering decreases the 
area of exposed surface. Recognition of this led C. Herring [Fig. 10-1] 
to examine critically the possible ways in which the surface tension 
of a crystal could depend on the orientation of the surface, and how 
diffusion currents could be controlled by the relative curvatures of 
different parts of a surface.11 The outcome was a set of equations and 
principles that have facilitated the interpretation of many experi
ments iin the areas of sintering, thermal etching, and high
temperature creep. 

III. THE INCREASING ROLE OF QUANTUM MECHANICS-PHYSICS 
OF ORDERED STATES 

While classical physics has continued to be an indispensable tool of 
Bell Labs theoreticians, its role since the early 1950s has been dearly 
subordinate to that of quantum mechanics. One of the most basic 
quantum-mechanical disciplines in solid state physics is the theory of 
electron waves in crystals. Progress in this area played an important 
role in the early semiconductor work mentioned above, and it became 
even more important in the 1950s and 1960s. The increasing sophisti
cation of experiments on the transport properties and optical proper
ties of semiconductors required a detailed understanding of the struc
ture of the allowed allld forbidden bands of em~rgy for electron 
waves, the relation of Emergy to wavelength and dilrection of motion, 
and the often anisotropic responses of such electron waves to electric 
and magnetic fields. BE~ll Labs' physicists made many contributions to 
techniques for calculating energy bands, to calculating energy bands 
for specific materials, and to using these calculations to interpret opti
cal properties.12 Perhaps the most important of these was the 
development by J. C. Phillips, stimulated by Herring, of the pseudo
potential method for band structuresP [Fig. 10-2] 

The study of interactions of magnetic electrons with nuclear 
moments-hyperfine interactions-has been a vital experimental tool 
in the use of electron paramagnetic resonance (EPR), nuclear mag
netic resonance (NMR), and later, Mossbauer spectroscopy and laser 
probe methods. Early work in this field was done by Herring on the 
Knight shift in metals and by R. G. Shulman and coworkers on 
transferred hyperfine structure of magnetic materials.14,15 These stud-
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Fig. 10-1. C. Herring looking at a model of a Brillouin zone, 
which describes the periodicity of electron wave functions in 
momentum space. 
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ies elucidated the nature of chemical bonding as well as spin interac
tions. (See Chapter 1, section 2.1.) 

Another important example of magnetic interaction is provided by 
pairs of neighboring magnetic atoms in insulators. It is the interac
tion of such pairs that causes the ordered-arrangements characteristic 
of ferromagnetism and antiferromagnetism. In insulators the mag
netic atoms are normally separated from each other by a nonmagnetic 
atom. Although it had been suggested long ago that the magnetic 
atoms might interact through the intermediate one, it was only in 
1959 that Anderson 16 showed convincingly how this interaction takes 
place and that it is deeply bound up with the "Matt-insulating" 
nature of these magnetic materials. Herring studied extensively the 
problem of magnetic interactions (see Chapter 1, section 1.4), 
itinerant electrons, and the asymptotic exchange interactions in insu
lators.17 

In the late 1970s, there was increased attention to some problems 
that could be successfully attacked only because of the increasing 
power and sophistication of the computational tools available to the 
theorist. Much of the rapidly growing understanding of solid sur-
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Fig. 10-2. D. R. Hamann (lt:ft) discusses his development in 
pseudopotential theory with J. C. Phillips. Hamann's and Schluter's 
" norm-conserving" procedure enables pseudopoten tial calculations to 
reproduce full potential results accurately for the electronic structure of 
solids and surfaces. 

faces and point defects falls in this category; for instance, the self
consistent calculation of the electronic band structure near a surface 
by J. A. Applebaum and D. R. Hamann, and the defect calculations by 
G. A. Baraff and M. Schluter are major contributions.18•19 Another 
trend is the formulation of empirical rules that can be used to order 
large amounts of data on complicated systems. This is a task that has 
usually been carried out by chemists and metallurgists, rather than by 
theoretical physicists whose training orients them more toward pre
cise logical systems and calculations from first principles. However, 
some studies of chemical bonding in semiconducting and ionic com
pounds made in the eady 1970s by Phillips showed that concepts sug
gested from the realm of theoretical physics can be of enormous assis
tance in the empirical correlation of data.20 

