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Abstract. We report ultrasonic and thermal expansion measurements on quasi-one-dimensional
(TaSe)2l. The elastic constanfs4 exhibits strong anomalies over a wide temperature range
around the Peierls transition. Anisotropic behaviour of the slow shear figg@ropagating

along and perpendicular to the chain direction is observed ar@wndElastic constants, like
electrical resistance, are very sensitive to a small Nb content substituted for Ta. Anomalous
behaviour of C44 at low temperatures is reported. We also present measurements of the
anisotropic thermal expansion coefficients.

1. Introduction

One-dimensional metallic compounds have been shown to be unstable towards the formation
of a semiconductor called a Peierls insulator. This instability is characterized by the opening
of a gap in the electronic spectrum at the Fermi levgl and by a lattice distortion. In one-
dimensional systems a lattice distortion with a wavelengtfi?22 » will lower the electronic
energy more than the elastic energy cost of the ionic distortion. The Peierls instability
has attracted much interest [1] in the last few years because chemists have been able to
synthesize inorganic as well as organic one-dimensional materials which exhibit the Peierls
phase transition, namely transition metal trichalcogenides NbE&s, ..., molybdenum
oxides such as KsMoOs, and quasi-one-dimensional halogenated metal tetrachalcogenides
(MSey)l with M = Ta, Nb. These latter compounds consist of (MS#hains parallel to the
crystallographia-axis well separated from one another by iodine strands [2]. In each MSe
chain the metal atom is located at the centre of a rectangular antiprism of eight Se atoms.
The band filling of the d transition metal M can be varied by varying the composition

[3]. This change in band filling leads to quite different structural and electrical properties
[2, 3]. (TaSe).l undergoes a Peierls transition & = 263 K [4, 5]. This transition
involves the formation of a charge-density wave (CDW) with an associated periodic lattice
distortion. Superlattice reflections have been observed in the incommensurate CDW phase
by electron diffraction [6], x-rays [7, 8] and neutron [9, 10] experiments. From the satellite
extension rules it was found that the atomic displacements were transverse, acoustic-like

| Present address: Physikalisches Institut, Goethe Uniser§itankfurt, Germany.

0953-8984/96/122021+21$19.5@C) 1996 IOP Publishing Ltd 2021



2022 M Saint-Paul et al

and predominantly polarized in the basal plane alod@]17, 8]. Inelastic neutron spectra
show little evidence [10] for a soft-mode instability Bt. The critical dynamics associated

with the Peierls transition appears to be primarily of the slow relaxational type (with an
unresolved central peak). No softening of any of the lower-frequency optic modes has been
detected [10], contrarily to the interphonon transverse acoustic—transverse optic interaction
model initially proposed by Sugast al [11]. Softening of the Young modulus by the
vibrating-reed technique [12] and of the torsion modulus [13] at very low frequencies has
been observed in this system, which is a general feature of the CDW phase transition. Few
experimental investigations with ultrasonic methods have been reported so far [14].

The incommensurate CDW transition is a second-order one, and thermodynamic
anomalies are expected to be related to the Ehrenfest relations. The CDW causes the
onset of three-dimensional order with large fluctuations of the order parameter occurring
aboveTp [1]. Softening of the Young modulus has been analysed in two other quasi-
one-dimensional compounds (Ta&nd Ky 3MoOs3) using the three-dimensionalY -model
[21].

Hereafter we present an intensive study of the elastic constants of pure and Nb-doped
(TaSe).l single crystals using the ultrasound technique. A sharp softening of the shear
elastic constanC,44 is measured af’p. The dispersion 0iC44 propagating parallel and
perpendicular to the chain axis exhibits a strongly anisotropic behaviour. Measurements of
the thermal expansion have also been made on the same samples and are reported.

The paper is organized as follows: in the second section we briefly describe the
experimental technique. The experimental results are reported in the third section. In
the fourth section we first describe the expectation of the elastic anomaly &t the
mean-field approximation. The analysis of the data leads to the evolution of the critical
exponents of the elastic constants and of the thermal expansion. Finally an anisotropic
process and electro-acoustic effects are reported.

2. Experiment

We have made measurements for several samples from several batches: A, B and C for
pure (TaSg).l, D for doped crystals with a nominal concentration of 0.2% Nb, E for doped
crystals with a nominal concentration of 1.2% Nb. Electrical resistance measurements on
crystals in different batches allowed us to determine the Peierls transition température
This temperature is better defined at the peak of the logarithmic derivative weérsus
temperature as shown in figure 1. The width of the peak gives an indication of the purity of
the sample. It is seen that doping smears out the phase trandgitida.respectively 263 K,
250 K and 245 K for batches A, B, C. A similar variation T has often been observed
by other groups and is presumably due to a non-stoichiometry of the iodine cofitefur
batch D is 246 K and that for batch E is not well defined but is around 200 K.

