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Large time-dependence effects have been measured leloin the specific heat of the spin-density-wave
(SDW) compoundTMTSF) ,PF4, 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 for 1 s. A comparison is done with the related slow heat release observed
over similar long time scale@ip to 1¢—1 s) in structurally disordered materials.

[. INTRODUCTION glassy phase gives stronger support to a direct comparison
with thermodynamical properties of canonical SG’s or OG’s.
Properties of broken symmetry ground states in quasitn the following we will show that time-dependence effects
one-dimensionalQ1D) systems, especially charger spin in specific heat for DW’s are much larger than in the case of
density wavegDW's), are currently being intensively stud- canonical SG’s or OG’s, and that they occur under more
ied in condensed-matter physics. Due to the randomness andual experimental conditions. This means temperature
disorder resulting from interaction with randomly distributed variations which remain close to the equilibrium over the
pinning centers, DW’s exist in many metastable states andsual time spans for quasiadiabatic conditions.
consequently are characterized by a “glassy behavior” in
numerous electrical or dielectric propertes.
These metastable states are the best revealed from low- Il. EXPERIMENT
temperature thermodynamical measurements. Thus for a H . ¢ fic i tioati f1h i
broad variety of DW compounds it has been shown that ad- ere we report on a systematic investigation ot the spe

ditional excitations to regular phonons contribute to the spe9IfIC heat of (TMTSF);PFs in its SDW (insulating state

o 5 under various durations of the energy delivery, from about 1
cific heat_Cp below 1 K. Qn the other hqr!dcp l?ecome§ s up to several tens of hours. The sample is loosely con-
strongly time dependent in thik range: initial evidence is

) . ._nected to the regulated cold sink & by a thermal link
given by the nonexponential decay of the heat reIaxauorRI. Depending on the mass of the sample and the value of

after the sample has been submitted to a short heat perturbg- ime constants of the thermal transients in response to a
tion (a pulse 6 1 s orless; further evidence is the strong pheat pulse excitation vary between a few secondg=a0.2
dependence of the kinetics of relaxation upon the duration o (for the initial regime only, see belgvand ~30-50 s at
the heat perturbatiotthe effect of aging, by similarity to the T—=3 k. Two experimental runs were performed on two
spin glasses™ A typical example has already been de- samples issued from different batches. Experimental condi-
scribed with the case of the charge-density-wd@®W)  tions andC, data in response tbeat pulsesfor the first
compoundo-TaS;.2~# All these features are reminiscent of sample are reported in Ref. 10, in tfierange 0.15-7.5 K.
the low-T thermodynamical properties of structural glassesAs previously observed in CDW materials suchca3ass;,
(SG'9 or orientationally disordered crystals, i.e., orienta-(TaSe,),l, and NbSg,?~* a progressive deviation from an
tional glasses OGJ$~° which are generally interpreted by exponential decay of the transient develops on lowefing
the standard tunneling model. below about 0.6—0.8 K: this corresponds ttime-dependent
Recently, simultaneous low-frequency dielectric measurespecific heatvhich increases with time. This effect and the
ments and calorimetric ones in the spin-density-we&BW) determination ofC, on a short-time scaléa few 9 have
compound (TMTSF) ,PFs (TMTSF is tetramethyltetrasel- been described in the case of Fa$In that caseC, is
enafulvalenghave presented evidence of a glass transition atlefined by the initial temperature increment determined by
Ty~3.5 K2 well below the formation of the SDW at the initial temperature decdynethod(a)] and corresponds to
T,=12.1 K. Accordingly, the existence of a low-SDW  the minimum value ofC,(T). Once subtracted, the time-
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L FIG. 2. Time-dependent specific heat normalized to its maxi-
| mum value(for t,=10-15 h vst,, in a log scale at different tem-
peratures. For pulses, (<1 9, Cj, is also obtained by integration
r of the heat release.
1 . . An important condition, which allows us to defigg, in
0.1 1 this way, is that the incremen®(—T,) remains small, as in

