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Velocity of ultrasonic waves in 28-NbSe„2H-TaS„and 1T-TaS,
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We have measured the temperature dependence of the velocity of 10-MHz ultrasonic pulses which were
propagated along the layers of the dichalcogenides 2H-TaS„1T-TaS„and 2H-NbSe, . In 2H-TaS, the plate mode
velocity shows little temperature dependence above the charge-density-wave onset temperature of about 78 K, but
shows an increased stiffening below it. In 1T-TaS, the charge-density wave becomes commensurate near 170 K and

the velocity undergoes a steplike stiffening, while the sound attenuation displays a large peak at this temperature.
Both velocity and attenuation show strong hysteresis near this transition. Attention is drawn to the similarity
between the velocity anomalies and corresponding anomalies in the magnetic susceptibility. It is suggested that the
elastic anomalies might be caused by the d-band electrons. Band deformation potentials of the order of 1 eV and
estimates of anharmonic background contributions to the velocity are obtained.

I. INTRODUCTION

The existence of charge-density waves (CDW) in
the group V B transition-metal layer dichalco-
genides is well established and the effects of the
CDW on electrical and thermal properties of
these materials have been investigated in detail.
In this paper, we report measurements of the
velocities of propagation of 10-MHz ultrasonic
pulses along the basal planes of 3g-NbSe„20-TaS„
and 1T-TaS,. Young's-modulus measurements on
20-NbSe, and 2'-TaSe, using a vibrating reed
technique have already been reported by Barmatz
et al. ,

' who observed small ela, stic anomalies at
CDW onset temperatures and a very pronounced
modulus softening in II-TaSe, at the commensu-
rate charge-density wave (CCDW) to incommen-
surate charge-density wave (ICDW) transition.

Elastic measurements have been helpful in im-
proving our understanding of 3.15 compounds' '
and of quasi-one-dimensional materials such as
tetrathiaf ulvalene -tetracyanoquinodime thane
(TTF-TCNQ). ' In the latter, for example, the
stiffening of the material below the Peierls transi-
tion was interpreted in terms of charge transfer
from the TTF to the TCNQ molecular stacks. In
both of these cases, a close connection between
the elastic anomalies and the anomalies in the
paramagnetic susceptibility was pointed out. From
our measurements it appears that in some layered
compounds a similar connection might exist, al-
though a detailed analysis is difficult at the pre-
sent time, owing to the fact that the susceptibility
and, in particular, its anisotropy is poorly under-
stood.

Section II describes the experimental technique
used to measure the propagation characteristics of

elastic waves. In Sec. III the velocity results for
3I-NbSe, and 2H-TaS„as well as attenuation and
velocity measurements on 1T-TaS, are presented.

A comparison of velocity data and magnetic
susceptibility results is made in Sec. IV, where we
attempt to decompose the observed temperature
dependence of the plate modulus into an anharmon-
ic part and a conduction-electron component. We
obtain an estimate for the metal d-band deforma-
tion potential. and put an upper limit on the mag-
nitude of a magnetic anomaly in 28-NbSe, at its
CDW transition.

II. TECHNIQUE

All samples except a 2II-TaS, sample, referred
to as Dalhousie sample, were prepared at Simon
Fraser University (S.F.U.). The samples were
in the form of platelets several mm in length and
width. Their thickness ranged from 68 IL(, m for
1T-TaS, to about 10@,m for 2II-NbSe, with a thick-
ness of 50 p. m and less for the other samples.
Two ends were made parallel by cutting with a
razor blade in a special jig. They were then
mounted between two quartz transducers in a man-
ner shown in Fig. 1. The samples were bonded
to the transducers with epoxy in such a way that
acoustic coupling without electrical contact to
the transducer electrode was obtained. By at-
taching fine gold leads to one edge of the sample
just outside the acoustic beam, it was then possible
to measure velocity, attenuation, and electrical
conductivity simutaneously during a temperature
sweep. Such a capability is particularly useful
in a study of materials whose properties can de-
pend somewhat on sample history. Attaching
electrical leads to one edge of a wide sample can

22 4907 1980 The American Physical Society



4908 M. H. JERICHO, A. M. SIMPSON, AND R. F. FRINDT

SAMPLE

CROSSED WIRE

SUSPENSION REC EIVE R

DELAY

LINE

REFERENCE TRANSMITTER

V+ V

FIG. 1. Sample mounting and arrangement of electri-
cal leads for resistance measurements.

