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Effect of the charge-density-wave transition on the thermal expansion
of 2H-TaSe~, NbSe3, and o-TaS3
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With the help of a tunneling capacitance dilatometer we have measured the thermal expansion near
the Peierls temperature (T&) in three charge-density-wave materials. For the layered compound 2H-
TaSe2, the expansion was measured along the basal plane, while in the trichalcogenides NbSe3 and o-

TaS3 the expansion was measured along the molecular chains. For 2H-TaSe2 the thermal-expansion
coefficient showed a peak with a shape very similar to that reported for the specific heat. In NbSe3 the
expansion coefficient showed a discontinuity at Tc, consistent with a mean-field interpretation of the
phase transition. For 0-TaS3 the expansion coefficient was measured in the presence of large electric
fields. The results suggest a mean-field jump in the expansion coefficient which is of opposite sign to that
observed in NbSe3.

I. INTRODUCTION

The charge-density-wave (CDW) state of the
transition-metal chalcogenides has been under intensive
study in recent years. ' The quasi-one-dimensional con-
ductors NbSe3 and o-TaS3 have been of particular interest
since their strong non-Ohmic electrical properties have
been attributed to the sliding of the CDW with respect to
the crystal lattice. Although many aspects of the CDW
state in these materials are well understood, others
remain problematic. A particularly puzzling observation
has been the substantial softening of the dynamic
Young's and shear modulus when the samples enter the
sliding CDW state. Recent measurements ' of the
Young's modulus under near static conditions, however,
have revealed no modulus softening even when the sam-
ples were taken well into the sliding CDW state. In blue
bronze (Ko 3Mn03), another quasi-one-dimensional CDW
material, the thermal expansion was recently measured
by Hauser, Plapp, and Mozurkewich. They reported an
8-K-wide fluctuation region near the Peierls transition
and the temperature dependence of the expansion
coefficient in this region was consistent with the three-
dimensional XY model. In the hope of contributing to a
better understanding of the CDW state in general, we
have measured the temperature dependence of the
thermal expansion of NbSe3 and 0-TaS3 near their CDW
onset transitions. The small cross sections of these sam-
ples make it difficult to obtain high-resolution measure-
ments of the expansion coefficient with conventional dila-
tometers and such measurements have not been reported
before. In order to perform the dilation measurements
under drifting conditions for the CDW, we developed a
dilatometer that is based on a tunneling displacement
sensor. Section II describes the tunneling dilatometer
that was used for the measurements. To test the perfor-
mance of the dilatometer, the thermal expansion at the
CDW onset transition in the layered dichalcogenide 2H-
TaSe2 was measured. The expansion results for all three

materials are presented in Sec. III. The results are dis-
cussed in Sec. IV, where the expansion measurements are
related to other thermodynamic quantities. The results
are summarized in Sec. V.

II. EXPERIMENT

A. Tunneling dilatometer

High-resolution thermal-expansion measurements are
generally performed with capacitance dilatometers. In
such an instrument one plate of the capacitor is fixed,
while the other is coupled to the sample and moves in
responses to changes in sample length. Samples in a ca-
pacitance dilatometer are usually under a small compres-
sive stress. This precludes their use for measurements on
mechanically weak samples such as the dichalcogenides
and trichalcogenides of this study. An important aspect
of this work is the simultaneous measurement of dilation
and sample resistance. For these reasons the modified ca-
pacitance dilatometer of Fig. 1 was developed. Here ab-
solute length changes are made with a capacitor that has
a fixed upper plate and a lower plate in the form of a can-
tilever. The position of the cantilever is controlled by
piezoelectric tubes. The sample support structure con-
sists of a metal frame (c) and a weak cantilever that is
fixed to this frame. The samples are stretched between
the upper portion of the frame and the end of the canti-
lever which is deflected upwards or "mechanically
biased" in order to keep the sample taut and stretched
from end to end. The deflection of the cantilever in
response to changes in the sample length is monitored by
an electron-tunneling sensor. Electron tunneling is estab-
lished between a tungsten needle and a small piece of
highly oriented pyrolytic graphite (HOPG) mounted on
the cantilever. The tunneling current and hence the gap
between the needle and the cantilever is kept constant
through negative feedback applied to the piezo tubes
beneath the movable capacitor plate. In this way sample
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Measurements of the differential sample resistance were
made by detecting the ac component of the current
through the sample under the influence of an ac voltage
excitation which was carried on top of a dc voltage
sweep. The differential resistance was then the ratio of
the ac voltage amplitude to the detected ac current am-
plitude. This arrangement allowed the determination of
the position and width of any phase transition in the sam-
ples. Also, by ramping the dc voltage, studies of the
non-Ohmic and threshold field effects in the quasi-one-
dimensional CDW compounds could be made.

