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Large time-dependence effects have been measured below 1 K in thespecific heat of the spin-density-wave
~SDW! compound~TMTSF!2PF6 , well below its glass transition temperature at 3.5 K. These effects indicate
that most of the low-energy excitations characteristic of the disordered nature of the SDW subsystem are
decoupled from the phonon bath fort*1 s. A comparison is done with the related slow heat release observed
over similar long time scales~up to 104–105 s! in structurally disordered materials.

I. INTRODUCTION

Properties of broken symmetry ground states in quasi-
one-dimensional~Q1D! systems, especially charge~or spin!
density waves~DW’s!, are currently being intensively stud-
ied in condensed-matter physics. Due to the randomness and
disorder resulting from interaction with randomly distributed
pinning centers, DW’s exist in many metastable states and
consequently are characterized by a ‘‘glassy behavior’’ in
numerous electrical or dielectric properties.1

These metastable states are the best revealed from low-
temperature thermodynamical measurements. Thus for a
broad variety of DW compounds it has been shown that ad-
ditional excitations to regular phonons contribute to the spe-
cific heatCp below 1 K.2 On the other hand,Cp becomes
strongly time dependent in thisT range: initial evidence is
given by the nonexponential decay of the heat relaxation
after the sample has been submitted to a short heat perturba-
tion ~a pulse of 1 s or less!; further evidence is the strong
dependence of the kinetics of relaxation upon the duration of
the heat perturbation~the effect of aging, by similarity to the
spin glasses!.2,3 A typical example has already been de-
scribed with the case of the charge-density-wave~CDW!
compoundo-TaS3 .

2–4 All these features are reminiscent of
the low-T thermodynamical properties of structural glasses
~SG’s! or orientationally disordered crystals, i.e., orienta-
tional glasses OG’s!,5–9 which are generally interpreted by
the standard tunneling model.

Recently, simultaneous low-frequency dielectric measure-
ments and calorimetric ones in the spin-density-wave~SDW!
compound ~TMTSF! 2PF6 ~TMTSF is tetramethyltetrasel-
enafulvalene! have presented evidence of a glass transition at
Tg;3.5 K,10–12 well below the formation of the SDW at
Tc512.1 K. Accordingly, the existence of a low-T SDW

glassy phase gives stronger support to a direct comparison
with thermodynamical properties of canonical SG’s or OG’s.
In the following we will show that time-dependence effects
in specific heat for DW’s are much larger than in the case of
canonical SG’s or OG’s, and that they occur under more
usual experimental conditions. This means temperature
variations which remain close to the equilibrium over the
usual time spans for quasiadiabatic conditions.

II. EXPERIMENT

Here we report on a systematic investigation of the spe-
cific heat of ~TMTSF! 2PF6 in its SDW ~insulating! state
under various durations of the energy delivery, from about 1
s up to several tens of hours. The sample is loosely con-
nected to the regulated cold sink atT0 by a thermal link
Rl . Depending on the mass of the sample and the value of
Rl , time constants of the thermal transients in response to a
heat pulse excitation vary between a few seconds atT50.2
K ~for the initial regime only, see below! and;30–50 s at
T53 K. Two experimental runs were performed on two
samples issued from different batches. Experimental condi-
tions andCp data in response toheat pulsesfor the first
sample are reported in Ref. 10, in theT range 0.15–7.5 K.
As previously observed in CDW materials such aso-TaS3 ,
~TaSe4)2I, and NbSe3 ,

2–4 a progressive deviation from an
exponential decay of the transient develops on loweringT
below about 0.6–0.8 K: this corresponds to atime-dependent
specific heatwhich increases with time. This effect and the
determination ofCp on a short-time scale~a few s! have
been described in the case of TaS3 .

4 In that case,Cp is
defined by the initial temperature increment determined by
the initial temperature decay@method~a!# and corresponds to
the minimum value ofCp(T). Once subtracted, the time-
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independent contributions of addenda, phonons, etc., the re-
maining contribution represents the low-energy excitations
~LEE!, defined on this short-time scale.

