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We have measured the change in the charge-density-wave (CDW) transitions in monoclinic NbSe;
and orthorhombic TaS; caused by stress applied along the high-symmetry (growth) axis. For the
upper transition in NbSe;, dT;/do=—4.4 K/GPa for stresses up to 5 GPa, the increase in the
resistance due to the transition, AR, is almost unaffected, and the critical field for motion of the
CDW, E,, increases with stress. For the lower transition in NbSe;, dT,/do= —0.4 K/GPa, AR
more than doubles at 5 GPa, and E, is relatively unaffected. The 222-K transition in TaS; de-
creases at a rate of —15 K/GPa for low stresses. At stresses above 2.5 GPa the resistance of TaS;
begins to increase again, possibly due to a second stress-induced CDW transition. Both thermal hys-
teresis and stress hysteresis are seen in TaS; between about 100 and 200 K.

I. INTRODUCTION

The transition-metal trichalcogenides NbSe; and TaS;
have interesting charge-density-wave (CDW) transitions in
which all or part of the conduction electrons are con-
densed into a CDW state and the lattice undergoes a
periodic displacement which has the same wavelength as
the CDW, but which may or may not be commensurate
with the lattice spacing. The electrons which are con-
densed into the CDW state do not contribute to the con-
ductivity at low frequencies and low electric fields. For
applied electric fields greater than a threshold E,, the
conductivity increases dramatically due to the depinning
of the CDW from the lattice. For reviews of the trans-
port properties of these materials see Refs. 1—3. The
transitions show little or no hysteresis, and only weak
anomalies in the specific heat and elastic constants.*>

The pressure dependencies of these transitions have
been studied in NbSe; by Chaussy et al.,® Briggs et al.,’
and Richard and Monceau,® and in TaS; by Ido ef al.®
They find that both the incommensurate CDW transitions
in NbSe; and the CDW transition in orthorhombic TaS;
shift to lower temperatures (7T) with pressure, and that
the magnitude of the lower-T transition in NbSe; de-
creases with pressure until it disappears at 0.5 GPa. At
the same pressure NbSe; becomes superconducting at
about 2 K. Since all the transition-metal trichalcogenides
are highly anisotropic, it is of interest to measure the
stress dependence of these transitions also.

II. EXPERIMENTAL PROCEDURE

Samples were grown by placing stoichiometric amounts
of the constituents in a quartz growth tube and sealing off
the tube under vacuum. The growth tube was then kept
at 1000 K for several weeks. Whiskers which were
formed in this process were removed with tweezers and
mounted on the four contacts of the stressing apparatus,
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which has been described elsewhere.!® The stress is ap-
plied between the inner two (potential) contacts. Our
samples were typically 1.5X0.002%<0.002 mm?®. Silver
paint was used to make all four contacts, and proved to be
strong enough mechanically for the tension applied to
most samples. Occasionally a sample pulled through the
silver paint at high stress. Because of this, an additional
mechanical glue, such an epoxy or cyanoacrylic glue, was
placed outside or between the two electrical contacts on
either side. The stressing apparatus with the sample
mounted on it was placed in a helium-filled cavity in a
gas-flow cryostat whose temperature could be controlled
between 4 and 300 K with a precision of +£0.1 K. Except
during measurements of the critical electric field all sam-
ple currents were kept smaller than the current at which
the resistance became non-Ohmic. The fiber samples were
bowed with the puller mechanism to prevent breakage by
thermal contraction during temperature changes. At each
steady temperature the zero of strain was taken to be the
position of the puller at which the first detectable change
in the resistance of the sample occurred. The strain along
the growth axis was measured and the uniaxial stress was
calculated from this strain using the Young’s moduli pre-
viously measured.’ The stress could be applied reversibly
at any temperature, but small thermal expansions made it
difficult to vary the temperature at constant stress (other
than zero stress).

