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Possible stress-induced phase transition in o-TaS3
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We have measured the stress-strain (0-e) relations in 0-TaS3 below the charge-density-wave (CDW)
transition temperature. We find a large peak in de/do. at a critical stress cr, =0.7 Gpa below 200 K.
The anomaly in de/do. , as large as 50~o and perhaps associated with a change in length, is sample and

temperature dependent. We show that this anomaly is associated with previously seen anomalies in the
elastic and transport properties of TaS3, and propose that there is a weakly first-order phase transition
from one CDW phase to a different CDW phase at o, .

The orthorhornbic form of the transition-metal trichal-
cogenide o-TaS3 is one of the most extensively studied
charge-density-wave (CDW) materials. ' It undergoes a
Peierls transition at T =220 K. The electrical conduc-
tivity at low applied electric field E shows a semiconduct-
ing behavior below T . When an electric field greater
than a threshold field E, is applied, the CDW becomes
depinned, leading to non-Ohmic conductivity and a nar-
row band noise (NBN), whose frequency is related to the
velocity of the CDW. ' There is an anomaly in Young's
modulus Y at T . Below T, the Y and the shear
modulus G of TaS3 are dependent on E, decreasing by as
much as 2 and 20%%uo, respectively, for E))E,. ' More-
over, these anomalies have been observed to depend on
the measured frequency. ' The CDW in o-Ta13 is slight-
ly incornrnensurate with the underlying lattice with a
wave vector q= —,'a*+ —,'b*+0.225c* near T, where a',
b', and c* are the reciprocal lattice vectors of the under-
lying lattice. It has been shown by electron-diffraction
studies that there is a tendency toward commensurability
as the temperature is lowered, perhaps leading to fourfold
commensurability near 140 K.

It is by now well known that o-TaS3 has very unusual
changes in its transport' ' and elastic' properties
when stress o is applied along the chain direction (c-
axis). The conductivity at low electric field, due to the
normal carriers, increases with o. and has a maximum at
the critical stress cr„while the high field conductivity,
i.e., at E»E„has a minimum at o, Two threshold
fields were observed for o.=o, . At larger o., the first or
higher threshold field E„disappears and only a second or
lower threshold field E,2 survives. Interestingly, the
NBN vanishes near o.„"'' motivating the suggestion
that the CDW becomes commensurate, which is con-
sistent with the local minimum in the conductivity at
E »E, near o„particularly at low T. The NBN reap-
pears at larger o., where the CDW is presumably again
incommensurate, with a sharper and larger amplitude
than at small cr. It was also observed that the anomaly in
G, i.e., [G(E=O)—G(E))E,)]/G(E=O), is greatly re-
duced for o. & o, .'

Although several models were put forth to explain the
unusual strain (s) dependence of the properties of TaS3,

to date none of them are completely successful. In this
paper, we report on measurements of o versus strain c,

and de/do versus cr for o-TaS3. We find a large peak in
dc, /do. , which may be due to a change in the length of
the sample L, at o., =0.7 Gpa below 200 K, both of
which are sample and temperature dependent. The ob-
served anomalies in ds/der and L at cr„assi ated with
the appearance of two threshold fields, are correlated
with the stress dependence of the transport properties of
TaS3.

Single crystals of TaS3 were grown by the standard va-
por transport technique described elsewhere. ' The size
of crystals used in this work was typically 3 mmX7
pmX2 pm, where the thickness of the sample was es-
timated from the room-temperature resistance (520 0)
and resistivity of o-TaS3 (=3X10 Qm). ' E, 's were
typically 16 V/m at 120 K for our unstrained samples.

The sample was mounted on a stress-strain device,
which has been described elsewhere in detail. ' ' One
end of the sample was attached to a movable metal plate
and the other end glued to a fixed plate. The strain was
measured using parallel capacitor plates with one plate
attached to the main body of the device and the other
plate moving with the movable end of the sample. On
each metal plate, there are two copper wires allowing
electrical contacts (four probe) to be made to the sample.
Silver paint was used to make electrical contacts between
the sample and the copper wires. To prevent the sample
from slipping through the contacts while pulling, epoxy
was placed over the sample between the contacts.

