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Abstract: Heat capacity measurements of 0-(BEDT-TTF),CsZn(SCN), in its non-equilibrium electronic
states induced by applying electric currents and voltages were performed by a modified relaxation
calorimetry technique. We developed a single crystal heat capacity measurements system by which
the Joule heating produced in samples by external currents and voltages can be balanced with the
cooling power to make a non-equilibrium steady state. Although temperature versus time profiles in
the relaxation process in calorimetry can be obtained as exponential curves as in the usual relaxation
technique, we found that the change of resistivity that occurs during the heating and relaxation
process should be taken into account in analyzing the data. By correcting this factor in the analyses,
we succeeded in evaluating absolute values of Cy(I) and Cp,(V) in these non-equilibrium states.
The experiments up to 150 pA and the constant voltage of 20 mV do not induce visible change in
the structure of the Boson peak in C,T~2 vs. T suggestive of the glassy ground state of phonons.
Although the suppression of the short-range fluctuations of the charge density has been reported,
it does not seriously affect the glassy phonons in this current range.
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1. Introduction

The 6-type charge transfer complexes consisting of an organic donor molecule, BEDT-TTF
(bis(ethylenedithio)tetrathiafulvalene), and monovalent anions are attracting extensive interest in
the area of electron correlation science related to the charge and lattice degrees of freedom [1,2].
Peculiar charge transport features, such as non-linear conductivity, large magnetoresistance [3],
thyristor effect, etc. [4,5], and the formation of non-equilibrium charge glass (CG) states [6-8] are
considered as manifestations of charge dynamics induced by inter-molecular Coulomb interactions in
the frustrated lattice. These compounds have a layered structure of alternatively stacked m-electron
donor sheets and insulating counter anion (X~!) sheets and the chemical composition is expressed
as (BEDT-TTF),X. The 0-type arrangement of donor molecules is classified as a typical non-dimeric
structure and the electron filling of the HOMO band determined by the inter-molecules’ transfer is
exactly 3/4 in this case [9,10]. Although the crystal structure is orthorhombic, the neighboring molecules
form a triangle lattice structure as shown in Figure 1a—c. Geometric frustration and inter-site Coulomb
interaction to make charge disproportionation result in the Fermi liquid state becoming unstable
at low temperatures and induce various ground states [11-14]. Although they show conductive
behavior near room temperature reflecting the third-quarter band filling, charge ordering transitions
accompanied by structural phase transitions occur in 8-(BEDT-TTF);RbZn(SCN), at 195 K and in
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0-(BEDT-TTF),RbCo(SCN), at 190 K in the two-dimensional layer when the samples are cooled down
slowly across these temperatures [9,15].
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Figure 1. (a) Crystal structure of 8-(BEDT-TTF),CsZn(SCN)4. The donor molecules and counter
anions stack in a segregated structure. (b) The arrangement of the donor molecule of BEDT-TTF in
the two-dimensional layer. The dashed line shows the triangle lattice in this arrangement. (c) The
molecular structure of BEDT-TTE.

On the other hand, the rapidly cooled 6-(BEDT-TTF),RbZn(SCN)4 and 6-(BEDT-TTF),CsZn(SCN)4
are reported to freeze into the glassy state in the charge distribution (CG state) [16-18]. From the X-ray
diffraction [16,17] and IR and Raman experiments [19], the competition of several types of short-range
charge fluctuations coexists in them. In the case of 6-(BEDT-TTF),CsZn(SCN)y, two kinds of short-range
charge disproportionation modes with the wave vectors, g1 = (2/3, k, 1/3) and g, = (0, k, 1/2), coexist at
low temperatures. The former tends to form a three-hold periodicity, while the latter has a two-hold
one. Sawano et al. observed that the application of electric currents during the X-ray analysis process
suppresses the short-range fluctuations, meaning that a possible melting of the short-range correlations
was induced by the currents [5].

Since the charge-lattice coupling is strong in the charge fluctuation compounds, the application
of electronic currents that affects the short-range charge fluctuations may induce some changes in
low-energy phonons in 0-(BEDT-TTF),CsZn(SCN)4 [20]. Heat capacity measurements with electric
currents for conductive materials have never been performed, although those with the application of
large electric fields for perfectly insulating samples have been performed by the adiabatic method [21-23]
and the relaxation method by Lashly et al. [24]. There are no reports up to now for semi-conductive
and metallic materials due to the serious Joule heating produced by external currents and voltages.
Here, we report the promising method for the measurement and discuss the thermodynamic properties
of 0-(BEDT-TTF),CsZn(SCN), in the non-equilibrium condition produced by external currents and
voltages for the first time.