III. RESULTS

Figure 1 shows a typical resistance-stress (R-o) curve
near the upper CDW transition in NbSe;. These data are
consistent with those of three other samples. From a set
of such R-o curves at different temperatures, Fig. 2,
which shows R-T curves with o as a parameter, was
made. The transition (7,) was taken to be the tempera-
ture at which the slope of the R-T curve was most nega-
tive. For NbSe; we denote the upper transition with a
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FIG. 1. Resistance of a NbSe; sample as a function of stress.
The sample was 1.4 mm long and had a room-temperature resis-
tance of 2.44 k. The temperature was slightly below the lower
CDW transition. The stress has moved the sample through the
transition (which occurs at 57 K at zero stress) at 5 GPa and
then the subsequent resistance increase is the “normal” state
piezoresistance.

subscript 1 and the lower transition with a subscript 2. A
plot of T’ versus stress is shown in Fig. 3. From this plot
we find dT,/do=—4.410.1 K/GPa. The uncertainty
in all our estimates does not include the systematic errors
such as those due to nonuniform cross sections in the
sample and to the uncertainty in Young’s modulus. In
comparison, dT/dP, the pressure derivative, is —40
K/GPa.’

Similar results for the lower transition in NbSe; are
shown in Fig. 4. Note that T, is less dependent on stress,
but the magnitude of the transition is greatly enhanced by
stress, as may be seen in Fig. 2. We find
dT,/do=(—0.4+0.2 K/GPa) +(—0.4%0.1 K/GPa?)o.
In comparison, dT,/dP = —63 K/GPa.

Figure 5 shows dV /dI versus E for NbSe; at a tem-
perature below T,. The electric field at which dV/dI
starts to decrease is taken to be E_, the critical field for
depinning of the CDW. Figures 6 and 7 show E, versus
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FIG. 2. Resistance of a NbSe; sample as a function of tem-
perature with stress as a parameter. The sample was 1.5 mm
long and had a resistance of 250 ) at room temperature. The
temperature at which the curves have their steepest negative
slopes were taken to be Ty and T).
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FIG. 3. T, as a function of stress. The transition shifts re-
versibly and linearly downward as the stress is increased. ® and
+ correspond to different samples.

T with o as a parameter for NbSe; near the upper and
lower CDW transitions. As is also the case for pressure,®
E, below T, is not strongly dependent on stress. E_ for
the higher temperature CDW is quite stress dependent, so
much so that we could not measure it at the highest
stresses because heating occurred before the CDW dep-
inned.

The CDW transition in orthorhombic TaS; leads to a
semiconducting state rather than a new metallic state as in
NbSe;. Thus our results are best shown on a plot of In(R)
versus 1000/T with o as a parameter, as in Fig. 8. Four
other samples gave similar results. Taking the transition
temperature for TaS;, T,, to be the temperature at the
steepest slope on such a plot, Fig. 9 is obtained. From
this plot we find dT,/do= —15.1 K/GPa, comparable to
the pressure derivative, dT,/dP=—13 K/GPa’ It is
also possible to estimate the activation energy W from the
slope of the In(R) versus 1000/T curve at temperatures
below the transition region. Here we assume that
In(R)=A + W /kT. Figure 10 shows W as a function of
o. We find W=72+5 meV, and dW/do=12+2
meV/GPa. The activation energy at zero stress is in
reasonable agreement with that of Sambongi et al.,!! 75
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FIG. 4. T, as a function of stress. The transition shifts re-
versibly and quadratically downward as the stress is increased.
®and + correspond to different samples.
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FIG. 5. Differential resistance dV /dI of the sample of Fig. 2
as a function of the electric field between the potential contacts,
with stress in GPa as a parameter. The sample had a residual
resistance ratio of 50. At 31 K, the resistance of the sample at
stresses above ~ 3.0 GPa depends on the history of the sample.
After stress is increased from zero dV/dI follows the lower
curve. After a field E > E, is applied, dV /dI follows the upper
curve.

meV. Ido et al.’ find the pressure derivative dW /dP is
—3 meV/GPa. Note that the pressure and stress deriva-
tives of W have opposite signs, in contrast to the pressure
and stress derivatives of 7,, which have the same sign.
We will return to this point later.