e-capacitor-
support arm

FIG. 1. Schematic arrangement of dilatometer components.
The tunneling needle is brought into tunneling range of the
graphite surface (not shown) on the cantilever by turning the
micrometer spindle. This causes the approach barrel (a) and
subsequently the needle support barrel (b) to move down. Be-
fore a measurement commences, barrel (a) is pulled back to
leave barrel (b) behind in its operating position. An electronic
feedback signal activates the concentric set of piezo tubes to
maintain a constant tunneling current. A change in the sample
length results in a change of position of the lower capacitor
plate (Fl) with respect to the upper plate (Fu), and hence a
change in the magnitude of the capacitor.

length changes are translated into capacitance changes
and the results are not affected by variations in piezo sen-
sitivities. The tunneling needle is mounted in a cylindri-
cal barrel assembly that runs in a V groove in the upper
capacitor plate structure. In order to establish tunneling
a micrometer-activated pin (a) pushes the barrel assem-
bly (b) and brings the tungsten needle sufficiently close
that tunneling can be established when appropriate volt-
ages are applied to the peizo tubes. For temperature-
dependent measurements the dilatometer is surrounded
by two concentric metal cans. The inner can is filled at
room temperature with one atmosphere of helium while
the space between the cans is evacuated. The whole sys-
tem is placed in a standard liquid-nitrogen-precooled set
of cryogenic dewars. To minimize the effects of vibra-
tions, the dewar and dilatometer assembly was suspended
from the ceiling by elastic cords. Warming of the sample
was achieved by a heater wound around the inner can
and the temperature was measured with a calibrated
semiconducting diode element attached to the upper
capacitor structure. Various reproducibility tests showed
that the maximum allowable heating (cooling) rate had to
be kept below 4.5 K/h. Capacitance variations were
measured with an ac capacitance bridge. In terms of
length changes, the resolution was 3 A or one part in 10
for the smallest samples used in these experiments. Sam-
ples are attached to the sample support structure and to
the cantilever with epoxy. For simultaneous electrical
measurements four-probe current and voltage leads were
attached to the samples outside the epoxied regions.

B. Dilatometer performance

Our main interest in this work was the investigation of
the sample length changes in a limited temperature range
near phase transitions. Over a limited temperature range
reproducible dilatometer calibration could be performed
by using copper wires as samples. Over an extended
range, however, calibration was not very reproducible.
The major source of this irreproducibility was the barrel
(b) that held the tunneling needle. Since the mobility of
this barrel is essential for bringing the tip into tunneling
range, it was clamped, with the help of a leaf spring, into
a V groove in the upper capacitor plate structure. Barrel
creep and slippage when the dilatometer temperature was
changed over a large range is believed to be responsible
for the irreproducibility. Another possible source of
difficulty was caused by the fact that the establishment of
a tunneling current can be accompanied by a non-
negligible force between the needle and the HOPG sur-
face on the cantilever. This is particularly the case when
tunneling is established at low temperature where the
needle has to penetrate the frozen and insulating contam-
ination layer invariably present on surfaces prepared in
air. This did not present a problem for the broader rib-
bonlike samples such as 2H-TaSe2. For the threadlike
trichalcogenides, however, the tunneling needle could
never be positioned on axis with these samples and a
small cantilever twist appeared unavoidable. For this
reason dilation measurements on the trichalcogenides
were performed not by varying dilatometer temperature
but by heating the samples directly with an electric
current and thus leaving the temperature of all the dila-
tometer components essentially constant.

