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Abstract Heat capacity measurements of quasi-two-
dimensional Mott insulating compounds consisting of
BEDT-TTF (bisethylendithiotetrathiafulubalene) donor
molecules and counter anions were performed by the ther-
mal relaxation calorimetry technique for single crystal
samples. No distinct thermal anomalies at the predicted
antiferromagnetic transition temperatures in xk-(BEDT-
TTF),Cu[N(CN),]Cl (Ty = 27 K) and f'-(BEDT-TTF),
ICl, (Tyy = 22 K) were observed. These results demonstrate
that the Mott insulating state of the organic salts which are
dominated by the strong two-dimensional intra-layer anti-
ferromagnetic interactions between neighboring S = 1/2
spins shows somewhat different features from the simple
quasi-two-dimensional Heisenberg model with S = 1/2.
The strong quantum fluctuations produced by the electron
correlations suppress the long-range character of the spin
correlations, which seems to be an important aspect of this
kind of Mott insulating materials.
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Introduction

The electronic states of charge-transfer salts (BEDT-
TTF),X, where BEDT-TTF is an abbreviation of bisethy-
lendithiotetrathiafulubalene and X represents counter
anions are attracting wide interests in the area of condensed
matter physics, since they give various kinds of strongly
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correlated electrons systems with quasi-two-dimensional
structure. The donor molecule of BEDT-TTF and the
counter anion crystallized to form segregated layered
structures and they are inclined to form metallic state due to
the imperfect filling of electron band. It is now well-known
that some of these salts show 10 K class superconductivity
at ambient pressure [1, 2]. Existence of several insulating
salts which show antiferromagnetic transitions [3, 4],
charge order transitions [5] and a crossover to the spin
liquid states [6, 7] with similar layered structures are also
known up to now. The important parameters which domi-
nate the electronic properties are coulomb energies
expressed by U, V and the width of quasi-two-dimensional
bands W. When the dimerization of the donors are strong
enough and an approximation to consider each dimer as a
structural unit is held, the electron filling is 1/2 and the
simple Mott—Hubbard physics determined by competition
of the on-dimer U and W appears. If the value of U is larger
than that of W, the system becomes a Mott insulating state.
As a matter of fact, the pressure—temperature phase diagram
in which the antiferromagnetic phase is neighboring to the
superconducting phase is reported by Kanoda et al. [8]
According to this diagram, the strongly correlated Mott
insulating salts where effectively 1/2 filling transforms into
superconductors with rather high-7, when external pres-
sures are applied. The interesting physics related to the
phase separation in the mesoscopic levels, spin liquid state,
and field-induced transitions or reentrant transitions are
being discussed [6, 7, 9, 10] around this Mott boundary.
k-(BEDT-TTF),Cu[N(CN),]Cl is a typical Mott insu-
lator [3]. Since the value of U/W of this salt is closed to the
boundary, it has been studied in details under hydrostatic
pressures. A systematic appearance of the ground state
from antiferromagnetic insulator, superconductor, normal
metal states [3, 11, 12] is realized with a pressure range up
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to a few hundred bars. The intra-layer magnetic interac-
tions J/ky = —2r°/U, where ¢ is a transfer energy between
neighboring dimers is one order of magnitude larger than
the inter-layer magnetic interactions. Therefore, it is gen-
erally believed that k-(BEDT-TTF),Cu[N(CN),]Cl should
be a model material of quasi-two-dimensional Heisenberg
system with S = 1/2. In fact, the long-range ordering is
observed at 27 K [3] in spite of the much larger intra-layer
interaction J/kg is in the order of 10> K. However, the
thermal anomaly around the ordering temperature was not
observed in the previous thermodynamic reports except for
the kink of thermal expansion measurements performed by
Miiller et al. [13, 14].

The salt of S-(BEDT-TTF),ICl, which also has a
strongly dimerized structure shows Mott insulating behavior
at ambient pressure. Although the donor packing is different
from k-(BEDT-TTF),Cu[N(CN),]Cl, the electronic state of
this compound is phenomenologically resembles to the x-
type salts. The long-range antiferromagnetic ordering is
reported to occur at 22 K [4] and the superconductivity with
the critical temperature of 14.2 K appears under pressure of
8.2 GPa [15]. The intra-layer magnetic interaction is esti-
mated as J/kg = —59 K from the magnetic susceptibility
measurement which is nearly 3 times larger than the order-
ing temperature.

