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Structural instabilities are now being found in many high-temperature
superconductors. Compounds with the A-15 (P-W) structure comprise the most
important group of these materials, and their properties have been extensively
studied for over 15 years. A review is given of some of these results, particularly
those relating to the elastic behavior. The empirical relation of the structural
instability and the anharmonicity to the high superconducting transition
temperature is discussed.
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I. INTRODUCTION

In the ten years or so since its discovery, the structUral
instability of high-temperature A-15 superconductors has
progressed from an unexpected ba6iement to an almost
inevitable expectation. The "anomalies" we now associate
with these materials have become so common that it is 8,
rare and interesting finding when they are absent. These
materials have now been studied by a comparatively wide
variety of experiments since the late 1950's, and a reasonable
picture of their physical behavior is available. Theoretical
models have been proposed and have provided good a,nd
sometimes exceptional descriptions of these materials. The
problems have been su%ciently complex, however, that
prior work has at times justifiably restricted itself to dealing
with the structural instability or the superconductivity
a,lone. Indeed, the relationship between structural instability
and superconductivity is still uncertain. It is true, however,
that most high T, superconductors do exhibit some signs
of instability. Whatever that relationship, this fact will con-
tinue to confront the researcher who seeks higher T, super-
conductors. Ultimately, it may provide betters understanding
of the broader problem —i.e., wha, t makes solids unstable.

We will present below a summary of some of the experi-
mental findings for A-15 structure superconductors, and a
brief mention of the theories relevant to them. A more de-
tailed discussion and references can be found in the two
recent review articles on these materials by Weger and Gold-
berg (1973) and by Testardi (1973a).

Although this paper will be restricted to a discussion of
A-45 structure materials, there is evidence for instabilities
in other superconducting materials. Experimental results
relating structural instability and superconductivity have
been given by Luo el al. (1965) for In—Te, Hartsough and

Hammond (1971) for V3Al, Ho and Collins (1971) for
Ti—Mo, Chu el al. (1971) for V—Ru, and Lawson (1972a)
for ternary molybdenum sulfides (1972). For HfV2, ZrV2,
and their alloys considerable work has been reported, includ-
ing Lawson. (1971), Doherty and Gibbons (1971), Lawson
and Zachariasen (1972), Smith et al. (1973),Takashima and
Hayashi (1973, 1974), Inoue and Takashima (1973), and
Moncton (1973).Phillips (1971) has given arguments relat-
ing structural instability and superconductivity in some
rocksalt materials, and some interesting neutron work on
several of these has been reported by Smith and Glaser
(1970). Matthias et al. (1971) and Matthias (1972) have
discussed structural instability and, superconductivity in-
ferred from the reduction of T, on grinding several high T,
superconductors. Fisk and Lawson (1973) have observed an
interesting characteristic behavior in the temperature de-
pendence of the electrical resistance of some supercon-
ductors, which appears related to an instability. This
anomalous temperature behavior had been previously
observed in Nb3Sn by Woodard and Cody (1964), and in
V3Si by Kunzier (unpublished).

Finally, Frohlich (1971) has shown that the interaction
that leads to superconductivity may cause anomalies in the
phonon spectrum, and Rothwarf (1970) has suggested that
the anomalous behavior of many high T, materials might
be due to acoustic plasmons first introduced. by Frohlich
(1968).

II. THE A-15 STRUCTURE

The A-15 (or P-W) structure (cubic space group Pm3n)
is shown in Fig. I for the compound formula ASS. For the
high T. superconductors the A atom is a transition-metal
atom, usually V or Nb. The B atom is often (but not always)
a nontransition-metal atom, e.g., Si, Ge, Sn, Al, or Ga. The
8 atoms occur at the bcc sites, while the A atoms occur on
the cube faces, forming three orthogonal linear chains in the
extended structure.

I attice parameters for the high T, materials range from
4.72 A for V3Si to 5.29 A for Nb3Sn. Geller (1956) has cal-
culated the lattice parameters of a large number of A-15
compounds from a structural model. An enlarged listing of
A-15 materials and their lattice parameters has recently
been published by Johnson and Douglas (1974).

It is generally conceded that the unique properties of
these materials stem largely from the linear chains of the

Reviews of Modern Physics, Vol. 47, No. 3, July 1975 Copyright 1975 American Physical Society 637



L. R. Testardi: Structural instability in A-15 compounds

FIG. 1. The A-15 (or
P-W) crystal structure for
the compound formula A38.
For the high T, supercon-
ductors, A is a transition
metal (usually V or Nb)
and 8 is usually (but not ai-
ways} a nontransition metal
(e.g. , Si, Ge, Sn, Al, Ga).

degree of order (see, for example, Blaugher et a/. , 1969, and
Labbe and Van Reuth, 1970). The microscopic defect state
of the samples is also generally unknown.

It is unfortunate that materials problems have not re-
ceived the wide interest their importance warrants. Never-
theless, the unique characteristics of the A-15 supercon-
ductors —anomalous temperature dependences, soft modes,
possible structural transformations, and high T,'s—are at
least qualitatively alike in all samples. It is these similarities,
rather than the detailed differences, which much of the
theory and experiment have sought to understand.

transition metal A atoms (Weger, 1965). Wang (1974) has
recently reviewed the phase diagrams and superconducting
transition temperatures for about 23 A-15 compounds. He
finds a correlation between T, and the compositional width
of the A-15 phase region from which is cited additional
evidence of the importance of the A chains in this structure.