C. Samples

All samples were grown by the halogen vapor trans-
port method from metal and chalcogen components that
were 99.9999%%uo pure.

III. RESULTS

A. 2H-TaSe2

To test the overall performance of the dilatometer we
measured the expansion of a 2H-TaSe2 sample. This rna-
terial shows a transition to a CDW state at 122 K. At
this temperature three incommensurate CDW's condense
in the basal plane along the three equivalent lattice direc-
tions. Below 84 K the three CDW's become commensu-
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FIG. 2. Raw dilation results for 2H-TaSe2 near the normal to
incommensurate CDW transition. Each curve represents a
different temperature sweep. The curves have been offset for
clarity.
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FIG. 3. The upper curve represents the negative of the excess
thermal expansion of 20-TaSe2. The lower curve represents the
excess specific heat as determined by Craven and Meyer (Ref.
9).

rate in a first-order transition. High-resolution expansion
measurements made near 122 K on a sample with dimen-
sions 2.63X0.33X0.07mm are shown in Fig. 2. The
measurements were made by slowly warming the sample
through the transition at 3.6 K/h. The cantilever used
was a 0.125-mm-thick phosphor-bronze strip 4.46 mm
long and 2.24 mm wide. The mechanical bias applied at
room temperature by the deflection of the cantilever re-
sulted in a uniaxial stress of about 9 MPa. Measure-
ments of the hydrostatic pressure dependence of the
transition temperature suggest that the above uniaxial
stress would shift the transition by at roost 0.015 K, well
below the 0.02-K resolution of this experiment. For the
purpose of a numerical differentiation, data point averag-
ing reduced the temperature resolution to 0.05 K. The
three dilation curves shown in Fig. 2 have been arbitrari-
ly offset and represent three separate approaches to tun-
neling on different parts of the HOPG surface. Possible

lateral movement of the tip over the graphite surface thus
did not fold structural features of the graphite surface
into the dilation results. An estimation of the dilation
discontinuity in the basal plane may be made by linearly
extrapolating the sample dilation below 120 K upwards
to the transition. This yields a discontinuity of
b,a/a =+5.8 ppm. This value is consistent with the re-
sults of Steinitz and Grunzweig-Genossar made by con-
ventional dilatometric methods. Expansion coefficients
were calculated from the curves in Fig. 2 by a linear
least-squares fit using seven adjacent points. The expan-
sion coefficients for the three curves in Fig. 2 were then
averaged to give a single expansion versus temperature
curve. The high-temperature behavior of this resultant
curve was fitted to a straight line between 124 and 130 K.
This line was extended below Tc and the deviation from
this line, which represents excess thermal expansion, was
calculated. This excess expansion is plotted in Fig. 3.