IV. EXTENSION TO LOCALIZED STATES AND RANDOM SYSTEMS 

Another important subject studied in the 1950s was that of the 
quantum mechanics of small numbers of electrons bound to one or 
several localized centers. For instance, the impurity centers that con
trol the electrical properties of semiconductors were one early object 
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of study. It is interesting to note that the classic theory relating the 
properties of such centers to the characteristics of the energy bands 
discussed in the preceding paragraph was worked out by W. Kohn 
and J. M. Luttinger largely while they were employed as summer 
visitors at Bell Labs.21 A similar problem of weakly bound particles in 
semiconductors underlies the major advances in understanding the 
optical properties of semiconductors made by J. J. Hopfield and D. G. 
Thomas in their classic studies of exciton absorption and exciton
lightwave interactions.22 

In its purest form, the research on electron waves in crystals and 
systems of locally bound electrons dealt merely with actual or possi
ble energy levels or states of motion. To understand the many 
phenomena that are dynamic, rather than static, this research must be 
supplemented with another one-the determination of how electrons, 
atoms, and other particles shift about among their possible quantum 
states when disturbed by external fields and the random influences of 
thermal agitation. There are two basic approaches to this. The first, 
transport theory, emphasizes the Boltzmann equation and scattering, 
where Herring,23 and later Luttinger and Kohn24 made important 
contributions. Herring's work on the whole complex of thermal and 
electrical transport phenomena in semiconductors has become classic. 
A second approach, the fluctuation-dissipation concept, relates trans
port and dissipation phenomena to equilibrium fluctuations, with its 
origins in the work of Nyquist referred to earlier, and similar begin
nings by Albert Einstein and Onsager. It was first made a practical 
method in a series of works by Anderson in the early 1950s on pres
sure broadening and exchange narrowing,25 and it influenced work 
by M. Lax.26 [Fig. 10-3] This approach underlies much of modern 
many-body theory, also to be discussed later. An example of the 
more recent applications was a series of studies by Lax and others on 
noise-producing fluctuations in systems whose state has been driven 
far from thermal equilibrium.27 This has been applied to the under
standing of fluctuations in the light output of lasers, an application at 
the forefront of laser experimental research at the time o:f this 
writing. 

Bell Labs theoretical physicists have also contributed to the study of 
electron transport in random systems, such as impurity bands in 
semiconductors. The problem of densities of electronic states in such 
systems was studied b~ Lax and bl J. R. Klauder using Lax's "multi
ple scattering theory." 8 P. Soven2 and D. W. Taylor30 made substan
tial contributions to the very powerful extension of this method, 
which became known as the coherent potential approximation. Lax 
also stimulated a numerical study of the one-dimensional problem by 
Phillips,31 which led to certain exact results of H. L. Frisch and S. P. 
Lloyd.32 This numerical study also led to a classic study by B. I. 
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Fig. 10-3. M. Lax examines an expression for quantum Markoffian noise. 

Halperin and Lax of states deep in the band tails, important in the 
analysis of semiconductor lasers and as a testing ground for meth
odology.33 

Anderson, noting a number of experimental anomalies that could 
not be explained by conventional transport theory, set up a model for 
systems with random positions of impurities and energy levels, and 
demonstrated the existence of localized states and of the "mobility 
edge."34 This work, which has wide implications to the theory of ran
dom systems such as glasses, was a principal contribution for which 
Anderson was awarded the Nobel Prize in physics in 1977. [Fig. 10-4] 
Spin diffusion studies of the impurity bands in semiconductors were 
the initial motivation for this work. The basic theoretical understand
ing of the impurity band was also investigated by M. Pollak and T. H. 
Geballe, who studied the ac conductivity by phonon-assisted hop
ping.35 This was stimulated by Lax and Anderson, and by the study 
of de hopping conduction by E. Abrahams, which he did while 
spending a summer at Bell Labs.36 The field then languished, except 
for some seminal work on the "percolation" theory of J. M. Hammers
ley, 37 until several works in the 1970s by Anderson and associates 
made further advances. Some examples are "tunneling systems" in 
glass by Anderson, Halperin, and C. M. Varma,38 and two-electron 
centers by Anderson.39 
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Fig. 10-4. P. W. Anderson (left) being congratulated by A. M. Clogston, 
executive director of the Research, Physics, and Academic Affairs division from 
1973 to 1982, upon receipt of the news that Anderson has been awarded the 
Nobel Prize in physics in 1977. 