In TaS;, for temperatures below 7}, and above 190 K,
the R-o relation is similar to that shown in Fig. 11 at 198
K. There is a large reduction in R with o, due to a reduc-
tion of 7, with stress to less than 198 K. After this ini-
tial reduction almost no further change in R occurs. As
T is lowered further, an unexpected increase in the resis-
tance shows up at high stress. Figure 11 shows the evolu-
tion of this stress-dependent resistance anomaly as the
temperature is decreased. Finally, at a temperature
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FIG. 6. Critical field of the sample of Fig. 2 as a function of
temperature near the lower temperature transition with stress as
a parameter. O at zero stress, +’s at 2.2 GPa, and O at 4.5
GPa.
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FIG. 7. Critical field of the sample of Fig. 2 as a function of
temperature near the upper transition with stress as a parame-
ter. O at zero stress, + ’s at 1.1 GPa, X’s at 2.2 GPa, and @ at
3.4 GPa. For stresses above 3.4 GPa the sample heated before
the critical current was reached.

around 70 K, the stress anomaly disappears. In a follow-
ing paper, we plan to show that the behavior at higher
currents, where the CDW is depinned, indicates that a
second CDW transition may occur at high stress in this
temperature region.

In the temperature range 70—190 K in which the
anomalous stress dependence of R occurs, Higgs and
Gill'? found that the R- T curves were hysteretic. We find
this to be true also. Furthermore, the resistance depends
on the stressing history of the sample as shown in Fig. 12.
Higgs and Gill also found that the resistance of the sam-
ple after a high-current pulse is neither that measured
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FIG. 8. Logarithm of the resistance of a TaS; sample as a
function of the inverse temperature, with stress as a parameter.
The sample was 1.6 mm long and had a room-temperature resis-
tance of 625 Q. The slope of the curve at a temperature well
below T, was taken as a measure of the activation energy. The
temperature at which the curve has the steepest negative slope
was taken to be Tj,.
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FIG. 9. T, as a function of stress for the TaS; sample of Fig.
8. For these low stresses T, decreases reversibly and linearly,
with dT,/do=—15+1 K/GPa.

with increasing T nor that measured with decreasing T,
but approximately halfway between. We find the same
behavior, but in addition a fourth resistance is measured
after a stress application is made. This is illustrated in
Fig. 13 which shows the stress dependence of two dif-
ferent states of the sample at a temperature below T,.
State A is obtained after a large current pulse and state B
is obtained after the stress passes through 2 GPa. Stress
changes that do not go through 2 GPa do not give the full
hysteresis. One can go back and forth between these two
states as many times as desired. Notice that at stresses
beyond 2 GPa there is also hysteresis, both with current
and with stress that passes through the “critical” stress of
2 GPa. Since we cannot vary the temperature at constant
stress we do not know if temperature hysteresis exists in a
sample with 2 GPa of applied stress.
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FIG. 10. Activation energy W for the TaS; sample of Fig. 8
as a function of stress. dW/do=121+1 meV/GPa.
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IV. DISCUSSION

The stress derivative dT, /do; is thermodynamically re-
lated to anomalies in the specific heat C,, the isothermal
elastic compliance s;, and the thermal expansion «;, mea-
sured at the transition. Since it is not known for sure
what the orders of these transitions are, it is of interest to
compare the anomalies in these response functions with
our results. The measured anomalies in the response
functions are not simple steps in their values so that the
Ehrenfest relations for second-order transitions or those
obtained for a Landau theory or under more general as-
sumptions by Testardi!® may not strictly hold. We will
assume them nevertheless. These relations are
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FIG. 11. Stress dependence of the resistance of the TaS; sam-
ple of Fig. 8 at various temperatures. The nonlinear “bump” on
the curve is evident from 66 to 185 K, approximately the tem-
perature range in which the resistance shows temperature hys-
teresis.
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FIG. 12. Resistance of the sample of Fig. 8 as a function of
stress showing the history-dependent behavior. The sample
temperature was raised and allowed to equilibrate before the
stress was applied. All data reported in this paper are for the
behavior observed after applying and releasing the stress one
time. When the temperature is raised, a stress pulse will reset
the resistance to a new, lower value, which is not the same resis-
tance as that after a large current is applied.