B. Trichalcogemdes

For the reasons discussed above, the thermal expansion
of these samples was determined by passing a current
through the samples and letting the joule heat raise the
sample temperature. A calculation of the temperature
distribution in the samples showed that heat loss through
the sample ends was negligible and that the sample tem-
peratures were sufficiently uniform for the purposes of
this experiment. The reproducibility obtained in such
sample self-heating experiments was excellent. The prob-
lem with this method is that sample temperature deter-
mination becomes difficult. The resistances of the sam-
ples are functions of temperature so that in principle they
should be able to serve as their own thermometers. How-
ever, the non-Ohmic nature of their resistance compli-
cates the temperature determination considerably. The
resistance of NbSe3 is sufficiently low so that adequate
heating of the samples could be obtained for electric fields
below threshold. The samples were temperature cycled
starting at 80 K in about 1.5-K increments by raising and
subsequently lowering the dc voltage component across
the sample such that the threshold field was never ex-
ceeded. A field cycle lasted about 6 min, during which
the dilatometer temperature drifted upwards by =0.3 K.
These field cycles were repeated at roughly 3-K intervals.
The simultaneous recording of the dc current as well as
of the difFerential resistance permits the determination of
the sample resistance and the dissipated power (P). An
example of the simultaneously measured resistance and
dilation variation for a field cycle is shown in Fig. 4.
Outside the negative temperature-coefFicient region, i.e.,
above Tz and below the resistance maximum, the sample
temperature can be determined from a calibration in a
separate run of sample resistance versus diode sensor
temperature. The R versus T and R versus I' results can
be combined to give the incremental change in the sam-
ple temperature with change in power as a function of
ambient cell temperature. This is shown in Fig. 5. The
data point-free region is the negative temperature-
coefficient portion of the NbSe3 resistive behavior. Plot-
ting dT/dP versus 1000(T+67) ' tends to result in a
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FIG. 4. Electric-field dependence of the dilation and resis-
tance of the NbSe3 sample below threshold. The sample thresh-
old field was 0.5 V/cm and the measurement made at 95.8 K.
The observed variation of the resistance and dilation is a conse-
quence of sample heating. The figure includes data gathered
with both rising and falling electric field.

FIG. 6. Thermal expansion of NbSe3 as a function of temper-
ature. The main feature is the jump in the expansion coefficient
at the CDW transition. The two symbols correspond to two
separate experiments on the same sample.

linear relationship and to determine sample temperatures
in this region from power changes; the data portions were
extrapolated linearly through the gap region as shown by
the solid line in Fig. 5. The results of the expansion
coefficient of NbSe3 obtained in this way are shown in
Fig. 6 while Fig. 7 shows a high-resolution view of the
variation of dilation near the CDW transition region.
The expansion measurements in Fig. 6 that were obtained
by relating sample temperature to dissipated power agree
to within experimental error with those calculated from
the resistance-converted temperature outside the negative
temperature-coefficient region. A higher-resolution plot
of the dilation of NbSe3 near the CDW transition is
shown in Fig. 7. In this figure a linear background with a
slope of 7.1 ppm/K has been subtracted from the data.

Sample self-heating experiments similar to those per-
formed on NbSe3 were not possible for o-TaS3. These

samples had a much larger resistance and it was not pos-
sible to achieve significant heating and still keep the elec-
tric field below threshold. The measurements on o-TaS3
were therefore done by allowing the electric field to
exceed the threshold field and the samples were warmed
from a low temperature to past the transition tempera-
ture in a single heating cycle. Figure 8 shows an example
of the measured dilation and the differential resistance as
a function of the electric field. Such a field sweep again
took about 6 min to complete and since the increasing
and decreasing curves nearly overlap, temperature hys-
teresis effects appear to be negligible. The samples and
the helium exchange gas were therefore in thermal equi-
libriurn at each electric-field value. To determine the ex-
pansion coefficient it is important to establish a reliable
temperature scale. Unlike the measurements on NbSe3,
however, a sufficient increase in the temperature of 0-
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FIG. 8. Dilation and resistance of 0-TaS3 as a function of
electric field at 141.1 K. The curves for increasing and decreas-

ing electric field show little evidence of hysteresis.

TaS3 samples could only be achieved if the samples were
driven well into their non-Ohmic region. In that case the
conversion of power into temperature is no longer facili-
tated by a resistance versus temperature calibration curve
and a determination of temperature from dissipated
power requires a model for the heat flow from the sample
to its surroundings via the helium exchange gas. The
functional relationship between sample temperature and
power was calculated by taking a concentric arrangement
for the sample and surrounding heat sink and then in-
tegrating the steady-state heat conduction equation. For
a sample of radius a, and a heat sink at radius b, the sam-
ple temperature is given by

