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SUPERCONDUCT]NG compounds with high transi-
tion temperatures are of such great practical impor-
tance that we already possess very much experimental
information about them. Especidglly interesting exper-
iments have been performed to compare the properties
of substances that are similar in structure and chemi-~
cal composition but exhibit very different superconduct-
ing transition temperatures T, It is the purpose of
this experimental work to determine the structural
properties that cause high transition temperatures; the
importance of such investigations is obvious. More-
over, a number of very interesting features observed
in the behavior of compounds having high T, appear
to indicate an unusual superconductivity mechanism
that deserves the attention of both theorists and exper-
imenters. We shall here discuss the results of some
experimental investigations of V3Si and similar com-
pounds.

The superconducting transition temperatures of V3X
compounds are given in the following table.

At room temperature all these compounds have a 8-
tungsten lattice structure. Batterman and Barrett[1]
observed that in the range 20—30°K V;3Si undergoes a
structural transformation from a cubic to a tetragonal
lattice, and that within a few degrees below the transi~
tion point the tetragonal axial ratio ¢/a increases to
the limit 1,0025. The experimental work shows that
this is either a second-order transition or a first-order
transition with a very small jump of the parameter c¢/a.
Studies of V3Ir (T < 0.3°K) have shown that no corre-
sponding structural transformation occurs in this com-
pound down to 4.6°K. On the other hand, a basis does
exist for postulating!] that NbsSn (T, = 18°K), like
V3Si, undergoes a structural phase transition at close
to 35°K. One is therefore tempted very strongly to as-
sociate the high superconducting transition temperature
with the structural transformation.

Anderson and Blount[?] have proposed the following
explanation of this relationship. If the system has a
very low optical phonon branch near the structural
phase transition point, the effective interelectronic at-
traction resulting from the exchange of these excita-
tions should be very strong and thus, of course, elevate
the transition temperature. Let us consider to what
extent a reduction of lattice vibration frequency affects

the superconducting transition temperature Tg.
The Bardeen-Cooper -Schrieffer (BCS) superconduc-
tivity theory gives
52

)

where A is a constant that depends particularly on the
density of states at the Fermi surface, while the lattice
vibration frequency @ corresponds to a wave vector
that is close to 2kp, where kg is the Fermi wave vec-
tor (phonons of this frequency are mainly responsible
for the attraction between electrons). It is easily seen
that this formula is equally true for acoustic and opti-
cal phonons; the only difference lies in the constant A.
Equation (1) is applicable when the exponential fac-
tor is very much smaller than unity. In all known in-
stances we have exp (—w?/A) ~ 1072, In this region
any reduction of w will elevate T,. Let us consider
two superconductors designated by the subscripts 1
and 2. From (1) we obtain
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If we take V3Ir and V3Si as the superconductors 1 and
2, respectively, with Tgy/ @y ~ 1073 for ViIr (corre-
sponding to characteristic lattice vibrational frequen-
cies of the order 300°K), it will follow from (2) that
the observed transition temperature ratio (Tgy/ Tey

~ 50—60) can be accounted for through a frequency
difference by a factor of only 1.5—1.6! In this esti-
mate we have assumed equality for the constants A4
and A,, although a relatively small difference between
them can even diminish the reduction of the frequency
wy that is required to account for the experimental
value of Tgy/ Tej.

Therefore a large difference between the transition
temperatures of two substances having similar struc-
tures is not especially surprising, because the tem-
perature is strongly dependent on the values of the
characteristic parameters. In addition, a recent in-
vestigation has shown[3] that in some samples of V3Si
no structural transformation occurs, but that the super-
conducting transition temperature remains approxi-
mately the same as in the transformed samples. Of
course, the absence of a phase transition does not
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mean that the system contains no low phonon branches.

It follows from all of the foregoing discussion that
although the large difference between the values of Tg
for V3Si and V3Ir can be explained without considera-
tions involving the appearance of low phonon branches,
there is still no basis for rejecting such a possibility.
We feel that the question of the relationship between
the structural transformation and superconductivity in
V3Si deserves detailed study.

The structural transformation is not the only singu-
larity of V3Si. In some very interesting experiments
the velocity of sound was measured at temperatures
from 4.2 to 300°K. 41 With decreasing temperature the
crystal gradually loses its stiffness with respect to
shear waves propagating in the [110] direction with
[liO] polarization, The shear modulus corresponding
to this deformation drops sharply with decreasing tem-
perature (Fig. 1), and at 30°K becomes so small that
the crystal is no longer transparent to these vibrations
and the modulus must be measured indirectly. From
300° down to 4.2°K the shear modulus cy; —cy; de-
creases by a factor of about 50. In 077 3 great reduc-
tion of ¢y —c¢y was observed even under constant
stress.

One may presume that the reduction of cyy —cyy and
the structural transformation result from a loss of
stability against shear deformation. However, it was
shown in [2] that in crystals of the V;Si type this trans-
formation can only be of the first-order type.

