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Thermodynamic behavior of the 10 K class organic superconductor
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Abstract

Heat capacities of single crystal of�-(BEDT-TTF)2Cu(NCS)2, which is known as an organic superconductor withTc = 9.5 K, were measured
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ith a recently constructedHe-calorimeter of a relaxation type. A large heat capacity jump of about�CpT = 65 mJ K mol was observe
n association with the superconductive transition. The characteristic behavior of the thermal anomaly is compared with the previ
eported. Only slight change was found between the heat capacity peaks for the slowly cooled and rapidly cooled samples. This d
hat the degree of disorder left in the cooling process is not so serious in this material.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Bis-(ethylenedithio)tetrathiafulvalen, abbreviated as BED
-TTF, is a well known electron–donor molecule which
ields many charge transfer complexes with counter anions
uch as I3, AuI2, IBr2, PF6, ClO4, etc.[1]. Since the discovery
f (BEDT-TTF)2ClO4(TCE)0.5 salt[2], the BEDT-TTF com-
lexes have widely been recognized as ideal systems to give
olecular-based conducting compounds. In these materials,
onor molecules and counter anions are stacked separately

n the crystal and form a layered structure as shown inFig. 1.
he donor layers and anion layers are piled up alternately. The
lectronic properties are usually determined by the character

n the donor layers and the anion layers work as an insulat-
ng space. Thus, an ideal two-dimensional electronic system
s constructed. Since the composition of these charge trans-
er complexes is usually 2:1, chemical formula is expressed
s (BEDT-TTF)2X, where X denotes the anion molecules.

∗ Corresponding author. Tel.: +81 3 57342764; fax: +81 3 57342764.
E-mail address:nakazawa@chem.titech.ac.jp (Y. Nakazawa).

These compounds are known to give a rich variety of e
tronic ground states originating from electron–phonon in
action and strong electron–electron interaction occurrin
the 2D plane. The electronic phases such as metallic, s
conductive, spin/charge density wave, antiferromagneti
sulating phases, etc. appear due to the variation of the mo
lar arrangements in the donor layers. The difference of d
arrangements is usually denoted with Greek characters
as�, �, �, �, etc.[1].

Among various BEDT-TTF based organic salts, the�-
phase family attracts great interest in the area of conde
matter physics, because their ground state becomes
superconducting state with relatively high-Tc or antiferro-
magnetic insulating state due to the difference of an
The X = Cu(NCS)2 and Cu[N(CN)2]Br salts are superco
ductors withTc = 9.5 and 11.4 K, respectively, while t
X = Cu[N(CN)2]Cl and Cu2(CN)3 salts are antriferroma
netic insulators. The crystallographic peculiarity in the�-
phase family is understood as the donor molecules fo
dimerized structure and are arranged in nearly orthogon
ordination to construct a zigzag network as is shown sche
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structure of BEDT-TTF (upper portion), schematic illus-
tration of layered structure consisting of organic donors and anions (lower
left side), and the donor arrangement of the�-type materials (lower right
side). The longer axis of donor molecules is arranged perpendicularly to the
paper sheet in the lower right drawing.

ically in Fig. 1. When the intra-dimer electron transfertdimer
is larger than other inter-dimer transfertinter, a dimerization
gap appears in the center of the highest occupied molec-
ular orbital (HOMO) bands. They split into upper-HOMO
and lower-HOMO bands. The originally third-quarter fill-
ing of electronic state determined by the 2:1 composition is,
therefore, considered as effectively half-filling of the upper-
HOMO band. This dimerization effect also enhances the on-
site Coulomb interaction (U) inside the dimers and the mag-
netic character is enhanced for example in the�-type systems.
The competitive picture between metallic (superconductive)
and magnetic characters in this phase is, therefore, considered
within the framework of the Mott–Hubberd physics[3]. The
intrinsic parameter is, therefore, the ratio ofU/W, whereW
denotes the band-width. The strong spin fluctuations which
make the Ńeeel ordering in the Mott insulating phase remain
in the normal state of superconductive phase and thus, the
pairing symmetry of superconductivity is considered as an
unconventional d-wave[4,5].