We have now performed a second run on another sample
~0.11 g in weight!, under almost similar experimental condi-
tions, except for the value ofRl which was much smaller
than in the first run, by a factor of 5 below 1 K.13 In this
experiment the dependence ofCp upon the time delivery of
energy~or waiting time tw) was studied between 0.2 and 2
K, for time spans varying from less than 1 s~pulse! up to
10–15 h ~‘‘permanent regime’’!. In the case of long heat
delivery and time-dependentCp , one has to regulate the
power inputQ̇p in order to maintain constant the temperature
increment (Ti2T0) above the referenceT0 . When equilib-
rium is reached, the thermal linkRl is measured under
steady-state conditions by the ratioQ̇p /(Ti2T0). Then the
power is switched off and the transientT(t) is recorded. The
heat capacity is determined by the total heat release through
the link Rl which corresponds to the overall variation of
temperature fromTi to T0 :mCp5Qt /(Ti2T0). Total heat
release is obtained by integration over time of the instanta-
neous releaseQ̇(t)5@T(t)2T0#/Rl . This relation with a
constant value ofRl remains valid within our linearity con-
ditions, i.e., for a small-T excursion. This method~b! is an
extension of the usual relaxation method to the case of non-
exponential decay. We have also used this determination of
Cp in the case of short pulses, and compared it to the usual
method~a!. At each temperatureT0 , we have performed suc-
cessive measurements corresponding to various values of
tw . During all the series, the temperature of the sample was
never brought above 1.5 K.

An important condition, which allows us to defineCp in
this way, is that the increment (Ti2T0) remains small, as in
the case of heat pulses, generally a few percent ofT0: here,
up to 5–7 % maximum. We note that in the case of long heat
release experiments in glasses, discussed below, the initial
temperatureTi ~also called the ‘‘charging’’ temperature! is
much larger than the equilibrium one: generallyTi>2T0 or
3T0 , and therefore any determination ofCp is forbidden in
such conditions.

The main difficultly in such a long-time experiment,
which determines the accuracy of data, is to achieve a good
stabilization ofT0 over avery long time scale, up to about 24
h at the minimum temperature; indeed, the weight in the total
integrated energy of the long-time relaxational process ap-
proachingT0 is large compared to the initial part. Error bars
indicated in Figs. 1 and 3 correspond to relative fluctuations
of T0 of the order of6231024 ~which correspond to fluc-
tuations of the heat leakdQ̇5dT0 /Rl563 pW atT50.29
K, in Fig. 3!.

III. RESULTS AND DISCUSSION

Cp data obtained with both methods between 0.2 and 2 K
are reported in Figs. 1 and 2 and the corresponding thermal
transients atT50.29 K in Fig. 3. We first discuss data ob-
tained in response toheat pulses. As in our previous
experiment,10 almost no deviation to an exponential regime,
and therefore no time dependence ofCp over a time span
between 1 and several tens s, could be detected above
T;1 K. Results above 2 K were discussed elsewhere.11,12 In
this T rangeCp is dominated by the lattice contribution, and
exhibits a jump between 3 and 4 K, that we have ascribed to
a glassylike transition occurring in the electronic SDW sub-
system. Below 2 K, and down to 0.4 K,Cp defined by
method~a! is reproducible to within 20% with data of the
first sample10 despite the large variation ofRl and conse-
quently of the time constant of the transients~by a factor of
4!. As shown in Fig. 1, and previously discussed in Ref. 10,
Cp deviates progressively from aT3 law on decreasingT,
due to the presence of additional contribution of LEE’s. This
deviation is accentuated below 0.5 K, simultaneously with
the occurrence of nonexponential kinetics. Finally, below 0.3
K, an upturn appears, but of smaller amplitude than in the

FIG. 1. Dependence of the specific heat of~TMTSF!2PF6 on
the duration of energy delivery (tw): from a pulse of less than 1 s up
to 10–15 h. Data are reported on a log-log plot. The continuous
curve represents data calculated from the initialT increment in
response to heat pulses. Other data are obtained by total integration
of the energy release~see Fig. 3!. The straight line (T3) is the
estimated lattice contribution.

FIG. 2. Time-dependent specific heat normalized to its maxi-
mum value~for tw510-15 h! vs tw in a log scale at different tem-
peratures. For pulses (tw,1 s!, Cp is also obtained by integration
of the heat release.
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previous experiment. The excellent reproducibility (<5%)
between the two experiments in theT range 1.5–3 K where
the lattice termbT3 is dominant, confirms theb value of
(14.560.5) mJ/mol K4.

