
Chapter 9 

Ordered Phases of Mat:ter 

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, 3 He, 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, Tc. Bell Laboratories scientists have made important 
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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.1 However, the idea 
that elec:trons 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.2 He noted that the upper critical field, H,2, 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 Hc2· Subsequently, successful quantitative predictions of Hc 2, 

including spin orbit scattering of the electrons, were made by N. R. 
Werthamer, E. Helfand, and P. C. Hohenberg.3 

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."4 

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 vt!ry strong effect in reducing Tc. 5 This was 
explained quantitatively by A. A. Abrikosov and L. P. Gorkov in the 
Soviet Union.6 Superconductivity was discovered in elemental 
molybdenum when it was realized that as little as 100 parts per mil
lion of iron could suppress the r,_7 

• 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 Nb3Sn 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,9 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.10 

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.U This 
was explained by Anderson as a flux-creep process in which bundles 
of flux are thermally activated away from pinning centers.12 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 superconductors.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 isotoEic mass of 
ruthenium, whereas the theory predicted T, oc:(mass)-1/2. 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.15 This paper also hinted that the 
detailed 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.16 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.17 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 srectrum, taking into account the 
electron-phonon coupling strength.l 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.19 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 Nb3 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.20 Subsequent measurements by L. R. Testardi 
of the velocity of ultrasound in V 3Si 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.21 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, X. 23 

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).25 ThE!Y 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 su~erconductor (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.27 

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 interJference 

between electron·like and hole-like excitations in the superconduct

ing film. 29 

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, pr,edicted 

that pairs of electrons should tunnel through a thin oxid•e 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) con tributed to the understanding 
of superconducting energy gaps. Rowell , in coll aboration with P. W . Anderson, was the firs t 
to observe tunneling supercurrents in Josephson junctions. G . Ahlers (left) performed 
precision calorimetric meas urements on the superflu id tra nsition in 4 He (see sect ion 6. 1 in thi s 
chapter) . This photograph was taken at the occasion of the awarding of the Fritz London 
Memorial prize to Ahlers, Mc Milla n, and Rowell in 1978. 

predicted tunneling supercurrent was observed by Anderson and 
Rowell.30 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 Ma~ 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.32 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 recogniz~~d 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.34 Some years 

later, T. Gheewala measurE~d this speed to be less than 13 

picoseconds.3s 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.36 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 pur8ued. Using this approach, T. A. Fulton, J. H. Magerlein, 

and L. N. Dunkleberger demonstrated an ac-powered one-bit full 

adder in 19:76.37 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 ~er gate was demon

strated by Magerlein, Dunkleberger, and Fulton, 8 and a de-powered 

flip-flop possessing subhundred picosecond switchi:t1g speeds was 

reported by A. F. Hebard and coworkers.39 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.40 

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.41 An example of this type of struc

ture was built and operated by Fulton in 1972.42 

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.43•44 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 m•;!asurements by H. E. Bommel and W. P. Mason.45 Their 
measurements showed a marked drop in the acoustic attenuation in 

lead as the tE~mperature was lowered below the superconducting tran

sition. These measurements were performed before the advent of the 

BCS theory. Later, more car•eful 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.46 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 quasipartides 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.47 Coherent sound waves of frequencies up to a few 
gigahertz had previously been generated in quartz by Bommel and K. 
Dransteld in a microwave cavity by electromagnetic oscillations, 
using the piezoelectric properties of quartz.48 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.49 

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. 50 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 pro<:esses 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 diellectric 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 th4~ 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 pos!!ibility that ferroelectrics might be used 
for memory devices. 

Initially the research effort centered on the ferroelectric BaTi03• 

Matthias brought some expedise 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,51 the simple structure of this crystal, 
its amenable room-temperature ferroelectric parameters, and the pos
sibility that BaTi03 might be useful for new devices utilizing the 
reversible polarization. 