ac, =i | dnTe) - (1)
L TL‘ dO',' ’

A As; [d(nT,) 7" )
== Tc dO’,‘

Tomié et al.* have measured AC, near the upper and
lower CDW transitions in NbSes, and Brill’ has measured
As; [=1/(Young’s modulus)] near all three transitions re-
ported here. The values they obtained are shown in Table
L

The specific-heat anomalies observed in NbSe; are more
than 4 times larger than those predicted from the elastic-
constant anomalies and the stress derivative of T,. The
experimental uncertainties are large, particularly in the
value of Young’s modulus. Thus it may be that the
Ehrenfest relations hold. It may also be that the transi-
tion is a continuous one rather than second order, so that
the Ehrenfest relations are not applicable. The experi-
mental anomalies in C, and s; are difficult to measure.
The experimental results of Brill and Tomic et al. do not
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FIG. 13. Resistance as a function of stress for two states of a
TaS; sample. The sample was 0.93 mm long and had a room-
temperature resistance of 4.69 k). The state denoted by -+ ’s is
the state of the sample after a large current was applied while
the sample was at constant stress (state 4 of the text). The state
of the sample denoted by O is the state of the sample after the
stress was passed through 2 GPa, keeping the current well below
that necessary to move the CDW (state B of the text).

exclude a jump in the response functions as would be seen
at a second-order transition nor an exponential divergence
as would be seen if the role of fluctuations were important
and that transition continuous. If there is indeed an ex-
ponential divergence, the data do not allow even an esti-
mate of the critical exponents of the response functions so
that we cannot pursue this possibility further. Another
explanation of the possible failure of the Ehrenfest rela-
tions is given by Caillé et al.'* for TiSe,. They propose
that fluctuations in the lattice modes near the Brillouin-
zone boundary affect the long-wavelength elastic proper-
ties more than the specific heat and thermal expansion,
which measure averages over the entire phonon spectrum.
This results in a larger critical region for the elastic con-
stants than for the specific heat or thermal expansion and
a failure of Eq. (1). Thermal-expansion measurements
may clear the experimental situation sufficiently well to
distinguish these possible explanations for the discrepan-
cies shown in Table I.

It is interesting to note that both pressure and elastic
stress, which would naively be expected to have opposite
effects, lower the temperature of the CDW transitions in
these materials. However, application of uniaxial stress,

TABLE I. Comparisons between response functions at CDW transitions.

Measured Predicted
d(InT,) a
Tc _d;—c— AS,',' Acpb ACP Aai
(K) (GPa™)) (GPa™)) (J/m*K) (J/m*K) K-
TaS; 222 —7 x107? 5.7x10~3 5.2x10* 4x10~°
NbSe3
upper transition 141  —3.1Xx 1072 22x10~%  7.3x10* 1.6x10* 5%1077
lower transition 57 —7 x1073 <1 x10~7 1.6 10* <3.6x10* <2x%x1077

2Reference 5.
bReference 4.