One of the major problems imposed on all workers in this
field is the preparation and characterization of samples.
Only V3Si and Nb3Sn have been obtained as single crystals
of a size suitable for most experiments. In both cases,
fortunately, good crystalline quality has been reported (see,
for example, Shirane et a/. , 1971,and Shirane and Axe, 1971).
U3Si crystals, which can be grown from the melt, were first
obtained by Greiner and Mason (1964) and have now been
prepared in at least three or four other laboratories. In
most respects the physical properties measured on crystals
from different sources show reasonable consistency. For
Nb3Sn the preparation of single crystals is more dif&cult,
and Hanak and coworkers at RCA merit credit as the only
source of excellent quahty (vapor growth) samples today.

III. ANOMALOUS BEHAVIOR AND THE
BATTERMAN-BARRETT TRANSFORMATION

Just a few years after their discovery (Hardy and Hulm,
1954) the high T, superconductors were to start providing a
seemingly constant source of unusual physical behavior.
Most often, this occurred in the form of "anomalous" tem-
perature dependences of the magnetic susceptibility, Knight
shift, and electrical resistivity. (For references to some of
this work see the review artie&es by %leger and Goldberg,
1973, and Testardi, 1973a).

The first evidence of a structural transformation was
obtained by Shull (1963—1964) in neutron diffraction
studies of VsSi. Batterman and Barrett (1964, 1966) sub-
sequently carried out detailed x-ray studies and found that
this compound undergoes a cubic-to-tetragonal transforma-
tion starting at T 21 K, with distortion progressively
increasing (thermodynamic second order) from c/a = 1 to

1.0024 at the lowest temperatures. This is accompanied
by the formation of structural domains such that the mono-

Although different crystals of Nb3Sn and V3Si show con-
siderable similarities in their anomalous behaviors, exact
reproducibility has not been achieved. %orkers in this field
are, therefore, constantly faced with assessing to what
extent the data are sample dependent. Probably the most
important nonreproducible behavior is the occurrence of a
low-temperature structural transformation in both com-
pounds. Some discussion of this appears in the literature
(Mailfert et al. , 1967, Testardi et al. , 1971a, and King et al. ,
1967); but the exact metallurgical factors controlling the
transformation have not been fully clarified.
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The most common criteria for characterizing the samples
are chemical composition, crystallographic structure, and
lattice parameter (from x rays), and long-range order. The
average chemical composition (or average stoichiornetry) is
seldom known to better than a few percent, and, at least
for V3Si, is complicated by the occasional occurrence of
several percent of a second phase. The microscopic uni-
formity of the composition (over 100 A, which is roughly
the superconducting coherence length) has never been
determined. X-ray measurements generally show well-
defined diffraction peaks consistent with the A-15 structure
(except at low temperatures where a transformation may
occur), but the lattice parameter and degree of long-range
order (in particular, the amount of antisite defects which
put A atoms in B sites and vice versa in the AsB structure)
may depend upon the method of sample preparation. Both
the superconducting and some normal-state properties of
these materials can depend upon the stoichiometry and the
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FIG. 2. Upper: The c and a lattice parameters of V3Si vs. T, showing
the cubic-to-tetragonal structural transformation at T 20.5K.
(After Batterman and Barrett, 1966.) Lower: Same data for Nb3Sn
showing the structural transformation at 43K. (After Mailfert et ul. ,
1969.)
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crystallinity of the sample is, in general (nondestructively),
lost. A similar structural transformation (but with c/a ( 1)
was later observed in NbsSn by Mailfert et al. (1971),which
Vieland et al. (1971) subsequently showed to have a first-
order transition. These important x-ray results are sum-
marized in Fig. 2.

The structural transformation in V3Si has been generally
found to be second order on the basis of: (i) no discon-
tinuities in the unit cell parameters at T; (ii) no latent
heat; (iii) no hysteresis; and (iv) no coexistence of trans-
formed and untransformed phases below T . Although they
were performed by different experimenters on different
samples, these findings may be questioned on the basis of
insufficient experimental precision. Dilatometry experi-
ments by Fawcett (1971), however, do provide some test of
this criticism for V3Si. No discontinuity in length greater
that 5% of the final transformation strain was found at
or near T for a sample which showed strong preferred
orientation of the structural domains (so that unit-cell
changes will lead to sample-length changes). From this it
is seen that any discontinutiy in (c/a —1) in V&Si is con-
siderably less than the values of 50% (of the zero K strain)
found in Nb3Sn. It should also be noted that for Nb3Sn,
which does not show a latent heat at T (Vieland and
Wicklund, 1968), the x-ray studies have concluded that
while the distortion (c/a —1) undergoes a discontinuity at
T the volume fraction of tetragonal domains goes con-
tinuously to zero as T is approached from below.

The importance of the thermodynamic order of the tra, nsi-
tion stems from the work of Anderson and Blount (1965),
who showed that a cubic-to-tetragonal transformation
should be first order in the absence of a,ny change in internal
symmetry other than mere strain. For V3Si, the first-order
character of the transition, if such character exists, has so
far escaped detection. Other order parameters may be in-
volved, but none, as yet, has been observed. For both V3Si
and Nb3Sn it is not known to what extent the results may
be dependent upon the sample and its state of strain.