2.1 BaTi03 Eltperiments 

W. J. Merz52 and J. R. AndE~rson53 studied many of the properties of 
BaTi03 including the three different phase changes that occur with 
temperature, the magnitude and temperature dependence of P5 , 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 l10°C. Merz also 
studied the electrical characteristics of ferroelectric switching. His 
studies showed for the first time that the polarizing current, imax, is 
proportional to e-a/E where '~ is the activation field (104 v/cm) and E 
is the electric field. [Fig. 9-3] Mason studied the aging of the elastic 
and dielectric properties of BaTi03 exposed to elevated temperatures 
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Fig. 9-3. The spontaneous dielectric polarization, P9 , of BaTi03 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): 516]. 

caused by motion of the domain walls to improve the stabilization of 
device behavior.54 

In 1959, R. C. Miller and A. Savage demonstrated the presence of 
antiparallel domains in unstrained BaTi03 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.55 The 
shapes of the expanding domains were size- and field-dependent. 
The smallest domains observed were circular in cross section (approx
imately 10-3 centimeters in diameter). The 180° domain-wall velocity 
v is given by v ., Voo e-uE with Voo and u nearly field-independent 
over many decades of v. Experiments on other ferroelectrics were 
also carried out by Miller and collaborators.56 [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 BaTi03•57 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 

BaTi03. 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-aE, explains many aspects of the data on domain dynamics for 

BaTi03. 

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.58 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.59 The 

etch technique was first used in the study of ferroelectric domains by 

J. A. Hooton and W. J. Merz in 1955.60 This technique, initially used 

on BaTi03, 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 

which was shown by A. N . Holden and coworkers to be ferroelec
tric.62 
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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 l10°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.63 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 summari.<~ed in 1951 
by P. W. Anderson.64 

In 1958, Anderson suggested that the ferroelectric transition was 
caused by an instability in an infrared-active, long-wavelEmgth, optic 
phonon whose characteristic frequency approached zero as: the transi
tion temperature was approached.65 In 1959, W. Cochran at Cam
bridge University also demonstrated the connection bt~tween the 
polarization catastrophe and the softening of a transvers,e, infrared
active, optic phonon at the ferroelectric transition.66 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.67 

Their infrared experiments, and counterparts at Bell Labs by W. G. 
Spitzer and coworkers on rutile,68 the ferroelectric BaTi03 and 
SrTi03, 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.69 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?0 Subsequently, interest in these materials declin•~d and 
it was not until the early 1960s that dramatic revival began. One 
impetus to this renewed interest was the demonstration by G. H. 
Heilmeier and coworkers at RCA Laboratories that liquid crystals can 
provide a unique means for constructing alphanumeric displays 
requiring negligible power?1 The use of liquid crystals in digital 
watches and calculators became widespread in the 1970s. 

Traditionally, three diff~rent liquid crystalline phases were recog
nized: nematic, in which the molecules show orientational order, 
smectic, in which the molecules show some planar orde:r, 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 folllow-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.72 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.73 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?4 The technique was applied 
to determining the conformation of a variety of molecules, such as 
cyclooctane ?5 

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?6 McMillan 
also used X-ray diffraction to study the phase transitions experimen
tally.77 

As pointed out originally by P. G. deGennes at Orsa.y, France, there 
is a striking analogy between the nematic-smectic A transition and 
the normal superconduct:ing transition in a metal.78 Theoretical work 
by B. I. Halperin and T. Lubensky has shown that there is indeed a 
close analogy?9 P. E. Cladis has studied experimentally a number of 
effects for which there are superconductor analogs.80 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,81 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 Finall~, the solitary wave instabil
ity, observed in some flow experiments, 3 seems to be similar to the 
vortices created in superconducting tunnel junctions.84 

Other work on the structure and properties of the smectic phases 
include NMR studies by Z. Luz, Hewitt, and Meiboorn,85 and studies 
of the rotational viscosity nematics and smectics by Meiboom and 
Hewitt.86 These latter studies showed that the smecitic C exhibits a 
strong viscous damping associated with the onset of another internal 
degree oJf freedom in the smectic D phase. 

