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We report the first very low temperature (from 93 mK to 7.3 K) specific heat data of a modulated
incommensurate dielectric (C6,).S0O,. They reveal three different contributions in excess of that of
normal acoustic phonons: low frequency excitations predominant below 0.2 K, a phason branch above
0.7 K, and optical phonon and amplitudon branches around 4.5 K. This analysis is done considering
neutron scattering results also.

PACS numbers: 65.40.+g, 63.20.Dj, 64.70.Rh, 71.45.Gm

Usually the lattice specific hea€, of crystalline pounds which, in addition, can be obtained more easily in
matter is well described by the Debye model7if«  the form of large, quite pure, single crystals. The above
0p where kgfp is a cutoff energy. It is now well discussed thermodynamic analyses request that the stud-
known that this continuum model does not describe théed phase exists at the lowest temperature, which is rare
low temperature specific heat of disordered solids, whera incommensurate systems. In this Letter, we present
additional degrees of freedom have to be considered. the first low temperature specific heat data in an insulator
the frequencies of these excitations are of the order ofvhich presents a phase transition towards a persistent in-
10 GHz, they will contribute taC,, at some 100 mK. A commensurate modulated structure. It is the molecular
specific example of extraphononic contributions is givencompound of bis(4-chlorophenyl)sulfone, BCPS, whose
by the two-level states of amorphous materials. In thencommensurate phase has been discovered recently and
crystalline state, the best examples are low-dimensionakvealed very interesting experimental features [9—-12].
compounds undergoing a Peierls transition at a criticalhe low temperaturé<7 K) specific heat enables us to
temperature [1] below which the electron charge densitynalyze the very low-frequency excitation spectrum and
wave (CDW) shows a modulation that is incommensuratehe possible metastable character of such a phase. The in-
with the underlying lattice. In real one-dimensionalterpretation of the data is supported by measurements of
conductors, the gapless character of the phason mode chath coherent and incoherent inelastic neutron scattering.
be destroyed by various mechanisms, especially impuritur main results concerning the collective excitations are
pinning. In these compoundg;, measurements have as follows: the detection of a phason gapat= 80 GHz,
revealed at the lowest temperatures an excess contributiom agreement with coherent neutron scattering data, and of
due to low-frequency excitations, which is strongly timeoptical and amplitudon branches at about 500 GHz. In
dependent [2-5], and a contribution from the phasoraddition, the metastable (or glassylike) character of the
modes at somewhat higher temperatures [5]. Howeveincommensurate phase is revealed by the presence of low-
the interpretation by the phason can be made mor&equency excitations detected at very low temperature
difficult by the contribution of low-frequency phonon (below 200 mK) and by nonexponential energy relaxation
branches due to the 1D character [6]. on the time scale between 1 and?19)