V. MANY-BODY THEORY-BROKEN SYMMETRY AND SUPERCON
DUCTIVITY 

395 

In the 1960s a lot of work at Bell Laboratories mirrored the trend of 
the times to pay strong attention to the discipline known as many
body theory. This was the study of the correlated motions of huge 
numbers of electrons or atoms, each of which exerts forces on all the 
others, and of the cooperative phenomena that arise in consequence. 
Some of the key works that foreshadowed this field were done at Bell 
Labs during the previous decade. Among the most important were 
the papers on spin waves in magnetic metals by Herring and Kittel 
where they calculated a "collective excitation" of an electron gas in a 
metal.40 Also important was the work by Lax and Anderson on relax
ation and Anderson's paper on the ground state of the antiferromag
net, which introduced the complex of ideas that became known as 
broken symmetry (that an asymmetric ground state has dynamical 
consequences, especially for the excitation spectrum of the system).41 

Superconductivity and superfluidity are perhaps the most spectacu
lar of the phenomena that require many-body theory to be under
stood. Major Bell Labs activity in these areas grew up after 1957, 
when Bardeen, L. Cooper, and J. R. Schrieffer at the University of Illi
nois put forth their Nobel Prize winning theory of superconductivity. 
(This was an outgrowth of some imaginative, though less successful 
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work that Bardeen had done in 1950, when he was still at Bell 
Labs.)42 The work done at Bell Labs in the late 1950s, and early 1960s 
began with some clarifications of the Bardeen-Cooper-Schrieffer 
theory. In this work Anderson first applied the general theory of 
broken symmetry to th:is case, settling the question of gauge sym
metry, and made a number of extensions of the theory.43 In 1962, as a 
result oJf discussions of the broken symmetry concept with Anderson, 
B. Josephson, a student at Cambridge University in England, pro
posed the effect for which he won the Nobel Prize.44 These ideas 
stimulated Anderson to develop the concept of "phase slippage" as 
the basic dissipative mechanism in superconductors and superfluids, 
including the hard supE!rconducting materials from which supercon
ducting magnets are made. The concept is analogous to "slip" in 
metals, which occurs when strain is relieved. In the 1970s the 
insights that led to the phase slippage idea had to be generalized to 
accommodate the topological multiplicity of defects that can occur in 
complicated systems such as liquid crystals and superfluid 3He.45 

Another important line of work in superconductivity is the explora
tion of the microscopic interactions of electrons and phonons that 
cause the phenomenon. This is one of the most quantitatively precise 
of any microscopic theories of material properties. Studies in this 
area were begun by Anderson and P. Morel, 46 following work else
where, 'especially by Eli•:tshberg in the Soviet Union. Then the work 
was taken up by W. L. McMillan in collaboration with experiments 
by J. M. Rowell and others.47 The relationship of these atomistic 
parameters to the wigg;les in the current-voltage characteristics of 
high-resistance contacts between superconducting metals was 
developed and confirmed experimentally. 

The work just described, like a great deal of the theoretical research 
at Bell Laboratories, involved an intimate collaboration between 
theorists and experimentalists. However, some of the theoretical 
work was of a purely conceptual or even speculative nature, extended 
far beyond the limits of existing experimental work, and did not lead 
to new experimental programs until many years later. An excellent 
examplt~ is provided by speculations, stimulated by the theory of 
superconductivity, on the possible existence of superfluid states of 
3He at extremely low temperatures.48 The atoms of 3He, which resem
ble electrons by having a nuclear spin and by obeying an exclusion 
principle, may be expected to become ordered at very low tempera
tures in a way similar to electrons in superconductors. However, 
because the forces between these atoms are quite different from those 
between electrons in a metal, this ordering should give rise to 
superfluid states with remarkable anisotropic properties. As was 
noted above, the theoretical predictions in the early 1960s by Ander
son and Morel and by R. Balian and N. R. W erthamer of the existence 
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of two possible forms of superfl.uid states of 3He were indeed 
discovered experimentally. One result of interest is the relationship 
of the nature of the phases to the spin fluctuation theory of the 
nearly magnetic Fermi system, which has been exploited predom
inantly by W. F. Brinkman.49 