Detailed and informative neutron studies of Nb3Sn by
Shirane and Axe (1971a) have found the sublattice distor-
tion accompanying the Batterman —Barrett transformation.
The tetragonal structure was determined to be D4i, '—P42/
mmc (the cubic structure is Oi, s—Pm3n). The sublattice
motion in this transformation, shown in Fig. 3, involves a
pairing of the Nb atoms (1'»(+) symmetry) along a chain
similar to what is expected for a Peierls distortion in a
one-dimensiona. l system.

It is useful to summarize here some of the similarities and
differences between Nb3Sn and V3Si, the most thoroughly
studied A-15 compounds. Both materials have high T,'s
(17—18'K); similar anomalous temperature dependences of
many properties (see above); very soft acoustic modes (see
Sec. IV); can exhibit cubic-to-tetragonal structural trans-
formations; and have large stress dependences for some of
their physical properties. The differences are that the struc-
tural transformations are reported to be first-order for
Nb3Sn and second-order for U~Si; the low-temperature
tetragonal distortions (c/a —1) are —6 X 10 ' for
NbsSn and + 2.5 &( 10 ' for VsSi; and a considerably
larger softening of the acoustic mode c44 occurs in Nb3Sn as
compared with V3Si. Other differences are discussed below.
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FIG. 3. Model showing the Nb atom sublattice distortion due to the
structural transformation in Nb8Sn ( ~ Nb; O Sn). a) OA,

' —Pm3n,
&&.(+); b) D4a~ —P4./mme, origin shifted by (-,',0,0). (After Shirane
and Axe, 1971a).

Much of the interest in the general problem of structural
instability and high-temperature superconductivity is
derived from the unique physical behavior common to both
compounds, particularly the high T,'s, mode softening, and
structural transformations. Indeed, other work has now
shown that these three characteristics occur in all high T,
A-15 superconductors (see review articles by Weger and
Goldberg, 1973, and Testardi, 1973a, and the recent report
by Viswanathan, 1974). The differences between NbsSn
and V3Si, however, may provide a stringent test for any
theory or physical understanding of these important
materials.

The primary finding of the ultrasonic experiments was
the existence of large elastic softening which provides a
natural precursor to the structural transformation (and
which also suggests how the anomalous behavior may be
related to the high-temperature superconductivity). Al-

though a softening with decreasing temperature was found
for all of the high-symmetry modes, the largest decrease by
far was observed for shear waves propagating in a $110j
direction with L110) polarization. The elastic modulus asso-
ciated with this type of deformation is (c» —c»)/2. The
temperature dependence of this modulus, found in both a
transforming and nontransforming sample of VSSi, is shown

IY. ULTRASONIC BEHAYIOR AND SOFT
PHONONS IN THE HIGH T, SUPERCONDUCTORS

Following the discovery of Batterman and Barrett, a
study of the sound velocity and attenuation in V3Si was
reported by Testardi et al. (1965). Generally similar be-
havior was later found in NbsSn by Keller and Hanak (1966,
1967), although a few important differences were to be un-
covered in subsequent work (Rehwald, 1968 and Rehwald
et a/. , 1972). (The growth of the largest crystals of NbsSn
as well as much of the significant experimental and the-
oretical work for this compound have been carried out at
RCA. )
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in Fig. 4. Instead of the usual stiffening on cooling
( 5—

10%%u~) expected for most stable solids, this compound
shows elastic softening, even at room temperature, and
which, for the transforming crystal, increases on cooling at
a rate that would lead to a total instability (vanishing
modulus) near 17'K, the superconducting T,. The partial
stabilization which occurs near 2j. K marks the onset of the
Batterman —Barrett transformation. Indeed, the soft shear
mode represents a form of deformation consistent with
what is needed to drive the cubic-to-tetragonal structural
change as well as to establish the domain structure, which is
found to accompany the transformed state (Batterman and
Barrett, 1966).

constant but low value at the lower temperatures. This
stabilizing effect of superconductivity has probably pre-
vented the need for a transformation and may explain why
structural transformations, which occur from 17 to 25 K,
are generally not observed below 1',.

A second effect of superconductivity upon the structural
behavior came from the sound-attenuation studies (Testardi
et a/. , 1965).The occurrence of the structural transformation
leads to an increased attenuation which is shown in Fig. 5
for a longitudinal wave in VSSi. Since one would correlate
the continuous increase in attenuation below 21'K with the
continuous structural transformation, the arrest of the
attenuation at T, led to the suggestion that the onset of

For the transforming sample, data below T (21'K) can-
not be reliably interpreted because of the complicating
e8ects of the domains.

For the nontransforming crystal a similar elastic in-
stability is found (see Fig. 4) but of somewhat reduced mag-
nitude on cooling, -so that a vanishing modulus is due to
occur at 12'K. Here, however, we see the surprising result
that the onset of superconductivity at 17 K abruptly arrests
the growing instability and maintains the modulus at a
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FIG 5. Temperature dependence of the attenuation of 310 MHz longi-
tudinal waves propagating along L110j in V~Si. The structural trans-
formation begins at 21K. (After Testardi et al. , 1965.)
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FIG. 6. Elastic moduli of Nb3Sn vs temperature. The dashed curves
have been obtained from theory (Vieland et a/. , 1971). (After Rehwald
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superconductivity arrests the structural transformation.
Direct x-ray evidence con6rming this was later obtained by
Batterman and Barrett (1966).