No such observation was reported up to now in other At 7, = 150 K, BCPS, (CIGH,),SO,, presents a dis-
types of incommensurate systems, for instance, in diplacive incommensurate transition. Its modulation wave
electrics compounds. Fundamental differences exist berector q; = 0.78b™ leads to peaks which are located far
tween CDW and dielectric compounds. These differenceaway from the Bragg ones, on both sides of a symmetry
are from both physical and experimental types. Concernforbidden peak [9]. The observation of rather strong first
ing physical aspects, incommensurability in dielectrics isand higher order diffraction satellites [13,14] is explained
of structural origin, allowing direct analysis of the relatedby a possible nonsinusoidal character of the static modu-
lattice dynamics and also direct unambiguous observatiokation. High resolution Raman scattering has shown that
of the characteristic incommensurate excitations such ake amplitudon has an exceptionally weak damping and its
the phason branches, by means of neutron investigation fnequency does not go to zero &t, with a gap of about
biphenyl, ThBy, and BCPS [7,8]. From the experimental 80 GHz [15]. This result is totally consistent with coher-
points of view, defects appear to play a crucial role in 1Dent neutron scattering, which reveals the existence of a
CDW compounds in comparison to 3D dielectrics com-phason gap in the frequency spectrum together with the
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appearance of a strong central peak, observed in the higif acoustic phonons t€,. = 272k3/5p w3, p being
temperature phase below 165 K [8]. The existence of dhe mass density = 1.5gcm 3. The average sound
gapless phason has been assumed based on the analysikcity 7 is typically 1540 ms™! and the resulting
of the frequency dependence of the spin-lattice relaxatiospecific heatC,. is assumed to obey am7? law
time 7, in *H NMR [11], but as in biphenyl [16] this with @ = 225 ergsK*g~!. Three dominant features are
analysis neglected the role of the damping, which mayapparent in order of increasing temperature: (a) a strong
hide the gap [17]. departure from th@? law up to about 0.2 K, (b) a first
Specific heat measurements were performed from 7.3 kcrease around 0.5 K, and (¢) a maximum around 4.5 K.
down to 93 mK in a dilution refrigerator with a tran-  (a) An extra phonon contribution with a rapid varia-
sient heat-pulse technique. The BCPS single crystaion becomes predominant below 0.2 K down to the lowest
(1.5 X 1.3 cn? in surface, 0.42 cm in thickness, and temperatures. Because of nonexponential transients in this
1.206 g in weight) was coated with Apiezon N greasetemperature range, the specific heat is defined by the ini-
(2 mg in weight) and pressed between two large silitial temperature decay just after the pulse, as explained in
con plates. The heater was fixed on one plate, the theRef. [2], which yields a minimum value. After subtraction
mometer and the thermal link to the regulated cold sinkof the acoustic phonon contributi@¢22573 ergsg ' K1),
on the opposite plate. The specific heat of the addenddere remains a small residual sigael” plotted on a log-
(mCagqq = 3.95T + 8.41T° ergsK ! below 2 K) was de- log scale in Fig. 2. The dotted line showg&” law with
termined by weighing the glue and the grease (a total o8 = 5.4 (in units of ergsg! K™ !) andy = 1.69. The
3 mg) and by measuring separately the Si platelets of thealue of the exponent depends on the value assumed for
sample holder. They contribute less than 10% to the totak and it decreases to 1.44 far= 235 ergsK*g~!. An-
heat capacity above 0.4 K, but up to 45% for the mini-other feature is the time dependence of the specific heat,
mum temperature (93 mK). A similar sample holder hasan effect characteristic of the broad spectrum of relax-
recently been used to detect a sample heat capacity of tlation times in disordered systems. Note at this point that
order of0.1-0.2 ergK™! at 7 = 100 mK in very sensi- the minimum value ofC, obtained in Fig. 2 represents
tive experiments on Al-Si compounds [18]. This is of theonly the part of the distribution with the shortest relax-
same order as for the residual heat capacity of BCPS. Thation times. The sample is subjected to a permanent heat
data were obtained by an automatic analysis of the expdtow and the thermal increment has been applied succes-
nential transients [19]. Because of the excellent thermadively during 0.5 s, 1 min, and 1 h. Following a previ-
diffusivity of the single crystal, the accuracy of this tech- ously presented procedure [2], after switching off the heat
nique is very good: a few percent between 0.2 and 7 Kpulse, the relaxation cannot be fitted by a simple exponen-
Below 0.2 K, the uncertainty increases due to the progredial function and the deviation increases with duration of
sive appearance of a deviation from exponential decay. the applied heat flow. From these results, we may assume
The raw data, corrected for the addenda, are representditat at7, = 97 mK the thermodynamical equilibrium has
in Fig. 1 asC,/T? vs T in a log-log plot, in order to
characterize deviations from the Deb§é law. Using

the values of the sound velocity measured by Brillouin .
scattering [20], we have estimated the contribut©@n 1.0 o _
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. FIG. 2. Residual specific heat after subtraction of the contri-
200 o T 051 5 5 10 bution of phonons on a log-log plot. Two extreme possible