3.3 The Cholesteric Phase 

The cholesteric phase is known to be a twisted nematic, occurring 
wheneVE!r 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 phE!nomenon rigorously, and showed that the 
experiment indeed fits the theory in every detai1.87 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 lsields preferred align· 
ment parallel to grooves in a scribed surface. 8 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 comflicated problem of ~electro· 
hydrodynamic flow in a twist-cell LCD.8 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.90 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.91 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 su,ggested 
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.92 

The twisted nematic liquid crystal display lacks memor:v. 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.94 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.L 
early tunneling studies of Chynoweth,95 and J. R. Haynes' early work 
on exciton and impurity spectroscopy in semiconductors.96 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.97 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 Jostephson 
"steps" of gravitational potential during the flow of helium through 
an orifice by Richards and Anderson99 was criticized by D. L. Musin
ski and D. H. Douglass and others as involving acoustic resonance in 
the apparatus.100 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 me<:hanics, 
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.103 

4.2 Phonons in Helium 

R. E. Slusher and C. M. Surko studied the scattering of laser light 
from liquid and solid 3He and 4He and obtained p:recise measure
ments for the frequencies of the transverse optic phonons in the hex
agonal close-packed solid helium.104 In general, the Raman spectra of 
the solidf! 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 Ito perform a series of measurements on the 
propagation of microwave frequency phonons in liC[uid helium.105 

These studies clearly revealed the transition from ballistic (nonin
teracting) phonon propa~~ation to collective (second-sound) phonon 
propagation as the temperature was raised from below O.SK to above 
0.7K. They also observed for the first time that in superfluid helium 
under prE~ssure at t~mperatures 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 rotan 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 (frequen1cy 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 exc1ess 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.106 Their experimEmts 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 4He 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): 11291. 
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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 surfac:e density can be varied continuously from 
about 105 to 109 electrons per square centimeter. This feature, 
together with the simplidty 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. 108 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 consid,~rations indicate that the solid should have a 
triangular crystallattice.109 

C. C. Grimes and G. Adams studied the collective mode, or 
plasmons, in the two-dimensional electron liquid formed by electrons 
on liquid helium.ll0 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 scatterE~d by ripplons, 
which are microscopic rilpples on the surface of the liquid helium, 
and have~ an electron mobility as high as 107 cm2/(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.U1 

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 
1935.112 The basic idea iis 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.113 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 bemperature was 
lowered below 0.46K at an electron density of about 4 x 108 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.U4 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, 115 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 3He, coupled with L. D. Landau's successful Fermi liquid 
theory, increased theoretical interest in this system.U6 

Theoretical considerations indicated that if 3He 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, l > 0.117 This finite 

angular momentum greatly increased the complexity of the ordered 

state beyond that which is seen in superconductors, where l - 0. 
Anderson and Morel at Bell Labs were the first to seriously con

sider this complexity. In 1961, they showed that for each l there 
existed many nonequivalent solutions to the BCS equations.U8 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 
3He at about 0.00265K.119 In 1972, the Cornell group showed the 
existence of two separate ordered phases of liquid 3He.120 They 

labeled the higher temperature phase 3He A, and the lower tempera
ture phase 3He 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-1 BCS-like states as the possible superfluid 
states of liquid 3He.121 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 3He atoms called spin fluctuations would affect the free ener
gies of various l = 1 states.122 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 1-value could be stable over 
different temperature intervals. From a variety of considerations, 
Anderson and Brinkman tentatively identified 3He A as a particular 
instance of the state originally studied by Anderson and Morel, 
which then became known as the ABM state. They identified 3He B 
with another l = 1 state first considered by R. Balian and N . R. Wer
thamer in 1963, just prior to Werthamer's joining Bell LaboratoriesJ23 

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 superftuid 3He. Data on 
the table and the equations on the blackboard were used to establish the microscopic 
identities of the A and B superftuid 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 3He 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 3He B and 
aHe A.l25 

Bell Labs physicists also developed a theory of textures for 3He B, 

which has been of key importance in interpreting NMR spectra in 
3He B, 126 and which has been used to predict and interpret the 
existence of spin wave modes in superfluid 3He.127 

It was known even before the original Cornell University NMR 
studies that if 3He was cooled in the presence of a strong magnetic 
field, the superfluid transition temperature (then referred to as TA) 

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 1 phase, was 
thought to contain ordering in only one of the two spin populations. 