29 STRESS DEPENDENCE OF THE CDW TRANSITIONS IN NbSe; AND TaS; 5661

like pressure, causes a contraction transverse to the direc-
tion of the “whisker” (chain) axis of these materials. This
contraction apparently predominates in affecting the tran-
sition temperatures. It is possible to estimate an “aver-
age” Poisson ratio v for NbSe; using the isothermal
compressibility K, along the chain axis measured by
Yamaya et al.’® and the Young’s modulus E, along the
chain direction measured by Brill,® all measured at room
temperature. This average gives the sum of the strains in
two directions perpendicular to the whisker direction di-
vided by 2 as a fraction of the strain along the whisker
axis:

V= -—(821 +S23)/(2S22)=( 1 —-Ebe)/2~034 .

This is indeed a normal value for a Poisson ratio, and in-
dicates that in NbSe; there is significant transverse con-
traction under uniaxial stress. It is also possible to com-
pare the transverse contraction due to 1 GPa of stress to
that due to 1 GPa of pressure, again using the results of
Yamaya et al.:"’

(61+63)p/(61+63)g=(Ka +K )Ey, /2v=~1.3 .

Therefore, if all the stress dependencies of T and T,
were due to the Poisson contraction, we would expect
(dT /dP)/(dT /do)~17.3 (assuming isotropy in the a-c
plane). This is in rough agreement with the ratio observed
for T (9.1), but much less than that for T, (160). This
indicates that the lower transition is much more sensitive
to longitudinal strain €, than is the upper transition. The
nearly perfect cancellation of the increase in T, due to
longitudinal expansion with the decrease due to Poisson
contraction is remarkable and allows the quadratic depen-
dence of T, on stress to be clearly evident at higher
stresses. The much stronger €, dependence of the lower
transition is also reflected in the increase in the magnitude
of the resistance anomaly which decreases under pressure.

This increase in the resistance anomaly implies that the
number of electrons condensed into the CDW state in-
creases under strain. If we let a=(R; —Ry)/R;, where
Ry is the resistance at high electric field and R; is the
resistance at low electric field, then a is a measure of the
number of electrons condensed into the CDW state, p,.
We see from Fig. 2 that « is increased by a factor of 2 by
5 GPa stress below T',, but that a near T is essentially
unaffected by stress. On the other hand,
AT, /T~AT,/T,~0.15 at 5 GPa. If we suppose that
the CDW gap A is proportional to the transition tem-

perature, then the fractional change of both A; and A, at
5 GPa is about 0.15. In the Lee-Rice model,'® the thresh-
old field is given by

E.,=BCA/p, (strong pinning) ,
E,=AV*C?/(t%,) (weak pinning) ,

where 4 and B are proportionality constants, C the con-
centration of pinning sites, ¥ the pinning potential, and
t=(T,—T)/T,. Thus in the Lee-Rice theory our results
predict that E,, should be lowered by ~60% (strong pin-
ning) or ~50% (weak pinning), whereas we find E,,
lowered by ~30%. At the upper transition E,; increases
by nearly a factor of 2, while p, is nearly constant and A
decreases, in qualitative disagreement with the Lee-Rice
theory for either weak or strong pinning. In the quantum
theory E,. depends on the gap introduced in the quasipar-
ticle energy spectrum by pinning centers and on the coher-
ence length of the CDW.!” Neither of these has an obvi-
ous dependence on stress.

For TaS, we find dT,/do~dT,/dP,’ suggesting that
either the transverse compressibilities are much less than
for NbSe; or the average Poisson ratio is much greater. It
is very surprising that the activation energy W increases
with uniaxial stress while T}, decreases. Ido et al.’ found
that W /T, was independent of pressure; its independence
of stress and pressure is expected if the transition is
described by either mean-field theory or by three-
dimensional ordering of fluctuating CDW’s, as described
by Lee, Rice, and Anderson,'® assuming that W =A/2.
If the activation energy were that of defect states, its vari-
ation under pressure or stress need not be proportional to
that of T,. Recently Higgs and Gill'? have proposed that
the activated behavior of the resistivity is due to a
temperature-dependent concentration of discommensura-
tions, and not due to thermal excitations of carriers. The
discommensurations would depend very differently on
stress and pressure, a result which is consistent with our
results.
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