T (K) values of C, (circles and crosses), respectively, are deduced
from the exponential laws, which can fit either the initial part
FIG. 1. Log-Log plot of the BCPS specific heat divided by (over a time space of 2 s) or the intermediate part (between
T;. Dashed line: Debye contribution calculated from acoustic2 and about 10 s) of the temperature decay. The dotted line
data. through the circles represents the power |a®'”’.
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been reached after about 1 min of thermalization of the T
compound, which indicates a very low activation energy |
for this slow relaxational process. It should be noted that 100 |-
these time-dependent relaxation effects disappear progres- .
sively above 200 mK. Such a features is usually attributed
to the metastable character of the disordered ground state.
This behavior at very low temperatures could have the
same origin as the low-energy excitations (LEE) observed
in CDW compounds [2-5]. However, in that case, the
residual LEE contribution was found to be much more im-
portant and varied less rapidly < 1) [3]. This effect
is less pronounced in our incommensurate modulated di-
electric than in CDW compounds and its origin requires
further clarification. In another incommensurate dielec-
tric, biphenyl, NMR studies concluded for a glassy charac- 1 T(K) 10
ter of the lowest temperature phase [16]. Another aspegtig. 3. Log-log plot ofAC, = (C, — aT® — BT?)/T?, as
not considered up to now is the existence of the centradiscussed in the text. The dashed curves indicate the contribu-
peak in the phason fluctuation spectrum of incommensution of the phason mode with two cutoffe(= 80 GHz and
rate phases. As its spectral analysis is impossible (evety = 400 GHz) a”ﬁ the I?gm”b‘”'_on ﬁf an E'“fSt%'” mode with
with the best frequency resolution of a cold neutron triplet’;fbu_tiggg_GHz' The solid curve is the sum of these two con-
axis spectrometer), its contribution to the very low temper-
ature specific heat is unknown.
(b) The C,/T? bumps seen in Fig. 1 above 0.5 K are
more clearly illustrated in Fig. 3, under the forAC, = like dispersion. The phason branch actually originates far
(C, — aT?® — BT?)/T?. Figure 3 clearly shows another away from the lowest transverse acoustic phonon in re-
contribution to C,/7T3 around 0.7 K. Following an ciprocal space. Although it is in agreement with our co-
Einstein description this corresponds to excitations abovlerent neutron scattering experiments [8], this value of
70 GHz. Coherent neutron scattering measurements haie somewhat debatable, but this is of no fundamental im-
unambiguously shown that the resolved part of the phasoportance. In fact in this temperature range several other
spectrum presents a gag = 80 GHz at q,, with a  contributions exist and the Debye assumption for the nor-
slightly anisotropic dispersion and velociti€200 ms! mal acoustic phonons becomes less and less valid.
along b* and 2600 ms™!' along ¢* [8]. For a single (c) The last bump around 4.5 K is provided from low-
phason branch, the specific heat may be expressed [5,2%lequency optical branches. An Einstein modevat=
assuming a truncated linear dispersion law at frequencies)0 GHz indeed yields a maximum i@, /T? at 6 =
higher than the gapy: 475K, i.e., a temperature 5 times smaller than calcu-
s [ e 2 5 lated fromrg. Raman scattering experiments [10] have
Cp = 3Nckg(T/6.) f (xr = xo)’[xe*/(e* — 1)°]dx  shown that at low temperatures the amplitudon frequency
X0 .
] saturates at approximately 400 GHz. Coherent neutron
with xo = hvo/kpT . scattering spectra revealed the presence of other low-
Here N. is the number of phason mode excitations andrequency excitations with temperature-independent fre-
v. = (kpx./h)T = kg6./h is a high-frequency cutoff. quencies at 320 and 470 GHz [22]. Our calculations
In order to describe the small region in reciprocal spaceéndicate that other modes at higher frequencies do not con-
aroundr, = 80 GHz where the phason branch is rathertribute significantly toC, /T3 in this temperature range.
flat, and Einstein mode contribution with a small relative This excess phonon density of states can be experimentally
weight of 1% has been introduced. The resulting contri-observed by incoherent neutron scattering. Such measure-
bution is drawn as a dashed line in Fig. 3. Fromthése ments have been performed on a polycrystalline sample
measurements, a mean velocityl®80 ms™! is found for  using the time-of-flight spectrometer MIBEMOL of the
the phason. A complete description of the specific heat ikaboratoire Léon Brillouin (Saclay, France). The incident
then obtained in this temperature range just by consideringzavelength was\, = 6.2 A~! giving a frequency resolu-
this phason mode. Figure 3 shows that the contribution ofion FWHM of 25 GHz. BCPS data measured in the in-
this mode at higher temperature is masked by the presencemmensurate phase, at 80 K, are shown in Fig. 4, with the
of other branches. Let us recall that in this description wealata analysis following Ref. [17]. As long as the Debye
used a modified Debye spectrum for the phase-mode exailescription is valid for acoustic phonons, their contribution
tations, with two characteristic frequencies: = 80 GHz  to g(v)/v? ande/T3 is constant. From lattice dynamics
corresponding to the gap angd. = 400 GHz, assumed calculations [23] and coherent neutron scattering measure-
to be the high-frequency limit for the validity of Debye- ments [8], it follows that this Debye behavior is valid up
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200 B B 7 inelastic coherent neutron scattering results. The third
extra contribution has a maximum®t= 4.5 K and, even
E if it is essentially due to optical phonons, it contains the
s 150 [ . L .
= contribution of the amplitudon branch.
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