The elastic behavior of transforming Nb3Sn obtained by
Rehwald et al. , (1972) is shown in Fig. 6. One. sees the same
near vanishing of c~~ —c~2 as the structural transition is
approached from high temperatures. In contrast to V3Si,
however, (cii —cis)/2 recovers to a high (stable) value
below T . Other mark. ed differences are that the magnitude
of c44 in Nb3Sn is half or less than that in VISi, and its
decrease on cooling is far greater in Nb3Sn than in V3Si.
These results are puzzling and no explanation has been
oft'ered.

The elastic instability, found in both transforming and
nontransforming VBSi and Nb3Sn, was later found by
Testardi ef al , (196.7) to occur in polycrystalline samples of
all of the high T, A-15 superconductors while not occurring
in the isostructural compounds with low T,. 15;

V. BEHAVIOR OF THE SOUND VELOCITY AT 7,:
RELATING SUPERCONDUCTIVITY AND THE

, STRUCTURAL INSTABILITY

The two Gndings in the acoustic studies relating super-
conductivity and the structural instability were (i) the arrest
of the growing elastic instability with the onset of super-
conductivity in nontransforming VsSi, and (ii) the arrest
of the growing structural distortions at T, for a transforming
crystal. Testardi (1971) later developed a simple thermo-
dynamic formalism to relate the sound velocity behavior
at T, to the general strain dependence of T.. When the elas-
tic behavior of VsSi (and also VsGe—an A-15 superconduc-
tor with T, 6'K) was analyzed some further understand-
ing of the first of these findings emerged. The consequences
of the strain dependence of T, are broader, however, and
relate to the strain dependence of the structural instability,
a behavior reflected in the unusually large anharmonicity
of these materials.

The analysis of the general strain dependence of T. for
cubic U3Si from the sound velocity data yield. ed the separate
behavior for tetragonal as well as volume (hydrostatic)
strains. (Similar results have been reported by Fawcett,
1971.) The largest and, for the instability, most significant
e6'ects occur for tetragonal strains. Figure 7 shows the pre-
dicted dependence of T, on tetragonal strain (at constant
volume) for VsSi and VsGe. The quadratic dependence of
T. on strain in this case is a result of symmetry —no linear
term (at constant volume) can occur for high-symmetry
shear type deformation leading to such tetragonal distor-
tions. The negative strain dependence for U3Si shows that,
for a given volume, the cubic state will always have the
highest T,. Four predictions or confirmations can be made
on the basis of this calcualted. strain dependence.

(1) Arrest of the structural transformation at T, : The
results of a free energy calculation using the predicted strain
dependence show that tetragonal VSSi will undergo a dis-
continuity at T, in the tetragonal distortion d(c/a)/dT

2.6 && 10~'K—'. Since at temperatures just above T.,
Batterman and Barrett (1966) find d(c/a)/d T —3
X 10 4'K ', the temperature dependence of c/a is largely

t I I I I I l l 1

-'10-8 -6-4 -2 0 2 4 6 8
TETRAGONAL STRAlN ( a

—1 }

1

10 x10

FIG. 7. Predicted dependence of T, on tetragonal strain (at constant
volume) for VqSi and V&Ge. (After Testardi, 1972.)

reduced below T.. Thus the arrest of the structural trans-
formation at T, is explained, in this thermodynamic sense,
by the large quadratic dependence of T.on tetragonal strain.

(3) Uniaxial stress dependence of T, : Weger ef al. (1964)
have found that the stress dependence of T, for V3Si failed.
to exhibit the isotropy (i.e., proportional to volume change
only) expected for a cubic crystal. By taking into account
the large quadratic strain effects as well as the nonlinear

(2) Change in T, due to the structural transformation:
Based on macroscopic strains only, the structural trans-
formation will lead. to a reduction in T, by an amount pro-
portional to (c/a —1)'. For VsSi, T, in the tetragonal state
is found to be less than that in the cubic state by 0.4 K,
with some spread expected in view of the variation found
in c/a. This calculation does not account for any contribu-
tion from the sublattice motion. The measured T,'s of a
number of transforming and nontransforming VSSi samples
obtained by J. Kunzler (given in Testardi et a/. , 1971a)
confirm these results. Matthias ef al. , (1971)have concluded
from measurements on ground V3Si powder that the tetrag-
onal phase has T, 10 K. However, measurements on the
best existing single crystal samples have always shown the
tetragonal phase to have a T, of 1 K or less below that of
the cubic phase. LSee also McCarthy and Viswanathan
(1971) and Viswanathan and Luo (1971) for another inter-
pretation of the T. measurements on the V3Si ground
powders. jMeasurements by Mailfert ef al. , (1967) on NbsSn
and Vieland and Wicklund (1971) on NbsSni, A1 show
that the difference in T, between the cubic and tetragonal
states is also &1'K.
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references) recent measurements of Neubauer (1969) and
Smith (1970, 1972) indicate that the nonlinearity is much
less than predicted. Some of Smith's results are shown in
Fig. 8.