We are immediately confronted with the question
whether the high value of T, inthe case of V3Si is re-
lated to its particular elastic properties. First of all,
it is clear that the effective attraction between elec-
trons results from their interaction with lattice shear
vibrations. The interaction can be described by the
expression gpj(ujk/2m)pk, where pi is an electron
momentum component, m is the electron mass, ujk
represents the deformation tensor, and g is a dimen-
sionless constant of the order of unity.*

It is also proved easily that for normal values of the
elastic moduli and a Fermi momentum of the order
f/a, where a is the lattice constant, the aforemen-
tioned attraction is of the same order as the attraction
resulting from the ordinarily considered interaction
€ujj.

Figure 1 shows that at T, the shear parameter has
about Y, of its normal value. As a result, lattice
waves propagating in directions very close to [110],
[101], and [011] exhibit anomalously low velocities and
the exchange of these phonons is responsible for a
strong attractive force. Therefore, despite the rela-
tively low statistical weight of these phonons by virtue
of the exponential dependence of T, on w, such a large
change in the elastic moduli can greatly elevate the

*This expression describes essentially the relation between
the effective mass and the deformation; in general dm/dujy ~ m, so
that g is of the order of unity.
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FIG. 1. Dependence of ¢, - ¢,,/2c,, on temperature.

transition temperature. A similar sharp reduction of
the shear modulus was recently observed in Nb;Sn
single crystals. [15]

We note that a substance for which ¢y —~cqy = 0 ex-
hibits highly anisotropic elastic properties, while
€3 —Cqp = 2¢44 holds for isotropic substances. There-
fore 2c44/(cyy —cqy) can serve as a measure of elastic
anisotropy (anisotropy factor).

V3Si exhibits high anisotropy of its superconducting
properties as well as of its elastic properties. It has
been shown experimentally (5] that when a stress is
applied in the [100] direction the transition tempera-
ture varies by about —5 x 10~ deg/atm, whereas a
stress along [111] or hydrostatic compression does
not seriously affect T,. (According to [¢J, under hy-
drostatic compression the change of Ty is —2
x 1075 deg/atm,) It can be assumed that such highly
anisotropic dependence of T; on stress is linked to
the anisotropy of the elastic properties. The ordinary
theory of superconductivity leads to the following de-
pendence of Ty on the deformation tensor in cubic
crystals:*

T.=T3(1 4 auy) (2a)

(where « is a dimensionless constant ). According to
this expression T; would depend only on the relative
change of volume.

A very simple analysis shows that for stress along
[100] and [111] and for hydrostatic compression the
volume changes (with o representing stress) would be
0/cqy + 2¢45, 0/Cyy + 2¢q5, and 30/cyy + 2¢qy, TESpec-
tively, and would thus be of the same order. Therefore,
the fact that stress along [100] is accompanied by a
change of T, that is an order above the corresponding
change for stress along [111] or for hydrostatic com-
pression cannot be accounted for by means of (2a). We
are led to postulate that T, varies with shear defor-
mations as well as with volume changes.

*The small axial ratio (c/a = 1.0025) resulting from the afore-
mentioned structural transformation can evidently be disregarded.
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It is easily shown that for stress along [100] we have

cyutep 14
U p-=0—2 112 ,
= €43+ 243 €49 —Cq2 ]} 3)
s =4 { g Stz ! o)
vy =2 cyyF2e99 cy—e1g | €491-2¢p
and for hydrostatic compression we have
g
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while for stress along [111] we have
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When we compare (3), @), and (5) we find that in the
first instance, where T, depends most on stress,
anomalously large deformations occur corresponding
to shears along [110). These large deformations follow
from (3) when we recall that cy —cyy has the very
small value (5 x 1072)2¢,,. The ratio of deformations
in this case to deformations under hydrostatic com-
Cuutcr e

Cu— C12

When we consider that the dependence of the tran-
sition temperature on stress along {100] is about 25
times greater than its dependence on hydrostatic pres-
sure, we easily arrive at the conclusion that shear de-
formations affect T, as greatly as do any changes of
volume, All of the foregoing indicates extreme aniso-
tropy of the superconducting state of V3Si.

We note also that the large anisotropy of the elec-
tronic properties of V;Si and similar compounds evi-
dently results from the character of their structure. tr]
In VX alloys the vanadium atoms are arranged in ar-
rays of straight lines in (100) directions, and the sep-
arations of neighboring atoms along any single straight
line are very much smaller than the separations of the
lines themselves (Fig. 2a). If we now consider the 3d
bands of vanadium based on the tight binding approxi-
mation with consideration of only nearest-neighbor in-
teractions, we easily deduce that only the states of
atoms along a single line can combine, so that electron
motion is here quasi-one-dimensional. The Fermi sur-
face now consists of (100) planes and is extremely ani-
sotropic, as shown in Fig. 2b.