2 1/2

T~+ —FP
1 1

Ts

where the thermal conductivity of the helium gas is given
by K =ko+k, T. T~ is the temperature of the heat sink,
P is the dissipated power in the sample of length I, and
F= ln(a Ib) l(4n Ik, ). An examination of the time-
dependent heat conduction for a cylindrical geometry
showed that the response time for the system was in the
millisecond region and the sample and helium must
therefore have been in thermal equilibrium during a heat-
ing cycle. Equation (1) shows that only for small P or for
a temperature-independent thermal conductivity will the

sample temperature be proportional to P. The factor F in
Eq. (1) was treated as a phenomenological parameter and
was determined empirically by measuring P&, the power
needed to reach the CDW transition temperature Tc for
different starting temperatures T~. Tc was identified as
the position of the peak in a plot of —d(lnR ) Id T versus

TD;,d, under low power conditions. The power P~ need-
ed to reach the transition temperature was in turn deter-
mined from a plot of negative logarithmic derivative of
the dc resistance with respect to power. Such a plot
shows a distinct peak, the position of which identifies Pc.
With E calculated, the conversion of power into tempera-
ture may proceed with the help of Eq. (1). The parameter

FIG. 9. Temperature dependence of the dilation of an 0-TaS3
sample under a bias strain of 0.09go. The ambient temperature
at which the sample self-heating was started increases progres-
sively for the curves shown. The vertical offset between succes-
sive curves is arbitrary. The transition temperature T~ is shown

by an arrow. The dilation curves above Tc are nearly linear,
suggesting a constant expansion coefficient.

F may exhibit temperature dependence. E was thus cal-
culated separately for each starting temperature and field
sweep. Dilation results on 0-TaS3 were also evaluated for
the case when heat loss was assumed to be dominated by
convection. In that limit dilation curves had lower slopes
in the higher-temperature regions and slope changes near
Tc were more pronounced than in the conduction-
dorninated case. An estimate of Grashof and Prandtl
numbers suggested that heat loss by convection should
have been negligible. We believe that the conduction limit
[Eq. (1)] gives a reasonable approximation of the true
sample temperature.

The temperature dependence of the dilation for two
samples under different states of strain is shown in Figs. 9
and 10. The curves in these figures have been arbitrarily
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FIG. 10. Temperature dependence of the dilation of an 0-
TaS3 sample under a bias strain of 0.18/o. Curves represent
temperature sweeps at varying starting temperatures. The verti-
cal offset between curves is arbitrary. Tc is marked by an ar-
row. For starting temperatures below —163 K a new anomaly
appears in the dilation below T&.
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FIG. 11. Temperature dependence of the dilation of o-TaS3
that was strained at 0.09%%u~, 0.18%, and 0.51%. For the 0.09%
and 0.18% strained samples a constant background of 5 ppm/K
was subtracted from the data while a background of 4.3 ppm/K
was removed from the 0.51% strained sample. Open arrows in-
dicate the transition temperature for each sample.

displaced vertically for clarity. The data represent warm-
ing runs with sample warming commencing at progres-
sively higher temperatures. For starting temperatures
close to Tc the electric fields in the samples were as 1ow
as possible and the results for the dilation under these
conditions for three different samples, each under a
different bias stress, are shown in Fig. 11. In this figure
the detailed behavior near Tc is brought out more clearly
by subtracting a background with a constant slope of 5

ppm/K (for the 0.09% and 0.18% strained samples) and
4.3 ppm/K (for the 0.51% strained sample). The temper-
ature scale was derived from Eq. (1) and the starting tem-
peratures for the heating cycles were all close to the
CDW onset temperatures. The onset temperatures were
obtained from the peaks in the logarithmic derivative of
the respective sample resistances. The transition temper-
atures and electric fields needed to reach Tc for the sam-
ples with 0.09%, 0.18%, and 0.51% strains in Fig. 9
were, respectively, 215 K and 4.91 V/cm, 210.5 K and
4.74 V/cm, and 193 K and 4.23 V/cm.

