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Abstract. The specific heats of the quasi-one-dimensional organic compounds(TMTSF)2X
(X = PF6, AsF6 and ClO4) and(TMTTF)2Br were measured over the temperature range from 1.8
to 40 K. The lattice contribution follows aT 3-law only in a small temperature range below 3 K,
and shows a typical bump inC/T 3 at about 7.0 K for every compound (4 K for(TMTSF)2ClO4).
We interpret this behaviour as a phonon dimensionality crossover from a low-T tridimensional
behaviour, towards a lower-dimensionalityT α-behaviour (withα = 2.3 to 2.5) above 3 K, plus
two additional Einstein modes in agreement with the frequencies of soft lattice modes detected
by far-infrared spectroscopy. The spin-density-wave (SDW) transition temperature was found to
take the values 12.2, 12.4 and 11.7 K for the compounds(TMTSF)2PF6, (TMTSF)2AsF6 and
(TMTTF)2Br, respectively. The magnitude of the SDW transition anomaly is 4.5%, 2.5% and less
than 1% of the total specific heat for each sample, respectively. The magnitude of the specific heat
anomaly for(TMTSF)2PF6 is too large to be explained by the electron spin contribution alone,
which implies that the lattice is also involved in the transition. From our accurate measurements,
we confirm that the SDW transition is a second-order transition without any characteristics of first
order, like hysteresis and latent heat. The specific heat was found to be time dependent over the
whole measurement temperature range as its value is quite sensitive to the kinetics process for all
three compounds.

1. Introduction

The spin-density-wave (SDW) dynamics in the organic chainlike salts of general formula
(TMTCF)2X (C = Se for tetramethyltetraselenafulvalene TMTSF or S for tetramethyl-
tetrathiafulvalene TMTTF, and X= PF6, AsF6, ReO4, ClO4, Br etc) has attracted much
interest in recent years. The selenium salts or Bechgaard salts exhibit a fascinating variety
of electronic and structure behaviour, including SDWs, superconductivity, magnetic-field-
induced spin-density waves (FISDWs), anion order–disorder transitions [1,2], quantized Hall
resistance reminiscent of the quantum Hall effect [3], metallic re-entrance at high fields [4]
and glasslike transition at 3 K observed both by NMR and specific heat measurements [5–8].
The replacement of selenium by sulphur or the use of a different anion can be regarded as a
means of ‘tuning’ the low-temperature properties [2].

The triclinic unit cell of these salts contains one anion and two donor molecules with a
zigzag packing of flat molecules along the high-conductivity axis. It is well known that most
of these compounds exhibit a SDW transition at about 12 K at ambient pressure. Calorimetric
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measurements for (TMTSF)2PF6 show that the specific heat jump at the transition deviates from
the shape expected from mean-field theory [9]. The muon spin-rotation (µ+SR) measurements
show that the temperature dependence of the order parameter is very similar to that for 2D
Heisenberg systems [10]. NMR line-shape analyses for (TMTSF)2PF6 indicate that the wave
vectors of the SDW states studied so far are incommensurate with the underlying lattice [11,12]
but close to (1/2, 1/4, 0). In the case of the compound (TMTTF)2Br, the spin modulation is
commensurate with a wave vector (1/2, 1/4, 0) [13,14].

Specific heat measurements allow us to detect structural, electronic and magnetic trans-
itions, and to determine the electron and phonon contributions. This can give very important
information about the electron density of states at the Fermi levelN(EF ), the electron–phonon
coupling and the magnetic fluctuations. In this paper, we report on new specific heat results
for (TMTSF)2PF6, (TMTSF)2AsF6, (TMTSF)2ClO4 and (TMTTF)2Br single crystals. The
main purposes of this calorimetric study were: (1) to check whether there is a similarity of the
thermodynamical properties of these quasi-1D organic structures as has been found in the cases
of 1D charge-density-wave (CDW) compounds such as blue bronze, (TaSe4)2I, and platinum
chains (KCP) [15]; (2) to carefully investigate the anomalies related to the SDW transition.

Concerning the first point, we found that for the four salts investigated the phonon con-
tribution presents a Debye behaviour (C ∼ T 3) only below 3 K. Above this temperature the
specific heat can be described by the lawC ∼ T α with α = 2.4± 0.1, plus the contribution of
two additional low-energy Einstein modes. We confirm that the SDW transition is of second-
order type. In the case of (TMTSF)2PF6 the specific heat anomaly at the SDW phase transition
cannot be explained by the electron contribution alone, but implies a lattice contribution which
may originate from the 2kF mixed CDW–SDW modulation, as recently revealed by x-ray
measurements [16]. Over the wholeT -range investigated, the specific heat is time dependent
for these three compounds, as a result of its sensitivity to the experimental kinetics conditions.

