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uid crystal. At low q~ the layer fluctuations are
quenched by the boundaries more severely than
the corresponding splay mode of a nematic. This
is a demonstration of the large attenuation length
perpendicular to the layers. For the range of
relatively large q~ studied, the undulations are
purely damped, as predicted by de Gennes.

From the angular dependence of their damping
time we have derived for the first time in a smec-
tic-A a. measurement of the diffusivity of orienta-
tion, which we'find comparable to that of a nemat-
ic. From the thickness dependence of the damp-
ing time, one can deduce a reasonably accurate
value of A, , the penetration length of de Gennes.
Measurements of the temperature dependence of
A. using this method are currently under way.
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The magnetic field dependence of the structural transformation temperature of a single
crystal of VSSi has been measured up to 156 kOe. Quantitative agreement with the Weger-
Labbe-Friedel model is obtained with appropriate band parameters and a density of
states that accounts for finite lifetimes of the d electrons.

A number of superconductors with a high criti-
cal temperature T, exhibit soft phonon modes at
low temperature. This may be accompanied by
a lattice instability in good quality samples which
is manifested as a cubic-to-tetragonal structural
transformation at a well-defined temperature T„.
Such transitions have been observed in V~si,
Nb~Sn, and Nb~oe, »AI, » with values of T„ that
are sample dependent but are about 22, 45, and
above 24 K, respectively. ' These compounds
have the P-tungsten structure, in which the tran-
sition-metal ions are arranged in linear chains.
Weger' and Labbe and Friedel' noted that in a
tight-binding model the d electrons are confined
to these chains. The structural instability is then
viewed as a band-structure Jahn-Teller effect in
which the electronic energy is lowered through a
partial removal of the degeneracy of the chains.

Dieterich and Fulde4 pointed out that a magnetic
field can be used to test this model, because the
Zeeman energy of the d-electron spin partially

removes the degeneracy. Recently, Maita and
Bueher' reported results for a single-crystal
sample of VSSi with 7"~=21.3 K in which the trans-
formation temperature was lowered by 0.26 + 0.01
K upon application of 8=90 kOe. This is about
30% smaller than the value predicted by Dieterich
and Fulde' and more recently by Ting et aE. ' on
the basis of the Weger-Labbe-Friedel (WLF) mod-
el. Three explanations have been advanced for
the discrepancy: (l) Maita and Bucher suggest
that electron lifetime effects and an accompany-
ing change in the density of states might be the
cause, but no numerical evaluation for T„was
made; (2) Stollhoff' calculates that doubling the
Fermi energy to EF ~40 K for the rn, =+ 2 d bands
would improve agreement; and (3) Weger points
out that the observed value is precisely what is
expected from a degenerate Fermi system whose
density of states can be expressed as a Taylor
series about EF.' The last explanation is not
consistent with the WLF model whose presently
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FIG. 1. Observed reduction of T„with field. Inset,

experimental arrangement.

accepted Fermi energy (E„=21K) implies a non-
degenera'te system near T@.

We have measured T~ of a single crystal of
VSSi up to H = 156 kGe, We find that T„has a
quadratic dependence on field, &T„/T„(0)= —o.

&&[+2&/k&II(0)], a fact that justifies comparison
of experimental results with the lowest-order
predictions mentioned above. However, both
T„(0) and a for this sample differ from the val-
ues reported by Maita and Bucher. The differ-
ences nevertheless can be quantitatively under-
stood by taking account of both lifetime effects
and a higher Fermi energy.

The single crystal which we have studied has
a residual resistance ratio (RRR) R(300 K)/
R(17.5 K) =40. The structural transition was de-
tected through measurements of the sample
length with a capacitance dilatometer. At 8 = 0,
the temperature coefficient of lattice expansion
abruptly changes at T„=20.15 K. This is also
where the electrical resistance displays an anom-
aly. o The field dependence of T~ was determined
for H parallel to the [100]direction, with a su-
perconducting magnet providing fields up to 55
kQe, and with an electromagnet providing fields
up to 156 kQe.

The inset of Fig. 1 gives a schematic of the ex-
perimental arrangement. The sample is mounted
in the space A surrounded by an oxygen-free high-
conductivity (OFHC) copper chamber 8 This .is
enclosed by a second QFHC copper can D, and
the interior (A and C) contains helium gas at 1-

Torr pressure. The region E is evacuated, with
liquid helium surrounding the stainless-steel can

Containers 8 and D are used to establish tem-
perature uniformity and reduce the ac component
of the field from the high-field magnet. Chamber
8 is heated electrically to sweep through the
structural transformation at constant field, and
the temperature of the sample was measured with
a capacitance thermometer, "calibrated on each
dun against a Ge resistance thermometer at H=O.
Experiments with the thermometers immersed
in liquid hydrogen demonstrated that the capaci-
tance thermometer is insensitive to fields up to
150 kQe, in agreement with previous studies. "
The results of these experiments are shown in
Fig. 1. The observed reduction of T„depends
quadratically on IJ, with a best-fit value of n
= 0.11 to a precision of better than 10%.