create problems if accurate resistivity measure-
ments are desired. For the purposes of correlat-
ing electrical and acoustical measurements near
a phase transition, however, we feel, that the lead
arrangement shown in Fig. 1 is adequate. Sound-
velocity measurements were made by comparing
the phase of the signal propagated through the
sample with the signal at the beginning of the sam-
ple. The phase comparison was accomplished by
passing the —,'-p. s long 10-MHz-rf pulses into the
signal and carrier channels, respectively, of an
MC1596L modulator-demodulator chip. ,Automatic
recording of the phase changes with temperature
was achieved, as described in Ref. 5. The ac-
curacy of travel-time measurements of the plate
mode was limited to about one period of the sound
wave and, for the sample lengths used, this im-
plied an absolute velocity uncertainty of about 10%%uo

to 15%. Changes in travel time with temperature
could, however, be measured with a resolution of
about 15 ps for good signals, which amounts to a
velocity sensitivity of about 1 in 10'.

The propagation of high-frequency elastic waves
in thin foils is described by theories on elastic
waveguides and an examination of the mode spec-
trum in isotropic thin plates suggests that if the
sound wavelength is much larger than the plate
thickness, then the first Lamb mode which repre-
sents a quasilongitudinal wave should have the
highest propagation velocity. All measurements
presented were made on this mode. In isotropic
materials, the velocity of this mode is given by

' (~(~-~'))
where g is Young's modulus, o the Poisson's ra-
tio, and p the density of the sample. For aniso-
tropic materials the situation is more complex,
but for hexagonal crystals with the c axis perpen-
dicular to the plane of the foil, the basal plane is
a plane of isotropy and the plate mode velocity is
again given by the above expression. E and 0 can be
expressed in terms of the elastic constants and
for hexagonal plates we have

In many hexagonal systems, such as Zn, Cd, Yt,
the second term in the parentheses contributes,
at most, 10%%uo to V~ and, at most, l%%uo to its temper-
ature dependence. In these systems the plate mode
then describes essentially the behavior of C»,
although the detailed behavior of the temperature
dependence of V~ will, in general, be affected by

C~3 and C33 as well. The above expressions for
the velocity are valid in the limit of sound wave-
length, A. , being much larger than the sample
thickness, d. For isotropic plates the dependence
of the plate mode velocity on A. /d has been deter-
mined. s In our samples, X/d was between 4 and 40
and we estimate that our observed velocities for
pulse propagation in the basal plane are, at most
8% below the limiting velocity. The experimental
error in the determination of the absolute magni-
tude of the velocities due to exact phase matching
is larger than this and is believed to constitute
the major source of error.

We have also attempted to measure the damping
of 10-MHz pulses as functions of temperature.
This implies monitoring the amplitude of the plate
mode signal as the temperature is changed. At
sufficiently low temperatures where thermal ex-
pansion effects are negligible, such measurements
should give fairly good information about the
damping. At elevated temperatures, however, the
sample-to-transducer bond can be affected by
thermal expansion of the sample, transducer-bond
material, and transducers. The signal amplitude
in this type of experiment is largely governed by
insertion losses at the sample edges, and varia-
tions in amplitude of the acoustic pulse with tem-
perature does not necessarily yield the tempera-
ture dependence of the sound attenuation. Near
the ICDW-to-CCDW transition in 17-TaS„how-
ever, amplitude changes were so pronounced and
of such a form that we believe they represent true
changes in the ultrasonic attenuation.

The sample temperature was measured with a
copper-Constantan thermocouple between 60 and
300 K and with a calibrated Lakeshore Cryotron-
ics germanium thermometer between 4 and 70 K.
Both sensors were in contact with the aluminum
delay line and the sample chamber was filled
with helium exchange gas. In the overlap region,
the temperatures obtained with the two sensors
agreed to better than 0.3 K and absolute tempera-
ture measurements were made to about the same
accuracy. The data were recorded on an x-y re-
corder as a graph of temperature sensor output
on the x axis versus signal amplitude (for attenua-
tion} or change in double pulse frequency (for
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velocity measurements). Subsequently, a Hewlett-
Packard 9830 calculator and 9864 digitizer were
used to digitize points from the graphs and com-
pute the corresponding temperature and changes
in attenuation or velocity. The primary graphs
were continuous records so that near features of
interest, the density of digitized points could be
increased. In this way, details of the behavior
near the phase transitions were not lost in the
data-handling process.