Now we compare results obtained by method~b!, i.e., by
integration of the total-energy release for increasing dura-
tions tw of the energy delivery. When compared with method
~a! for pulse conditions there is a generally good agreement
~except atT50.2 K!, although data are systematically larger
below 1.5 K. However, as soon astw increases,Cp shows a
strong nonlinear effect: it becomes very sensitive totw on
lowering T below 0.8 K, as shown in Fig. 1. At a fixed
temperatureCp increases withtw , but it reaches a saturation:
there is no more evolution ofCp(t) at T50.2 K when one
increasestw from 12 to 24 h. We have already observed this
saturation effect for large values oftw in thedynamicsof the
relaxation processDT(t), either in TaS3 ,

3 or in the previous
experiment in~TMTSF! 2PF6 where a preliminary study of
the kinetics was done.2 We interpret this saturation by the
fact that the DW subsystem reaches its own thermodynamic
equilibrium over time scale of;104 s atT.0.2 K. In Fig. 2
we have reported the variation ofCp normalized to its maxi-
mum value as a function oftw . The time dependence effect
onCp is tremendously large. AtT50.3 K it can be seen that
Cp for tw;10 h is50 times largerthan the value defined on
a short-time scale.

The temperature dependence of (Cp)max ~Fig. 1! indicates
the tail of a Schottky anomaly (}T22) below 0.6 K, saturat-
ing in a plateau atT50.3 K.14 This T22 dependence was
already observed in TaS3 , for which a similar analysis was
also done.15

Clearly this nonlinear behavior is related to the kinetics of
the LEE’s, as in the case of structural glasses. The progres-
sive deviation ofCp from the backgroundT3 law for increas-
ing tw is the manifestation of the decoupling of the LEE’s
from phonons at least over time scale>1 s. We note that this
time scale is very large in comparison to structural glasses:
here almostall ~98%! of the specific heat atT50.2 K is
decoupled from phonons att51 s, whereas a similar decou-
pling occurs ina-SiO2 at T50.1 K, at only 15ms.5

IV. COMPARISON WITH STRUCTURAL GLASSES

As we are not aware of other examples of similar time-
dependence effects below 1 K except for SG’s~or OG’s!, we
intend to compare our results in DW systems to some model
glasses. In these systems, the time dependence ofCp occurs
below 1 K for the time scale;1025–1021 s with a loga-
rithmic time variation. No time dependence is observed in
the t range;1021–102 s, which is the usual time span for
quasiadiabatic conditions, either in SG’s~SiO2, Refs. 5, 6,
and 9! or OG’s @KBr:KCN ~Ref. 8!#, whereas we have here
large effects in this range. In addition, long-time heat release
is observed in thet range 102–105 s, well obeying a law
Q̇(t)}t21 in various disordered systems.5,7,17–19This depen-
dence is a direct consequence of the logarithmic time depen-
dence of the specific heat, a prediction of the tunneling
model ~TM! of two-level systems,7,20

Obviously, much larger effects are measured in DW’s
than in glassy materials:~a! A Cp(t) effect already exists in
the t range 1–102 s. ~b! The amplitude of the LEE contribu-
tion decoupled from phonons is much larger. The long-time
equilibrium valueincreasesasT22 at low T. ~c! Long-time
heat release exists under experimental conditions which re-
main within the linearity conditions:Ti.T0 .

Now a qualitative comparison of our data to the predic-
tions of the TM can be done. It is clear from Fig. 2 that in the
T rangeT&0.5 K, whereCp is the most sensitive totw ,
variations are not logarithmic functions of the time. In this
range, variations ofCp represent essentially those ofCLEE ,
due to the vanishing lattice contribution~see also Fig. 4!. It is
interesting to note that the deviation~an upward curvature!
looks very similar to that in vitreous silica,5,6 although the
time scales are very different.

The second way to compare our data to the case of glasses
is to analyze the slow heat releaseQ̇(t) which is directly
given byDT(t)/Rl , t being the time elapsed after switching
off the heat input~or letting cool down the sample from
some initial temperatureTi@T0 in the case of glasses!. In
Fig. 3 we have reported the thermal transients atT50.290 K
corresponding to increasing waiting times. Concerning a

FIG. 3. Temperature decayDT(t)/DT0 ~left
scale! and corresponding heat release~right scale!
vs time, for different values oftw , at T50.290
K. The origin of time starts when energy delivery
is switched off. Initial incrementDT0 represents
7% of T0 . Error bars represent relative fluctua-
tions of 6231024 in the reference temperature
T0 . The t

21 lines are shown for comparison.