2. Experimental details

Single crystals (needles) of (TMTSF)2PF6, (TMTSF)2AsF6, (TMTSF)2ClO4 and (TMTTF)2Br
(for short: PF6, AsF6, ClO4 and Br) were synthesized by standard electro-chemical methods
[17, 18]. The typical size of the needles is about 0.5× 0.5× 3 mm3. A sample consists of
hundreds of tiny needle crystals. The sample weights for PF6, AsF6, Br and ClO4 were 180,
91, 68 and 184 mg, respectively. For these samples, 6.0, 7.5, 13.0 and 12.6 mg of the grease
ApiezonN were used respectively to improve the thermal contact between the small single
crystals and the silicon sample holder, in a method previously described in reference [6]. For
(TMTSF)2PF6, we have made measurements on samples from the same batch as for previous
specific heat measurements [7,8].

The specific heat measurement was performed with a transient-heat-pulse technique using
a similar arrangement to that in our previous investigations [6–8,19]. The specific heatCp is
calculated from the increment of the temperature1T = T −T0 that occurs during a heat pulse
(duration: 0.2 s at 1.7 K to several tens of seconds at 40 K—always 1/20 of the relaxation time
τ ) by using the exponential decay of the temperature increaseT (t)−T0 = (Tp−T0) exp(−t/τ ),
with the relaxation timeτ = CpR`, whereCp is the total heat capacity andR` the thermal
resistivity of the thermal link to the regulated cold sink. In the experiments,1T/T0 is always
kept between 1% and 3%,T0 being the reference temperature before the heating pulse, which
can be stabilized within 5× 10−4 over several hours. Experiments were performed in two
cryostats: a4He-pumped cryostat, between 1.8 and 40 K, or a dilution3He/4He refrigerator,
between 0.1 and 7 K, with different thermal linksR` (larger in the case of the dilution
refrigerator). By convention, we will use the terms ‘short’ transient heat pulses for the data
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obtained in the4He cryostat with shorterτ and ‘long’ transient heat pulses for the data obtained
in the dilution refrigerator with longerτ . For instance, at 4 K for the AsF6 sample,τ = 4 s
for the short transient heat pulses, andτ = 13 s for the long ones.

The physical properties of the Bechgaard salts can be sensitive to the cooling rate.
This is particularly the case for (TMTSF)2ClO4, due to an ordering transition of the non-
centrosymmetric ClO−4 anions which occurs atT = 24 K. A complete ordering takes place
only if the temperature is swept very slowly in the transition range and the ground state is then
superconducting [1]. In contrast, if the sample is quenched from above the anion ordering
transition temperature, this ordering cannot occur. In this case (TMTSF)2ClO4 undergoes a
SDW transition at around 3–5 K depending on the quenching rate. Despite the fact that no
such ordering transition is expected to occur for the other three compounds characterized by
the centrosymmetric anions PF−6 , AsF−6 and Br−, great care was taken to detect any possible
effect of the change of the cooling rate for the PF6, AsF6 and Br samples. In the present
experiment (with the4He cryostat) these three samples were cooled in vacuum naturally from
room temperature, to liquid nitrogen temperature which usually takes about 15 hours. Further
(slow) cooling from 77 K down to 4.2 K usually takes 10 hours with a cooling rate at the
SDW transition at 12 K of about 0.3 K h−1, whereas fast cooling corresponds to a rate of about
10 K min−1 at 12 K. No difference between the specific heat data for the fast and the slow
cooling from 77 K down to 1.8 K for these three samples was detected within the experimental
uncertainty.

The results concerning the ClO4 sample given in this paper were obtained by quenching the
temperature from 40 K to 20 K (through the anion ordering temperature) at a rate of 3.3 K s−1,
which yields the SDW transition at 4.5 K. The effect of the cooling rate for the ClO4 system
will be published separately [20]. The specific heat of the sample holder has been measured in
other separate experiments and its contribution to the total heat capacity was about 40–50%.
The data for the specific heat of the grease ApiezonN were taken from reference [21].