IV. DISCUSSIQN

A. 2H-TaSe2

Here the order parameter P and the transition tempera-

From Fig. 3 it is evident that the specific-heat and
thermal-expansion data share similar features which sug-
gest a close thermodynamic relationship. The jth com-
ponent of the uniaxial expansion coefBcient at a second-
order phase transition is generally discussed with the Tes-
tardi relations. In this approach the difference in the
Gibbs free energy between the transformed and un-
transformed phases is written as

b, G=Q(o )f T
Tc(~)

The excess in a quantity ~ is defined as~=X (T) X(T)—for all T & Tc where X (T) is the
observed high-temperature behavior of the system extra-
polated to temperatures below Tc while X ( T) is the ac-
tual behavior of the system below Tc. Equation (3)
shows that the uniaxial stress dependence of the transi-
tion temperature should approximately scale the excess
specific heat into the excess uniaxial thermal expansion.
The specific heat was obtained from Craven and Meyer. '

The last term in Eq. (3), which represents the excess en-
tropy, was obtained by means of a numerical integration
of the excess specific heat. The transition temperature
for the specific-heat measurements differed from the Tc
for our samples by 0.88 K. To compare the two sets of
data the transition temperature of the specific heat was
shifted by this amount. The excess specific heat thus cal-
culated is also shown in Fig. 3. The excess specific-heat
curve can be used to determine the excess entropy below
Tc. Figure 12 shows a plot ha/4C~ versus AS/AC&.
According to Eq. (3) the slope and intercept of this line
give d(lnTC)/der, = —0.015 Gpa ' and d(in/)/
do., =+0.26 GPa . The logarithmic derivative of the
122-K transition with respect to pressure deduced by
Chu et al. is +0.029 GPa ' while Feldman et aI." cal-
culated the smaller value of +0.02 GPa '. The a-axis
result implies a c-axis stress derivative of between +0.001
GPa ' and +0.010 GPa '. The c-axis stress derivative
thus may be comparable to the basal-plane stress deriva-
tive. If the larger of these two figures is appropriate, then
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FIG. 12. Plot of the ratio of excess expansion to excess
specific heat vs the ratio of excess entropy to excess specific heat
for 2H-TaSe2 below the normal to incommensurate CD%' tran-
sition.



47 EFFECT OF THE CHARGE-DENSITY-WAVE TRANSITION ON. . . 16 175

this result would suggest that the interlayer interactions
may play a role in the establishment of the CDW state in
the material.

An alternative to the above mean-field approach is to
recognize that the temperature region near Tz is dorn-
inated by fluctuations. The analysis by Craven and
Meyer' of their specific-heat results showed that the
specific heat follows a power law with a critical exponent
of 0.45 (+0.035). Helium atom surface scattering' gives
an exponent of —,

' although the uncertainty is large
enough to accommodate an exponent of —,'. The uncer-
tainty in our thermal-expansion measurements is consid-
erably larger than that for the specific heat and a mean-
ingful critical exponent analysis could not be made. The
results in Fig. 3 are, however, not inconsistent with
power-law behavior with exponents in the range of —,

' to
13'

B. NbSe3

The results in Fig. 6 show that the expansion
coefficient of NbSe3 changes from about 4 ppm/K to 9
ppm/K between 90 and 180 K. At the CDW onset tran-
sition the expansion coefficient shows a step discontinuity
ha=1. 8 (+0.2) ppm/K. The discontinuity is consistent
with the second-order nature of the transition. Fluctua-
tion effects, if present, must be confined to within a few
degrees of the transition. It therefore seems appropriate
to discuss the transition in terms of the Ehrenfest rela-
tions. The specific heat has been measured by Tomic
et al. ' and extrapolation of their results about T& gives a
specific-heat discontinuity of b, C~ =+64 (+5) kJ/m K.
The logarithmic stress derivative of the transition tem-
perature was measured by Lear et al'. ' to be —0.031
GPa '. At Tc these values give a thermal-expansion
discontinuity of ha=+2. 0 ppm/K in close agreement
with our measured value. Wang et al. have also mea-
sured the specific-heat anomaly in NbSe3, finding it to be
approximately 8.5 kJ/m K. ' Our results lend weight to
the figure of Tomic et al. , but it should be noted that the
application of the Ehrenfest relations here depends cru-
cially on the absolute Young's modulus (since Lear et al.
measure the strain derivative of Tc). It has been demon-
strated in recent rneasurernents of the Young's modulus
in the related material, o-TaS3, that the static modulus is
three to four times smaller than the vibrating-reed mea-
surements. ' If such a reduction of the elastic modulus
of NbSe3 were found, then the thermal-expansion results
would favor the Wang et al. specific-heat anomaly.

