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Abstract. By means of high-resolution x-ray scattering, we have studied the temperature
dependence of the critical scattering associated with the Peierls transition iny)lafeom

a careful intensity and line shape analysis the critical expongntg and v were derived.

B, y andv are the critical exponents of the temperature dependence of the order parameter,
the susceptibility and the correlation length of the order parameter fluctuations, respectively.
Though this incommensurate structural phase transition is reported to be continuous, an unusual
exponent value is obtained8 ~ 0.2. The small value of8 suggests a blurred first-order
transition. We also report on the anisotropy of the correlation in the basal plane perpendicular
to the (TaSg)~-chain direction.

1. Introduction

One-dimensional metals undergo a phase transition, as predicted by Peierls [1], caused
by an instability of the electron density. This instability generates a charge-density wave
(CDW), which is accompanied by a modulation of the ionic positions in the lattice with
wave vectorg = 2kp, wherekyp is the Fermi wave number. This modulation is at the
origin of the observed superstructure reflections. Up to now Peierls transitions have been
found in a number of quasi-one-dimensional and quasi-two-dimensional systems. Such
systems are often studied in connection with the highly anisotropic character of the electrical
conductivity. Anisotropy ratios are typically of the order o2Q0® for conductivity values
parallel and perpendicular to the chain direction.

The incommensurate distortion induced by the CDW leads to additional Bragg (satellite)
reflections in the modulated (low-temperature) phase. The examination of the diffuse
scattering above the phase transition temperafureffers the possibility of studying the
criticality of the phase transition, as reflected by the temperature dependence of the intensity
and correlation lengths both below and ab@ye For reviews on this subject see, e.g., [2, 3].

The compound under study here is (Tagk(space group 422), first investigated by
Gressieret al [4]. It is composed of parallel chains (Ta$g separated by strands of |
atoms. It exhibits a Peierls transition at a temperafyre: 260 K with an incommensurate
modulation below the transition temperature. In this low-temperature phase the modulation
leads to eight first-order satellite reflections in the vicinity of each main reflection, the
positions of which are shown schematically in figure 1. The intensity distribution of the
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Figure 1. A sketch of the satellite positions in the vicinity of a main reflection. The triangle

C represents the main reflection; the positions B and D indicate the eight first-order satellites
(compare to [5]). The intensities of the satellites at BaR higher than those at D] .DSatellite

B is stronger than satellite’B

satellites is well described by the model of Leeal [5]. In this model an acoustic-like
harmonic CDW displacement(r) is assumed:

u(r) = p Sin(qg - r).

p is the modulation amplitude vector, which is written as
=y (&— %B) +H,Hé
qb

with 12, = 0.087 A and wy = 0.022A at T = 15 K. &, b andé are unit vectors along, b

ande. ¢, g, are the components of the modulation wave vegtatong the directiona and

b, respectively. It is noticeable that Le¢ al found the component; of the modulation
amplitude along the chain direction to be smaller than the compaonenperpendicular
to the chains. With this modulation amplitude vecjorthe intensity distribution’ (k) is

calculated as

[(k) o< [Jo(k - ]*8(k — @) + Y [Ju(k - w]*8(k — G +nq) +8(k — G —ng)}. (1)
n=1

The intensity profiles and correlation lengths above the phase transition temperature were
studied by Lorenzo and co-workers [6] by means of neutron diffraction. Sinc§1ibpace
resolution in neutron scattering experiments is rather limited, it was found desirable to
perform high-resolution x-ray scattering experiments to obtain more detailed information
close to the phase transition temperature.

In this paper we present a high-resolution x-ray investigation of the critical scattering
in the vicinity of the (@0) main reflection. The measurements were carried out in a narrow
temperature range extending both below and alfovd he temperature dependences of the
scattered intensities as well as of the correlation lengths were fitted to conventional power
laws, in order to extract the critical exponentsy andv. Similar work has been carried
out on such other CDW compounds as blue bronzg;koOs) and NbSe by Giraultet al
[7] and Moudderet al [8], respectively.