3. Experimental results and discussion

3.1. Phonon dimensionality crossover and low-frequency modes

The specific heatCp of PF6 (the data are taken from reference [7]), together with our new
data for AsF6, Br and ClO4 (the quenched-SDW state) are presented in figure 1 in the form
of the temperature dependences ofCp/T

3 from 1.8 to 40 K. The SDW transition appears as
a shallow anomaly in the total specific heat atTc = 12.2, 12.4, 11.7 and 4.5 K for the four
compounds, respectively. The anion ordering for quenched ClO4 is also clearly detectable
from the anomaly at 24 K. In the case of PF6, we have previously pointed out that the abrupt
jump atT = 3.5 K was observed under particular timescale conditions (by the transient-heat-
pulse technique), whereas it disappears under quasi-adiabatic conditions (see the difference
below 5 K between the two series of data obtained by a quasi-adiabatic technique (N) and by a
transient-heat-pulse technique (�)) [7]. We have ascribed this jump as resulting from a glasslike
transition due to the freezing in of internal degrees of freedom of the disordered SDW [22]. Our
previous low-temperature data indicate that the lattice contribution (obtained after subtracting
the contribution of low-energy excitations)Cp/T 3 versusT is rather flat below 3.0 K down
to 0.5 K for PF6 [6], AsF6 [23] and Br [24], so the Debye lawCp = βT 3 is quite good for
describing the lattice specific heat in the low-T limit, with β = 14.5± 0.5 mJ mol−1 K−4 for
PF6 [6], 13 mJ mol−1 K−4 for AsF6 [23] and 7.8 mJ mol−1 K−4 for Br [24]. TheβT 3-limit
is also observed for the present series of data forT below 3 K in thecase of AsF6 and ClO4.
TheβT 3-limits obtained for PF6 from previous measurements [6] and for AsF6, ClO4 and Br
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Figure 1. Comparison of the temperature dependences ofCp/T
3 for (TMTSF)2PF6 (from

reference [7]; the effect of the experimental timescale below 5 K (� andN data) is discussed
in this reference), (TMTSF)2AsF6, (TMTTF)2Br and (TMTSF)2ClO4 (the quenched-SDW state:
this work and reference [20]). The arrows indicate the low-temperature cubic-regimeβT 3 observed
below 3 K (numerical values are reported in table 1 with the corresponding Debye temperatures).

Table 1. Parameters used in fitting the lattice contribution for the three compounds ((TMTSF)2PF6,
(TMTSF)2AsF6 and (TMTTF)2Br) with the formulaeCp = βT 3+bC21 +cC22 (T < 2.5 K = T ∗)
andCp = aT α + bC21 + cC22 (T > 2.5 K). All parameters are in units of mJ mol−1 K−1 for
Cp . θD is the Debye temperature extracted from the latticeβ-coefficient. For (TMTSF)2ClO4 (the
quenched-SDW state: this work), onlyβ andθD are reported; values for the metallic state from
reference [39] are also reported for comparison.

System α a 21 (K) b 22 (K) c β (mJ mol−1 K−4) θD (K)

PF6 2.4 28 35 0.77 65 1.74 14.8 198
AsF6 2.3 20 30 0.33 65 2.5 11.3 217
Br 2.5 8.0 30 0.30 65 1.5 6.0 260

ClO4 (SDW state: this work) 12.8 205
ClO4 (metallic state: from reference [39]) 11.4 213

from the present experiments are shown by the arrows in figure 1. The corresponding Debye
temperatures,θD, extracted fromβ using the usual formula,β = 12

5 rR(π
4/θ3

D), with R the
gas constant andr the number of atoms per formula unit [25], are reported in table 1.

From figure 1, one can see thatCp/T 3 presents a bump with a maximum located at
about 7.0 K for PF6, AsF6 and Br. For the ClO4 (quenched-SDW state) sample, the bump
is located at a lower temperature (about 4.0 K). Such an upward deviation of the specific
heat from the usual DebyeT 3-law is currently ascribed to low-energy phonon modes. Thus,
it has been previously shown that low-frequency modes, described as Einstein oscillators,
contribute to the specific heat of other quasi-1D compounds, as a maximum inCp/T

3 at
12 K for blue bronze K0.3MoO3 [26, 27], 7 K for the Pt-chain compound ‘KCP’ [28] and
even 1.7 K for (TaSe4)2I [29]. They originate from low-lying transverse acoustic or optical
modes, related to the 1D structural property [15]. An alternative explanation lies in phason
excitations, originating from the incommensurate charge-density waves of these compounds,
and modelled by a Debye-like spectrum using two cut-off frequencies [29]. In the case of
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organic compounds, the low-energy ‘intra’-molecular phonon modes have been revealed by
far-infrared spectroscopy [30,31].