The crystals used for ultrasound measurements have typical dimensior€af4mn?;
the largest dimension is parallel to theaxis [001] direction. Parallel faces were cut
perpendicularly to the [001] direction. Samples having faces of good quality (mirror like)
were used as received to generate longitudinal and shear elastic modes propagating along the
[110] direction. Longitudinal and shear modes with polarization parallel and perpendicular
to the [001] direction were generated along the [001] and [110] directions. With respect
to the tetragonal symmetry of (Tagd (space group/422) the different sound velocity
measurements give access to five elastic constants. With the orientation of the available
crystals it is not possible to determiiigs.

The standard pulse-echo technique was used between 15 and 110 MHz withsLiNbO
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Figure 1. The logarithmic derivative of the electrical resistance as a function of temperature of:
pure (TaSg).l, A (batch B:7Tp = 263 K); doped (Ta_.Nb,Sep),l with x = 0.2%, B (batch
D: Tp = 246 K); and doped (Ta .Nb, Sey),l with x = 1.2%, @ (batch E:Tp = 200 K).

transducers. The sound velocity change was measured by phase-coherent detection. Because
of the high ultrasonic attenuation at room temperature only one echo is obtained at 15 MHz
for the slow shear mod€,4, and the inverse of the amplitude of the first echo was measured

in decibels and taken as a measure of the attenuation. The lengths of the samples were
constant, and fixed at 3 mm.

The thermal expansion coefficiemtwas measured between 4 and 300 K along the [001]
and [110] directions by a capacitance technique [15]. The experimental resolfigh
was about 10’.

Electric field effects on the sound velocity of the slow shear mode propagating along
the [110] direction and polarized along the [001] direction have been measured on sample
A2 with the electric field parallel to the [001] direction. A copper film 5080thick
was deposited on the two surfaces perpendicular to the [001] direction in order to obtain
good electrical contacts. Care was taken to avoid spurious effects due to sample heating
by the electric pulses. We used an experimental procedure similar to that described in
[16]. An electric pulse 3Qus wide was applied and its position was adjusted in order to
cover completely the travel period of aboutus of a selected acoustic echous wide.

The velocity of the selected echo was measured while the electric pulse was progressively
delayed until the selected echo was outside the electric pulse. The field effect on the
amplitude of the acoustic echo was too small to be accurately measured.

The specific measurements that we have performed are now listed.
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2.1. (TaSg),l samples

(1) The sound velocity and attenuation of the slow shear ntodepropagating along
the [001] direction § || ¢) with polarization perpendicular to this direction (L ¢), and of
the longitudinal mode”s3 along thec-direction have been measured on the same sample,
Al (from batch A). Measurements of the thermal expansion along thieection have been
performed on the same crystal.

(2) The sound velocity of theC44-mode propagating perpendicularly to the [001]
direction @ L ¢) with polarization along the chain axis:(|| ¢) has been measured for
sample B (from batch B).

(3) The thermal expansion along the [110] direction was measured for sample C.

2.2. Doped (Ta_.Nb,Se),l samples

(1) The sound velocity and attenuation of thig,-mode propagating along the [110]
direction with polarization along the chain axig || ¢) were measured for sample D (from
batch D:x = 0.2%).

(2) The sound velocity and attenuation of thig,-mode propagating along the [001]
direction g | ¢) with polarization perpendicular to this directiom (L ¢), and of the
longitudinal modeCs3; were measured for sample E (from batchiE= 1.2%).

Table 1. The sound velocity (in (ms') and elastic moduli (in units of #8 N m~2) at room

temperature.
Elastic constant  Sound velocity
(TaSa)l
C11: 3.94 2500
C33: 11.5 4260
Cuq: 0.128 450
Ceé: 1.42 1500
Cro: 1
(Talfx N bx SQl)ZI
x =0.2%
Cya: 465
x=12%
Cya: 510

3. Results

The elastic constants were deduced from the sound velocity results and are given for room
temperature in table 1; the mass densitjs 6.3 g cnt®. The shear constar@s, = dV}2,

has an unusually small value corresponding to the small sound veMgityf 450 m s2.

Va4 exhibits a large anomaly at the Peierls transition. We report a detailed study of the slow
shear mode 4.