Besides superconductivity and superfl.uidity, at the time of this 
writing, many other fascinating topics have engaged the attention of 
many-body theorists in the last two decades. Also active over the 
past 20 years has been the study of the solid state plasma or electron 
Fermi liquid in metals. P. A. Wolff was the first to point out that 
many metals provide ideal conditions for the study of quantum 
plasma physics. P.M. Platzman and Wolff have made many contribu
tions in terms of app1oing the fundamental apparatus of Fermi liquid 
theory to real metals. 0 Another area of active study is the properties 
of impurities in metals, which can usually exchange electrons with 
the host and whose manifestation of magnetic properties will depend 
on the characteristics of this exchange. One special impurity is the 
core hole left behind. in a high-energy excitation process. Bell Labs 
theorists have contributed to the elucidation of the strange Fermi
surface anomalies seen in X-ray spectra in metals. Another manifesta
tion of these anomalies is the Kondo effect of enhanced magnetic 
scattering, a complex and fascinating effect first solved by Anderson, 
G. Yuval, and Hamann, applying the renormalization group method. 
This research was seminal to much of the research in physics in the 
1970s.51 

Another field of many-body physics where major developments 
occurred at Bell Labs was metal-insulator transitions, in which a 
change of pressure or temperature can cause a substance to change its 
conductivity discontinuously by many orders of magnitude.52 One 
important theoretical development here was the work of Brinkman 
and T. M. Rice that was stimulated by experiments at Bell Labs on 
V 20 3• An example of a model quantum liquid is the electron-hole 
liquid that is formed in semiconductors when electrons and holes, 
created by optical excitation, condense to form a metallic state.53 

Another field touched on was quantum crystals, crystals made of 
atoms so light that they have to be described as waves rather than as 
classical "billiard balls."54 

VI. STATISTICAL MECHANICS AND PHASE TRANSITIONS 

Other disciplines have also played significant roles in theoretical 
physics work at Bell Laboratories. One of the most important has 
been that of the statistical mechanics of phase transitions. This is the 
study of the "seesaw" region of the battle between interatomic forces 
of one kind or another, which strive to produce a long-range order in 
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the arrangement or orientation of atoms or molecuh!s in a medium, 
and the disordering eff•~ct of thermal agitation. It is here that the 
renormalization group method, in which the evolution of length and 
time scales are quantified has had its most important application. 
Building on work initiated elsewhere, P. C. Hohenberg and Halperin 
developed a detailed and comprehensive theory of dynamic 
phenomena at phase transitions.55 

VII. CONCLUDING COMMENTS 

Only a sample of the! theoretical physics research at Bell Labora
tories in the last few decades has been discussed in this chapter; 
hopefully, it has sufficed to convey something of the diversity of this 
work. Equally exciting theoretical work in astrophysics, biophysics, 
and plasma physics have been covered in other chapters. Bell Labs 
work has even ranged into other areas as remote as elementary
particle physics and pure mathematics related to physics; in another 
dimension, it has been fairly uniformly distributed over the whole 
range from collaborative work with experimentalists through 
interpretations of specific experiments by others to fundamental stud
ies of basic theoretical concepts. Both kinds of diversity have helped 
its usefulness by facilitating the transfer of ideas-from one subject 
field to another or between the abstract and the concrete realms. 
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Research in Materials 

A good case can be made for the proposition that the progress of 
civilization is paced by the ability to master the limitations of the 
materials at hand. Relics from the Stone Age show that our primitive 
ancestors learned to make simple tools a million years ago. The abil
ity to choose and manipulate the right kinds of stone must have been 
essential to our evolutionary survival. The stone knife and the 
stone-tipped arrow are, however, only products of human fabrication, 
not of discovery and modification. For that matter, the earliest uses 
of metals occurred with gold and silver, which are found in the pure 
state. Here, too, the objects formed from them require no int,erven
tion of the technologies that we associate with "materials," such as 
smelting, distillation, and synthesis. 