Since the general tendencies ofCp/T 3 versus temperature are the same for PF6, AsF6

and Br, we have plotted normalizedCp/T 3 versus temperature for PF6 (unmodified), AsF6
(1.5× Cp/T 3) and Br (2× Cp/T 3), as shown in figure 2. The solid curve is the fit for PF6

as described later in the text. We see that the three series of data almost merge into a single
curve over the whole measurement temperature range except for the lowest temperature below
the peak. Since the positions of the peaks are the same for the three samples, we can rule out
the possibility that the bumps originate from the vibrations of the anions (i.e., PF−

6 , AsF−6 and
Br−) independently of the rest of the lattice. The large difference in molecular weight of the
anions (by a factor of 2.4 for AsF6 and Br) should result in a large difference in the vibrational
frequencies of the Einstein oscillators. In this case, we should have measured different peak
positions in the plots ofCp/T 3 versus temperatureT .

Figure 2. NormalizedCp/T 3 versus temperature for (TMTSF)2PF6 (reference value:� andN
data), (TMTSF)2AsF6 (1.5×Cp/T 3: ◦ data) and (TMTTF)2Br (2×Cp/T 3: • data). The solid
curve is the fit for the (TMTSF)2PF6 data as described in the text. The inset shows theT -range
between 2 K and 6 K.

Independently of the contribution of the Einstein modes, the substantial decrease ofCp/T
3

in the high-T range cannot be explained by the usual assumption of deviation from theT 3-law
which starts atT = θD/20, at least. For instance, in the case of PF6 with θD = 200 K [6],
the generalized Debye function starts to deviate from the cubic regime above 15 K, and at
25 K the deviation reaches 10%, whereas the observed deviation is larger than a factor of two.
Thus we have tried to describe the variation ofC/T 3 using a temperature-dependent phonon
backgroundT α, with α < 3. Figure 3 shows the process of fitting for PF6, based on the
assumption of two main contributions: an acoustic background which changes from a cubic
regime below a crossover temperatureT ∗ towardsT α above, plus two additional Einstein
modes, the frequencies of which are based on far-IR measurements, available in the cases of
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Figure 3. The process of the fitting for (TMTSF)2PF6, for the� data below 5 K, obtained by the
transient-heat-pulse technique (theN show data obtained by the quasi-adiabatic technique). The
specific heat is analysed following formula (1). The temperatureT ∗ of the crossover between the
T 3-regime(T < T ∗) and theT α-regime (α = 2.4) (T > T ∗) is 2.5 K.

PF6 [30] and ClO4 [31] salts. The following expression was used to fit the data:

Cp =
{
βT 3 + bC21 + cC22 (T < T ∗)
aT α + bC21 + cC22 (T > T ∗).

(1)

In the formula,C2 is the Einstein specific heat forN (Avogadro number) independent
vibrational modes. Thus,C2 = 3R(2/T )2 exp(2/T )/[exp(2/T )− 1]2, whereR is the gas
constant,2 the Einstein temperature.

Note thatβ is not a free parameter: it is determined from the lower-T limit of C/T 3 (see
the arrows in figure 1). In the case of PF6, this value is well established from our previous
analysis of data obtained between 0.5 and 3 K [6]. The Einstein frequencies are closely related
to the far-IR reflectivity measurements. In the case of PF6 [30], for the electric field applied
parallel to theEa-axis, two sharp peaks were measured at 18 cm−1 and 45±5 cm−1 (equivalent
to 26 K and 64±7 K). Two similar modes, but shifted in frequency, were observed for metallic
ClO4 salt at 7 and 25 or 29 cm−1 in reference [31]. Their phonon origin was established in
reference [31b].

A possible fitting is shown for PF6 in figure 3 with parametersβ = 14.8 mJ mol−1 K−4,
T ∗ = 2.5 K, α = 2.4, a = 28 mJ mol−1 K−3.4, b = 0.77, c = 1.74 (if Cp is expressed in
mJ mol−1 K−1),21 = 35 K and22 = 65 K. Similar fittings are obtained for AsF6 and Br with
the parameters reported in table 1. For PF6, the21-value is chosen to be slightly larger than
the IR frequency (26 K), to better take into account the broad maximum centred at 7 K. For the
AsF6 and Br compounds, a common value21 = 30 K was obtained. For the three compounds
PF6, AsF6 and Br, the second Einstein temperature22 = 65 K is in exact coincidence with
that of the far-IR vibrational mode measured for PF6. The shift of the maximum ofC/T 3

from 7 K for PF6 to 4 K for ClO4 (figure 1) is also in agreement with the related shift to 7 and
25 cm−1 of the two first IR modes. These properties strongly support the present analysis. The
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similarity of the21- and22-values for the three compounds (PF6, AsF6 and Br) is evident
from the unicity shown by the reduced diagram of figure 2.