Recent results on the quasi-one-dimensional conductor
Kp 3Mn03 showed clear cusps and hence precursor
effects in the expansion coefficient near the CDW onset
temperature. These precursor effects were attributed to
fluctuations. The critical region was about 8 K wide and
the observed temperature dependence was consistent
with the three-dimensional XY model. In contrast, our
results on NbSe3 only show a mean-field jump, although
the resolution of our experiment was not sufficient to per-
mit a clear identification of a precursor region. It is,
however, doubtful that the Auctuation-dominated region
is more than a few degrees wide.

C. o-TaS3

The results of Fig. 9 in principle permit a determina-
tiorl of the thermal-expansion coefficient of o-TaS3 and
the change in this coefficient as the sample crosses the
transition temperature. The measurements on o-TaS3,
however, were made under an applied stress and in the
presence of very large electric fields. These two factors
greatly complicate the discussion of the therrnal-
expansion coefficient. If the Young's modulus of the
sample is temperature or field dependent, then an addi-
tional sample dilation may be present as a result of the
bias stress on the sample. A 1% change in the Young's
modulus contributes about 10 ppm to the dilation for the
0.09% strained sample. With the sample kept at a fixed
temperature below Tc no electric-field effects on the dila-
tion were ever observed even though a simultaneous mea-
surement of the resistance always showed a clear thresh-
old effect. These results are consistent with the findings
of Tritt, Skove, and Ehrlich that, unlike the dynamic
modulus, the static modulus does not soften. In a recent
examination of the metastable states of o-TaS3 Hoen
et al. ' found length changes associated with the thresh-
old field of between 0.2 ppm and 2.2 ppm, thus appearing
to contradict our dilation observations near threshold.
However, it is believed that the application of uniaxial
stress is the critical factor in the interpretation of these
discrepancies. Hoen et al. apply very small stresses, typi-
cally less than 1 MPa, while the experiments reported
here and those of Tritt et al. use stresses more than two
orders of magnitude larger. It has been shown that the
application of uniaxial stress in o-TaS3 leads to a reduc-
tion in the metastable states in this system (and their
complete disappearance for strains above 0.5%).' It is
suggested that the preparation of o-TaS3 in a low
metastable-state condition by uniaxial stress is responsi-
ble for these differences. Moreover, it is noted that no
hysteretic effects in the resistance were observed in our
experiments, in contrast to the observations of Hoen
et al.