In this paper, the heat capacity measurements of
Kk-(BEDT-TTF),Cu[N(CN),]CI were performed with better
resolution using high-quality single crystal in order to
examine the existence or absence of the transition anomaly
in heat capacity. We also compared the results with the
measurements of dimer-Mott insulating salt of f'-(BEDT-
TTF),ICL,.

Experimental

The low-temperature heat capacity measurements were
performed by our homemade relaxation calorimeter con-
structed for measuring single crystals of molecular com-
pounds. We have used two calorimetry cells which covers
the temperature region between 0.7-10 K and 5-70 K. The
stage of the higher temperature cell is consisting of a cernox
thermometer (LakeShore) and a strain gauge heater (Tokyo
Sokki). For the low-temperature cell, we have used a
ruthenium oxide sensor of which resistance is 1 k€ at room
temperature. The sample stage was linked to the heat sink
through six constantan wires of which diameters are 25 pm.
The heat leak is adjusted so as to attain appropriate time
constant of the temperature relaxation (typically 10’2 s) in
the whole temperature range. We used a single piece of
crystals of 3.88 mg for x-(BEDT-TTF),Cu[N(CN),]CI salt
and 0.724 mg for f'-(BEDT-TTF),ICI, salt which are
adhered on the stage using proper amount of Apiezon N
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grease. The background heat capacities including the
Apiezon N grease were determined by different measure-
ment performed before mounting the sample. The absolute
values of the heat capacity are obtained by subtracting the
background values from the total heat capacity. To charac-
terize the samples, we studied temperature dependences of
magnetic susceptibility of two salts for sample character-
ization using a SQUID magnetometer. The magnetic
anomaly owing to the three-dimensional ordering were
observed at the reported temperatures in both of samples
[3, 4].

Results and discussion

In Fig. 1, we show temperature dependence of the heat
capacity of k-(BEDT-TTF),Cu[N(CN),]CI under different
magnetic fields, where the heat capacity data between 0.7
and 40 K are plotted in a C,/T versus T plot. The data
between 24 and 34 K are expanded in the inset of Fig. 1.
There is no distinct thermal anomaly in the whole tem-
perature range including around 27 K where the clear
antiferromagnetic transition accompanied with the forma-
tion of internal magnetic fields was observed by "H-NMR
experiments performed by other group [3]. The absence of
thermal anomaly is consistent with the previous work [13].
The resolution of the heat capacity data is greatly improved
in the present experiments from the data in Ref. [13] and
therefore the absence of thermal anomaly is confirmed to
be intrinsic for this material. Furthermore, we could not
detect any systematic differences between C, under 8 and
0 T. In order to further investigate the existence of thermal
anomalies, we measure the heat capacity around 27 K in
more details. In general, thermal relaxation method can not
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Fig. 1 Cprlversus T plot for x-(BEDT-TTF),Cu[N(CN),]CI at
fields of 0 and 8 T. The inset shows CPT] versus T plot around
antiferromagnetic transition temperature (27 K)
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detect the first order transition accompanied with the
release of latent heats. If a thermodynamic transition
occurs accompanied by a release of latent heats with nar-
row temperature region, our measurement might fail to
detect the anomaly. To exclude this possibility, the relax-
ation method with small AT values corresponding to 0.5%
of the sample temperature has been performed. However,
we could not see any anomaly in this condition.

We also show the low-temperature data obtained for the
identical crystal in C,/T versus T plot in Fig. 2 under
different magnetic fields. From the data shown in the inset
of Fig. 2, we can confirm a clear T® contribution in heat
capacity below 2 K. Although a spin-wave contribution
due to the three-dimensional ordering may be included in
the 7° contribution, the linear extrapolation using the for-
mula of C, = BT* + 7 down to 0 K gives a vanishing
electronic heat capacity coefficient. This behavior is con-
sistent with the typical insulator with antiferromagnetic
ordering and previous report. In the case of the typical low-
dimensional magnets, several experimental results [16] and
theoretical calculations [17] suggest the small anomaly
around the three-dimensional ordering temperatures,
although much of the magnetic entropy is consumed by the
low-dimensional short-range ordering.