Similar crossover temperatures ofT ∗ = 2.5 K are also obtained, but slightly different
α-values (from 2.3 for AsF6 to 2.5 for Br). Again, we want to stress that an analysis based
on the usual Debye function for the acoustic background, plus the necessary Einstein modes,
would completely fail forT & 10 K. This is why the only way to proceed with the analysis is to
introduce aT α-variation (α < 3) for the acoustic contribution above the crossover temperature
T ∗. The similar crossover temperatures and close values ofα reflect the common vibrational
properties of the molecular backbone TMTCF.

Strong deviations from the Debye behaviour, as illustrated by a value of the temperature
exponentα lower than 3, are characteristic of a system with anisotropic force constants. This
kind of phenomenon was observed for polymers, such as crystalline metallic polysulphur
nitride (SN)x [32], hexagonal selenium [33] and crystalline polyethylene [33, 34], and also
for low-dimensional CDW compounds such as NbSe3 [19, 35] and the Pt-chain compound
KCP [28]. For the polysulphur nitride (SN)x , the lattice contribution to the specific heat
deviates from Debye behaviour near 4 K, changing from aT 3- to T 2.7-dependence and then
to a linear temperature dependence as the temperature increases up to 80 K. For the hexagonal
selenium and crystalline polyethylene, theT 3-dependence of the specific heat persists up to
above 10 K and thenCp begins to saturate. An Einstein localized mode, and consequently a
bump in the plot ofCp/T 3 versusT , was also found for partially crystalline polyethylene [34].
For NbSe3 [35], one can estimate the temperatureT ∗ of the crossover between theT 3- and
T 2.9-regimes to be around 1 K, whereas for KCP, a latticeT 2.8-contribution is consistent with
the analysis of data over the whole temperature range investigated, from∼0.2 K to 30 K, which
means thatT ∗ lies below∼0.5 K [28].

A sub-cubic regime for the lattice contribution can be interpreted within the model of
Genensky and Newell [36] as originating in the strong anisotropy of the force constants along
or between adjacent chains. In an intermediate-temperature range, the abnormal contribution
varying asT 2.5 for the transverse vibrations and the regularT 3-contribution from longitudinal
vibrations result in a total specific heat varying asT α, with the power-law coefficientα in the
range between 2.5 and 3. At low temperatures, the temperatureT ∗ of the crossover between
the low-T Debye regime and theT α-regime is determined by the ratio0/

√
4κ [36], 0 being

the force constant of adjacent chains andκ the force constant for bending along the chains.
Our present analysis yields aT ∗-value of about 2.5 K, a temperature lower than in the

case of polymeric chain compounds like Se or polyethylene, but the power-law exponentα

is 2.4± 0.1, close to the limit case for the Genensky–Newell model, which implies that the
contribution of the transverse modes is predominant in the lattice specific heat.

3.2. Time dependence of the specific heat

A characteristic phenomenon in the (TMTCF)2X compounds is a time-dependent specific heat.
The trivial explanation of a poor thermal diffusivity of the samples can be ruled out. All of the
transient-pulse measurements were performed with a heating timeth much smaller than the
relaxation timeτ—typically th/τ ∼ 1/20; we have verified that thermal diffusive equilibrium
was achieved during the heating time.

Figure 4 shows the comparison ofCp/T 3 versus temperature for PF6 measured by ac and
pulse-relaxation methods [9] at UCLA and by transient-heat-pulse and quasi-adiabatic [7,37]
methods in Grenoble.

There is a large discrepancy among the sets of data measured for very different exp-
erimental conditions:
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Figure 4. Comparison ofCp/T 3 versus temperature for (TMTSF)2PF6, measured with quasi-
adiabatic (N data (reference [7])), transient-heat-pulse (� data (reference [7]) and◦ data (this
work)) and pulse-relaxation techniques (• data (reference [9])). Inset: the frequency dependence
of the specific heat for (TMTSF)2PF6 at two temperatures: 11 and 14 K. The frequencyωh is
defined in terms of the heating period byωh = 2π/th.