Critical x-ray scattering at the Peierls transition 2329

2. Experimental details

The (80) main reflection was chosen for this study since it provides a suitable intensity for
the satellite reflections according to expression (1). The measurements were performed in
Kiel on a three-crystal diffractometer [9] with a perfect Si(111) monochromator and analyser
using Cu kx; radiation from a 6.4 kW rotating anode RIGAKU RU200 (nominal power

12 kW). The mstrument provides a resolution in the horizontal scattering pIane of about
AQ = 8x 10 A-1 FWHM for scans along and aboutA Q' = 2 x 10~4 A~1 FWHM

for the rocking direction. To match the line-shaped beam with the needle-shaped geometry
of the sample (B x 0.8 x 5 mn?), with the long axis along the chain directiari, we

chose the ¢*, b*)- pIane as the scattering plane. Because of the relaxed vertical resolution
(AQ; =5.7x102 A-1 FWHM) no attempt was made to extract profile widths along the
c*-axis.

A few scans were performed using a linear position-sensitive detector (PSD), mounted
perpendicular to the scattering plane, instead of the Nal scintillation counter. The PSD
makes use of the vertical resolutianQ ;—sufficient to resolve the out-of-plane satellite
pairs at (6+ Ah, 2+ Ak, £Al). As shown below, however, the low count rate per channel
of the PSD set-up precluded its use for the bulk of the present study.

For the sample under investigatidh, was obtained from the power-law fits as 254.1 K
(section 5) and measurements were performed between 248 K and 258 K. The temperature
was scanned in steps of 0.5 K or 1 K using Peltier elements as cooling elements with a
temperature accuracy af0.1 K. The upper limit for the temperature range was found to
be about 258 K, when the peak intensity of the diffuse scattering is reduced to only about
twice the background level.

3. Measurements

The value of the modulation wave vecig@r was obtained from the positions of the satellite
reflections asy; = (£Ah, £Ak, £Al) with Ah = Ak = 0.04256(8) andAl = 0.077(5)

in reduced units, in close agreement with previous results [5, 10]. Here we investigated
the critical scattering withy, = (—Ah, —Ak, £=Al) near the (80) main reflection. High-
resolution scans were recorded in two directions in the basab()-plane: one along the
directiona* + b*, which is parallel to the projection @f; into the basal plane<g,(a*, b*));

the second, for technical reasons, not along the ideal direction perpendicgidiato b*),

but along the vecto®, which gives an angle of about 6Between these scanning directions
instead of 90.

Figures 2(a) and 2(b) show the intensity profiles along the two scanning directions
in the basal plane. At temperatures bel@wthe profiles are slightly broader than the
resolution function and their line shapes vary little with temperature. Above the phase
transition temperature, in the critical fluctuation regime, the intensity profiles broaden rapidly
and decrease in intensity with increasing temperature, until the diffuse intensity becomes
hardly detectable. The line shapes of the critical scattering—ath( —Ak, —Al) and
(—Ah, — Ak, +Al), scanned with the PSD set-up along the chain directiomre shown
in figure 3 for several temperatures above and belpwThe intensity profiles exhibit two
maxima centred at the two out-of-plane satellite positions. The vertical resolution is not
sufficient for extraction of a&* correlation length, as seen from the fact that the measured
width of the peaks is independent of the temperature and identical to that of2Bert@in
reflection.
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Figure 2. Critical scattering (symbols) and fits (full lines) for the scanning directions along
Q (a) and parallel tag;(a*, b*) (b). The direction alond is approximately perpendicular to
gs(a*, b*); see the text, section 3. The broken lines in the figures refer to the intensity profiles
of the main reflection taken as the instrumental resolution function.

4. Modelling the data

The intrinsic line shape of the diffuse scattering is described by the instantaneous correlation

function

S(q) = kgT x(q)

)
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Figure 3. Critical scattering (symbols) and Gaussian fits (full lines) for the direction parallel to
c*, scanned with a position-sensitive detector (PSD) (see the text, section 3). Because of the
low resolution these scans are not analysed with respect to correlation lengths.

wherey (q) is the susceptibility associated with the order parameter. In a simplified approach
taking the scanning direction and the low-resolution direction into accouigl) is taken
as a generalized Lorentzian profile with an exponert T < 2 [11]:

1 )}
~ 2 . 3
x(q) x(q)<1+5125q%+$228q§) 3

The§; are the correlation lengths of the fluctuations along these two directions. To model

the measured intensity profiles, equation (2) with expression (3) is convoluted with the
resolution functionR(q):

1(q) x / S(q+ T)R(7) dr. 4)
The resolution functiorR(q) is approximated as

R(q) ~ R(q1) exp(—K?q3).