The development of ceramics in early civilizations in the Middle 
East by 9000 B.C. constituted the earliest modification of the properties 
and the very nature of materials. The discovery of transparent glass 
made from sand and ash probably occurred around 4000 B.C. The 
extraction of workable metals from their ores was a major achieve
ment. Probably the first metal to be liberated was lead, since the tem
peratures required to reduce common lead ores such as galena are 
easily obtained from wood fires. Indeed, it seems likely that the ear
liest discoveries of lead resulted from the accidental smelting of its 
ores at the earth's surface from the action of bonfires. Though copper 
sometimes occurs in its native state, its recovery from the common 
ores requires a higher technology than the recovery of lead, and the 
smelting of iron is a sophisticated technology that demands tempera
tures much higher than those of simple wood fires. Thus, the 
development of the ability to smelt metals was a major force that 
transformed the arts of peace and war. 

An important consequence of early smelting was the discovery of 
alloys, beginning in the Mediterranean area in the fourth millenium 
B.C. The Bronze Age is named for the materials that made its civiliza
tion: The world changed when people learned to toughen soft copper 
by mixing tin or arsenic with it. The evolution of the metallurgy of 
iron around 2000 B.C. started the period that we now call the Iron 
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Age, a time of rapid development not only of the winning of iron, 
but also of a host of processes to fabricate steels. These metals and 
alloys from ancient time·s have in common that they can be derived 
from the reduction of minerals by carbon fires. A modern era of 
metals has emerged with the mastery of metals that cannot be 
reduced by carbon, notably aluminum, or that pose special problems 
of purity, such as titanium. 

Synth·etic organic materials-substances containing carbon 
compounds-began to enter the industrial scene in the first quarter of 
the 19th century. Prior to that time organic materials came from 
nature. Wood, cotton, silk, rubber, and tar were all used in the early 
telephone industry. The advent of the synthetic organic chemical 
industry, opened by the discoveries of man-made dyes and rayon tex
tiles, led eventually to the massive manufacturing of polymers 
derived from petroleum and natural gas. 

Future historians and archeologists may well talk about the Plastics 
Age or the Silicon Age. Certainly we know that progress in modern 
materials has had a profound impact on civilization in our lifetimes. 
Without question, the discoveries and developments in materials sci
ence in the past few decades surpass those of all previous civiliza
tions. 

The time span of the Bell System has seen a prodigious growth in 
the science and engine•ering of materials for communication. The 
earliest materials technology for telephony was borrowed directly 
from telegraphy, itself a new technology not many years before the 
invention of the telephone. The study of wood as the material for 
telephone poles took on a scientific character as the demands of the 
telephone plant increas,ed. Methods for the preservation of wood 
outdoors became an earlly task for Bell Laboratories. This work was 
important not only to the telephone business, but also to the electric 
power industry, which followed the discoveries of Bell Laboratories 
with keen interest. Early work on copper wire for telephone 
transmission (discussed in Chapter 4 of the first volume in this series, 
The Early Years) also had wide impact on the power business. Materi
als research and development intended explicitly for telephony 
began, of course, with Alexander Graham Bell's empirical search for 
compositions with which to make his first working instrument, for 
example, his choice of "acidulated water." 

The need for direct concern over materials goes far back in the tele
phone business. A chemical laboratory existed in the American Bell 
Telephone Company in 1895. It consisted of two employees, who 
probably were charged with analytical testing of materials. That 
activity continued and g:rew with the evolution of the American Tele
phone and Telegraph Company and the Western Electric Company. 
When in 1925 the engineering department of Western Electric became 
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the Bell Telephone Laboratories, the staff in materials-related sciences 
numbered about fifty and comprised the chemical laboratory. These 
people, mostly chemists, metallurgists, and chemical engineers, were 
partly involved in testing materials of commerce for applicability in 
communications. However, they also explored new compositions of 
matter with the aim of finding improved alloys, ceramics, and electri
cal insulation. 