(a) The first difference is as regards the duration of the heating pulse. The duration of the
heating,th, is 100 s for the adiabatic technique between 2.5 and 25 K (N symbols in
figure 4; sample mass 408 mg), 2–3 s for the short-heat-pulse method between 11 K and
14 K (◦ symbols; sample mass 180 mg), 0.5 to 1 s for the long-heat-pulse method below
6 K (� symbols; sample mass 110 mg) and 0.29 s for the ac method between 11.5–12.6 K.
As there is no indication in reference [9] of the duration of the pulses in the pulse-relaxation
technique, and no difference in the data to which the ac method was applied, we report
the data obtained by the pulse-relaxation method (• symbols; sample mass a few mg)
between 8 and 20 K supposing them to correspond to the same excitation frequency of
3.5 Hz (orth = 0.29 s). If we define the frequency of the thermal disturbance (the heating
pulse) asω = 2π/th, then we can see the frequency dependence of the specific heat
for PF6, as shown in the inset of figure 4 in aCp/T 3 diagram. It appears thatCp/T 3

saturates at low frequency and decreases rapidly with increasing frequency either above the
SDW transition temperature (atT = 14.0 K) or below the SDW transition temperature (at
T = 11.0 K). From the inset in this figure, we can conclude that the effect of the frequency
dependence of the specific heat becomes stronger with decreasing temperature.

(b) The second difference is as regards the relaxation timesτ (=R`Cp) for the samples,
due to the different configurations of the sample holders used in the different methods.
We stress that the thermal transients after a heat pulse are always exponential over the
whole temperature range investigated, contrary to the case for experiments below 1 K.
Indeed, in thatT -range, a different kind of time-dependent effect occurs in these systems,
which appears as a progressive deviation from the exponential regime with decreasing
temperature (see reference [8] for PF6 and reference [38] for TaS3), resulting from the
long relaxation time of low-energy excitations inherent to the disordered character of the
density-wave ground state.
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For the adiabatic method, in the case of PF6, the total data acquisition including the
thermal equilibration is about 4–5 min [37]. For the present short-transient-pulse technique,
the relaxation time is 40 s at 12 K to be compared to 2–3 s for the heating time). If we suppose
that the relaxation time in the 3.5 Hz ac method is at least ten times the periodic heating time,
i.e. about 3 s, this value is much shorter than the relaxation time in the short-transient-pulse
technique (about 40 s at 12 K). If we define the relaxation rate as 1/τ and plotCp/T 3 versus
1/τ , we obtain a similar tendency to that shown in the inset of figure 4.

Similar time-dependent effects are also observed for AsF6. Figure 5 showsCp/T 3 versus
temperature for AsF6, measured with different relaxation times: ‘short’ transient heat pulses,
represented by◦ symbols in figure 5 (atT = 4 K, τ = 4 s); and ‘long’ transient heat pulses,
represented byN symbols (at 4 K,τ = 13 s). Very clearly, the specific heat depends on the
relaxation time and on the period for which the heat has been applied. In order to increase this
time of energy delivery, we have performed an additional experiment in the dilution cryostat
with this time equal to 100 to 300 s. After the power was switched off, the relaxation was
exponential (τ is typically 14 s at 4 K). We calculate the specific heat by integration of the
relaxed energy through the thermal link. The data are shown in figure 5 (by� symbols). One
can see that a knee inC/T 3 at 3.5 K appears more clearly when the overall duration of the
heat supply is increased.

Figure 5. Cp/T
3 versus temperature for (TMTSF)2AsF6, measured with different transient

techniques.◦ symbols represent the data derived by the ‘short’-transient-heat-pulse technique
(τ = 4 s atT = 4 K) (this work). N symbols represent the data derived by the ‘long’-transient-
heat-pulse technique (τ = 13 s at 4 K), from reference [23].� symbols represent the data derived
by the ‘long’-transient-pulse technique, with heat delivery for 100–300 s (τ = 14 s at 4 K), from
reference [23].

As for PF6 [22], we suggest that this knee measured at 3.5 K for AsF6 is a manifestation
of a glassy transition [23].

One might wonder whether there is some relation between the rate of cooling through the
SDW transition and the large differences observed at low temperatures, as seen in figures 4 and
5. For our PF6 experiments (figure 4), despite the cooling rate being estimated to be 4–5 times
larger in the transient-heat-pulse experiment (� symbols) than in the quasi-adiabatic one (N
symbols), there is no difference between the data in theT -range from 3.5 to 7 K. Considering
now AsF6 (figure 5), the differences between the two upper data branches are clearly not related
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to the cooling rate atTSDW, since they were obtained during the same experimental low-T run
below 8 K, without any reheating up to the transition. As a point of information, in figure 5
the data represented by◦ correspond to the usual cooling rate of∼0.3 K h−1 at 12 K, whereas
the data represented byN, � correspond to a rate of∼10 K h−1 at 12 K. We conclude that
there is no such direct relation.