III. RESULTS

28-TaS2

We have made measurements on three different
samples obtained from two different sources and
they all show the same general features with some
variation in quantitative results. 2H-TaS, sam-
ples are generally wrinkly in appearance and for
this reason this material was the most difficult
to investigate ultrasonically. The low-tempera-
ture plate velocity was measured to be 3.6 x 10'
cm/s+ 10%. Figure 2 shows the overall variation
of signal travel time with temperature on a sam-
ple grown at S.F.U. This sample had a resistance
ratio 8 (300)/R(4) = 60. In Fig. 2 the travel time
decreases with decreasing temperature in a man-
ner similar to that found for 2B-TaSe, by Barmatz
et a/. Between 150 K and the CDW onset temper-
ature, To, there is little temperature dependence,
and below To the travel time decreases rapidly
and continues to decrease down to 4.2 K. Between
300 K and about 200 K, the signal-to-noise ratio
for the received echoes was poor, and part of the
observed variations in the results for different
samples and between thermal cycling of the same
sample was attributed to poor signal quality. Be-
low 200 K, the signal quality improved signifi-
cantly and the reproducibility was considerably

better. The error bars in Fig. 2 represent the
range of uncertainty in the data due to the above
difficulties. The true velocity variation is ob-
tained by subtracting out the change in sample
length due to thermal expansion. This is not
known for the g axis of 2II-TaS,. However, Givens
and Fredericks' have measured the a axis expan-
sion of the similar material, 2II-NbSe„above
150 K. Using this result as a guide, the small
slope shown in Fig. 3 above 100 K is comparable
to that to be expected from thermal expansion
alone. The true velocity change may thus be flat
or have a small positive slope in this region.

If we make a smooth extrapolation of the high-
temperature behavior just above T„we find that
the excess velocity at 4.2 K is O. F/p (a 0.1). Cor-
recting the curve for lattice-expansion effects is
expected to change the result very little in this
region, since the expansion coefficient should tend
to zero as the temperature goes to zero. More-
over, Steinitz eg g/. ' have measured the discon-
tinuties in lattice parameters occuring at the CDW

phase transitions in 2B-TaSe,. Assuming that the
sulfide shows similar magnitude discontinuties
(about 1 part in 10'), the effect would be negligible
compared to the rapid increase in velocity ob-
served. We also note that near 4 K the velocity
continues to change linearly with temperature
with a slope of -8 x 10 ' K '. This observation is
similar to that made by Barmatz et gl. ' in
2II-NbSe„and contrasts with our own measure-
ment of an aluminum foil where the residual slope
in b v/v at 4 K is no greater than -10 ' K '.
Thermodynamic considerations suggest that elas-
tic constants like thermal-expansion coefficients
should have zero slope as T goes to zero. The
reason for the finite slope in some of the layered
compounds is not clear and the only other materi-
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FIG. 2. Change in pulse travel time dt/t =—f t(0) —t(T )]/
g(0) with temperature for 2H-TaS2. Solid line is the ex-
perimental result; dashed line is the expected behavior
according to Eq. (2).

FIG. 3. Change in pulse travel time with temperature
for two 2H-TaS2 samples grown by different groups.
The data for the S.F.U. sample has been displaced down-
wards by 2x1.0 3 for clarity.
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FIG. 4. Temperature dependence of pulse travel time
and simultaneous resistance data on the Dalhousie
2H-TaS2 sample near the CDW onset temperature.

1T-TaS2

This material has a CDW onset temperature of
about 600 K and exists in a nearly commensurate
state below 350 K. On further cooling, the CDW q

als that we are aware of that have significant tem-
perature coefficients of velocity near 4 K are the
amorphous materials' and copper containing dis-
locations. " Figure 3 shows the detailed variation
of the pulse travel time near Tp for the S.F.U.
sample and also for a sample grown at Dalhousie.
The latter had a resistance ratio ft (300)/ft (4) = 36.
The results for these two samples are very simi-
lar.