2. Experimental

2.1. Sample Preparation

The crystal used for this work was grown by the electrochemical oxidation method. The BEDT-TTF
molecules were solved in 1,1,2-trichroloethane with CsSCN, Zn(SCN),, and 18-crown-6-ether.
The electric current of 1 pA was applied to the solution using H-type cells for about three weeks to
yield single crystals suitable for heat capacity measurements. The crystal used for this experiment was
616.4 ug with 0.40 x 0.45 x 2.0 mm?.

2.2. Experimental Set Up of the Calorimetry Cell

The measurements of the heat capacity for the single crystal sample with applied currents were
performed by a modified thermal relaxation technique. We used a calorimetry cell constructed for
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measuring single crystal samples in an order of 1013 pg [25,26]. To apply constant currents/voltages to
the single crystal to suppress short-range charge disproportionation, we attached four thin lead wires by
using a small amount of Ag paste on the gold-deposited portions on the surface of the crystal. We used
constantan wires with a diameter of 25 um for electric leads. The same wires were also used for the
leads of the Cernox sensor (CX1050, LakeShore, Carson, CA, USA) and the heater (1 k() strain gauge)
of the calorimetry cell. The schematic view of the sample stage is shown in Figure 2a. The electric leads
are connected to the anchored ports at the heat sink of the calorimeter of which the temperature is
accurately controlled within +5 mK. The applied currents induce Joule heating in the sample and give
rise to temperature discrepancy between the sample part and the heat sink. This discrepancy depends
on the magnitude of the external currents. However, it is possible to realize a steady state through
the balance of the Joule heating and the cooling power. This discrepancy can be kept constant if the
sample heater is not operated. Therefore, it is possible to get heating and relaxing curves by using the
sample heater. Good thermal contact between the sample and the thermometer is required to stabilize
the steady state. Therefore, we covered the bottom surface and side surfaces of the single crystal using
Apiezon N grease on the sample holder. A thermal gradient occurs inside the sample part shown
in Figure 2a as the sample heating is considered negligible, since the thermal conductivity between
the sample and the Cernox sensor was evaluated as 50-150 pWK~!, which is nearly two orders of
magnitude larger than the x value between the heat sink and sample stage. We confirmed that the base
temperature during the current application can be stabilized within +5 x 107 K s71,

(b)

— Sample temperature

—=—— Heat sink temperature

T/K
(a)

!
Single crystal : :
/— TZ TR :_ /
Silver past !
\ ) AT
——— Apiezon N
Grease 7,

/ Sample heater I 7
—7 \ ] AT m
Constantan wires

Cernox thermometer T,
T 1=0 t/s

t

heater on heater off

Figure 2. (a) Schematic illustration of the sample part of the relaxation calorimetry cell. Four lead wires
are attached on the surfaces of the single crystal for applying current and voltage. (b) The temperature
profiles against time for the standard and the modified relaxation calorimetry technique. The lower
curve shows the heating and relaxation curve for the standard relaxation calorimetry. The upper one
shows the case with constant currents or voltages applied for the crystal.

2.3. Analytic Method

Here, we discuss the method to determine the absolute values of the heat capacity. In the relaxation
calorimetry system, the temperature profile of the sample cell is recorded as a function of time. We show
the schematic view in the typical temperature change of the sample part in the normal condition
and that under the applied current in Figure 2b. In the relaxation calorimetry, the absolute values
of the heat capacity are determined by the analysis of the relaxation curve using Formula (1). If the
temperature dependence of x is small, it can be simplified as (2) as is used for the normal relaxation
technique. The AT for the present experiments were set in a range between 60 and 100 mK. The typical
temperature profile in the normal condition without currents is shown as the lower curve in Figure 2b:

dT T
Pheater = CPE""I K(T)dTr (1)
To
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dr
Pheater = CPE + K(T_ TO)- (2)

When the constant current is applied to the sample, the sample itself also works as a heater to
make constant deviation of the temperature from the heat sink. The constant current produces an
increase of temperature from the base temperature, Ty, and makes a non-equilibrium state with a
temperature, T1. However, it is possible to consider it as a steady state and the thermal profile can be
evaluated by Equations (3) and (4):

T
Psample(Tl) = L K(T>dT/ 3)
0
ar = (7
Pheater + Psample(T) - Psample(Tl) = CPE + T K(T)dT' (4)
1

The possible temperature profile in the relaxation calorimetry performed in this process is shown
in Figure 2b as the upper curve.