The discrepancy between the predicted and observed
volume dependence of T.probably results from experimental
error rather than from incorrect assumptions on which the
thermodynamic treatment is based. A likely source of this
error in the ultrasonic measurements is that the sample may
not have had the cubic symmetry assumed in the analysis.
This could result from small (undetected) amounts of
transformed material in the crystal. Furthermore, recent
studies (Testardi, 1973b) have shown that even at rela-
tively high temperatures ( 70'K) the crystals may not
exhibit, for acoustics, the cubic symmetry inferred from
x-ray data. Finally, the extrapolation of the acoustic mea-
surement predictions (for small strains) to the strains indi-
cated in Fig. 8 must be questioned. Although some attempt
to justify this has been made (Testardi et a/. , 1971a) it
remains an unproved and possibly erroneous assertion.

6 ———PREDICTED STRAlN
DEPENDENCE OF TC

PRESSURE DEPENDENCE OF TC— MEASURED ( T. F. SMITH )

I I I I I I
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RooM TEMPERATURE LATTlcE PARAMETER lr(j

FIG. 8. The predicted dependence (dashed lines} of T, on lattice
parameter for V3Si, V3Ge, and V3Ga (estimated). . The solid lines are
the experimental pressure results of Smith {1.971). Also given are T,'s
for nine alloys of the form V3A1 8 . (After Testardi et al. , 1971.)

&Ge

stress —strain relation (found by Patel and Batterman,
1966), a calculated behavior in reasonable agreement with
the observed magnitudes and anisotropies was obtained
(Testardi, 1971). For uniaxial stresses the largest effects
are obtained along (001.). The uniaxial stress dependence
of T. for tetragonal Nb3Sn was measured by McEvoy and
found to have a large value similar to that in V3Si. Other
effects possibly related to the damain structure were
observed.

(4) Strain dependence of specific heat discontinuity at
T, :This behavior can be readily related to the strain depen-
dence of T, and the calculated results are only in rough
agreement with experiment. Details are given in Testardi
(1971) and Testardi et al. (1971a).

The predicted effects for the volume (hydrostatic) defor-
mations were also found to be large, but here the agreement
with experiment is not satisfactory. Figure 8 summarizes
these results by showing as dashed lines the (extrapolated)
predicted dependence of T, on lattice parameter for cubic
VBSi, VSGe, and VBGa (estimated). A large quadratic strain
dependence is again expected with the as-grown lattice
parameters close to where the T, extrema of these curves
occur. The observed data for nine alloys of the form V3A& 8
are also shown, and indicate that an approximate single-
valued relationship exists between T, and lattice parameter,
and that this roughly resembles the extrapolated behavior
predicted from the pure compounds. Although some direct
measurements of the pressure dependence of T, in A-15
materials have shown nonlinearity (see Testardi, 1973a for

For the hydrostatic pressure dependence of T, in V3Si
good measurements have been made. However, Blaugher
et al. (1974) have recently reported that the application of

15 kbar pressure to V~Si at room temperature (similar
to that in the T, measurement) may lead to a structural
transformation. Varma et al. (1974) subsequently interpreted
this by suggesting that hydrostatic pressure (at 300'K) alters
the defect state of the crystal as well as the lattice param-
eter. The former is expected to increase the structural
instability (and possible alter T,) in addition to the volume
effects. It is not yet known whether this observation or the
proposed behavior could complicate measurements where
pressure is applied at room temperature (Neubauer, 1969;
Smith, 1970, 1972; and Chu and Testardi, 1974). The ex-
periments of Blaugher et al. are even more important in
showing an unexpected behavior of this material at room
temperature. This; if Varma et al. are correct, may indicate
the great importance of an aspect not considered by many
workers —the defect state of the crystal.

The results of Fig. 8 give the behavior expected for cubic
samples. For transformed samples the application of hydro-
static pressure can cause a change in c/a as well as volume.
The pressure dependences of T, and T have recently been
measured (Chu and Testardi, 1974) and will be discussed in
Sec. VII.

One of the results of the volume strain work which de-
serves note is that the difference in T, between V3Si »d
V3Ge (as grown) arises in significant part from the differ-
ence in lattice parameters (see Fig. 8). We shall show
shortly that a similar argument can be made for the struc-
tural instability.

YI. STRAIN DEPENDENCE OF THE ELASTIC
BEHAVIOR' ANHARMONICITY

One of the strongest correlations between high T,'s and
structural instability is that both exhibit large strain effects
so coupled that an increase or decrease in the latter is
accompanied by a similar change in the former. Again we
discuss separately the results for tetragonal and volume

type strains.
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(A) Tetragonal strain effects: The first measurements of
anharmonicity came in the work of Patel and Batterman
(1966) on VsSi. They reported that static strains which pro-
duced a tetragonal structure with 1 —c/a 10 ' at 25'K
caused a change in the modulus (c» —c»)/2 by roughly a
factor of two. This is perhaps two orders of magnitude
larger than one expects for a normal solid. The strains of
this experiment are comparable to those which occur in the
structural transformation, and to the amplitude of the
thermal phonons at that temperature.