T &) the case of heat pulses, generally a few percertohere,

FIG. 1. Dependence of the specific heat(@MTSF),PFs on up to 5—7 % maximum. We note thfit in the case of long hga}t
the duration of energy delivery,(): from a pulse of less thel s up release experiments in glasses, dlscgssed below, thg initial
to 10-15 h. Data are reported on a log-log plot. The continuoud€MperatureT; (also called the “charging” temperaturés
curve represents data calculated from the iniiaincrement in ~ much larger than the equilibrium one: generally=2T, or
response to heat pulses. Other data are obtained by total integratié o, and therefore any determination Gf, is forbidden in
of the energy releasésee Fig. 3. The straight line T°) is the ~ such conditions.
estimated lattice contribution. The main difficultly in such a long-time experiment,

which determines the accuracy of data, is to achieve a good

independent contributions of addenda, phonons, etc., the r tabilization ofT, over avery long time scaleup to about 24

maining contribution represents the low-energy excitations atthe minimum temperature; indeed, the weight in the total
(LEE), defined on this short-time scale. integrated energy of the long-time relaxational process ap-

We have now performed a second run on another sampl%ro.aChingTO i; large compared to the initial part. Error bgrs
(0.11 g in weigh, under almost similar experimental condi- indicated in Figs. 1 and 3 correspond to relative fluctuations

tions, except for the value dR, which was much smaller of T.O of the order of+2x 10" * (which correspond to fluc-
than in the first run, by a factor of 5 below 1%.In this ':ga_tlogfs ogthe heat leaBQ=dTo/R;=+3 pW atT=0.29
experiment the dependence ©f upon the time delivery of ™ in Fig. 3).

energy(or waiting timet,,) was studied between 0.2 and 2

K, for time spans varying from less than 1(pulse up to IIl. RESULTS AND DISCUSSION

10-15 h(*permanent regimeJ. In the case of long heat C, data obtained with both methods between 0.2 and 2 K
delivery and time-depender@,, one has to regulate the 4o reported in Figs. 1 and 2 and the corresponding thermal
power inputQy, in order to maintain constant the temperatureyansients aff=0.29 K in Fig. 3. We first discuss data ob-
increment T — To) above the referencg,. When equilib-  tained in response tdeat pulses As in our previous
rium is reached, the thermal IinR, is measured under experiment® almost no deviation to an exponential regime,
steady-state conditions by the raf@,/(T;—To). Then the  and therefore no time dependence@f over a time span
power is switched off and the transieR{t) is recorded. The between 1 and several tens s, could be detected above
heat capacity is determined by the total heat release through~ 1 K. Results abow 2 K were discussed elsewhété?In

the link R, which corresponds to the overall variation of this T rangeC, is dominated by the lattice contribution, and
temperature fronf; to To:mCy,=Q,/(T;—T,). Total heat exhibits a jump between 3 and 4 K, that we have ascribed to
release is obtained by integration over time of the instantaa glassylike transition occurring in the electronic SDW sub-
neous releas@(t)=[T(t) —Tol]/R,. This relation with a system. Below 2 K, and down to 0.4 K, defined by
constant value oR, remains valid within our linearity con- method(a) is reproducible to within 20% with data of the
ditions, i.e., for a smallF excursion. This methob) is an  first samplé® despite the large variation d® and conse-
extension of the usual relaxation method to the case of norguently of the time constant of the transiefity a factor of
exponential decay. We have also used this determination af). As shown in Fig. 1, and previously discussed in Ref. 10,
C, in the case of short pulses, and compared it to the usua, deviates progressively from & law on decreasing,
method(a). At each temperatur€;,, we have performed suc- due to the presence of additional contribution of LEE’s. This
cessive measurements corresponding to various values déviation is accentuated below 0.5 K, simultaneously with
tw . During all the series, the temperature of the sample wathe occurrence of nonexponential kinetics. Finally, below 0.3
never brought above 1.5 K. K, an upturn appears, but of smaller amplitude than in the
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previous experiment. The excellent reproducibilits# §%) IV. COMPARISON WITH STRUCTURAL GLASSES

between the two experiments in therange 1.5-3 K where
the lattice termBT2 is dominant, confirms thg8 value of
(14.5+0.5) mJ/mol K.