To evaluate the absolute values of the heat capacity realized in this current-induced non-equilibrium
state, the evaluation of Psample(T) = Psample(T1) produced by the current is required. It should be pointed
out that the constant deviation from the sample stage becomes large, especially in the low-temperature
region, since the heat capacity of the sample becomes smaller while the electric resistivity becomes
larger with the decrease of the temperature. Therefore, the minimum temperature we can attain shifts
to a higher temperature. During the heating and relaxation process of the measurements, we can keep
the condition of AT << (T — Tp) and the temperature of the heat sink can be kept constant. In this
case, we can reasonably consider that Psympie(T1) is kept constant. The temperature dependence of
the electric resistivity of 6-(BEDT-TTF);CsZn(SCN), is semi-conductive and shows an increase in the
low-temperature region. Therefore, the change of the resistivity, namely the change of the Joule heating,
Pgample(T), during the heating and relaxation processes should be taken into account in each point.
If we assume that the AT is small, in the range between 60 and 100 mK, and the resistivity change in
this narrow temperature range can be expressed as a linear function as R(T) = 1T + r, the effect of the
Joule heating can be assumed as Equations (5) and (6) when the applied currents are constant and
applied voltages are constant. In the case of semi-conductive temperature dependence in the present
temperature range below 11 K, rq is always negative and has the larger absolute value:

dT ar

Pheater = Cpgr + k(T =Ty) =Pry(T=Ty) = Cpgy +1/(T=Th), (5)
dT r dT ,

Pheater = Cpgp +<(T=T1)) + V25 (T=T1) = Cpgp +x/(T=To). (6)

The heat balance equation can be simplified by using the x” term and similar relaxation fitting as
the normal method can be used. The «’ can be described as «’ = k — I?ry and k’ = k + V? r1/ry? for the
case of constant current I and constant voltage V being applied, respectively. The total heat capacity C,
of the sample part at various currents can be determined from the time constant of the relaxation curve
and the «” as in the usual relaxation method. The contribution of the Joule heating term to x” for the
constant current case gives a positive contribution, while it is negative for the constant voltage case.