To apply a force on the sample, two magnets fixed on
the metal rod apply a force to the rod proportional to the
current in a solenoid, which surrounds the two magnets.
The rod is supported by two leaf springs, which apply a
small restoring force to the rod. The force applied by the
magnets FM is calculated from the coil current, which in
turn is calibrated by hanging weights. The small force F„
applied to the rod by the springs that hold the rod is sub-
tracted to find the force Fs ( =FM Fx) on the sample. —
The relation between the position of the rod and capaci-
tance was calibrated using a microscope. o.=Fz/A and

=b,L /L in the sam.ple can then be calculated, where A
is the cross section and hL the change in length of the
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sample. Y is given by do /de~|, 0 dc/, der was measured
directly using what we refer to as the two lock-in
amplifier technique. Lock-in amplifier No. 1 was used to
excite and measure the o6'set voltage of a capacitance
bridge, measuring b,I., at a frequency of about 2 kHz. A
small 28-Hz current from lock-in amplifier No. 2 is su-
perimposed on the dc current in the solenoid of the
stress-strain device. The output from lock-in amplifier
No. 1 is then fed to the input of lock-in amplifier No. 2,
which thus measures the 28 Hz oscillating c caused by
the 28 Hz oscillating o.. The signal measured by lock-in
No. 2 is proportional to the derivative of c with respect
to a, and thus to 1/Y. Note that the stress cr33 in the
sample is uniaxial and uniform over the sample except for
a small region near the contacts. The strain c.33 is mea-
sured, but the other c,'s in the sample must be inferred
from the elastic constants.

Figure 1 shows the resistance R as a function of o. for
several currents at T=121 K. This result is typical of
the results for the temperature range we studied and as
also reported earlier, ' ' except the local maximum in R
at o., at high current is not observed at temperatures
above 130 K, for currents up to 100 pA. We also note
that the low and high current R is very asymmetric about
o, (so is the thermoelectric power' ' ).

Figure 2(a) shows d E/do as a function of o at T= 121
K. We observe a large peak in dE/do at o„e.g.,
b (d E/do)/(de/do .

)o =20%%uo, where (de/der )o is the
value at o, when de/do. is extrapolated from o (cr, .
The size of the peak and the position value of o, are in-
dependent of the current applied to the sample, but are
dependent on the sample and temperature. This is shown
in Figs. 3 and 4 for two samples. We doubled and halved
the amplitude of the o. oscillation and saw no change in
the size of the anomaly. The anomaly increases with de-
creasing temperature down to about 100 K, where it is as
large as 50%%uo (see Fig. 3). This anomaly is not seen above
-200 K. a., decreases about 25% from -200 to 100 K
and then remains constant down to 85 K (see Fig. 4), as
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also observed in Ref. 10. We note here that c., found in
this work is about 2—3 times smaller than that of previ-
ous studies. ' ' The reason may be that c., is very sam-
ple dependent.

Figure 2(a) also shows a slight hysteresis of 0.03 GPa in
o., between increasing and decreasing o. . This is prob-

FIG. 2. (a) dc/do vs o. for I=1.0 pA. The open circles and
triangles are taken with increasing and decreasing o., respective-
ly. Solid circles with numbers correspond to the o's at which
the voltage dependence of R was measured as shown in Fig. 5.
The solid lines are least square fits to data with increasing o. be-
fore and after o, The behavior near o.=0 is due to the instru-
ment springs as the sample bows. The dotted lines through data
points are guides to the eye. (b) o. vs c curve. Note that this
curve is obtained independently of curve (a) ~ The change in cur-
vature in the E vs o. at o.„corresponding to the large anomaly in
dc, /do. , may be associated with a length change at o,
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FIG. 1. R vs o. for several current at T= 121 K. The thresh-
old current at all o's was greater than 0.1 pA. The solid lines
are guides to the eye.