53 7701TIME-DEPENDENT SPECIFIC HEAT BELOW 1 K IN THE . . .



possiblet21 variation, this can be obeyed fortw<1 min and
for time *10 s. However, for longer waiting times, devia-
tions increase. We do not have to take into account the initial
decay regime within a few seconds. Indeed, we have verified
that this initial time constant is essentially determined by the
time-independent contributions~addenda plus phonons!,
which confirms that most of LEE contribution is decoupled
from phonons on this time scale. We conclude at this stage
that it is difficult to reconcile our data with the predictions of
the TM.

From the data of Fig. 3, the magnitude of energy release
at large time (t;103–104 s! corresponding to long waiting
time (tw515 h!, is Q̇5431022 nW ~or 431021 nW per
gram of material! at t5103 s, andQ̇.531023 nW ~or 5
31022 nW/g at t5104 s. A direct comparison to glassy
materials is not possible, since the experimental procedure is
very different. We mention that in vitreous silica for
T050.2 K and for a ‘‘charging’’T151.0 K, a heat release of
less than 1022 nW/g is measured att5103 s, which is an
order of magnitude smaller than here. In polymers, heat re-
lease per unit mass of;0.1 and 2 nW/g were measured in
polystyrene~PS! and polymethylmethacrylate~PMMA!, re-
spectively, forT0590 mK and t5104 s, but after cooling
from 80 K.19

Finally, the dynamics of the relaxation process due to
LEE can be estimated more precisely. After subtraction of
the phonon contribution, the contribution from LEE to the
specific heat,CLEE , is drawn in a log-log plot in Fig. 4 as a
function of tw at given temperatures.CLEE can be analyzed
by a power-law dependence:CLEE;tw

a . a can be estimated
for short tw&600 s or longtw*600 s. The temperature de-
pendence of the power-law exponenta for both short times

~empty symbols! and long times~full symbols! reported in
the inset of Fig. 4 demonstrates the very pronounced increase
of the LEE contribution below;0.6 K.

The unusually long LEE relaxation times measured in
DW systems are especially interesting with respect to the
universal features of glasses. Whereas for glasses the specific
heat, measured in similar experimental conditions as here,
reaches its equilibrium value within a few seconds, hereCp
continues to evolve up to 104–105 s. In the framework of the
TM, this would imply a much larger value oft min , the short-
est relaxation time of the tunneling systems via the
phonons,20 and consequently a different scattering strength
of phonons by LEE’s than in glasses. A value oftmin of the
order of;0.1–1 s, as estimated from Fig. 2, would imply a
very weak coupling of the LEE’s to the high-frequency
phonons responsible for thermal transport: this is confirmed
by the absence of specific additional scattering in the phonon
thermal conductivity (K;T3, as for crystals! of CDW com-
pounds below 1 K,21 contrary to the glasses. This situation is
quite similar to the case of the deutered mixed crystals
Rb12x~ND4)xD2PO4 ~Ref. 22! among the family of OG’s.

Also at variance with the TM model, the relaxation pro-
cess of the LEE’s at the thermal equilibrium is thermally
activated with an activation energy of;1 K.3,16 Internal
degrees of freedom in the DW state responsible for these
long-time relaxation processes have only recently been stud-
ied. Collective excitations are described as dislocation loops
or solitons~dislocation loop of a small radius!. Kinetics of
these excitations at low temperature include aggregation into
dislocation loops and clusters, and interaction of these clus-
ters with impurities.23 Recently, nucleation of local CDW
deformation have been described from the DW interaction
with strong pinning centers24 which also cause metastable
states to form. Time-dependent specific heat has been as-
cribed to the relaxation of these metastable states when the
DW is close to commensurability.25 The specific heat at satu-
ration is shown to follow the law of a distribution of
Schottky anomalies, in qualitative agreement with the result
shown in Fig. 1.

V. CONCLUSION

In conclusion, the progressive increase ofCp with the
duration of the heat perturbation indicates how heat is poured
out into more and more low-energy modes of the DW sys-
tem. These modes are strongly decoupled from the phonon
bath. DW exhibit long-time relaxation in the quasiadiabatic
conditions where glasses show no time dependence.
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FIG. 4. Log-log plot of the low-energy excitation contribution to
the specific heat of~TMTSF!2PF6 , CLEF}tw

a , as a function of the
duration of the heat perturbation,tw , at given temperatures~same
symbols as in Fig. 2!. Inset: temperature dependence of coefficient
a: (s) for short timestw,600 s; (d) for large tw.600 s.
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