For starting temperatures above 180 K we believe that
the main effect of the electric fields in our measurements
was to raise the sample temperature through joule heat-
ing. In high-quality stress-free samples, a 1% cusp-
shaped softening of the dynamic modulus is generally ob-
served. ' ' The measured dilation should therefore show
an increase near T& that corresponds to this change in
the Young s modulus. In principle, the dilation results in
Fig. 9 can be corrected for the modulus softening at Tz.
It is well known, however, that elastic features often
show considerable variability and sample dependence. It
is therefore likely that, as a consequence of the applied
stresses, the Young's modulus anomalies in our samples
were reduced in magnitude and may also have been con-
siderably broadened. To examine the effect of Young's
modulus changes near Tc on the dilation curves, the
Young's modulus softening was assumed to have the gen-
eral shape observed in stress-free samples. ' ' If the dila-
tion results in Fig. 9 are corrected for the full Young's
modulus changes usually observed, then new and in our
view artificial structure is introduced into the dilation
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curves near Tc. This is particularly true for the 0.51%
strained sample which develops a deep cusp at T& which
would result in an unreasonable variation of a with tem-
perature. In view of the fact that no electric-field-
induced modulus softening has been observed for static
conditions, we cannot be certain what form the modulus
softening will take near Tz in our samples. The region
within +10 K of the transition temperature is therefore
not accessible to detailed analysis. Outside this region
the correction for elastic effects is expected to be smaller
and estimates for the expansion coefficient can be at-
tempted. For the 0.18% strained sample between 183 and
195 K the expansion coefficient is 6.8 ppm/K while the
value in the 240 —260-K region is 5.6 ppm/K. The extra-
polated change in the thermal-expansion coefficient at Tc
is therefore b,a= —1.2 ppm/K. For the 0.09% strained
sample in the same temperature regimes the expansion
coefficient above Tc is 6.1 ppm/K while below Tc it is
5.8 ppm/K, giving b.a= —0.3 ppm/K. The correspond-
ing change in the expansion coefficient for the 0.5l%%uo

strained sample, without correcting for modulus changes,
is 4m= —0.4 ppm/K. There is thus a substantial varia-
tion in the mean-field jump of the expansion coefficient
deduced from our data. If we assume a representative
mean-field jump of An= —0.7 ppm/K, then from the
stress dependence of T& one may expect a bc& of —10
kJ/m K or —2.9 kJ/m K depending on whether the dy-
namic or static Young's modulus is used. Wang et al. re-
port that no specific-heat anomaly can be observed in o-
TaS3 above a minimum resolution of 0.03RD or 5.3
kJ/m K.' Therefore, our thermal-expansion measure-
ments appear to be consistent with the specific-heat mea-
surements. In view of the presence of both large uniaxial
stresses and high electric fields in these samples, such a
conclusion must be viewed with reservation.

The results in Fig. 10 for the sample under 0.18%%uo

strain are particularly puzzling. The results show that as
the starting temperature for sample warmup decreases, a
hump develops near T&, while for starting temperatures
below 163 K, a new anomaly appears. Examination of
the dilation curves between 140 and 160 K showed that
the temperature position of the anomaly is a linear func-
tion of the starting temperature but that the electric field

(4.2 V/cm) at which the anomaly appears is independent
of the temperature. On raising the starting temperature
further, the anomaly at Tc develops eventually into a
simple slope discontinuity as shown in Fig. 11. It is in-
teresting to note here that an extra increase in the
modulus softening of o-TaS3 below 160 K has been re-
ported by Jacobsen and Mozurkewich. It is not clear,
however, whether this modulus anomaly is in any way re-
lated to the expansion anomaly observed here. Although
the results on the 0.18%%uo strained sample were very repro-
ducible for successive temperature sweeps, an insufficient
number of samples have been investigated so far to per-
mit firm conclusions to be drawn.

V. SUMMARY

A tunneling dilatometer was used to measure the
thermal expansion near the CDW onset temperatures of
three transition-metal compounds. In the layered materi-
al 2H-TaSe2 the expansion coefficient has a temperature
dependence which is very similar to that reported for the
specific heat. Although fluctuations are likely to dom-
inate the behavior near Tc, a mean-field examination of
the transition nevertheless suggested that the thermal ex-
pansion and specific-heat results are also consistent with
the Ehrenfest relations as generalized by Testardi. The
expansion measurements for the trichalcogenides were
performed through electrical self-heating of the samples.
The expansion coefficient for NbSe3 showed some tem-
perature dependence and a discontinuity that is con-
sistent with a mean-field phase transition. The dilation
measurements in o-TaS3 could only be performed in the
presence of electric fields far in excess of the threshold
fields. The extracted expansion coefficient showed only a
weak temperature dependence and a small mean-field
jurnp of opposite sign to that observed in NbSe3.
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