3.1. The slow shear modgy,

In the tetragonal symmetry 422) of (TaSg).| the shear mod€ 44 corresponds either to the
elastic mode having the wavevecigi| ¢ and displacement vectar L ¢ or to the elastic
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Figure 2. The temperature dependence of the sound veldéjtyof the slow shear modé€aa

(a) with propagation perpendicular to the chain axig L [110]) and displacement || [001]

at 15 MHz for (TaSg)2l sample B {» = 250 K) (the solid line has been calculated using
equation (2) with the Debye temperatdig = 124 K and the Gruneisen paramelgy; = 0.45),

(b) with propagation along the chain axig ( ¢) and displacement. L ¢ at 15 MHz for
(Tag_xNb, Sey)2l sample E ¢ = 1.2%, Tp = 200 K).

mode withq in the basal planeg 1 ¢ andu || ¢, ¢ being the chain axis. Measurements
have been performed with these two configurations; the directignimthe basal plane was
determined by x-ray measurements. Measurements performed with the two polarizations
u || ¢ andu L ¢ are shown respectively in figures 2 and 3. A large decrease oVihe
sound velocity and a sharp peak in the ultrasound attenuation are observed at the Peierls
transitionTp for both configurations.

An anisotropic behaviours observed in the sound velocity and attenuation of the slow
shear modeC44 with the two polarizationsu L ¢ (figure 3(a)) andu | c (figure 3(b))
measured at the same frequency of 15 MHz for samples A1 and A2 of the same batch
(Tp = 263 K). The broad and large peak in attenuation at 275 K obtained ¢vithe
andu L c is not observedor the other configuratiorg || [110] andw || ¢. At 45 MHz,
attenuation af’p is very high and the acoustic echo vanishes.

The minimum of the sound velocity,, and the sharp peak in attenuation are very
sensitive to the niobium content (figure 2(b) and figure 3(b)). There is a similar broadening
at Tp in the temperature dependence @f; and in the temperature dependence of the
electrical resistance for low Nb doping. For the dopeé 1.2% sample no sharp peak in
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Figure 3. The relative change of the sound velociyWw,/V = V(T) — V(T*)/V(T*) and
relative change in attenuation of the slow shear m@gle(a) with propagation along the-axis
(g Il ¢) and polarizationu L ¢ measured at 15 MHz for (Tagel (sample A1,Tp = 263 K)
(0 dB is normalized to the value at 220 K afid = 210 K); (b) with propagation along the [110]
direction and polarizatiow || ¢ measured at 15 MHz for (Tagel, A (sample A2,Tp = 263 K)
and for (Ta_,Nb,Ser)2l with x = 0.2%, B (sample D,7p = 246 K) (0 dB is normalized to
the value at 290 K and™* = 290 K).

the electrical derivative (figure 1) and no dip in the sound velocity (figure 2(b)) is observed.
Figure 4 shows the comparison between the temperature dependence of the ultrasound
attenuation of the pure (Tafel (sample Al) already shown in figure 3(a) with that of
(Ta;_xNb, Sey),l with x = 1.2% (sample E) in the same geometwy:| ¢ andu L ¢. No

peak is measured for the doped sample. Doping smears out the Peierls transition. It should
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Figure 4. The relative change in attenuation in dB (0 dB is normalized to the value at 220 K)
of the shearC4s-mode propagating along the chain axs|| ¢ and foru L ¢ measured at

15 MHz for (TaSe).l, ® (sample A1,Tp = 263 K, as reproduced from figure 1(a)) and for
(Taz—xNb, Sey)zl, o, with x = 1.2% (sample E,J» = 200 K). The small points have been
calculated using equation (9) with) = 242 K andzg = 5.7 x 10~° s for samples Al and E.

also be noted that sound attenuation of €hg-mode at around 270 K as shown in figure 3

for the sample that was 1.2% Nb doped is smaller than the attenuation for purg)¢TaSe
Careful measurements in the temperature range around the Peierls transition show

that the maximum of the attenuation is observed at a temperdtyréower than the

corresponding sound velocity minimuff,. T,, — Ty =~ 0.2 K for pure samples and

T, — Ty ~ 1.2 K for the sample that was 0.2% doped.

Table 2. Values of the Peierls transition temperature, relaxation tinfe = o[l — 7/Tp] ™€,

790 = 10712 5), and applied voltag® along thec-axis.

Attenuation
Compounds \oltage (V) Tp Thax €
TaSa)l 262.3 2621 1.65
0.2 — 261.1 3.9
1 — 2616 3.4
(Taz_xNb, Sey)2l, x = 0.2% 247 246 3.8

A similar result has been observed in elastic measurements for the layered
dichalcogenides TaSand NbSe [17]. It has been interpreted in terms of two processes:
one is that of fluctuations of the order parameter and the second is an order parameter
relaxation process which contributes only bel@w. The minimum of the sound velocity
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Figure 5. Pure (TaSg)l, sample A2; the transverse mode wigh|| ¢, v L ¢ (figure 3).

(a) The temperature dependence of the relative change in the sound velggity (after
subtraction of the background contribution) as a function of the reduced tempefatuf®/ 7p |

on a logarithmic scaleTp is the Peierls transition temperature at whighy is minimum.