T (K)

FIG. 3. The normalized height of the anomaly in dc, /do. at
o., (for example, the height from the solid line to circle No. 5 in
Fig. 2) as a function of temperature for two samples. (dc/do )p

is the value at o., when dc/do. is extrapolated from o &o, .
Data for sample No. 2 were taken only down to 120 K.
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FIG. 4. o., vs T for two samples. o., is the value of o. at the
maximum of the peak in dc/der, as in Fig. 2(a). The error bar
applies to all the data.

ably due to the intrinsic hysteresis of the apparatus and
not inherent to the sample. The anomaly in dE/do at cr,
appears to have double peaks in this sample, but for other
samples we studied, it had a Hat or sometimes a sharp sin-
gle peak depending upon sample and temperature. Note
that Y and d Y/dcr are enhanced upon passing through
o.„shown as solid lines in Fig. 2(a). In models of bulk
CDW motion, ' it has been supposed that a commensu-
rate CDW (CCDW) interacts more strongly with the lat-
tice than an incommensurate CDW (ICDW). If the
CDW became commensurate at o.„onemight expect a
slight enhancement of Y. This is consistent with the local
maximum in R at high field and the maximum in E„all
of which would be expected if the CDW became com-
mensurate with the lattice at o,

It is also important to mention the electric field depen-
dence of the change in Y when E is increased beyond E,
at low frequency. In vibrating reed experiments, Y de-
creases when E exceeds E, . The decrease is frequency
dependent with a maximum of about 2%%uo at 100 Hz. Pre-
vious experiments using uniform o. at nearly zero fre-
quency' ' found no change in Y when E exceeded E, .
We attempted to find out if this discrepancy was due to
the frequency difference of the experiment or the
difFerence in the o distribution in the sample (uniform in
these experiments and nonuniform in the vibrating reed
experiments); Within our experimental error (our resolu-
tion is about l%%uo), we do not observe any change in Y for
E) 10E„consistent with the result of static measure-
ments. ' ' The anomaly observed in vibrating reed ex-
periments, measured at 48 Hz at E=4E„was smaller
than our uncertainty, but extrapolated to 10E„the
anomaly seen in vibrating reed experiments would be
1.5%, which, if present in our uniform uniaxial stress ex-
periments at 28 Hz, would have been observed. The
difference is, however, too small to say definitely that
there is an inconsistency between the two experiments.

In Fig. 2(b), we plot s versus o at T =121 K. Near cr„
there is a finite change in c with a nearly infinitesimal
change in o.. This indicates that the sample has a finite
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FIG. 5. R vs voltage curve measured at several o's denoted
by the numbers in Fig. 2(a). Two threshold voltages are ob-
served in the stress region where dc, /der increases sharply. The
solid and dotted lines are guides to the eye.

expansion with an infinitesimal change in u at o.„mim-
icking the behavior of a first-order phase transition. The
region in which there is an anomaly would then be a
two-phase region, in which two different phases could
coexist in the sample. Application of a small additional
force by the magnets would move the boundary between
the two phases, rather than changing o. in either phase,
as long as the sample were in the two-phase region. Note
that the sample can lengthen at constant o as the mag-
nets apply force and the supporting springs oppose them.
Davis et al. ' also associated the large amplitude change
and hysteretic behavior in the NBN spectrum with a
first-order phase transition at a, The apparent peak in
de/do may be due to this small length change at cr,
rather than to actual changes in Y. The two would be
difficult to distinguish with our method.

Figure 5 shows the voltage dependence of R for several
0's at T=121 K. The stress during this measurement
was set to be at the values given by 1 —7 in Fig. 2(a). In
this way, we can directly compare R data (or E, data)
with dE/do (or Y) data. As seen in Fig. 2, two threshold
voltages are unambiguously observed at o.=0.64 and
0.68 GPa (shown as the dotted lines), which correspond
to the rising region of the peak in de/der versus cr curve.
This is consistent with the presence of two different
CDW phases in this region.

In Fig. 6, we show E, as a function of o. for two tem-
peratures, 121 and 181 K, obtained from Fig. 5. For
T=121 K, E, &

increases with o. and above o„E,2 is
nearly independent of 0., whereas for T =181 K, E„de-
creases with o. below o, The second and smaller thresh-
old E,z at higher 0. is about 0.1E,&

at lower o-.
The anomalies at o., in the transport properties might

be attributed to (1) a transition with increasing cr from
CDW motion to discommensuration (DC) motion, ' (2) a
transition from an ICDW to a CCDW with no DC
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FICs. 6. E, vs o. at T=181 and 121 K. E, 's were estimated
from the R vs voltage curves; the length between potential leads
was 2.34 mm. The discontinuity in E, occurs at o, The lines
are guides to the eye.

motion, ' ' or (3) a transition between two different
CDW phases. We now consider how each fits the experi-
mental data.

