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The low-temperature specific heat of single crystals ofk-~BEDT-TTF!2Cu@N~CN!2#Br was studied in the
temperature range between 0.11 and 4.5 K. The electronic specific heat,Cel , in the superconducting state
shows a quadratic temperature dependence that is most reasonably attributed to the quasiparticle excitations
found in unconventional superconductors with line nodes in the gap structure. The magnetic-field dependence
of the temperature-linear term inCel is also consistent with this picture of superconductivity.
@S0163-1829~97!50714-4#

The problem of pairing mechanism in organic supercon-
ductors is one of the hot topics in condensed matter physics.
Since the discovery of superconductivity in~TMTSF!2X salts
in 1980,1 more than 50 salts are recognized as organic super-
conductors up to now. Although material research in this
field has been greatly stimulated and accelerated by the dis-
covery of BEDT-TTF based salts, which yielded many
quasi-two-dimensional superconductors, the pairing mecha-
nism of the superconductivity in organic systems is still an
open question at present. The first experimental study on this
problem was for~TMTSF!2ClO4, where the absence of co-
herence peak and a power-law temperature dependence of
the nuclear magnetic resonance~NMR! relaxation rate have
been reported as a sign of unconventional electron pairing in
the organic superconductor.2

The k-~BEDT-TTF!2Cu@N~CN!2#Br is known as the
highest-Tc ~11.6 K! salt at ambient pressure. This material
consists of two-dimensional donor sheets, each of which is
separated by insulating anion layers with a multilayer period
of about 15 Å. In the donor layers, BEDT-TTF dimers are
arranged in nearly orthogonal coordination to form a zigzag
network. More interesting to notice is the electronic phase
diagram of thek-phase family,k-~BEDT-TTF!2X, in that the
superconducting phase of this family is situated very close to
the Mott insulating phase with an antiferromagnetic ground
state. Recently, strong antiferromagnetic spin fluctuations
were observed in both superconducting@X5Cu~NCS!2 and
Cu@N~CN!2#Br# and insulating@X5Cu@N~CN!2#Cl# salts.

3–5

These fluctuations develop into an antiferromagnetic long-
range ordering atTN527 K in the Cu@N~CN!2#Cl salt,

5 while
in the former two salts the fluctuations are depressed below
50 K and superconductivity appears around 10 K instead of
magnetic ordering.

In the superconducting state,13C-NMR study has recently
been performed by three groups, who measured the nuclear
spin-lattice relaxation rate in different conditions to avoid
effects of the vortices in different ways and gave the same
conclusion; there observed no Hebel-Slichter coherence peak
just belowTc and aT

3 dependence of relaxation rate at low
temperatures.6–8These results support a possibility of uncon-
ventional pairing with line nodes in the gap. The electronic
specific heat of superconductors which have nodes in the gap
structure is known to show a power-law temperature depen-
dence, while an exponential dependence would be seen in

case of fully gapped superconductors. The quadratic tem-
perature dependence of electronic specific heat was reported
in heavy-electron compounds of UPt3 below 0.3 K,9 and
more recently in the 90 K phase of YBa2Cu3O7 which has
now been widely discussed in terms of thedx22y2pairing
symmetry.10

In this paper, we present the temperature and field depen-
dence of electronic specific heat in the superconducting state
of k-~BEDT-TTF!2Cu@N~CN!2#Br in a temperature range be-
tween 0.11 and 4.5 K. Since this contribution is much
smaller than that of lattice specific heat, high-resolution ex-
periments and an accurate estimation of lattice specific heat
are required. By applying magnetic fields higher thanHc2 , it
may be possible to extract temperature dependences of lattice
specific heat. In such experiments, however, some additional
terms due to possible paramagnetic localized moments or
impurities, often observed as an upturn ofCp /T at low tem-
peratures, show complicated magnetic field dependence and
obscure the reliability of lattice specific heat especially be-
low 1 K, which is the most important temperature range to
obtain reliable data of electronic specific heat. We have pre-
viously reported that the deuterated salt, when cooled rap-
idly, is situated in the insulating region which does not have
any fineg value by confirming thatg keeps vanishing even
in a magnetic field of 8 T.11 This fact justifies a use of the
specific heat value of the deuterated salt as the lattice specific
heat of thek-~BEDT-TTF!2Cu@N~CN!2#Br salt. By improv-
ing resolution of our calorimeter and using the deuterated
salt as a proper reference material, we discuss temperature
dependence of specific heat due to quasiparticle excitations
over the gap in the superconducting state of this material. Its
magnetic field dependence in a low field region below 2 T is
also presented.