(b) The temperature dependence of the sound attenuation (after subtraction of the background
contribution) as a function of the reduced temperatdre 7/Ty| on a logarithmic scaleTy,

is the temperature at which the attenuation takes its maximum value.
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Figure 6. (Teg_Nb,Ser)2l, x = 0.2%, sample D; the mode with || [110], » || ¢ (figure 3).
The temperature dependence of the relative change in the sound vél¢ivy (after subtraction
of the background contribution) as a function of the reduced tempergturel’/Tp| on a

logarithmic scale.

is related to the phase transition temperatifise The maximum in attenuation occurs at
a temperaturd’, for which the matching conditiomtr = 1 between the sound frequency
o and the relation time for the process is fulfilled. Assuming that the relaxation time
of the order parameter has a power-law divergence to|T/Tp — 1|=¢ and using the

conditionwt =

1 at the maximum, we calculate the relaxation time coefficient 3.8
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with 7o = 10712 s (table 2).
In order to analyse the anomaly found with the mode wgth [001], w L [001], we
have subtracted the background contribution measured with the sample that was 1.2% doped
with the same mode. The relative sound velocity change
sV

AV AV
= 0% — S [1.2%]
vV v Vv

and the relative attenuation
§A = A[0%] — A[1.2%)]

show a largeasymmetric anomalground the Peierls transition. A possible origin of the large
peak in attenuation abovE> will be analysed in the following discussion (subsection 4.4).
The temperature-dependent background contribution has also been subtracted for the
transverse mode witly || [110] andw || [001]. The variation with a logarithmic scale
of §V/V and3§A (after subtraction of the background) for pure (Tage(sample A2) is
shown in figure 5(a) and figure 5(b) respectivaly= |1 — T /Tp| in figure 5(a) forsV/V
andr = |1 — T/Ty| in figure 5(b) for§A. A similar plot for the relative change of the
sound velocitysV/V is given in figure 6 for (Ta_ Nb,Se).l with x = 0.2% (sample D).
It should be noted that symmetricanomaly for the sound velocity and sound attenuation
around the Peierls transition is observed with this mode in pure gJASén contrast
the sound velocity anomaly is strongasymmetricin its temperature dependence for the
x = 0.2% doped crystal.

3.2. Longitudinal modes

The temperature dependence of the sound velocity and of the ultrasound attenuation of the
longitudinal modeCsz propagating along the-axis in (TaSg),l (sample A1,Tp = 263 K)
is shown in figures 7(a) and 7(b) respectively. The same peak in attenuation Bbave
observed at 275 K in the longitudinal (figure 7(b)) and in the shear mode (figure 3(a)). In
figure 8 the temperature dependence of the sound attenuation for the longitudinalCggode
of pure (TaSg),l and that for sample the that was 1.2% Nb doped is drawn. It is noted
that for the sample that was 1.2% doped the attenuation peak df;thmode is shifted to
a lower temperature: 240 K. Meanwhile for the shear mode this peak has nearly vanished
(figure 4).

The elastic constants and sound velocity measured in the present work and in our
previous report [14] are listed in table 1.

3.3. Thermal expansion

The temperature dependence of the thermal expansion for {Jkaeshown in figure 9(a).
a, has been measured for sample T (= 245 K) ande; for sample B {» = 250 K).
o, exhibits a large anomaly &p = 245 K which corresponds to the minimum 6%
measured for the same crystal. In contragtshows a step ten times smaller within the
experimental accuracy.

The background contributiony | yackerouna, has been empirically determined in the
temperature range between 150 and 300 K and the anomalous behaviour @pobad
been extracted and is shown in figure (e = a1 — @ packeround-
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Figure 7. (TaSa).l (sample Al1,Tp = 263 K); the longitudinal mod€33 propagating along
the c-axis. (a) The variation of the sound velocitgz with temperature. The solid curves
represent the behaviour above and belbw (b) The temperature dependence of the variation
of the temperature derivative of the sound velodig, [J, and of the sound attenuatiol,

4. Discussion

The temperature dependence of the sound veldgjtyof the shearC,4-mode, as shown

in figure 2(a), clearly exhibits three different regimes between 4 and 300 K. A linear
temperature dependence is observed between 50 and 200 K. Deviation from this linear
behaviour is observed above 200 K. The Peierls transition is characterized by a sharp
decrease ofV,, and a concomitant narrow peak with a large amplitude of the sound
attenuation. Aboveélr a broad and large peak in the attenuation of ¢hg-mode is only
observed in the configuration with|| ¢ andu L ¢ and not that withy L ¢ andwu || ¢. This

same peak in attenuation exists, however, for the longitudinal mode (figure 7(b)). Below
50 K, V44 decreases whefi is reduced down to 4.2 K. We will now analyse in detail these
different behaviours as the anisotropic behaviour of the thermal expansion.