3. Results and Discussion

In Figure 3, we show the temperature dependence of the total heat capacity of the sample part,
including the contribution of the single crystal sample and those of the addenda, by the red squares.
The data plotted by the blue triangles demonstrate the blank heat capacity measured without any
sample and grease. The green circles show the contribution of the addenda part, including the
contributions of Apiezon N grease, Au coating, and the Ag past, etc. The data shown by green
circles were used as the background contribution for deriving the sample heat capacity, C,(I) and
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Cp(V). We can consider that the current dependence of the background heat capacity is negligible here.
Figure 4 shows typical temperature relaxation curves obtained in steady state with I = 19 pA and
V =20 mV, together with the normal conduction obtained at nearly the same temperatures. Although
the relaxation process can be given as single exponential curves, their time constants are different
depending on the conditions of the steady states. This difference originates from the difference of the
Joule heating that occurs during the relaxation processes. To evaluate this contribution quantitatively,
we compared « and «’ for several conditions in Figure 5a—d. We show the temperature dependence of
x obtained in the normal condition without any current and voltage by the red squares in Figure 5a—d.
k is mainly determined by the lead wires, which thermally terminate the sample part and the heat sink.
Therefore, its temperature dependence can be described by the thermal conductivity of the constantan
wires. In fact, those at 6 and 9 K can be calculated as 1.43 and 2.69 utWK™1, respectively, for the case of
12 wires of @25 pm in diameter and 5 mm in length in the present cell [27]. These values are consistent
with the experimental values. Figure 5a—c also displays the experimentally determined «” of constant
current [ = 19, 80, and 150 pA. respectively. Since the x” includes the Joule heating contribution as
shown in Formula (5), the temperature dependences of the x” show large deviation from the x values,
especially in the low-temperature region. We also show the temperature dependence of «” calculated
using the experimental values of x and resistivity values for the cases of I = 19, 80, 150 pA by blue
curves in Figure 5a—c. We can confirm there is good agreement between the experimental values of x’
and the calculated ones. This result demonstrates that the analyses based on Formula (5) are reliable to
determine C,(I) with various currents. We also display the temperature dependence of x” obtained for
the case of heating by applying a constant voltage of V = 20 mV in Figure 5d. Although it is difficult to
detect an accurate sample current in this experiment to evaluate resistivity, usage of the measured «’
for the analysis according to Formula (6) is also available to determine Cp (V).
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Figure 3. Temperature dependences of the total heat capacity of the sample part (red squares),
addenda heat capacity (green circles), and blank heat capacity (blue triangles) shown in C, T3 vs. T plot.
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Figure 4. Typical thermal relaxation curves obtained in the present set up. The red circles show the
standard case without current and voltage. The green circles denote the relaxation curve for the constant
current of I =19 pA and the blue ones show the curve for constant voltage with V =20 mV.
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Figure 5. Temperature dependences of the experimentally determined « (red square) and «” (green
circle) for (a) I =19, (b) I =80, (¢) I = 150 pA, and (d) V = 20 mV. The blue circles show the calculated
values from x and Psample obtained by the resistivity value of the sample and applied currents.
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Since the charge disproportionation and fluctuations affect the structure of low-energy phonons
through the electron-lattice coupling, the low-temperature heat capacity changes drastically depending
on the ground states of the charge degrees of freedom [20,28]. A peculiar feature was observed in
the heat capacity of 8-(BEDT-TTF),CsZn(SCN)4 by Yoshimoto et al. in the normal condition [20].
The temperature dependence of the lattice heat capacity divided by T° shows a large Boson
peak structure around 2-3 K, which is a typical feature of molecular glasses and amorphous
compounds [20,28,29]. On the other hand, such a peak structure is absent in the charge-ordered
(CO) state of slowly cooled 8-(BEDT-TTF);RbZn(SCN)4 and metallic 6-(BEDT-TTF),15. This feature is
consistent with the glass-like thermal conductivities of 8-(BEDT-TTF),CsZn(SCN), and rapidly cooled
0-(BEDT-TTF),RbZn(SCN)4 reported recently [30]. The Boson peak structure for the present sample
was also detected by the heat capacity measurement in the normal state as shown in Figure 6a.
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Figure 6. (a) Temperature dependence of the heat capacity of 0-(BEDT-TTF),CsZn(SCN); for the single
crystal sample used for the present experiment obtained by the standard relaxation technique. (b) Those
obtained with constant current of I = 0, 19, 50, 80, 150 pA and V =20 mV are shown in CpT_3 vs. T plot.
The rectangle area shown by the light blue color in (a) corresponding to the whole area shown in (b).
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The molar heat capacity of 8-(BEDT-TTF),CsZn(SCN)4 with the applied currents up to 150 pA
and with the constant voltage of 20 mV obtained by using the «’ for each steady state and the addenda
heat capacity data in Figure 3 is shown in Figure 6b in the C,T~3 vs. T plot. Although the temperature
region we can measure in the applied currents and voltage is limited, and we could not cover the
whole shape of the Boson peak due to the shift of the base temperature by the larger Joule heating in
the low-temperature region, we compare them with the data marked by a light blue color in Figure 5a.
The agreement of the data, including the absolute values of molar heat capacity, with those of Figure 6a
in the upper side region of the Boson peak is good, which means successful measurements in the
applied currents and voltage. From the figure, we can confirm that the application of electric currents
up to 150 pA and the application of constant voltage of 20 mV do not induce change in the heat capacity.
In the previous X-ray experiments given by Sawano et al., suppression of the short-range peak denoted
as g2 = (0, k, 1/2) occurs with the application of an external current of 70 pA, while the short-range
structure of g1 = (2/3, k, 1/3) is not affected even by the current of 260 pA [5]. Since the contribution of
the Boson peak is induced by the disordered phonons, the influence of the partial charge melting by
applying current seems to be smaller in the present temperature and current range. It is suggested that
the disordered phonons responsible for the Boson peak have the character of local phonons without
long-range coherency as in acoustic phonons. This is consistent with the step-like decrease of thermal
conductivity with decreasing temperature that occurs around the similar temperature region [30].
The local disorders, for example, produced by hydrogen bonding through ethylene conformations,
may be a possible scenario as was reported in [31,32]. The relation with donors and counter anions
should be taken into account in discussing the thermal properties of these charge-disproportionation
phenomena. Probably, experiments with a much larger electric current or electric field, which can
melt the glass-like charge state more drastically, can derive further information of the phonon-glass
dynamics occurring in the low-energy region in 8-(BEDT-TTF),CsZn(SCN)4. The effect of external
currents and voltages for the charge disproportionation systems are quite interesting for charge-lattice
coupling systems and detection by thermodynamic measurements in such non-equilibrium states
should be developed in a wider temperature region.

4. Summary

In summary, we performed heat capacity measurements of 8-(BEDT-TTF),CsZn(SCN); with
applied current and voltage conditions. The Joule heating by the static currents was balanced with
the cooling power from the heat sink to make a steady state. We also reported the method of data
analyses to evaluate the accurate heat capacity with applied currents in detail. The experiments up to
150 pA and the constant bias of 20 mV did not change the Boson peak structure in the heat capacity,
although some suppression effect was reported by the X-ray diffraction. We found that the suppression
of the short-range fluctuations did not seriously affect the disorder in the phonon structure in this
experimental range. The measurements of heat capacity under currents can give a new possibility to
investigate phase transitions of electronic and lattice origin.
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