We investigated the possibility of a systematic
error which might arise from temperature gra-
dients within the sample holder as a result of
eddy-current heating from the ac component of
the field. This would cause a spurious apparent
temperature shift which is quadratic in B. We
repeated the experiments using liquid hydrogen
surrounding the can I', and with helium gas in
the regions A, C, and E. At H = 0 we found T~
=20.17 K, in good agreement with the previous
results. The value of e is slightly lower, with
+=0.09. Therefore, we conclude that the value
appropriate for this sample is established as a
= 0.10+ 0.02. This value is substantially be].ow
the result n =0.150+ 0.006 obtained by Maita and
Bucher at 90 kQe and n =0.21 predicted for the
WLF model. " The value of T„(H= 0) is also low-
er than for the sample of Maita and Bucher.

We propose that the chief difference in the sam-
ples is the mean lifetime v'of the d electrons, as
is indicated by the lower value of the resistance
ratio for our sample (RRR =40) as compared with
their sample (RRR= 60). To evaluate the effect
of finite scattering rate I'=1/27', we have refor-
mulated the one-dimensional density of states for
independent fermions, including scattering ef-
fects to second order in the one-electron Green's
function. Since the impurity potential is screened
by 8 and d electrons, it is short range and there-
fore independent of k for small k: V(k —k') ~ V.
Following Abrikosov, Gor'kov, and Dzaloshin-
skii, '~ the imaginary part of the Green's function
yields the density of states per V atom:

-(~2+ p2)t/2+ ~ I/2

II(2~Z, ~)I/2 2(Z2+ r )

10
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FIG. 2. Density of states for several scattering rates
I' F(0).

where the parameter I is a function of energy
and is determined by the condition I"(E)= mn~ V~2

&&M(E). The number of impurities is denoted by
n. The parameter I' is proportional to N(E) be-
cause the transition rate from a given state is
proportional to the number of unoccupied states
with the same energy (elastic collisions). 'a In
the limit I'-0, Eg. (I) reduces to the clean lim-
it N(E)-E '" characteristic of a one-dimension-
al system at low E.

In Fig. 2 we show 1U(E) for several values of
I', (0), the value of I' at the Fermi level at T= 0.
It is interesting that the shape of N(E) for large
I' is suggestive of the step-function density of
states introduced by Cohen, Cody, and Halloran"
to describe with some success the temperature
dependence of several features of P -tungsten
compounds.

We can then use this modified density of states
to study T„and n as a function of I'F (0). The
methods of calculating T„and e are described in
detail in Ref. 6. There is one free parameter,
so we chose T„(l'=0)—= T, = 28.7 K in order to ac-
count for our value for T„. As ingredients in the
calculation we take the number of d electrons per
V atom to be Q =0.062 as determined from specif-
ic-heat measurements. " If we use the experi-
mental value of the shear elastic constant' at T
=300 K and take e, =2.5&&10 ' as a reasonable
value" for the tetragonal strain at T=O, then we
have A'= 34.6 as the high-temperature elastic
constant Ep 2 61 eV as the band half -width, and

aq =1.07, where a is the interatomic distance and

q is the Slater coefficient describing the asymp-
totic behavior of atomic d orbitals. The Fermi
energy thus found is E F (T= 0) = 36 K for I' „(0)

9.14
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FIG. 3. Predicted dependence of (a) T@ and (b) n on
scattering rate. Circles, respective values for the
sample investigated in this study; squares, values for
the sample of Maita and Bucher (Ref. 5).

= 0. With these parameters we can calculate T„
and n as a function of I' F(0). The results are
shown in Figs. 3(a) and 3(b'), respectively.

Since the relative contributions of s and d elec-
trons to the electrical conductivity are not known,
we cannot evaluate I F (0) directly from transport
data. However, we can establish a maximum
lifetime (or minimum scattering rate) by assum-
ing that the electrical conductivity is entirely due
to d electrons. A resistivity p = 1.8 p, A cm for
our sample at T =20 K' yields a minimum value
(I') = 4. 5 K, corresponding to I'F (0) = 3 K. This
implies a mean free path of about 400 A. As
stated previously, this value of I'F(0) and the ob-
served T„ for our sample were used to establish
the value of T, in the clean limit. The location
of T„ for the sample of Maita and Bucher is then
fixed by the relative value of the RRH's and, as
shown in Fig. 3(a), the curve accounts for it very
well. The trend for the values of e is then auto-
matically predicted by the calculation. The
agreement between the prediction of the modified
WI F model and the experimental results is satis-
factory. " Our measured value of n disagrees
with the value a=0.15 predicted' for a degener-
ate electron gas with a density of states without
fine structure near E F even if lifetimes are in-
cluded, because such an influence should main-
tain a smoothly varying density of states, and n
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would be independent of (I ).
We have shown that the modified WLF model

predicts that Ts and n are sensitive to (I'), in
agreement with observations. The minimum val-
ue of (I') deduced from the resistivity shows that
it is essential to take account of lifetime effects.
The span of values for T„shown in Fig. 3(a) is
approximately the range within which the struc-
tural transformation has been found to occur. ln
view of Fig. 3(a) it is not surprising that inhomo-
geneous samples exhibit "smeared" transitions.
We cannot of course preclude the possibility that
other effects such as internal strains may influ-
ence T„. These appear to be important in less-
pure specimens where T„does not correlate
with the RBR. We cannot expect that the results
presented here can be extrapolated to indefinitely
large values of I' F(0). In real materials, a high
concentration of impurities will disrupt the quasi
one-dimensional character ' and may change the
value of Q. However, the success of the step-
function density of states" for Nb, Sn of low RRR
suggests that the large-I'(0) limit for N(E) may
still have qualitative validity.
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