4.1. Softening at the Peierls transition

Elastic anomalies at a Peierls transition can be accounted for by a Landau theory with
two order parameters [18, 19]. For the discussion of the interaction between theestrain
induced by the elastic wave and the order parameter, we consider the expansion of the free
energy in powers of the order parameter and the strain components [19]. The structural
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Figure 8. The relative change in attenuation in dB of the longitudinal médg (g || u || ¢)
measured at 15 MHz for (Tapel, A (sample A2,Tp = 263 K) and for (Ta_.Nb, Sey)2l, O,
with x = 1.2% (sample ETp = 200 K). O dB is normalized to the value at 160 K and 220 K
respectively. The curves have been calculated using equations (8) and (YpwitR42 K and
10=57x10"9s (o) and7p = 180 K andrg = 1.8 x 108 s (O).

transition of (TaSg),!| at Tp is characterized by a non-zero wavevector associated with the
order parameter [9, 10]. It follows that the straingzan only couple with even powers
of the order parameter in an incommensurate phase transition [18]. The existence of eight
superstructure wavevectaogs [10] leads to a four components of the order parameter.
The interaction energy., is phenomenologically expanded in powerseadnd the four
components;; of the order parametep, taking into account thé422 symmetry:
Fe = [Mer + e2) + A2l [nf + 03 + 03 + ni)
+iu[(ea+ es)(nf — n3) + (ea — es) (0} — n3)]
+ves [n? — n3 +n3 — n3]
and the elastic energy:
1 a1 1
F,= éCn(el +e3) + éCIZeleZ + éC13(ele3 + e2e3)
} 2 } 2 2 } 2
+ - Cazes + - Caaleg + e5) + - Copeg.
2 2 2
The Landau energyq contains the following terms:

1 Bo
Fo=SA[nd+n3+n5+ni] + - [l +nz + n3+na]
By By
+— [nin3 + nsng) + = [nins + nons + nnz] + -

4 4
For simplicity, we take;; = n andn, = n3 = n4 = 0, and one then obtains the new elastic
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Figure 9. (a) The temperature dependences of the thermal coefficientand oy measured
along the [110] and [001] directions respectively for (TA%k(4#: sample C,Tp = 245 K; O:
sample A1,Tp = 263 K). (b) The temperature dependence of the differential thermal expansion
Aa = oy — oy (o, the thermal expansion coefficient, has been calculated using equation (2))
for (TaSe)2l, ¢ (sample C,Tp = 245 K).

constantCy44 by minimizing the free energy with respect ép andes:

12

2By’

C24 is the background elastic constant. The discontinuityGaf in the mean-field
approximation is controlled by the coupling coefficignt A similar anomaly is expected
for all of the elastic constants. The value®{, is much smaller than the other values (see
table 1). This has the result that the largest relative discontinuify a expected only for
Cy44 in the case whereé = u = v.

However, critical fluctuations in the order parameter are extremely important in the one-
dimensional materials [18, 19, 20, 21]. They are responsible for the large dip in the sound
velocity atTp [18]. The sound velocity,4 and thermal expansion coefficiamt along the
[110] direction have the same critical behaviour near the Peierls transition (see figure 9(b)

Cag=CQy—
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Figure 10. The variation of the relative sound velocityVas ((TaSe)2l, sample B) and of
the thermal expansiomx ((TaSe)2l, sample C) as a function of the reduced temperature
|1—T/Tp| on a logarithmic scale (upper panel) for< Tp and (lower panel) fof" > Tp.

and figure 2(a), respectively). In figure 10 the variationsAdf (for the C44-mode, after
subtraction of the background) amdyx, are plotted as functions of the reduced temperature
|1— T/Tp| on a logarithmic scale. The same critical exponent of about 0.5 is observed
below T (figure 10, upper panel) over a large temperature range of about 40 K and the
same critical exponent of about 1 is observed abbyve

T P
AV, Aa; = |— -1
Tp

p=05 T <Tp

px~1 T >Tp
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Electro-acoustic effects observedZt (see figure 15, later) confirm that the dip in the
sound velocity ofC44 and peak in the attenuation are due to the fluctuations of the CDW
order parameter.

4.2. Anharmonicity

The normal behaviour observed in many solids is the decrease of the sound velocity or
elastic constant with increasing temperature which can be successfully described by the
anharmonicity of the lattice vibrations. The temperature dependence of the sound velocity
is related to the Gmeisen parameter. The expression for the temperature dependence of
the sound velocityy due to the anharmonic contribution may be written [22] as

1 FfffC(T) L

24V (T =0) @)
whereT s, is the effective Giineisen parameter which describes the anharmonic coupling
of the external strain to the thermal phonon modes ax@d) is the specific heat. At
high temperaturesl’ > 6p, 6 being the Debye temperature, a constant valu€gf in
equation (1) gives a linear temperature dependence of the sound velocity.