STRAIN DEPENDENCE OF Tc
AND ACOUSTIC MODE VF LOG ITIE S

FIG. 9. Dependence of observed elastic softening 1/V' lwhere Vz
and Vz, are longitudinal and transverse sound velocities: Vr for q L110$
and p L110$ (c&& —c&.); Vz, for q l 001) and p i 001$, (c&q) l and calcu-
lated T, as a function of tetragonal strain c/a (with no volume change).
The behavior shows the correlation between the strain dependence of
T, and the strain dependence of the structural. instability. (After
Testardi, 1972.)

which lowers the symmetry of this crystal even at tempera-
tures well above that of the structural transformation.
Noolandi (1974) has proposed an effect based on the an-
harmonic coupling of the shear wave to a dynamic strain
induced by the low-temperature structural transition, and
obtains reasonable agreeement with experiment. Chui
(1974) has recently calculated some possible effects of
defects in a soft lattice, and finds these may include the
harmonic sound generation observed in V3Si.

Mossbauer studies of NbsSn by Shier and Taylor (1967,
1968) were among the first experiments to indicate the
large anharmonicity in these high T, superconductors.
These authors found evidence of a highly anharmonic poten-
tial well (for the Sn atoms), and a temperature dependent
s electron density at the tin nucleus. These interesting ex-

20

YSi 295 K
80 K

ELASTIC
CONST.

NEUTRON
MEAS.

(B) Volume strain effects: The volume dependence of the
VsSi elastic moduli has been studied by Carcia et ul. (1971),
Larsen and Ruoff (1973), and Carcia and Barsch (1973).
The results show that at room temperature the bulk. modu-
lus and the shear moduli c44 and (cii —ci,)/2 all increase
with hydrostatic pressure. However, below 80 K the
modulus cs (crt c$&)/2, which drives the instability,
decreases under pressure. For a nontransforming sample,
the negative pressure dependence continually increases on
cooling until reaching the value dc, /dp = —5 at 15—20'K
( T,), below which it appears to remain roughly constant.
A transforming sample, however, shows dc, /dp becoming
positive again below 50'K, with no measurements reported
below 37 K. Microscopic and macroscopic Gruneisen param-
eters have been calculated by Carcia et al. , (1971).The corre-
lation of the pressure dependence of c, and T, will be dis-
cussed in Sec. VI.

Other experiments using ultrasonics have been discussed
by Testardi (1973a).These results are summarized in Fig. 9,
which shows how the elastic softness (proportional to the
reciprocal sound velocity squared) and the T. (from Fig.
7) depend on tetragonal distortion. Note that for tetragonal
distortions of either sign the elastic softness and the l. are
reduced.

Barsch (1974) has recently calculated some third. — and
fourth-order elastic moduli using data from pressure mea-
surements of the sound velocity. He 6nds the third- and
fourth-order moduli to be one and five orders of magnitude
larger, respectively, than those for typical solids. Semi-
quantitative agreement with the uniaxial stress —strain rela-
tion is obtained. 00.5 0.4 0.2 O.l 0.2 0.5

Testardi (1973b) has observed efficient harmonic shear
wave generation in V3Si. This result again indicates the
strong anharmonicity in the high T, superconductors, par-
ticularly for shear (tetragonal) type deformations. However,
the observation of a strong even ordered shear wave har-
monic, which is contrary to symmetry predictions for this
cubic material, indicates the existence of some mechanism

[g oo] [g r. o]

FIG. 10. Acoustic phonon dispersion curve for several acoustic modes
in V3Si. I, and T denote longitudinal and transverse modes propagating
along L0017. The remaining mode is L1101 transverse with L1i0$ polar-
ization. Elastic moduli data (extrapolated) are shown as solid and dashed
lines. Solid (0) 295'K; dashed ( ~ ) 80'K. The wave vector q is given
in units of g; g = (g,f,0) X 27'/a. g = 0.5 corresponds to the zone
boundary. (After Shirane et al. , 1971.)

Rev. Mod. Phys. , Vol. 47, No. 3, July 1975



L. R. Testardi: Structural instability in A-15 compounds

5
E

C9

W

0.05 O. IO O. I 5 0, 20

0.5

O. 25

where 3f is an ion mass, c is a number which is expected to
be roughly constant for similar transition metals (see also
Hopfield, 1969) and

(oP) = fern'FCko/ fee 'n—'Fd(u. (2)

Here u is an electron phonon parameter and Ii is the phonon
density of states. Since mode softening precedes (and pre-
sumably drives) the structural transformation, an enchance-
ment of )t (from the increase in phonons of low a) can ac-
company the conditions which lead to structural trans-
formations. The importance of this, however, can only be
estimated when the high-frequency phonon behavior
(where F is large) is known. Shirane et al,. (1971) and
Shirane and Axe (1971) have, in fact, shown from neutron
experiments that a considerable softening of the high-fre-
quency phonons occurs in both V3Si and Xb3Sn, although
this is still appreciably less than for the long-wavelength
sound waves discussed previously. These results are shown
in Figs. 10 and 11. Testardi and Ma, ttheiss (unpublished)
have shown from an approximate calculation of the acoustic
mode density of states that the phonon softening might be
responsible for an increase of 6—8'K in T, (see Testardi,
1973a for details). However, an accurate calculation cannot
be made because of insuS. cient data on the phonon behavior.
Furthermore, it is not known whether the soft modes in-
volved in the instability could, in addition, be particularly
effective in enhancing T,.