Weger, L1 who is responsible for the foregoing
treatment, pointed out that the quasi-one-dimensional
character of electron motion in V3X compounds could
have been accounted for by several experimentally ob-
served peculiarities of electron properties in these

pression is of the order

FIG. 2. a) Crystalline structure of V,X compounds; b) Fermi
surface of vanadium 3d electrons in the tight binding approximation.
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compounds. We refer to the strong temperature depen-
dence (in the normal state) of the Knight shift[8]

(Fig. 3), of electronic magnetic (or spin) susceptibil-
ity [®%] (Fig. 4), and of the quantity 1/TyT, where T
is the longitudinal relaxation time of nuclear magnetic
resonance ™ (Fig. 5). All these results can be re-
garded as evidence for the strong temperature depen-
dence of the density of states on the Fermi surface.
Weger postulates that this temperature dependence re-
sults from electron-phonon interactions, which in the
one-dimensional case lead to a very much more dras-
tic renormalization of the electron self-energy than in
the three-dimensional case; the correction ratio of the
one- and three-dimensional cases is of the order of
EF / Tc-

Figures 3 and 5 show that in a number of V;X alloys
the observed temperature dependence of the Knight
shift and of 1/TyT becomes stronger as we go to higher
superconducting transition temperatures. The same
applies to the temperature dependence of magnetic sus-
ceptibility, [*]

In the light of Weger’s treatment the foregoing situ-
ation is quite rational, since the effective electron-
electron attraction and the temperature dependence of
the density of states on the Fermi surface have a single
cause—the electron-phonon interaction. We also note
that since we have postulated that the quasi-one-dimen-
sional character of 3d-electron motion is responsible
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FIG. 3. Temperature dependence of the Knight shift for T > T,
in V,X compounds (with resonance in the V*' nucleus). The value
of T, for each compound is shown on the right-hand side of the
graph.
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FIG. 4. Temperature dependence of magnetic susceptibility in
V,Si and V,Ga for T > T..
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FIG. 5. Dependence of 1/T,T on temperature for different V,X
compounds. T, is the longitudinal relaxation time.

for the exceedingly strong electron-phonon interaction
in V;3Si and V3Ga, we should also assume that in V;lr,
for example, this ‘‘one-dimensionality’’ of electron
motion is considerably smeared, i.e., the wave func-
tions of electrons located on different straight lines
will overlap considerably. Therefore the analysis of
the character of 3d wave-function overlapping in differ-
ent V3;X compounds is obviously of great interest.

The stability of metal lattices with anisotropic
Fermi surfaces has been considered by Labbé and
Friedel, [16] who have shown that in a model of the
electron spectrum that coincides essentially with
Weger’s model a cubic lattice is unstable against
shear deformations defined by the modulus cjy —cyy
at low temperatures; a cubic lattice then becomes
tetragonal. This instability greatly reduces the value
of ¢4y —cyy and causes a first-order tetragonal transi-
tion at a quite low temperature, with a small change of
¢/a. Labbé and Friedel identify this transition with
the aforementioned structural transition in V3Si and
NbsSn. Their model thus provides a unified explanation
for the observed reduction of the shear modulus and
for the structural transformation. However, they did
not consider the superconductivity of these compounds.
We discuss, finally, the extremely interesting experi-
ments on sound absorption in V3Si that are reported
in [4), Figure 6 shows the temperature dependence
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FIG. 6. Sound absorption coefficient vs temperature for 310-Mc
longitudinal wave traveling along [110] direction. The dashed line
represents the temperature for “‘ordinary’’ superconductors.

exhibited by the absorption coefficient for a longitudi-
nal wave traveling in the [110] direction. Measure-
ments were also obtained for the absorption of trans-
verse waves along [110], and for both transverse and
longitudinal waves along [001]; in these instances the
curves resemble Fig. 6 qualitatively. The most strik-
ing feature is the sharp divergence between the experi-~
mental results and the predictions of the BCS theory
(the dashed curve). We recall that for a number of
‘‘ordinary’’ superconductors the BCS theory is in ex-
cellent agreement with experiment.[!] An interesting
feature of the experimental curve considered here is
that its maximum is located at T =~ T¢. In ordinary
superconductors one does not observe this maximum.,
Although a superconducting transition, like any second-
order phase transition, is accompanied by enhanced
sound absorption (close to the transition point) that is
associated with an increase of the relaxation time and
of the level of thermal fluctuations exhibited by a char-
acteristic transition parameter[11713] (which for semi-
conductors is the wave function in the Ginzburg-Landau
theory ), in superconductors this anomalous absorption
becomes appreciable in only a very narrow tempera-
ture range about the transition point with its width rep-
resented by the ratio AT/Tg ~ (T¢/Ep ). [47 Since
Eyx ~ 10 deg, we find that even at Ty ~ 20° this width
is of the order 10‘11, and it would appear that there is
not the slightest possibility of detecting in supercon-
ductors the anomalous sound absorption that character-
izes other second-order phase transitions. The exper-
imental results obtained for V3Si are thus all the more
interesting.
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