R. R. Williams, the first chemical director, did much to organize the 
early growth of chemical and metallurgical technology at Bell Labora
tories, and to guide the evolution of this activity from primarily a ser
vice organization into a research enterprise with long-range views of 
science. In order to bring about these ends, he enlisted the collabora
tion of some members of the science faculties of Yale University and 
Princeton University as advisors. Although the term "materials sci
ence" did not come into the technical language until the 1960s, the 
early work of Bell Laboratories emphasized scientific approaches to 
the evaluation of materials. Recruitment in the 1920s of young scien
tists and engineers such as R. M. Burns, G. T. Kohman, S. 0. Morgan, 
J. H. Scaff, and E. E. Schumacher helped to set the pace of rapidly 
growing research activity in materials science. The search for materi
als having long, trouble-free life, studies of the effect of small 
amounts of impurities on the functioning of materials, and the 
development of standards and test methods by which to evaluate per
formance marked the early activities of a materials science depart
ment. With these beginnings, there developed a philosophy of coor
dinate responsibility with the apparatus departments for investigating 
and selecting materials used in telephone equipment. 

Materials research, as an organized endeavor, calls upon the classic 
disciplines of chemistry, metallurgy, and physics. While metallurgy 
is commonly recognized as having to do with materials, all three are 
essential to what we now call materials research. Today materials 
research has an identity of its own in academic curricula. It has also 
achieved wide recognition as an interdisciplinary undertaking. Bell 
Laboratories was the first institution, industrial or academic, in which 
this interdisciplinary approach was stimulated, largely by the breadth 
and complexity of telecommunications. This experience has had wide 
influence. W. 0. Baker, who as Vice President-Research, led much 
of the materials effort at Bell Laboratories, recognized early the 
importance of materials research and development to industry and to 
national security. He was a prime mover for the establishment, in 
the late 1950s and beyond, of a national program of materials science 
and development, especially in the federal government. 

Materials research occupies, in turn, an important place in advanc
ing the individual disciplines of which it is composed. The art of 
making sophisticated materials has often come before the basic 
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understanding. For instance, the qualities of toughness and ductility 
in alloys were well undE~r the control of fabricators many centuries 
before the concepts of defects, composition, and crystal structure 
became recognized. Much of the accomplishment in solid state phys
ics has indeed depended upon the controlled manipulation of materi
als. 

The following chapters tell some highlights of this important seg
ment of Bell Laboratories' history: the challenge of problems related 
to materials, the remarkable achievements that have made possible 
subsequent triumphs in apparatus and equipment, and the resulting 
systems that depend jointly on hardware and software. 

The initial chapter in this sequence is about Semiconductors, for no 
important class of modern materials is more closely associated with 
the achievements of Bell Laboratories. The field of semiconductors 
was an initiative for research at Bell Laboratories, and in so being was 
a natural home for an emerging population of solid state scientists. 
Not at all by chance, an important subset of talent arose in the per
sons of sc:ientists who exc1:!lled in growing new and strange crystals. 

The most important semiconductor is, of course, silicon, one of the 
most thoroughly understood elements, with germanium playing a 
closely parallel role, particularly in the invention of the transistor 
and in the advancement in the science of semiconductivity. The 
invention and perfection of the technique of zone refining, giving 
rise to semiconductor materials of unprecedented purity, not only 
accelerate·d the transistor technology but also provided a strong 
stimulus to the advancement of solid state science. The work in the 
III-V semiconductors was crucial to the invention of the light emit
ting diodes (LED) and the heterostructure lasers for optical communi
cations. 

The advances in metallic magnetic materials described in Chapter 
12, following closely the advances in the physics of magnetic 
domains, as described in Chapter l, have produced materials of 
unusually high permeability and low coercive force for electronic 
transformers and other applications, as well as the chromindur alloys 
and the unique cobalt/rare-earth alloys for permanent magnet appli
cation. The desirable high-resistivity magnetic oxides, such as the 
ferrites, were exploited for high-frequency device applications. The 
discovery of the magnetic garnets by Bell Labs scientists, and 
independently by the French at Grenoble, provided a strong stimulus 
for inventing materials particularly suited for memory devices. 