From the linear temperature dependence observed between 100 and 200 K in figure 2(a)
the valuel',;; >~ 0.45 is deduced for the she@us-mode. Cr has been calculated with
a Debye specific heat having a Debye temperaturépof- 124 K as deduced from the
low-temperature specific heat measurements [23] and an atom nuvnbetl. However,
the constant value df., in equation (1) cannot explain the decrease of the sound velocity
at the lowest temperature (figure 2(a)). A tentative explanation will be given below.
The temperature dependence of the thermal expansion in solids is also related to the

anharmonic effects. The thermal expansion coefficient is related to the theriinaiSn
parametery:

V(T)— V(T =0) =

1y
~ — 2
*=a g (2)
whereC(T) is the specific heat anft the bulk modulus. Taking ~ 101 N m~2 and the

Debye specific heaf (T') with 6, >~ 124 K, y can be estimated to be3 in the temperature
range around 100 K.

4.3. The thermal expansion in the vicinity Bf

Anomalies in elastic and thermal properties at second-order phase transitions are related by
Ehrenfest relations [24]:

dTp
dO','

Aa; = —(ACp/Tp) ()

d7p \?
ACij = —Cij (ACp/Tp) ( e ) @)

whereCp is the specific healy; the thermal expansivityC;; the isothermal longitudinal
elastic constant andfg /do; the stress dependence®f in theith direction. For (TaSgal,
no specific heat measurement arodidhas been reported and the specific heat discontinuity
ACp at Tp is not known.

Longitudinal elastic constants are compared to the thermal expansion. The magnitudes
of the step of the thermal expansion coefficiaat; ~ 10°° K-> and A, ~ 8x 10°® K1
are measured &, as shown in figure 9(a).
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A pressure dependenc&g/dp ~ 1 K kbar! has been measured by Foebal [25].
Tetragonal symmetry leads to the relation
dTp/dp = 2 dTp/do110+ dTp/dogor. %)
Equations (3) and (5) give
dTp/do110 ~ 0.48 K kbar? dTp /dogor ~ 0.06 K kbar?.

The anisotropic behaviour of the thermal expansion of (Ig$ds related to the
anisotropic stress dependencE-ddo. Equations (3) and (4) give
ACii dTp

=Ao;; ——.
Clzl " dGi

The very small value of B> /dogo; leads to a discontinuityACss/Csz >~ 1074, at Tp. This
value is in agreement with the experimental results, as shown in figure 7(a).

4.4. Low-temperature behaviour of tlig,-mode

From figure 2(a) it can be seen that at low temperatures below 50 K, the sound vélqcity
does not follow equation (1) and decreases wifieis reduced. This decrease of the sound
velocity of the slow shear modes has been observed for all of the pure and dopeg{TaSe
samples.

The same slow shear moda, has been measured for (Nb$#. (NbSe)sl is a quasi-
one-dimensional compound with a structure very similar to that of (jJaSeut which does
not undergo a Peierls transition. Low-temperature anomalies measured in)gTaBe
absent in (NbSgsl [23].

Similarly no anomalous behaviour in the temperature variatiov,afis observed in
(NbSe)sl as shown in figure 11(a). The increase of the sound velocity with decreasing
temperature follows equation (1) with a constantiGisen parametdr,;, ~ 1.7. In the
same figure, figure 11(a), the relative variationaf normalized atl' = 80 K is shown
for pure (TaSg).l (sample Al) and for (Ta ,Nb,Se),l with x = 0.2% (sample D) and
x = 1.2% (sample E). It can be noted thatZat= 4.2 K, the sound velocity,4 is equal to
that at 80 K. Figure 11(b) shows the frequency dependence of the attenuation of sample D
in the low-T' range.

Assuming the validity of equation (1) to extend to the lowest temperatures, an effective
Griuneisen parametdr,.;; can be calculated at each temperature. For the shear mode of
(TaSe),l, I'.¢r increases from 0.45 to 20 whd@hdecreases from 100 K to 4.2 K as shown
in figure 12(a).