Model (l) assumes the non-Ohmic conductivity near
o., in TaS3 to be due to the motion of an array of charged
DC's (or solitons). The density of DC's decreases to zero
as o approaches o.„where the CDW becomes fourfold
commensurate. Although a transition between CDW
motion and DC motion at o., fits much of the experimen-
tal transport data, as discussed in Ref. 14, it is difficult to
see how this would lead to a transition that is weakly first
order, as seen in this work, to an order of magnitude
change in AG/G, as seen by Xu and Brill' or to the
asymmetry about o., in the resistance anomaly. Further,
Wang et al. found from x rays that the CDW becomes
commensurate at about 140 K, where no special change
in these anomalies occurs. The anomalies we see are
present above and below 140 K, in contrast to the argu-
ment that the anomaly is due to a transition from an
ICDW to a CCDW. Thus, this model is not very likely.

A transition between two phases, one incommensurate
and one commensurate, might lead to a weakly first-order
transition. According to McMillan, ' as the transition is
approached, DC's appear. The transition from ICDW to
CCDW can be thought of as a defect melting transition,
with the density of DC's decreasing to zero as the phase
boundary is approached. Phase fluctuations provide a
repulsive interaction between DC's and amplitude fIiuc-

tuations an attractive interaction, the sum of which pro-
duces a weakly first-order transition. Fisher and Fisher
find a continuous transition for CCDW to ICDW, with
logarithmic divergency in three dimensions. The pres-
ence of defects will affect these theories in a way that is
hard to predict, and the width of a continuous transition
is hard to calculate from first principles. Thus, whether
the weakly first-order transition that we observe could be
an incommensurate to commensurate transition is not
determined by the order of the transition. The transport
measurements seem to imply that the high o. phase can-
not be commensurate, as there is a lower E, in the high o.
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FICx. 7. A possible phase diagram for o-TaS3, as determined
from these experiments and the x-ray data of Wang et al. {Ref.
9). The shaded area is a two phase region in which CDW1 and
CDW2 coexist. The dotted lines are conjectural.

phase, implying easy motion of the CDW (or DC's), con-
trary to the usual belief that commensurability pinning
would be large. The jump in the thermopower at c., is
consistent with a phase change at c, .' ' The x-ray re-
sults of Wang et al. also seem to rule out such a transi-
tion, since nothing happens to the transition around 140
K where the zero o. lattice becomes commensurate.

A transition between two CDW phases, CDW1 at low
o. and CDW2 at high o., where the two phases have very
different characteristics, such as E, and the G anomaly,
would explain the weakly first-order length change ob-
served. Such a transition would surely be first order.
The presence of a different E, in the two phases is also
natural, as is the different thermopowers. The decrease
in the low current R as the transition is approached from
the CDW1 side would be due to the lowering of T with
o., which would not necessarily be true for CDW2, so
that the asymmetry of the transition is natural. The fact
that the NBN is nearly the same in both phases is not too
disconcerting, especially since the data of Preobrazhen-
sky and Taldenkov" can be interpreted as showing a
-20%%uo difference in the NBN frequency. It is not so easy
to explain the rise in E, in CDW1 at T=121 K and the
gradual decrease in the amplitude of the NBN as o., is
approached. Even if one supposes that the nearness of
the transition leads to a fluctuating presence of CDW2,
which helps to pin CDW1, why does the same effect not
occur in CDW2'7 Since it is difficult to calculate the pin-
ning potential from first principles, perhaps this puzzle
should not be taken too seriously. Thus, we believe that
the best explanation for the present data is that there is a
transition between two CDW states at o, The mono-
clinic form of TaS3 has two transitions, one at 240 and
one at 200 K. ' These two CDW's may be related in
some way to the two CDW's in o-TaS3 that we propose
here, but since the complete structures are not known, we
cannot pursue this further.

In summary, we have measured the c-o. relations in o-



POSSIBLE STRESS-INDUCED PHASE TRANSITION IN o-TaS3 7919

TaS3 and found that (1) the change in F as E increases
from 0 to 10E, at 28 Hz is less than lgo and (2) there is
an anomaly in the c.-o relations near o„probably due to
a weakly first-order transition between two different
CDW states. We propose a possible phase diagram for
o-TaS3 in Fig. 7.
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