The time dependence of the specific heat is observed over the whole measurement
temperature range, as its value is quite sensitive to the kinetics process, determined bytH and
τ , for PF6, AsF6 and Br compounds characterized by a SDW transition, while this phenomenon
is not observedfor the ClO4 compound in themetallicstate (with a superconducting transition
atTc = 1.22 K): Cp is then independent of the timescale of the experiment, measured either
by ‘long’- or ‘short’-transient-heat-pulse methods [20] or by the ac (f = 8 Hz) method [39].
As an indicator of the experimental accuracy, we note the excellent agreement between the
Debye temperature obtained by our transient method:θD = 216 K [20] and that obtained by
the ac method, for a sample composed of eight single crystals [39]:θD = 213± 3 K.

The origin of the time effects for salts with a SDW transition is still not understood. One
suggestion is that they may be related to magnetic fluctuations in a large-T interval.

3.3. The SDW transition: estimation of the electronic contribution; electron–phonon
coupling

Figure 6(a) shows the specific heat at the SDW transition for AsF6 in a plot ofCp/T 3 versus
temperature. The excess specific heat, dCp, is determined by the subtraction from the totalCp
of a background defined by a polynomial fit to the data (the solid curves in figure 6) slightly
away from the transition (the data between 11.4 and 13.0 K being masked) in the same manner
as is described in references [7,40]. Such a method allows a good estimate of the excess dCp
to be obtained due to the relatively small temperature range (61 K) of the SDW transition.
Figure 6(b) shows a similar analysis for PF6 (carried out using data from this work).

3.3.1. The specific heat jump atTc. The excess specific heats for PF6, AsF6 and Br plotted
as dCp/T versus temperature are shown in figure 7. The shape is perfectly symmetric, and
is reminiscent of that for a first-order transition. However, we checked for first-order effects
with great care by analysing the data for the transition region. We did not find any step in the
perfect exponential decay of the sample temperature following the heat pulse, which means that
no latent heat is involved during the transition within the experimental resolution. The peak
position is very well reproducible when performing experiments with increasing or decreasing
temperature (the cooling and heating rates are both 0.3 K h−1). This means that no hysteresis
was observed. Therefore, from our accurate measurements, we confirm that the SDW transition
is a second-order transition without any first-order characteristics, like hysteresis and latent
heat.

In figure 7(b), the solid curves represent a ‘mean-field’ (MF) analysis usually used for a
second-order phase transition, which defines an ideal jump1Cp at the transition temperature
Tc, by equalizing the entropy for experimental and idealized curves (the equal-area analysis:
see reference [41]). From this figure, we can see that the SDW transition temperatures were
found to be 12.2, 12.4 and 11.7 K for the PF6, AsF6 and Br compounds, respectively. The
magnitudes of the normalized specific heat jump1Cp/Tc of the SDW transitions are 150.0,
88.0 and 19.0 mJ mol−1 K−2, which means that the contributions for the SDW transition are
4.5%, 2.5% and less than 1% of the total specific heat for each sample, respectively.

Assuming that the jump is solely of electronic origin, we can estimate the electronic
γ -coefficient in the metallic (or semiconducting) phase aboveTSDW, using the usual mean-
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(a)

(b)

Figure 6. The SDW transition for (a) (TMTSF)2AsF6 in a plot ofCp/T 3 versus temperature
and the polynomial background curve (solid curve) for obtaining the excess specific heat; and
(b) (TMTSF)2PF6 (from this work, corresponding to the data represented by◦ in figure 4).

field BCS (Bardeen, Cooper and Schrieffer) expression1Cp/Tc = 1.4γ [42]. Although this
analysis does not strictly satisfy entropy equality between the conducting (γ ) state and the
SDW semiconducting state [43], it enables a good estimation of theγ -value to be obtained
from the jump. This givesγ = 107.1, 62.9 and 13.6 mJ mol−1 K−2 for PF6, AsF6 and Br,
respectively. For PF6, theγ -value is about one order of magnitude larger than that for metallic
ClO4, measured at lowT [39]. When compared to previous measurements for PF6, this value
is found to be four times theγ estimated in reference [7] and about 20 times that estimated
using the ac method reported in reference [9].
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(a)

Figure 7. Excess specific heats for (TMTSF)2PF6, (TMTSF)2AsF6 and (TMTTF)2Br, reported as
dC/T . The solid curves in (b) represent a ‘mean-field’ equal-area analysis used to define the jump
1C atTc. Note that the data in (b) are the same as those in (a), but the scale has been changed to
facilitate the analysis.