[t toj

FIG. 11. Acoustic phonon dispersion curves for I l 110$ waves with
t'110$ polarization in NbaSn. q = Q g,0) X 2~/u = 1.19'.. ~ 295'K;
Q 120'K; ~ 80'K; Q 46'K. Elastic moduli (solid curve) from Reh-
wald (1968). (After Shirane and Axe, 1971b.)

ANHARMON C TY Tc CORRELATION

7c-

X10"dyne s/em~
— 10

periments probably provide the only direct indication at
present of the anharmonicity of the high-frequency phonons.
Such anharmonicity may contribute signi6caritly to the
specific heat but it is.diS.cult to calculate the effects of
anharmonicity —or the temperature-dependent moduli-
for this property. Kunzler et al. (1966) have observed a
large strain dependence to the specific heat for V3Si. An
x-ray study of Nb&Sn by Vieland (1971) did not reveal the
large Debye-Wailer factor found in the Mossbauer experi-
ments.

12— 6

C3
I

II
CO

4 o

Thermal expansion can provide some measure of high-
frequency anharmonicity, but the effects due to shear
(volume conserving) modes may be small. Measurements
on VsSi and VsGe (Testardi, 1972) show that the thermal
expansion approximately follows a lnT temperature de-
pendence. This is the same temperature dependence found
for c, and for dc, /dp in nontransforming crystals (Larsen
and Ruoff, 1973). A theoretical explanation of this tem-
perature dependence for c, has been offered by Weger
(private communication) and by Gorkov (1973a, b).

c~.W
/ UN S TA EI L E ~

4.72

LA T T I CE.

4 OE NOTES NQR I',)AL
LATT ICE PARAMETER

4.78

PARAMETER A

Vll. ANHARMONIClTY, STRUCTURAL
INSTABILITY, AND HIGH T,'s

The theoretical basis for relating structural instability
and superconductivity comes from the work of McMillan
(1968) who showed that T, increases with increasing elec-
tron —phonon interaction

)t = c/M(co'),
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FIG. 12. Dependence of T, and shear modulus (c~~ —c~.)/2 on lattice
parameter (volume) for VISi and V3Ge. Solid and dashed lines give ob-
served and extrapolated behaviors. T, data are from Smith (1970).
"Unstable" region for V3Si shear mode is bounded by critical shear
modulus (at normal volume) at which the structural transformation oc-
curs. (Elastic moduli data from Carcia et aI:, 1971.) Note that the
volume dependence of the shear mode softness correlates with that of
T, for both VSSi and V3Ge. A maximum in T, for V3Si is expected at the
critical lattice parameter where the stability of the cubic structure van-
ishes. ~ denotes normal lattice parameter. (After Testardi, 1972.)
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—Te

effect of superconductivity on the structural instability
suggested in Sec. IV may be further studied. It is possible
that the pressure dependence of T at pressure &25 kbar
may be altered to avoid T & T,. Data at higher pressures
would provide useful information. Finally, the expectation
of a maximum T, when T = T, assumes that supercon-
ductivity and structural transformations are driven to a
nearly exact degree by the same soft modes and that all
other pressure effects are negligible. This is, of course, a
simplification.

Chu (to be published) has now obtained similar data for
Nb3Sn. In this case T. decreases with pressure. Consistent
with the above correlation, however, T was found to in-

. crease with pressure. These results are shown in Fig. 14.

I

20
I

24

P(kbdr)

FIG. 13. Pressure dependence of the structural transformation tem-
perature T and the superconducting transition temperature T, of
Vesi (Chu and Testardi, 19'l4).

Shen (1972) and Vedeneev et al. (1972) have observed
some of the phonon peaks in NbaSn by tunnelling. Strong
low-frequency peaks in the range 6—9 meV have been found.

It has previously been suggested that much of the diQer-
ence between VOSi and V36e may be accounted for from the
atomic volume. Figure 12 indicates that if V36e were given
the lattice parameter of VISi it would probably have a high
T, and a soft c,. (For VsGe a negative d'c, /dp'has also been
observed at 300'K but is not included in Fig. 12.)

%e have previously discussed the evidence which shows
that both the T, and the structural instability are maximum
for the cubic state in VBSi and that these are reduced in the
tetragonal state. For volume-type deformations a correla-
tion between T, and the shear modulus c, can also be found.
This is shown in Fig. 12 for cubic V3Si and Vaoe. For V3Si
(lattice parameter 4.724) reducing the atomic volume
causes the unstable modulus c, to decrease further while
T. increases. Since c, must remain positive the extrapolated
behavior indicates some minimum lattice parameter for
w»ch the cubic phase is possible. At this point of maximum
instability one would expect the highest T..