In equation (1) one further term must be taken into account to explain this divergence
of I'.;s. Reformulation of the temperature dependence of the sound velocity must be
undertaken when anisotropy is included [26, 27]:

1 2 ar
V(T)— V(I =0) = 20V [C(T)F u 86] (6)
whereu is the phonon density energy aadl/de is the strain derivative of the @neisen
parameter. The term oI /de indicates averaging over the phonon modes weighted by the
mode energies. The negative temperature dependence of the sound velocity requires the
second termu aI"/d¢ in equation (6) to be the largest. This implies that the fourth-order
anharmonicity is important for the slow shear matig. The linear temperature dependence
observed between 5 and 20 K indicates that the phonon demdityequation (1) must
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Figure 11. (a) The relative change of the sound velocity of the slow siiaarmode normalized

at 80 K for pure (NbSg3l and doped (TaSg:! (the dashed line was obtained by calculation
using equation (1) witl'.;y = 1.7. (b) The relative attenuation of the slow shear mode in
(Ta;_NbSe)2l with x = 0.2% (sample D) measured at different frequencies.

increase linearly with temperature over the same temperature range, assuming a constant
oI’ /de-term.

A low-lying strongly dispersive transverse acoustic mode has been indicated by neutron
experiments [10]. This mode is characterized by a constant frequepr = 0.15 THz
over a large part of the Brillouin zonew, corresponds to a temperatufe ~ 7 K;
hw,, = kOg. The Einstein phonon density energyn equation (1) withdr = 7 K describes
a linear temperature decrease of the sound velocity#ittoe ~ 0.05. Thus, the anomalous
increase of the elastic constafif; or sound velocityvss below 20 K is due to the main
contribution of the low-lying transverse mode.

An anomalous behaviour of the ultrasonic attenuation is observed below 50 K. The
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Figure 12. (a) The temperature dependence of the effectiviinBisen parametdt,.;; deduced
from the sound velocity of the slow shear modes (figure 2(a)) using equation (1)®9%nd
1.2% ©). (b) The temperature dependence of the therméh@isen parameter deduced from
the thermal expansion coefficieat (figure 9) using equation (2).

attenuation observed in crystalline solids at low temperatures is attributed to the interaction
between the ultrasonic wave and the lattice vibrations, and in general the attenuation
decreases with decreasing temperature [22]. An opposite behaviour is observed in pure
and doped (TaSl! (figure 11(b)). Measurements performed at different frequencies on
the sample that was 0.2% Nb doped are only reported in figure 11(b); similar results have
been obtained for pure samples and samples that were 1.2% Nb doped.

The anomalous behaviours of both the sound velocity and the attenuation are related to
the low-lying and strongly dispersive transverse acoustic mode of {JdSe

Similarly the transverse thermal expansion does not follow equation (2) at low
temperatures. From the measured and the calculated’(7T) at low T, y is shown
to increase from 3 to 6 below 20 K. The temperature variation of the thernmiale®&en
parametel is plotted in figure 12(b). Both ultrasound and thermal expansion measurements
show the same anomalous behaviour below 20 K.

4.5. The sound attenuation peak abd\e

The large peaks in the sound attenuation of €hg-mode—but only with the propagation
along the chain axig | ¢ andu L e¢—and of the longitudinal mod€s3 (q || w || ©),
observed at around 275 K for (Tagg at 15 MHz and 80 MHz, have been analysed as
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Figure 13. (TaSe).l, sample A2. The electrical Figure 14. The variation of the sound velocity in the
resistance as a function of the voltage, and the voltagen-linear state as a function of the CDW current.
dependence of the sound velocity of #ig--mode with

q | [110], w || [001].

resulting from a relaxation process characterized by one relaxationctimius, the sound
velocity and the attenuation are related to the measurement frequesa@nd time constant
by

V(00) — V(0)

1+ (w7)? ()

V(w) = V(o) —

and
_V()?-V(©0? ot  F w’t ®)
B 2V3(0) 1+ (wr)2 2dV3(0) 1+ (w7)?
where F is the relaxation strength. We first tried to fit the variation of the attenuation peak
in Cqq (figure 4) and inCs; (figure 8) to an activated behaviour forsuch as
T =19exXp(T*/T).
Relatively good fits were obtained with an activation enefgy~ 4500 K andry ~ 10716 s,
This value of 4500 K is much larger than that the Peierls gap, estimated to be 3000 K [4].
Then we tried a power law for, given by
To €
= . 9
o [T - To} @)
The best fits yield a value af = 1.5. Using equations (8) and (9), the peak in the sound
attenuation inCa4 (the small points in figure 4) can be described wigh= 5.7 x 10°° s

andTp = 242 K. The same parameters give a satisfactory fit for the attenuation p€ak in
(the solid line in figure 8); thus the anisotropic relaxation strength can be estimated:

F11 >~ F33~ 10° N m~2



An ultrasonic and thermal expansion study 2039

Fa(q |l c,u L e) ~2x 10" N m2
Fua(q || [110], u || ¢) = O.

In doped (Ta_,Nb,Se),l with x = 1.2% the small attenuation peak 6%, observed
at around 230 K can be fitted with a larger valuergt= 1.8 x 10~8 s andT, = 180 K (the
small points in figure 4) andy = 5.7 x 10~° s andTp = 242 K for theCsz-mode (figure 8).