As regards these large discrepancies, two points are to be taken into account, which may
be related:

(a) The inadequacy of the MF analysis to describe the transition. This was already pointed out
for the CDW (charge-density-wave) transition of the blue bronze K0.3MoO3 [40, 44–46]
and, to a lesser extent, for the SDW transition of PF6 [9], with discrepancies for the
values ofγ estimated either from the entropy under the anomaly or the jump atTc, which
are always much larger than expected on the basis of other electronic properties. The
discrepancy can reach an order of magnitude in the case of blue bronze [44]. A possible
explanation is that phonon modes could be involved in the CDW transition, in view of the
short coherence length, which also implies a large effect of critical fluctuations [47]. But
such an explanation, based on a generic strong-electron–phonon-coupling character of the
CDW transition, is probably inappropriate in the case of the SDW transition. Our present
and previous [7] results show the substantial inadequacy of the MF interpretation for the
SDW transition in PF6, for which the electron–phonon-coupling character is currently a
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(b)

Figure 7. (Continued)

matter of debate. This point is discussed in the next subsection. An alternative explanation
for the failure of the MF analysis could lie in fluctuation effects. In order to carry out a
study of the critical behaviour, a very accurate determination of the lattice background is
necessary, which is not possible in the present case due to the uncertainty of the electronic
γ -term.

(b) Large variations in the magnitudes obtained for the jump by different authors and by
different methods ofCp-measurement for the same compound. For instance for K0.3MoO3,
Kwok and Brown obtain an excess specific heat of1Cp = 8 J mol−1 K−1 [44] whereas
Chunget alreport1Cp ranging from 1.25 J mol−1 K−1 (reference [45]) to'2 J mol−1 K−1

[46], depending on the background analysis.

3.3.2. Coupling to the lattice. One explanation proposed for the large discrepancy between
the amplitude of the jump atTc and theγ -value due to the electronic contribution is a possible
coupling of the SDW to the lattice. In order to consider this problem in more detail, we have
calculated the excess entropy1S = ∫ (dCp/T ) dT (with dC/T displayed in figure 7(a)). We



5096 Hongshun Yang et al

obtain the values 40.1, 30.9 and 2.9 mJ mol−1 K−1 for PF6, AsF6 and Br respectively. Using
the temperature dependence of the gap very close to the transition, the change of the electronic
energy was estimated in reference [9] to be1Ue = 0.2 J mol−1 for PF6. From our specific
heat results, we obtainT 1S = 0.49 J mol−1, which is about 2.5 times1Ue, although the
estimate of1S is probably an underestimate since the extent of the anomaly is restricted to
just±1 K away fromTSDW. In this case, we can suppose that1S has a component that is a
lattice contribution. This suggestion is confirmed by recent x-ray measurements [16] where
very weak satellite reflections were found below the SDW transition for PF6. These results
imply the possible existence of a CDW and so can explain the coupling of the SDW to the
lattice.

4. Conclusions

We have measured the specific heats of the quasi-one-dimensional organic compounds
(TMTSF)2X (X = PF6, AsF6 and ClO4) and (TMTTF)2Br over the temperature range from
1.8 to 40 K.

The Debye-T 3 law is followed only at the lowest temperatures (below around 3 K) and
Cp/T

3 exhibits a bump at about 7.0 K for each compound (4 K for ClO4). The analysis of the
experimental data shows that the phonon contribution shows a 3D behaviour below 3 K. Above
this temperature the specific heat is described by aT α-law (α = 2.4±0.1) plus two additional
Einstein modes of frequency 30–35 K and 65 K, which are in good agreement with the low-
frequency modes at 18 cm−1 and 40 cm−1 observed in far-IR spectroscopy for (TMTSF)2PF6.
These results indicate the large anisotropy of the force constants along and between adjacent
chains and the contribution of low-lying optical modes inherent to the structural properties of
one-dimensional systems.

The glasslike transition at 3.5 K in the case of (TMTSF)2PF6 (and (TMTSF)2AsF6)
involves a part of theCp/T 3 bump originating from configurational excitations; but up to
now we have no more precise argument for a possible relation between the low-frequency
phonon modes and the occurrence of this type of transition.

The spin-density-wave (SDW) transition temperatures were found to be 12.2, 12.4 and
11.7 K for the (TMTSF)2PF6, (TMTSF)2AsF6 and (TMTTF)2Br compounds, respectively.
The present measurements confirm that the magnitude of the specific heat anomaly for
(TMTSF)2PF6 (4.5% of the total specific heat at the transition temperature) is too large to be
explained by the electron spin contribution alone, which implies that the lattice is also involved
in the transition. From our accurate measurements, we confirm that the SDW transition is a
second-order transition without any first-order characteristics, like hysteresis and latent heat.

The specific heat is found to be time dependent over the whole measurement temperature
range, as its value is quite sensitive to the kinetics process for all three compounds. A more
detailed analysis of the frequency dependence of the specific heat is clearly needed.
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