Concerning the superconductivity of the�-(BEDT-
TTF)2X system, several groups have studied by different
calorimetric techniques, for example, relaxation, ac and adi-
abatic ones. The thermal anomalies have been successfully
observed for X = Cu[N(CN)2]Br salt by Andraka et al.[6],
Elsinger et al.[7], and Kovalev and Ishiguro[8], and for
X = Cu(NCS) salt by Andraka et al.[9], Graebner et al.[10],
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molecular packing is observed. In the�-phase salts
of BEDT-TTF (�-(BEDT-TTF)2Cu(NCS)2 and �-(BEDT-
TTF)2Cu[N(CN)2]Br), the physical properties usually show
cooling rate dependence. Since these salts are located near the
critical boundary of Mott transition, these extrinsic factors
sometimes affect the superconductive volume and transition
temperatureTc. The aim of the present work is to pursue how
the heat capacity peak of superconductive transition changes
by the difference of cooling sequence in X = Cu(NCS)2. Al-
though a lot of works which deal with this cooling rate de-
pendence have been performed up to now, there is no ther-
modynamic data to discuss these effects in terms of entropic
information.

2. Experimental

A single crystal of�-(BEDT-TTF)2Cu(NCS)2 was pre-
pared by the usual electrochemical oxidation method in 1,1,2-
trichloroethane. The large plate-like crystal of 0.996 mg was
characterized by the SQUID magnetometer (QD-MPMS sys-
tem) and the existence of perfect Meissner signal was con-
firmed. The heat capacity measurements were performed
with a thermal relaxation calorimeter, which had been con-
structed by ourselves. We used two different relaxation
calorimetry cells the details of which are described elsewhere.
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nd Müller et al. [11]. The so-called heat capacity jum
CpTc

−1 determined by these experiments shows scatt
n a range of 40 and 60 mJ K−2 mol−1. In addition, the low
emperature heat capacity below 2 K always gives res
* term of about 2–3 mJ K−2 mol−1, even though the supe
onductive gap is established. This point is discussed
he standpoint of an unconventional superconductivity
odal gap structure in Ref.[5].

In the molecular superconductors, it is not unu
hat sample dependence due to the disorders in
uthenium oxide (KOA model RX73 series) and Cer
Lake Shore CX1080) were utilized as the thermometer
ow (0.5–14 K) and high (5–50 K) temperature calorim
ells, respectively. Typical time constant (τ) in the tempera
ure relaxation process was 20 s at 5 K and 50 s at 10 K

. Results and discussion

Fig. 2shows low-temperature heat capacities of�-(BEDT-
TF)2Cu(NCS)2 salt in theCpT−1 versusT2 plot. The data ar
onsistent with the reported results obtained with the dilu

ig. 2. Low-temperature heat capacity data of�-(BEDT-TTF)2Cu(NCS)2
hown inCpT−1 vs.T2 plot.
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Fig. 3. Heat capacities of�-(BEDT-TTF)2Cu(NCS)2 around the supercon-
ductive transition temperature obtained under 0, 2 and 8 T.

refrigerator in Ref.[12]. It is notable from the temperature
dependence that finiteγ* remains, even though the perfect
Meissner signal has been observed and bulk superconduc-
tivity is established. This value corresponds to about 10%
of the normal state valueγ = 25 mJ K−2 mol−1 estimated by
applying a magnetic field higher thanHc2 = 6 T.

Fig. 3shows theT2 dependence ofCpT−1 in a temperature
range between 7.1 and 10.5 K. In this plot, a thermal anomaly
due to the superconductive transition is clearly found. The
transition temperatureTc is estimated as 9.5 K, which is con-
sistent with the magnetic susceptibility result. In the figure,
we also show the data obtained under magnetic fields of 2
and 8 T which are applied perpendicular to the metallic plane.
Since 8 T is higher than the critical fieldHc2in the perpendic-
ular direction, theCpT−1 versusT2 curve at this field should
correctly reflects the lattice heat capacity plus the electronic
heat capacity of the conduction electrons. The subtraction of
the fitted result ofCp(8 T)T−1 from theCp(0 T)T−1 makes it
possible to discuss how the electronic heat capacity behaves
as a function of temperature. The data shown inFig. 4 is
�CpT−1 versusTplot thus obtained, where�Cp corresponds
to Cp(8 T)–Cp(0 T). The value of heat capacity jump is esti-
mated as 65 mJ K−2 mol−1 and this value is larger than the
reported value of 55 mJ K−2 mol−1 by Müller et al.[11]. The
value of�Cp�−1Tc