In order to relate the phase transition as ob-
served by velocity changes to results from other
workers, we have made simultaneous measure-
ments of the sound velocity and of the resistance on
the Dalhousie sample. Figure 4 shows the re-
sults in the vicinity of Tp. The resistance curve
is essentially the same as results in the litera-
ture, although the data are somewhat more round-
ed than the best reported, "presumably because
our sample was large and perhaps less homo-
geneous. The value of Tp as determined from
the discontinuity in slope of the velocity curve
occurs close to the minimum in the resistance
curve.

The variation of the velocity in the vicinity of T,
in 2&-TaS, is very similar to that found by Bar-
matz eg gl. ' for 2II-TaSe, near the onset tempera-
ture of 121 K. In the latter material, the continued
stiffening of the lattice on cooling is interrupted,
however, by the second transition to the CCDW
state near 90 K. All our measurements on
2II-TaS, showed less than 0.5 K hysteresis effects
on heating and cooling.

100 200
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t

FIG. 5. Change in pulse travel time with temperature
for 1T-Ta82 near the lock-in transition. A strong hys-
teretic behavior in the commensurate state is evident in
this sample.

vectors rotate until, near 170 K (T~), the CDW be-
comes commensurate with the lattice. It is
known that the behavior near the lower transition
on thermal cycling is .dependent on whether or
not the temperature. is raised beyond the upper
transition. In our apparatus, the temperature
could not be raised above the upper transition,
however, and the results are thus for the case
where the sample temperature was cycled be-
tween 4 and 300 K only. Figure 5 shows the varia-
tion in signal travel time with temperature for a
plate mode propagating in the basal plane. The
plate mode velocity was 3.1 x10' cm/sa 10%%.

To get the true velocity variation this curve again
has to be corrected by subtracting out the effects
of expansion of the lattice. Givens and Fredericks'
have made x-ray measurements of the a axis in

1T-TaS, from 70 to 500 K and report a constant
expansion coefficient of 12.7 x10 ' K ', with no
discontinuities at the phase transitions. Our own
dilatometer measurements show a discontinuous
decrease of the a axis of 0.1%%u~ upon cooling through

Tg o

Features of the curve shown in Fig. 5 are that
(a) there is a large hysteresis in T„, as reported
previously in other properties, "which is about
50 K for our sample; (b) while not discontinuous,
the warming transition is considerably narrower
(about 1 K wide) than the width of the cooling
transition; this cooling width varies with sample
and with thermal cycling; (c) the background
temperature dependence of velocity near 200 K
is approximately the same above and below the
transition, with 1(g of the variation accounted
for by the thermal expansion of the a axis; (d) at
the pulse transition there is a steplike change in
velocity of magnitude 5(+1)x10 ' in af/&. About
1x10 ' of this can be accounted for by the change
in a axis dimension at the transition; (e) the data
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show a linear slope of -1x10 ' K ' in b, t/f near
4 K, a factor of 8 smaller than in 2H-TaS„but
still an order of magnitude greater than in the
aluminum foil.

The attenuation of the sound waves was also
measured as a function of temperature with the
result shown in Fig. 6. The background attenua-
tion was virtually the same and nearly constant,
above and below the transition. On cooling, there
was an increase in signal before the main wide
attenuation maximum. The temperature at which
the attenuation started to increase rapidly was
within 1 K of the temperature at which the velocity
started to increase rapidly. On warming, there
was a single narrow peak in the attenuation with
the temperature of the maximum attenuation
coinciding with the step decrease in velocity within
1 K. This attenuation structure is strongly depen-
dent on sample quality, for when the measurements
were repeated after attaching leads for a simulta-
neous measurement of resistance but otherwise not
disturbing the sample, it was found that the back-
ground attenuation was no longer flat, that the
cooling dip near 177 K vanished, and that the at-
tenuation peak was significantly broader on cool-
ing, but not on warming. In all thermal cycles,
the existence of large attenuation peaks at the
cooling and heating transitions was a reproducible
feature, however. Our resistance measurements
also showed that the maxima in the attenuation
coincided with the positions of the well-known
resistance edges found in this material. The
lack of detailed reproducibility of the attenuation
curves prevented a study of the effect of heating
and cooling rates on the observations. However,
results for velocity and attenuation reported here
were made at sufficiently slow temperature drift
rates (less than 1 K/min near the transitions)

100 200

-10-

FIG. 7. Variation of pulse travel time with tempera-
ture for 2H-NbSe2. Insert is the detailed behavior near
the CDW onset temperature.

that this should not be an important factor.