In addition to the effect of phonon softening on the super-
conductivity, other problems still not quantitatively treated
include the contribution of high-frequency soft phonons and
the anharmonicity to the specific heat as well as some of the

$7,8-
b, S~ SINGLE CRYSTAL

—46.5

A model for lattice harmonicity suggested by the, anoma-
lous behavior of these materials is shown in Fig. 15 (Tes-
tardi, 19'72). The model assumes that the A-15 structure is
very weak or unstable for tetragonal strains &10~. The
stable cubic state properties occur at high temperatures
where the thermal motion is su@.ciently large that the sys-
tem spends most of its time on the normally steep walls of
the potential. For decreasing T and thermal motion, more
of the Bat portion of the mell is experienced leading to the
elastic softening. For T ~ 20 K where thermal strains are

1O ', and largely within the unstable region, a structural
transformation occurs. At low temperatures, in addition,
static tetragonal strains of 10 ' would also restore consider-
able stiffness to the lattice as has been experimentally ob-
served. One may assume from the behavior of V3Si and
V30e given above that the critical Rat portion of this curve
may also show a strong volume dependence for these com-
pounds. Although the source of the instability must ulti-
mately be predictable from the electronic energy levels of
the solid this model would place more emphasis on the
phonon behavior than is normally given.

For transforming VISi the problem is complicated by the
fact that hydrostatic pressure may cause a change in c/a
as weH. as volume. Since the maximum structura1 instability
occurs at the transformation temperature T, one wouM
expect T, to increase (or decrease) if T moves closer to
(or farther from) T, with pressure. The recent results of
Chu and Testardi (1974), shown in Fig. 13, support this
expectation. Hydrostatic pressure causes T to decrease
while T, increases. The data show that at about 25 kbar
T~ would be approximately equal to T,. If T continues to
decrease with increasing pressure, one would further expect
T, to pass through a maximum (as conjectured above from
Fig. 12). However, this behavior could put T below T„a
situation not observed in VISi samples where T, which
varies among di6'erent samples, has always been observed
above T,. This leads to an interesting situation where the

—45.0

—43.5

$7.5 "-
I

0
I

10
P(Ib)

20

FIG. 14. Pressure dependence of the structural transformation T
and the superconducting transition T, for Nbasn. (Chu, 19'l4.)
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curring near solid-state phase transformations which are
numerous at high temperatures. One attempt to detect this
has employed sputtered films deposited at high tempera-
tures where phase transformations are known to occur
(Testardi et a/. , 1971b). The reasoning is that sputtering
may freeze in the unstable atomic structure and this may
contribute to enhanced T.'s. The results of experiments on
Mo—Re alloys are shown in Fig. 16 along with a portion of
the phase diagram showing the section of interest. Films
sputtered in a narrow temperature interval at approxi-
mately the eutectoidal decomposition temperature of the 0.

phase do show a signi6cant increase in T,. A similar though
less dramatic effect has now been found in a large number of
sputtered alloy films (Testardi et a/. , 1974).

The history of high T, A-15 superconductors began in
1954 when Hardy and Hulm found V3Si to be supercon-
ducting at 17'K. Matthias e/ a/. (1954) subsequently
reported a 7.', 18'K in Nbssn. Alekseevskii et a/. (1966)
were first to show that the A-15 ternary Nb3A10. 8Geo. & had
a higher T. than the constituent compounds. Later, Matthias
et a/. (1967) obtained T, 21'K with this alloy. Webb e/ a/

(1971) have achieved T,'s above 20'K in NbsGa. Recently
Gavaler (1973) provided an important advance in obtaining
T, = 22.3 K in NbaGe sputtered onto hot substrates in
high argon pressures. This was later increased to T, onsets

23'K (Testardi et a/. , 1974; Gavaler e/ a/. , 1974).

FIG. 16. T, vs film deposition temperature for Moo. agRe0. 6 . Insert
shows part of the phase diagram after Knapton (1958). Note the large
enhancement of T, for films prepared at temperatures close to the struc-
tural transformation temperature. Later measurements showed the true
Glm-surface temperature to be 100—150'C below that given in the
figure. (After Testardi et a/. , 1971b.)

Whether structural instability is the promise or the pitfall
of superconductivity is yet to be decided. In the pursuit of
higher T,'s, however, an important question for research—
what makes structures unstable —will hopefully receive some
answers.

IX. HIGHER 7,'s

The experimental results discussed above can suggest
that the phonon softening which accompanies structural
instabilities may lead to enhanced T, s, but if the sof tening
is suAiciently large to trigger a structural transformation a
reduction in T, will occur (Testardi, 1972). The unique fea-
ture of the A-15 superconductors may lie in that their
phonon softening could make an appreciable contribution
to T, while the structural transformation, if it occurs,
lowers T, by amounts only 1 K.

One task for the experimentalist in this Geld is to deter-
mine what types of structural instabilities (leading to
transformations) can be good for superconductivity. Based
on the A-15 behavior, three conditions which may possibly
give enhanced T,'s are: (i) the parent and transformed
phases should be chemically similar so that gross diffusion
is not required; (ii) the (incipient) structural transforma-
tion should be a displacive rather than a reconstructive one
(no rebuilding of the unit cell should be required); and (iii)
there exist a small energy barrier, ce„' (where c is an elastic
modulus and e„ is the amplitude of atomic motion), between
the phases at low temperature. Whether the structural
transformation (if it occurs) has a 6rst- or second-order
character is not as important as having large precursor
effects (hopefully, mode softening) which extend over a
wide range in temperature above T .

Enhanced T,'s may be associated with structural in-
stabilities in other materials, these conditions possibly oc-
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