As we are not aware of other examples of similar time-
dependence effects baldl K except for SG'Jor OG’s), we

Now we compare results obtained by methby i.e., by intend to compare our results in DW systems to some model

integration of the total-energy release for increasing duradlasses. In these systems, the time dee(inden_cg otcurs
tionst,, of the energy delivery. When compared with methodPelov 1 K for the time scale~10"°-10"" s with a loga-
(a) for pulse conditions there is a generally good agreemerft'thm'c time variation. No time dependence is observed in
(except aff =0.2 K), although data are systematically larger the t range~10"*-1C" s, which is the usual time span for
below 1.5 K. However, as soon &g increasescp shows a quasiadiabatic conditions, either in SGSiO,, Refs. 5, 6,
strong nonlinear effect: it becomes very sensitivetjoon ~ and 9 or OG’s[KBr:KCN (Ref. 8], whereas we have here
lowering T below 0.8 K, as shown in Fig. 1. At a fixed large effects in this range. In addition, long-time heat release
temperatureC,, increases with,,, but it reaches a saturation: is observed in the range 16-10° s, well obeying a law
there is no more evolution a®,(t) at T=0.2 K when one  Q(t)=t™* in various disordered system&!’~**This depen-
increaseg,, from 12 to 24 h. We have already observed thisdence is a direct consequence of the logarithmic time depen-
saturation effect for large values §f in thedynamicsof the  dence of the specific heat, a prediction of the tunneling
relaxation procesAT(t), either in TaS,® or in the previous model (TM) of two-level systemg°
experiment in(TMTSF) ,PFg where a preliminary study of Obviously, much larger effects are measured in DW’s
the kinetics was doneWe interpret this saturation by the than in glassy materialga) A Cp(t) effect already exists in
fact that the DW subsystem reaches its own thermodynamithet range 1-18 s. (b) The amplitude of the LEE contribu-
equilibrium over time scale of 10* s atT=0.2 K. In Fig. 2  tion decoupled from phonons is much larger. The long-time
we have reported the variation Gf, normalized to its maxi-  equilibrium valueincreasesas T2 at low T. (c) Long-time
mum value as a function df,. The time dependence effect heat release exists under experimental conditions which re-
on C, is tremendously large. Af=0.3 K it can be seen that main within the linearity conditionsT;~=Tj.
C,, for t,,~10 h is50 times largerthan the value defined on Now a qualitative comparison of our data to the predic-
a short-time scale. tions of the TM can be done. It is clear from Fig. 2 that in the
The temperature dependence G« (Fig. 1) indicates T rangeT=<0.5 K, whereC, is the most sensitive tg,,
the tail of a Schottky anomaly{T ~?) below 0.6 K, saturat- variations are not logarithmic functions of the time. In this
ing in a plateau af=0.3 K* This T2 dependence was range, variations o€, represent essentially those Of g,
already observed in TaS for which a similar analysis was due to the vanishing lattice contributigsee also Fig. 4 Itis
also doné?® interesting to note that the deviatigan upward curvatuje
Clearly this nonlinear behavior is related to the kinetics oflooks very similar to that in vitreous silics although the
the LEE’s, as in the case of structural glasses. The progre¢ime scales are very different.
sive deviation ofC,, from the background? law for increas- The second way to compare our data to the case of glasses
ing t,, is the manifestation of the decoupling of the LEE’s is to analyze the slow heat relea€€t) which is directly
from phonons at least over time scatd s. We note that this given byAT(t)/R,, t being the time elapsed after switching
time scale is very large in comparison to structural glasseff the heat input(or letting cool down the sample from
here almostall (98%) of the specific heat aT=0.2 K is  some initial temperatur@;>T, in the case of glassgsin
decoupled from phonons &t 1 s, whereas a similar decou- Fig. 3 we have reported the thermal transient$a0.290 K
pling occurs ina-SiO, at T=0.1 K, at only 15us2> corresponding to increasing waiting times. Concerning a
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i S (empty symbols and long timegfull symbolsg reported in
the inset of Fig. 4 demonstrates the very pronounced increase

4? of the LEE contribution below-0.6 K.