2H-NbSe2

The velocity results on a sample with a resis-
tance ratio of about 66 are shown in Fig. 7. As
for the other samples, the temperature dependence
of the travel time is given. The g-axis thermal
expansion was measured to be about 6&&10 ' K '
near room temperature so that in that temperature
range the actual velocity curve would be about 5%

above the curve shown in Fig. 7. The results
were normalized to the value at 10 K. The results
are qualitatively very similar to the results of
Barmatz et aE. ' and also of Skolnick et a/. ,

"with
a dip in the velocity at the CDW onset temperature
of about 28 K. The dilatometer measurements
showed that there are no accompanying anomalies
in the sample length greater than 3 parts in 10 '.
The low-temperature value of V~ was equal to
3.7x10' cm/s. Feldman" estimated the elastic
constants for 2H-NbSe, and with his first set of
values (C»= 3.1 x10" and C»= 4.6x10" dyn/cm'),
we estimate, from Eq. (1), C»=10.8x10". This
implies a Young's modulus of about 0.8x10"+30%
dyn/cm', which is considerably smaller than the
value obtained by Barmatz et al. Feldman's sec-
ond set of values for C» and C» yield a 1(@
smaller value for C».

IV. DISCUSSION

I I I I I I I I

120 160 200 T(K)

FIG. 6. Variation of pulse amplitude which has been
expressed as an attenuation with temperature in the
1T-TaS2 sample. The broad peak near 170 K and the
very sharp peak near 220 K were very reproducible fea-
tures.

The most striking feature of the results on
2H-TaS, is the softening of the velocity as the
onset temperature is approached from below
and the relatively flat region up to about 175 K.
It is in this temperature region that anharmonic
effects generally produce a much stronger temper-
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ature dependence. The general shape of the curve
below T, is very similar to the behavior of the
velocity of compressional modes observed at low
temperatures for TTF-TCNQ (Bef. 4) and some of
the A.15 compounds. ' In these materials the ano-
malies were attributed to the conduction bands, and
charge transfer between one-dimensional bands
for volume-nonconserving distortions played an
important part in the interpretation. We suggest
that in 2H-TaS, and 2&-TaSe, the conduction band
also plays an important role in determining the
temperature dependence of the elastic constants.
In this quasi-two-dimensional situation a com-
pression along the basal plane, for example,
would then produce a Fermi-surface distortion
which would be a function of position on the Fermi
surface. In the normal state, the strain energy of
the electrons could be reduced by having electrons
transfer from regions of high energy to regions
of lower energy on the Fermi surface and thereby
give rise to a soft elastic constant. At low tern-
peratures, in the charge-density-wave state,
energy gaps appear over the Fermi surface and
it is conceivable that the extent to which electrons
can become rearranged will be reduced. The
electronic strain energy will then remain high
and the elastic constant will be stiffer. These
effects can be expected to be significant whenever
the density of states near the Fermi level is
large, a situation which is generally believed to be
the case for the 2H compounds under investigation
here. " A quantitative evaluation of this model
requires a detailed knowledge of the Fermi-sur-
face distortions under strain, as well as know-
ledge of the location of the energy gaps on the
Fermi surface, and will not be attempted here.
Instead, we will attempt to obtain a qualitative
explanation for the general shape of the velocity
curves. The conduction-band contribution to
the elastic constants will be dependent on the den-
sity of electron states near the Fermi level. The
same applies to the behavior of the Pauli spin sus-
ceptibility in these materials. We can therefore
expect a relationship between the sound velocity
and the paramagnetic susceptibility. Such a re-
lationship was already pointed out by Bernstein, '
who showed that for a spherical Fermi surface the
form of the temperature-dependent part of the
bulk modulus was identical to the temperature-de-
pendent term in the Stoner susceptibility expres-
sion. In one dimension, a first-order contribution
to certain elastic constants has generally been
written in the form'«~

('(r)=M fx(~) (- )ck,

where t" is an elastic constant, N is a deformation

~V [V(T)-V(0)l
V V(0)

[VQ(T) —V(o)]
V(0)

M p
(0)~ [)ip (T) X)N('(0)]

p.&E~ M
(2)