Bell Laboratories' early and continued research activities in 
glasses-for vacuum tube:s, capacitor dielectrics, acoustic delay lines, 
encapsulation of silicon diodes and transistors, as well as ceramic 
substrates-provided the Bell System with a reservoir of talent 
needed to make fundamental contributions to the evolution of glass 
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fibers for optical communication. With the invention and perfection 
of the MCVD process, Bell Labs scientists have produced glass fibers 
with unprecedented low loss and high information-carrying capacity. 
This achievement was accompanied by the development of tech
niques for fiber drawing and coating, and thus for the prodwction of 
glass fibers for optical waveguides with excellent tensile strength pro
perties. 

Polymers have always been used in telephony for electrical insula
tion. Stimulated by the requirement for long life, particularly in the 
insulation of undersea cables, Bell Labs scientists made fundamental 
contributions to the understanding of polymer-structure chain 
dynamics. They introduced the newly developed physics techniques 
of nuclear magnetic resonance and studied crystalline morphology in 
polymers. The advances in the understanding of polymer behavior 
gained thereby, coupled with the development of effective antioxi
dants techniques, served to establish the polymer polyethylene as a 
reliable insulator, even for the exacting requirements of ocean cables. 

Research on superconducting materials at Bell Laboratories, 
described in Chapter 15, paralleled closely the fundamental micros
copic research in physics, as discussed in Chapter 9, section I. The 
discovery of a large number of superconducting alloys and com
pounds and the advances in increasing transition temperatures, T0 up 
to 23K, served to provide challenges to those concerned with the 
theory of superconductivity. The discovery that some superc:onduct
ing materials, such as Nb3Sn, can carry high electric currents and yet 
remain superconducting at high magnetic fields, brought about a 
marked increase in the application of superconducting materials as 
magnets for high-energy accelerators, for plasma-fusion research, and 
for NMR imaging of human organs. 

The research dielectrics, described in Chapter 16, covers a broad 
range of materials from amorphous rubber and ceramics to the cry
stalline piezoelectric, ferroelectric, and nonlinear optical materials. A 
study of the rate of chemical combination of the ingredients of 
rubber, coupled with reproducible tests of viscosity and gel control, 
resulted in the early manufacture of rubber having desirable insulat
ing and elastic properties. Similar attention to composition and pro
cessing led to the fabrication of ceramic materials possessing superior 
electrical insulating properties at the higher communications frequen
cies. Fundamental studies were carried out in the dielectric behavior 
of polar molecules in gases, liquids, and solids, including theoretical 
studies of liquid water. 

In crystalline dielectrics, the phenomenon of piezoelectricity was 
studied in quartz, ethylene diamine tartrate (EDT), and ammonium 
dihydrogen phosphate (ADP), leading to the production of high
quality synthetic quartz crystals and to the design of many underwa-
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ter sound devices. The studies of ferroelectric materials, as in the 
case of superconductors, paralleled closely the research in physics, as 
discussed in Chapter 9, section II. These were motivated by the 
potential application of Jferroelectrics, having electrically reversible 
dipole moments, to memory devices. The discovery of a number of 
new ferroelectric materials served to demonstrate that ferroelectricity 
is not a rare phenomena in dielectric crystals that lack a center of 
symmetry. In the nonlin1ear optical crystals, the interest of Bell Labs 
scientists centered on las•~r crystals that can be optically pumped to 
emit coherent radiation of optical frequencies, on crystals that can be 
used for modulating carrier frequencies or can generate second har
monic frequencies, and on crystals of magnetic materials for new 
memory devices. These studies also paralleled the laser physics 
research, as discussed in Chapter 5, section VII. 