−1 amounts to about 3 and this is 2.1 times
larger than that expected by the BCS strong coupling the-
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Fig. 4. Temperature dependence of the electronic heat capacity nearTc: (�),
slowly cooled; (×), rapidly cooled sample.�CpT−1 was determined by the
analytic subtraction ofCp(8 T)T−1 data fromCp(0 T)T−1 data.

tor we have to take into account is that the normal metallic
state obtained by applying magnetic field of 8 T may have
relatively strong magnetic fluctuations existing above 20 K.
They gradually crossover to the Fermi liquid state with the
decrease in temperature. The electronic heat capacity in such
a sate may not be expressed by simpleγT term determined
from the low-temperature behavior below 1 K.

To see the influence of the structural disorder, we warmed
the sample up to 300 K and then cooled again rapidly down
to the liquid helium temperature. The cooling rate from 300
to 30 K was 6.5 K min−1, which was high enough to give
rise to the broadening of superconductive transition in this
system. The obtained data are also shown inFig. 4 as the
�CpT−1 versusTplot. Although slight decrease (−0.05 K) in
the transition temperature is observed, no drastic broadening
and discrepancy in the peak shape appear between slowly
cooled and rapidly cooled samples. This result demonstrates
that the disorder in the donor arrangement is not so serious
in this material. The broadening of the transition width and
the slight decrease of Meissner fraction are produced by the
local effects for example at the surface or dislocation in the
sample.

For several organic salts consisting of BEDT-TTF and
DMET molecules, Akutsu et al. have performed a system-
atic ac calorimetry and observed a glass transition related to
the conformational ordering of the ethylene groups at the
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ry. The sharp peak-shape and large�Cp�−1Tc
−1 sometime

ead us to consider the strong coupling electron–phono
avior as was suggested by Andraka et al. in the initial p

9] and more recently for X = Cu[N(CN)2]Br by Elsinger e
l. [7]. However, this sharp peak gives a close resemblan

he superconductive transition of high-Tc cuprates of YBCO
13] in which the unconventional superconductivity due
he strong electron correlation has been established.
atter of fact, the discrepancy betweenCp(8 T) andCp(0 T)

eems to exist up to higher temperatures than the buTc
s is shown inFig. 4. The fluctuation analysis based on
uperconductive transition is necessary. Another seriou
dge of these molecules[14,15]. They explained that th
lectronic state is affected by this order–disorder arra
ent of the ethylene groups through a chemical pres
ffect in the crystal. In the case of�-phase salts, the co

ormational disorders left in the rapid cooling process
reases the unit-cell volume and the magnetic charac
nhanced accordingly. The slowly cooled samples st
t the metallic region. According to their detailed exp
ents, the glass transition which clearly has a frequenc
endence is observed in�-(BEDT-TTF)2Cu[N(CN)2]Br salt
nd its dueterated salt, but not in�-(BEDT-TTF)2Cu(NCS)2
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salt. The almost negligible change in�CpT−1 versusT is
consistent with their ac calorimetry results, although a re-
cent high-resolution dilatometry work by M̈uller et al.[16]
clearly detected the glass like behavior even in the�-(BEDT-
TTF)2Cu(NCS)2. To study relation between the supercon-
ductivity and the freezing of ethylene groups, the similar
study in the�-(BEDT-TTF)2Cu[N(CN)2]Br salt is requi-
red.

4. Conclusion

We carried out low-temperature heat capacity mea-
surements on the superconductive transition of�-(BEDT-
TTF)2Cu(NCS)2 and studied how the difference in the cool-
ing rate affects the peak structure. The behavior of the elec-
tronic heat capacity estimated from�Cp =Cp(0 T)−Cp(8 T)
shows no drastic cooling rate dependence. This suggests that
the conformational disorder in the ethylene groups is not so
seriously affects on the bulk superconductivity in this mate-
rial.
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