In Eq. (2) [Vo(F) —V(0)]/V(0) represents the an-
harmonic contribution to AV/V, E~(0) is the plate
modulus at 1' = 0, ~ the molecular weight, p the
density, and [y (T)-y (0)) represents the change
in the paramagnetic susceptibility [mea, sured in
(emu/mole)]. The velocity measurements can now
be combined with magnetic-susceptibility data to
obtain information about the anharmonic back-
ground, as well as estimates of the order of mag-
nitude of the deformation potential in the 2p
layered compounds. One difficulty that is en-
countered is the observed anisotropy in the mag-
netic susceptibility" which is not properly under-
stood at the present time. Both X~ and X]~ show
very similar temperature dependences but their
magnitudes differ considerably. The temperature
dependence of each component, in the normal
state, is qualitatively what one might expect when
the Fermi level is close to a sharp peak in the
density of states and the sharp decrease in the
susceptibility in the CDW state is generally at-

potential, and N(e) is the, density of electron states
The close connection with the paramagnetic sus-
ceptibility is thus evident. For a complex Fermi
surface we cannot expect such a simple propor-
tionality between sound velocity and paramagnetic
susceptibility, since different averages over the
Fermi surface will, in general, be involved for
the two quantities. In the layered compounds,
however, because of the high isotropy within the
basal plane, we might expect that the above rela-
tionship will lead to a qualitative description of
the conduction-band contribution to the tempera-
ture dependence of the plate modulus or to Qyy.
The conduction-band contribution to an elastic
constant could then be written as

,Qc„(T}=—,}fp (T},

where y is the Pauli spin susceptibility and ]U,~
is the Bohr magneton. The temperature depen-
dence of an elastic modulus is also determined
by lattice anharmonic effects, that is, the anhar-
monic interaction of acoustic phonons with the
whole phonon spectrum. " Our main concern here
is the temperature dependence of the plate mode
velocity and it is convenient to express the soft-
ening of the velocity relative to its value at T = 0
in terms of an anharmonic contribution and a
contribution from the conduction band so that we
write
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FIG. 8. Expected anharmonic contribution to pulse
travel time according to Eq. (2). —- plate mode in
2II-TaS2,. —.——Young's-modulus velocity in 2II-TaSe2,.
for comparison our plate mode measurements on
12'-TaS2 in the commensurate state are also given.

tributed to the decrease in the density of states
when the energy gaps open up on the Fermi sur-
face. It appears likely that the anisotropy is
caused by spin-orbit interaction effects" so that
the density of states will still play a central role
in the temperature dependence of the susceptibility.
We expect the paramagnetic susceptibility without
spin-orbit effects to be somewhat closer to y for
& perpendicular to the c axis but in the absence
of a detailed calculation, we have used data on
powders to obtain representative quantities for
[X ~(T)-)f (0)] and assumed that all diamagnetic
contributions to g are temperature independent.
The anharmonic contribution was chosen to have
the simple form

(
V„(r}—V(0)

y(0)

since such an expression gave reasonable repre-
sentation for temperature dependence of the plate
mode velocity above the CDW transition in the
2H-NbSe, sample for which anharmonic effects
should dominate. By using the susceptibility data
given by Wilson" on 2H-TaS, and letting
ot = 1.9 x 10-', P = 5.1 x 10-", and N2 p/2 p, ~2 E, (0)M
= 225 (emu/mole) ', we obtained the dashed curve
in Fig. 2. This curve has the general features of
the experimental curve, i.e. , it shows the charac-
teristic softening of the lattice as the CDW transi-
tion is approached from below and a relatively
flat region above this temperature. The anhar-
monic contribution to the temperature dependence
for the above values n and P is shown in Fig. 8. In
2H-NbSe, the magnetic susceptibility has a rela-
tively weak temperature dependence so that the
data in Fig. 7 should represent largely the anhar-
monic component in this material. The derived
anharmonic contribution for 211-TaS, is thus com-

parable to that found in 2II-NbSe, ." Our plate
mode velocity value then gives a deformation po-
tential of about 0.7 eV. This is comparable to
the d-electron band width. " It is interesting to
note at this point that deformation potentials for
tight-binding d bands were shown by Mitra" to
be of the order of the bandwidth.