In 197 4, Osheroff and Anderson made an NMR study of the A 1 

region that is obtained by cooling 3He in a strong magnetic :field.128 

They measured very small NMR frequency shifts in the A 1 phase, 
which they showed to be in excellent agreement with predictions by 
the spin fluctuation theory of Anderson and Brinkman,129 and estab
lished that no longitudinal resonance mode existed in the A 1 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 b~ Osheroff and coworkers confirmed the theory of textures in 
3He B, 1 3 and paved the way for the first observations of sEin wave 
modes in superfluid 3He, accomplished at Bell Labs in 1976.1 4 

Additional contributions to understanding the superfluid phases of 
3He came from the realization by Anderson and Brinkman that cer
tain textures in 3He A have associated spontaneously orbital angular 
momentum.135 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.136 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 understandin~ of the first-order 
phase transition between 3He A and 3He B .137,13 In addition, mea
surements by L. R. Corruccini and Osheroff provided the first insights 
into spin recovery processes in both superfluid phases of 3He.139 
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Although the superfl.uid 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 4He 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 atnd simple com
pounds were determined.140 Trends in the sequence of crystal struc
tures or in the occurrenc'e of superconductivity as a function of pres
sure and atomic number were delineated.141 During this period Bell 
Labs scientists pioneered in the development of techniques for 
measuring transport properties,142 nuclear magnetic re·sonance,143 and 
inelastic neutron scattering down to liquid helium temperatures using 
pressures up to 50 to llOO kbar.144 Of equal importance was the 
development of a simplified technique to obtain truly htdrostatic 
pressures of 50 kbar in volumes of several cubic centimeters. 45 

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 tUJm, 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.147 

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.148 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 sesquioxildes in 
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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.149•150 The addition of the pres
sure variable elucidated the relation between a numb4~r 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 ithe 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 expe·riments 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 trivallent states in a number of normally divalent 
rare earth monochalconge~nides, such as SmS.151 

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 4/ 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 1~ffects between 
atoms and molecules is the diversity of phases of matter that can occur 
in a single system. For example, the substance 3He, 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 andl pressure is one of the greatt 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 susc:eptibil

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 4He, 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 Cp, and in col

laboration with D. S. Greywall, he measured the precise variation of 

the superfluid density, Ps with temperatures at various pressures.154 

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 serie5~ of experiments 
carried out at Brookhav•m National Laboratory, R. J. Birgeneau (of 
Bell Labs) and coworkers studied many of these one-and-two
dimensional crystals.155 Two examples of the crystals studied by Bir
geneau are K2MnF4, a two-dimensional antiferromagnet, and 
(CD3)cNMnC13, 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 Critkal Dynamics 

An important area of critical phenomena concerns dynamic 
behavior.. that is, transport properties, or more g;enerally, 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 1967.156 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, 157 and in the measurements by Ahlers of the diver§ence of 
the thermal conductivity of 4He at the superfl.uid transition.1 8 Many 
other experiments, carrie·d out at Bell Labs and elsewhere, showed 
that the dynamic scaling concepts gave a unified and accurate descrip
tion of transport phenom1ma 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.159 

6.4 Struct:ural Transitions 

An area of critical phenomena where dynamics plays a crucial role 
is in structural phase transitions, where a soft vibrational 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 4He as a function of 
temperature above the phase transition temperature, T A' 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 Ll.T=I0-1 K from the 
transition, which is still sharply defined on this scale. [Hohenberg and 
Halperin, Rev. Mod. Phys. 49 (1977): 463). 
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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 SrTi03 and KTa03 by P. A. Fleury and J. M. 
Worlock.160 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 Tc 
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 phenomena.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, re!sulting 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 tabs.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 ord,er 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 dkhalcogenides, a 
number of other incommensurate phase transitions in materials such 
as barium manganese flluoride, potassium selenate, and so on were 
discovered and explored. Whereas for the conduciting 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 Field.s 

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 
instabililties. This last field especially experienced renewed activity in 
the late ll970s, as physidsts 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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