Here direction 1 is taken to be the direction of the scan, the resolution profile of which
is determined experimentally from the profile of the20§ main reflection. Direction 2
represents the low-resolution direction. From this convolution one gets for the intensity
profile of the scanning direction

1 $-1/2
I(q1) ~ Io(qs, T) / R(t1) <1+§2(6]1+Tl)2> dry %)
1

with Io(T) including all of the temperature dependence:
Iy

Io(qs, T) =
o(gs, T) &(T)

kpT x(qs, T). (6)
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In figure 2 the fits of the intensity profiles with equations (5) and (6) are shown as full lines.
The fits yield a value for the expone(E — 1) in equation (5) ofx — J = 0.80+ 0.05,
i.e. a value ofE well within the range of values given for equation (3).
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Figure 4. Reciprocal correlation lengths for the two scanning directions in the basal plane
(a*, b*). The lines abovd, indicate the power-law fits. The lines belol¥ represent mean
values of the correlation lengths in the low-temperature phase.
5. Results

The temperature dependence of the correlation lengths and the intensities of the critical
scattering below and abov& were fitted with power laws:

T—-T.\"
slmzsgl( T ) )

T—T.\"
x(qs, T) =X0((Is)< T ) (8

for T > T., giving with equations (6), (7) and (8) for the peak intensity abByve

_ —(y—v2)
Io(gs, T) « (T Tc> )
T T,
and for the integrated or peak intensity bel@w
T, — T\?%#
Iinf(T) (08 < ) . (10)

From this we consistently obtained a valilig = 254.1 + 0.1 K for the phase transition
temperature. Note that expression (10) is valid only if the contribution from fluctuations
belowT, can be neglected with respect to the satellite intensity. In that regime, we expect the
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measured width of the intensity profiles to become temperature independent and resolution
limited. However, we found that the measured profile widths saturate belgyw— 1 K)
to a value which is slightly higher than the measureB0j6width, taken as the effective
instrumental width. This corresponds to finite values for the correlation lengths extracted
from the measured intensity profiles, as shown in figure 4. This behaviour, which indicates
a departure from true long-range order bel@w is common to many incommensurate
systems and arises from pinning of the modulation by defects as, e.g., reviewed in [2]. In
practice, we have assumed that the effect of the dynamic fluctuations could be neglected
belowT.—1 K and restricted the power-law fit according to equation (10) to that temperature
range.

The results from the fits for the temperature dependence of the correlation lengths are
presented in figure 4. The present results complement the neutron data of Lorenzo and
co-workers [6], from which a profile analysis closeTocould not be extracted.

Table 1. Critical exponents of the temperature dependence of the correlation lengihd the
integrated and peak intensity (exponefiteind y — vy, respectively). (See equations (7)—(10)

in the text.) vy is the critical exponent assumed for the correlation length in the non-resolved
c*-direction.

Critical exponents

Direction v B y — 2 y (with vy = 1)

|| to gs(a™, b*) 094+010 0224+0.02 125+013 2254+0.2
(I to a* + %)

Lltog(a*,b*) 098+£0.10 0254002 149+018 25+0.3
(I to Q)

Below 7., we found mean values for the correlation lengthsn the modulated
phase ofc?OL = 4100A £400A for the direction along the scattering vect@ and
dy = 1550A £ 100 A for the directiona* + b*—that is, parallel tag,(a™, b*). In figure 4
the full and broken line fof" < T, indicate these mean values, respectively. These values
lead to an anisotropy oﬁl/&” = 2.6 + 0.3 for temperatures belowW,.. Above T, the
reciprocal correlation lengths=1(7T) are fitted according to a power law. The results are
indicated as lines in figure 4, and the values for the critical expona@mé given in table 1.
The values; , = 6.0 A+ 0.3 A for the direction alongQ and & ; =41A +1.7 A for
a* + b*, alongg,(a*, b*), yield an anisotropy ofo /& = 1.5+ 0.8 in the basal plane, a
small value, which is different from the anisotropy value found belpw However, such
a small value is consistent with the results of Lorenzo and co-workers [6], who found no
anisotropy in the basal plane. The discrepancy between the anisotropy values below and
aboveT, may be explained by the fact that the intensity profiles belpwre at least partly
controlled by the CDW domain sizes and texture.

The temperature dependence of the intensities is shown as a log—log plot in figures 5(a)
and 5(b) for temperatures below and ab@yerespectively. For the critical exponent values
B andy, see table 1.