A similar analysis for the Young's-modulus
data on 2II-TaSe, as obtained by Barmatz et al. ' is
complicated by the ICDW-to-CCDW transition near
90 K in this material. This transition is very
pronounced in the elastic measurements but seems
to have no effect on the magnetic susceptibility.
The density of states thus does not appear to
change significantly at this second transition and
Eq. (2) would simply give a modulus stiffening
below 121 K, very much like that observed for
2'-TaS, . To obtain a fit to the data above 121 K
with Eq. (2), an allowance for a possible shift
in the T = 0 value of the velocity in the absence of
the second transition must be made, and a constant
5 shouldbe subtracted from the right-hand side of Eq.
(2). This parameter then is the offset of the low-
temperature intercepts on the velocity axis be-
tween the observed behavior and that expected in
the absence of the second transition. We obtained
a good fit above 121 K to the data of Barmatz
et al. ' shown in their Fig. 2 for ~ = -1.4x10 ',
p= 1.lx10 ",5=3.58xl0 ', and u'p/2p E2(0)M
=245 (emu/mole) '. The derived anharmonic
background shown in Fig. 8 and the deformation
potential of about 0.9 eV are thus very similar to
the values found for 2H-TaS, .

The anomaly in 2H-NbSe, near 28 K does not
show the stiffening of the lattice seen in 2II-TaS,
and also at the upper tran"-ition in 2II-TaSe, . In-
stead, the behavior is much more like that seen
at the ICDW-to-CCDW transition near 90 K in
2H-TaSe, . If any stiffening takes place in addi-
tion to the observed modulus softening, it is
probably less than 2x10 ' in b. p/p. If we assume
that for 2H-NbSe„M is of the same order as for
the Ta compounds, then we expect a susceptibility
anomaly of at most, 1x10 ' emu/mole. This is
well within the noise of susceptibility measure-
ments reported so fa,r.

It is tempting to extend the above arguments for
the 2H compounds also to the case of 1T-TaS,. In
this material the susceptibility shows little tem-
perature dependence except near the incommen-
surate-to-nearly-commensurate and the nearly-
commensurate-to- commensurate transitions,
where the susceptibility, like the electrical resis-
tivity, makes sharp jumps. For the sound velocity
this would imply, on the ba.sis of Eq. (2), a temper-
ature dependence determined essentially by an-
harmonic background effects but interrupted by
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nearly discontinuous jumps which are opposite in
sign to'the jump in the susceptibility. This inter-
pretation of the jumps in the velocity and the sus-
ceptibility implies that density-of-states changes
accompany the transitions in 1&-TaS,. Equation
(2) then gives u= 0.7 eV. In the commensurate
state, the susceptibility is essentially tempera-
ture independent and the measured temperature
dependence of the plate mode velocity shown in
Fig. 5 must be attributed entirely to anharmonic
effects. 1T-TaS, would then show the largest an-
harmonic contributions to the velocity of the lay-
ered compounds discussed here. The CDW has a
very large amplitude in 1T-TaS„and considerable
lattice distortions accompany the transitions. In
that case, it is quite possible that other explana-
tions for the jumps in the magnetic susceptibility
and the elastic behavior can be advanced and a
detailed study of elastic measurements, such as
sound velocity and thermal expansion that include
the upper transition, would be very helpful in
furthering our understanding of the properties of
this interesting material. .

the behavior of the magnetic susceptibility and the
plate mode velocity near the CDW transitions.
The temperature dependence of the velocity was
interpreted in terms of an anharmonic component
and a component attributable to the conduction
electrons. The rapid softening of the plate modu-
lus as the CDW transition is approached from be-
low in 2II-TaS, and the surprisingly small temper-
ature dependence in the normal state in both
2II-TaS, and 2II-TaSe» were interpreted in terms
of an interplay between these two components.
The anharmonic backgrounds suggested by the
model for the layered compounds turn out to be
significantly smaller than anharmonic softening
in, for example, aluminum, and an order of
magnitude smaller than in quasi-one-dimensional
materials, such as NbSe, or TTF-TCNQ. The
model also suggests that conduction-band deforma-
tion potentials in all four layered compounds dis-
cussed are of the order of 1 eV. The analysis in
this paper was of necessity very qualitative, but
it does suggest that a detailed theoretical study
of this problem might be very fruitful.

V. CONCLUSION

We have measured the plate modulus in
2g-NbSe„2II- TaS„and 1&-TaS, as functions of
temperature and noted a strong similarity between
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