The research activities described in Chapter 17 deal with conduc
tion of electricity as encountered in storage batteries, relay and con
nector contacts, activation in carbon microphones, and emission from 
cathodes in electronic vacuum tubes. The studies of corrosion 
observed when silver is in contact with an insulating material, result
ing in thE! production of metallic single-crystal whiskers, led to devis
ing ways of inhibiting such growth, for example, by the use of a tin
clad solder finish. Similarly, stress-corrosion cracking caused by 
moisture or by nitrates has been eliminated by devising appropriate 
surface finishes. Studies of the chemistry of gold plating have led to 
the development of proper plating processes for obtaining wear
resistant 1electrical finishes. Advances in the understanding of the 
chemistry of gold plating have also helped in finding an appropriate 
gold-alloy overlay in palladium to produce excellent contact material 
for relays. Research on the chemistry of the conventional lead-acid 
battery have led to the introduction of a small amount of impurity in 
the lead (for example, 0.1 percent calcium) to optimize the electro
chemical behavior of batteries as used in the telephone plant. 
Despite the absence of a definitive theory of the process of electron 
emission from the nickel cathode, coated with a mixture of alkaline
earth oxides, as used in va1:uum tubes, great improvements in the per
formance of these cathodes have been achieved by the control of the 
impurities. in the nickel and the chemistry of the oxide reduction pro
cess. 

Research activities leading to improvements in the mechanical pro
perties of materials are discussed in Chapter 18. Studies of deforma
tion texture in copper alloys, used in electronic equipment and elec
tromechanical devices, have led to devising processes for 
strengthening these alloys. These included cold rolling and heat 
treatment at temperatures just below that were crystallization sets in. 
It was shown that the control of the small calcium impurity in lead-
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calcium alloys used in cable sheathing could more than double the 
strength of such sheaths. In polymer materials, the effect of the 
molecular weight distribution of polyethylene on sheath cracking was 
demonstrated, and that crosslinking by irradiation with high-energy 
electrons could greatly toughen the polymer coating used in wire 
insulation. 

The research contributions to the broad range of processing tech
niques, except for the preparation of very low-loss optical fibers dis
cussed in Chapter 13, are described in Chapter 19. These Jlnclude 
contributions to crystal growth, zone refining, molecular beam epi
taxy, ion implantation, masking, and fine-line lithography. Included 
also are theoretical contributions to crystal growth and imperfections. 
In crystal growth techniques, the contributions date back to the 
hydrothermal methods of growing single crystals, including the 
development of growth processes for large, optical quality synthetic 
quartz crystals, followed by the growth of magnetic garnet 'crystals 
for memory devices. In the growth of single crystals from the melt, 
outstanding contributions were to the growth of silicon, germanium, 
and III-V semiconductors, as well as to a variety of fluoride crystals 
used in physical research. The invention of zone refining c:omple
mented the techniques for obtaining single crystals of specified 
extremely low impurities. Contributions to the methods of introduc
ing impurities include ion implantation, masking, and electron-beam 
and X-ray resist processes. The theoretical contributions to crystal 
growth and imperfections include effects of dislocations and vacan
cies on the molecular, microscopic, and macroscopic aspects of cry
stals. For the very thin layers of single crystal growth, the invention 
of the molecular beam epitaxial method stands out. 

Important techniques for characterizing materials are discussed in 
Chapter 20. Bell Laboratories has long been a leader in this field. 
Special emphasis has been given to extreme precision and lowest lev
els of detectability. 

The intervention of lasers, synchrotron storage rings, neutron 
sources, and plasmas has made possible a wide range of new under
standing of atomic and molecular properties. Above all, the power of 
the modern computer has been enlisted to calculate the forces of 
chemical bonding, the dynamics of atoms and molecules in gases and 
at surfaces, the energy-band structures of solids, and the viscoelastic 
behavior of polymers. 

A forecast of the future directions of materials science is intriguing 
but is probably a futile exercise. To be convinced of this point, one 
needs only to place oneself at the start of any decade in the history of 
Bell Laboratories and imagine what forecasts would have seemed 
plausible then. Some exciting developments are coming on the scene, 
and they tempt us to make some guesses. For examplE!, non-
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equilibrium forms of matter are being discovered in large variety. 
New compositions are made in which alternate layers are constructed 
of differe·nt metals only a few nanometers thick. The properties of 
such special "alloys" have only begun to be explored. Whereas we 
have found fascination in the explicit characteristics of single crystals, 
an infinitude of structur·es and properties is possible in amorphous 
solids. A vast array of technologically important materials will surely 
emerge as fundamental understanding grows. History tells us that 
much, but little more. 
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