6. Discussion

The observed combination of critical exponents with a |8walue and a highy-value
(>2.3) is unusual and not predicted by a theoretical model for a continuous phase transition.
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Figure 5. Log—log plots of the variation of the scattered intensity with reduced temperature.
The temperature dependence of the integrated intedgity7) in the low-temperature phase

is shown in (a). (b) displays the variation of the peak intengity.(7)/T in the regime of
critical fluctuations. The lines indicate the power-law fits with the critical expongr(e) and

y — vz (b) for the two scanning directions. For the latter see equation (9) in the text (section 5).

There are models giving high-values, like e.g. the spherical model & 2) [12]. This
model yields a value for (v = 1), also observed in our experiment, but predicts a much
higher value forg: g = 3.

Most remarkable yet is the value @f ~ 0.2. This rather low value is in agreement
with the results of Lorenzo and co-workers [6], who fourgl2 0.37 £+ 0.01 from neutron
scattering. Models for continuous phase transitions predicting such low valugs dor
exist: e.g., transitions close to a Lifshitz point or a tricritical point, where the crossover
due to the vicinity of such points leads to effectigevalues of about 0.18 [13]. Another
model predicting lowg-values is, e.g., the two-dimensional Ising model with af %, even
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lower than that observed in our experiment. Nevertheless, these models seem unlikely to be
applicable to (TaSg:l, since on the one hand the existence of a Lifshitz point or a tricritical
point is not known for this compound, and on the other hand the observed anisotropy of
the correlation lengths of the fluctuations do not hint at a two dimensionality of the system.

A possible interpretation of the low-value could be that the phase transition is not
continuous but is in fact a blurred discontinuous transition, although there is as yet no other
evidence for a first-order character of the phase transition in ¢JaS€ommensurability
with the parent lattice, which may lead to a discontinuous transition, has not been observed
in (TaSe).l so far.

As, e.g., Hiller and Press [14] and Dorner and Cesr{15] have shown, treating a phase
transition, which is of first order within mean-field (MF) theory, with conventional power
laws as for a continuous one, may lead to apparent valueg fm‘tween% and 211. In the
framework of this approach, with the mean-field transition temperatyselower than the
actual phase transition temperatufe one should expect an apparent value fotower
than 1, although this has not been calculated. This estimatealue does not correspond
to our results with a value fop higher than 2, which hints at the importance of fluctuations
in (TaSa)l.

Aharony and Blankschtein [16] have given another approach: a phase transition,
continuous within MF theory, as normally expected for transitions to an incommensurate
state, can be driven to be discontinuous by fluctuations if the order parameter has more
than four components. In this casgyr is assumed to be higher thah, so one can
expect an apparent-value higher than 1 in the case of a blurred first-order transition.
For the exponenp one can expect a value similar to that given by [14, 15]. Since the
order parameter of (Tagel has eight components, this could be the explanation for the
discontinuous nature of the transition.

Another hint strengthening our interpretation of the phase transition can be seen in
figure 4. For a continuous transition and weak pinning at low temperatures one could
expect an increase ia~1(7) when approaching. from below, due to a change of the
pinning from weak to strong. The fact that within the limits of the observed data points no
such increase i§~1(T) is evident can be seen as supporting the interpretation as a blurred
discontinuous phase transition.

7. Conclusion

We have been able to follow the temperature dependence of the intensity profiles of the
critical scattering in the low-temperature phage< 7.) and in the regime of fluctuations
(T > T.) in a narrow temperature range close to the phase transition tempefature
Measurements with higlQ-resolution in the basal planex{, b*) perpendicular to the
chain direction were performed, allowing us to obtain from the intensity profiles the
correlation length of the fluctuations abo& and finite correlation lengths below the
phase transition temperature. The anisotropy of the fluctuatitns- (7,) is consistent
with previous neutron scattering measurements. Belpywwe found an asymmetry for
the two scanning directions, which was ascribed to the influence of CDW domain size
and texture. We also derived critical exponefitand y from the temperature variations
of the integrated and peak intensity of the critical scattering, respectivelyy dran the
correlation lengths of the fluctuations. These quantitative observations suggest a blurred
discontinuous phase transition of the compound (Ig$at 7. in contrast to the usually
continuous incommensurate phase transitions.

In the present study we could not explore the directinalong the chains, due to
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the limited instrumental resolution along this scanning direction. Since the direction

is the quasi-one-dimensional direction, it should exhibit the strongest correlation of the
modulation. It is planned to investigate the direction along the chains at a synchrotron
source in order to complete this study.
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