These measurements show that there is a critical slowing down of relaxing entities
which are coupled to the applied elastic wave over a large temperature range &ound
The relaxation timer for this process diverges at a temperatifigeroughly 20 K smaller
thanTp. Both temperatures» and Ty, are very sensitive to the Nb doping. It is important
to note that the relaxing entities are not coupled to the slow sfigamode propagating
along the [110] direction with the polarization along thaxis.

The microscopic nature of the relaxing entities cannot be deduced from these ultrasonic
measurements alone. This anelastic relaxation process [28] can be related to structural
instabilities which already occur abovg.. Strongly correlated fluctuations have been
observed abové&r (Tp + 30 K) in neutron scattering experiments. The CDW-modulated
structure at the Peierls transition implies severatates belonging to distinct domains. We
believe that the lattice distortions with various effective orientations are responsible for the
relaxation behaviour observed at aroufid

oV
02V
1V

(A/AV),01

Figure 15. The sound velocity and attenuation of the shear méde with ¢ || [110] and
u || [001] measured for different values of the electric field applied alongcthgis (theU-
threshold is at 258 K= 0.5 V) for (TaSa)2l (sample A2).

Relaxation can be due to the stress-induced ordering among preferred orientations of
the distortion domains. Relaxation occurs because of the redistribution of entities among
sites that are initially inequivalent but which become inequivalent in the presence of the
mechanical field [28].
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4.6. Electro-acoustic effects

(TaSe).l, like many other quasi-one-dimensional charge-density-wave conductors, exhibits
non-linear transport properties beldlip due to the sliding CDW when a voltage higher
than a threshold value is applied [1]. Electro-acoustic effects have been studied using the
vibrating-reed technique [29]. Hereafter we describe the effect of an applied voltage on the
sound velocity of the slow shear mode. We also show that the attenuation pedRpnisar
strongly affected if the sample is cooled throufih under an electric field.

4.6.1. Belowl's. The electric field effect on the sound velocity of the slow shear mode
with g || [110], = || [001] (sample A2,Tp = 263 K) is shown in figure 13. The voltagé

is applied over a distance of 3 mm. The threshold volt&geis defined as the voltage at
which the electric resistance starts to deviate from the constant ohmic Rgld¢. Ur has

been shown to increase exponentially when the temperature decreases, and consequently
we have only performed field-effect measurements at around 250 K. It can be seen that for
U = 10U the decrease of the sound velocityAd’/V ~ 5 x 107°. The charge-density-
wave current/cpy was calculated using the relatidgpw = I — U/Ro, wherel is the

total current. The decrease afV/V follows the Iggw—law for small I-pw and saturates

at high values as shown in figure 14. A similar behaviour has been found for the Young
modulus [12] and shear modulus [29]. The present effects measured at high frequency
(15 MHz) are two orders of magnitude smaller than those measured in the kHz frequency
range. This indicates that electric field effects in (Tg3efollow a frequency dependence

~ f~1/2 which can be compared to th&%“-law observed for Ta$[29].

4.6.2. Electric field effects around the Peierls transitiodeasurements of the sound
velocity of the slow shear mode witg || [110], » || [001] have been made on cooling
through T, with an applied electric field along theaxis. The dip in the sound velocity

and attenuation are sensitive to the applied electric field (figure 15). A large increase of the
attenuation is observed with a small applied voltage of 0.2 V. Furthermore the maximum
of the attenuation is shifted to lower temperatures. The relaxationcrateepends on the
electric field. The conditiomtr = 1 atT), with t = 1o |(T/Tp) — 1|~¢ leads to the value of

the critical exponent (table 2). The observed electric field effects on the elastic constant
Cy4 are thus similar to the effects of doping by Nb.

5. Conclusions

A large dip in the sound velocity of the slow shear mode with a large peak in attenuation
are observed at the Peierls transition. A symmetric anomaly is reported for the mode with
q || [110], = || [001]; meanwhile an asymmetric anomaly is observed for the mode with
q || [001], w L [001]. Fluctuations in the CDW order parameter are responsible for the dip
of the sound velocity. The same critical behaviofly {» — 1]7” >~ 1 belowTp and above
Tp respectively is observed in the temperature dependence of the sound velocity and the
thermal expansion coefficients.

An anomalous decrease of the sound velocity of the slow shear mode is reported below
40 K and attributed to the flat dispersion of the slow shear acoustic mode whose characteristic
temperature is 7 K. An anomalous behaviour of the therméin@isen parameter deduced
from the thermal expansion measurements is shown below 20 K and could be attributed
to the same origin. Finally, electro-acoustic effects with transverse acoustic waves are
consistent with recent theoretical predictions [30].
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