In order to confirm this behavior in a similar Mott insu-
lating system with quasi-two-dimensional structure, we
have examined the similar dimer-Mott insulating system of
B'-(BEDT-TTF),ICl,. This salt has open Fermi surfaces in
band calculations [18], however, the semiconductive
behavior below the room temperature and antiferromagnetic
transition at 22 K were observed in this salt [4]. In this salt, a
linear relation of C,T ~! against 7% and a vanishing elec-
tronic heat capacity coefficient was observed in the low
temperature heat capacities [19]. These results are similar to
those observed in k-(BEDT-TTF),Cu[N(CN),]Cl. In Fig. 3,
we show C,/T versus T plot between 5 and 40 K for
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Fig. 2 CPTI versus 77 plot for k-(BEDT-TTF),Cu[N(CN),]Cl
below 10 K at fields of 0, 4, and 8 T
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Fig. 3 Cprl versus T plot of f/-(BEDT-TTF),ICI, at fields of 0 and
8 T. The inset shows CPTI versus T plot around antiferromagnetic
transition temperature (22 K)
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Fig. 4 CPTI versus T plot for f'-(BEDT-TTF),ICI, around antifer-
romagnetic transition temperature (22 K)

f'-(BEDT-TTF),ICI, salt. Here again, we cannot observe
distinct anomaly related to the magnetic ordering as well as
the magnetic field dependence between 5 and 40 K. The
small hump may be seen in Fig. 3, but it is difficult to con-
clude within the present resolution. To exclude the possi-
bility of existence of the anomaly with transition, again we
measure heat capacity of '-(BEDT-TTF),ICI, using dif-
ferent detection system independently. From the result of
this measurement shown in Fig. 4, we can conclude that the
thermal anomaly is considered to be very small.

The intra-layer magnetic interactions of '-(BEDT-TTF),
ICl, salt J/kg is estimated as—359 K from the analysis of
two-dimensional Heisenberg analysis of the magnetic sus-
ceptibility [4]. Therefore, the transition temperature is rel-
atively close to the J/kg value and magnetic entropy may
remain around 22 K, if a simple low-dimensional magnet
picture is assumed. We consider that the absence of ther-
mal anomaly in these Mott insulating system should be
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considered from the standpoints of electron correlations.
The magnetic behavior of the Mott insulator is produced by
the strong coulomb interactions which is expressed by the
Hubbard Hamiltonian where both charge and spin degrees of
freedom coexists. Although the magnetic ordering evi-
denced by the static internal magnetic fields appears below
the transition temperature, the antiferromagnetic states still
have strong quantum fluctuations produced by the residual
charge-degrees of freedom at low temperatures. The long-
range character should be suppressed by these fluctuations
and consequently no thermodynamic peak appears in the
heat capacity. In this sense, the similar situations may occur
in duetrated xk-(BEDT-TTF),Cu[N(CN),]Br, f'-(BEDT-
TTF)(TCNQ), etc., and other quasi-two-dimensional com-
pounds. Although this is a speculative discussion, the
absence of the thermal anomaly around the long-range
ordering temperature has been reported in La,CuQ, in the
initial stage investigation of high-7, cuprates by Sun et al.
[20]. The reduced magnetic entropy problem around the
long-range ordering temperatures are also discussed in the
charge-ordered system which is also the long-range ordering
occurs in the strongly correlated low-dimensional systems.
The three-dimensional ordering of (DI-DCNQI),Ag shows a
small peak corresponding to about 1.5% of RIn2 and similar
behaviors are observed in several intermetallic compounds
such as Y-doped Lag,Cag3MnO; [21, 22]. The long-range
nature and the quantum fluctuations in the magnetic state in
these systems seem to be an interesting subject to be dis-
cussed thermodynamically. The NMR measurements and
USR measurements which can detect information in the
shorter time domain can detect the existence of the internal
magnetic fields, but the present thermodynamic data dem-
onstrates that it’s not still in a static limit and short-range
fluctuations are important in characterize the electronic state
of the Mott insulating salts.

Conclusions

In conclusion, we have measured the heat capacities of
charge-transfer salts xk-(BEDT-TTF),Cu[N(CN),]Cl and
p'-(BEDT-TTF),ICI, by thermal relaxation method under
magnetic fields. We have detected an absence of thermal
anomaly with antiferromagnetic transition and no magnetic
field dependences in both salts. The typical behavior of
insulating state was observed in the low temperature heat
capacity of k-(BEDT-TTF),Cu[N(CN),]Cl. These results
are consistent with previous study [13] and suggest that the
entropy associated with these transitions is quite small. We
consider this character is not only about these salts but also
about many of Mott insulators, because the difference of the
value of U/W between two salts is quite large. Furthermore,
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these results suggest the possibility of common feature of
strongly correlated electron systems.
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