100
LK.) 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,
é oa reaches its equilibrium value within a few seconds, Hege
< [ y\ o | continues to evolve up to 161 s. In the framework of the
02f....4 \\o ] TM, this would imply a much larger value of,,;,, the short-
—s ] est relaxation time of the tunneling systems via the
* phonons?® and consequently a different scattering strength
| IV T MU of phonons by LEE’s than in glasses. A valuemf,, of the
10" 10 100 10*  10° 10*  10° order of~0.1-1 s, as estimated from Fig. 2, would imply a
t, (s) very weak coupling of the LEE’s to the high-frequency
phonons responsible for thermal transport: this is confirmed
FIG. 4. Log-log plot of the low-energy excitation contribution to by the absence of specific additional scattering in the phonon
the specific heat ofTMTSF),PFs, C gext, as a function of the  thermal conductivity K~ T3, as for crystalsof CDW com-
duration of the heat perturbatioty,, at given temperaturegame  pounds below 1 K contrary to the glasses. This situation is
symbols as in Fig. R Inset: temperature dependence of coefficientquite similar to the case of the deutered mixed crystals
a: (O) for short timest,, <600 s; @) for larget,,>600 s. Rb,_,(ND,),D,PO, (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
possiblet~* variation, this can be obeyed foy<1 minand  activated with an activation energy of1 K.*6 Internal
for time =10 s. However, for longer waiting times, devia- degrees of freedom in the DW state responsible for these
tions increase. We do not have to take into account the initiglong-time relaxation processes have only recently been stud-
decay regime within a few seconds. Indeed, we have verifiegkd. Collective excitations are described as dislocation loops
that this initial time constant is essentially determined by thEbr So|iton3(dis|ocati0n |00p of a small radim_sKinetiCS of
time-independent contributionsaddenda plus phonol)s  these excitations at low temperature include aggregation into
which confirms that most of LEE contribution is decoupled dislocation loops and clusters, and interaction of these clus-
from phonons on this time scale. We conclude at this staggers with impurities® Recently, nucleation of local CDW
that it is difficult to reconcile our data with the predictions of deformation have been described from the DW interaction
the TM. with strong pinning centef$ which also cause metastable
From the data of Fig. 3, the magnitude of energy releasgtates to form. Time-dependent specific heat has been as-
at large time {~10°-10" s) corresponding to long waiting cribed to the relaxation of these metastable states when the
time (t,=15 h), is Q=4x10 2 nW (or 4xX10 ! nW per DW is close to commensurabili%yj.The specific heat at satu-
gram of materigl at t=10° s, andQ=5x10"3 nW (or 5 ration is shown to follow the law of a distribution of
x1072 nW/g att=10" s. A direct comparison to glassy Schottky anomalies, in qualitative agreement with the result
materials is not possible, since the experimental procedure ghown in Fig. 1.
very different. We mention that in vitreous silica for
To=0.2 K and for a “charging"T;=1.0 K, a heat release of
less than 102 nW/g is measured at=10° s, which is an
order of magnitude smaller than here. In polymers, heat re-
lease per unit mass of0.1 and 2 nW/g were measured in  In conclusion, the progressive increase @f with the
polystyrene(PS and polymethylmethacrylattPMMA), re-  duration of the heat perturbation indicates how heat is poured
spectively, forT,=90 mK andt=10* s, but after cooling out into more and more low-energy modes of the DW sys-
from 80 K1° tem. These modes are strongly decoupled from the phonon
Finally, the dynamics of the relaxation process due tobath. DW exhibit long-time relaxation in the quasiadiabatic
LEE can be estimated more precisely. After subtraction ofonditions where glasses show no time dependence.
the phonon contribution, the contribution from LEE to the
specific heatC, gg, is drawn in a log-log plot in Fig. 4 as a
function oft,, at given temperature€, e can be analyzed
by a power-law dependenc€ g~ty,. a can be estimated
for shortt,,<600 s or longt,, =600 s. The temperature de-  We would like to thank Y. Ovchinnikov and J. Souletie for
pendence of the power-law exponentfor both short times enlightening discussions.
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