The samples used for this work was grown by electro-
chemical oxidation method in the so-calledH-type cells. We
used 1,1,2-trichloroethane as a solvent and applied constant
current of 1.0mA for about two weeks to obtain single
crystals for this calorimetry work. The weight of
the crystals used in this study was 4.3 mg for
k-~BEDT-TTF!2Cu@N~CN!2#Br sample and 3.7 mg for the
deuterated sample. The specific heat measurements were per-
formed with the thermal relaxation calorimeter of3He type in
the temperature range between 0.85 and 4.5 K. The data
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between 0.11 and 1.15 K were obtained by the similar type
of calorimeter mounted on a dilution refrigerator.12 We used
a thin sapphire plate~23230.12 mm3! as a bolometer, to
which a small chiptype of RuO2 thermometer and a film
heater are attached. The bolometer is suspended by thin con-
stantan wires from the copper block. The wires also serve as
a heat leak for temperature relaxation. In order to eliminate
uncertainties as much as possible, we first measured the heat
capacity of bolometer with small amounts of ApiezonN
grease typically weighing about 0.1–0.2 mg before the
sample is mounted. After this blank measurement a single
piece of crystal was set on the bolometer without any addi-
tional grease and the total heat capacity was measured. The
contribution of bolometer plus grease to the total heat capac-
ity is 90% at 0.2 K, 60% at 0.9 K, and 40% at 4.0 K.

The specific heat per formula unit is displayed inCp /T vs
T2 plot in Fig. 1. We also show low-temperature data in the
same plot in Fig. 2. An appreciable difference between the
Cp /T values of the two salts are observable in the whole
temperature range studied. The small upturns observed at the
lowest temperatures for both salts are due to some tiny im-
purities and considered not to be intrinsic. In organic mate-
rials, contribution of the lattice specific heat which arises
from acoustic phonon is still large even at low temperatures,
as compared with inorganic compounds. The lattice contri-
bution obeys theT3 law only in the restricted temperature
range below about 2 K and above this temperature it starts to
deviate upward from theT3 dependence due to higher-order
contribution as in several BEDT-TTF based salts.11–13

Therefore, to estimateg andb values in the formula ofCp
5gT1bT3 accurately, low-temperature data below about 2
K is required. The least-square fitting~the solid line in Fig.
2! of theCp /T vsT2data of the present deutreated salt below
1.7 K gives values ofg50.0660.43 mJ/molK2 andb512.0
mJ/molK4. The calculated Debye temperature is 212.0 K.
This value is very close to the experimental value of the
nondeuterated salt in an external field of 14 T determined by
Andrakaet al.14 According to the Debye theory,QD is in
proportion to the sound velocity and therefore in proportion

to the square root of molecular weight. The difference of
1.7% of molecular weight between dueterated and nondeu-
terated salts may reasonably give rise to the difference of the
Debye temperature andb value. The expected values of
these parameters for nondeuterated salts areb511.7
mJ/molK4 andQD5213.7 K, which give the dashed line in
Fig. 2. Another possible correction may be for a contribution
due to the spin wave excitation in the antiferromagnetically
ordered state of the deuterated salt. However, it is negligible,
since almost all magnetic entropy ofS5R ln2 appears at
higher temperatures as two-dimensional short-range ordering
dominated by the magnetic coupling ofJ50.04 eV, which
givesT2 term with a coefficient smaller than 1022 mJ/molK3

at low temperatures, just as in the case of
k-~BEDT-TTF!2Cu@N~CN!2#Cl salt.

11 Therefore, by subtract-
ing the contribution of lattice specific heat evaluated using
the difference of molecular weight, we can extract the elec-
tronic part ofCel /T in the superconducting state. The contri-
bution ofCel to the total heat capacity including bolometer is
6% atT50.3 K, 4% atT51.7 K, and 5% atT52.5 K. These
values are sufficiently larger than the present experimental
resolution, better than 1% between 0.11 and 4.5 K. We
would like to emphasize that the low-temperature profile of
Cel /T revealed here is not influenced by possible ambiguity
in estimation of the nondeuterated lattice specific heat. At 0.5
K (T250.25 K2) for example, one can see in Fig. 2 that the
electronic contribution is more than 40% of the total specific
heat and is not influenced by ambiguity of the order of 1%, if
any, in the lattice part. The downward deviation, especially
below about 1.0 K, from the dashed line which is drawn to
compare the upper data points with the expected lattice slope
for h8 salt demonstrates the existence of electronic specific

FIG. 1.Cp /T vsT2 plot for k-~BEDT-TTF!2Cu@N~CN!2#Br ~de-
noted byh8 BEDT-TTF! and the rapidly cooled deuterated salt
~denoted byd8 BEDT-TTF! in a temperature range between 0.85
and 4.2 K.

FIG. 2. The low-temperature data of (h8 BEDT-TTF! and (d8
BEDT-TTF! salts. The open circles denote data obtained by3He
refrigerator and the filled triangles denote those obtained by dilution
refrigerator. The solid and dashed lines in the figure represent the
slope due to the lattice specific heat withQD5212.0 K and 213.7
K, respectively. The inset shows the real part of ac susceptibility of
both salts, with ac field perpendicular to the layers. Demagnetiza-
tion correction is not made.
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heat term discrepant with theCp /T5g1bT2 type of tem-
perature dependence.

Figure 3 shows plot ofCel /T vs T. If an isotropic gap of
2D/kBTc53.52 exists around the Fermi level as is predicted
by the BCS-weak coupling theory,Cel /T would show an
activation type of temperature dependence such as
exp(2D/kBT) as shown by the dashed lines, which are far
below the experimental values. From the plot in the linear
scale, one can see that the low-temperature data ofCel /T do
not saturate but vary linearly even below 2 K. This means
that theCel obeys a quadratic temperature dependence with a
coefficient ofa52.2 mJ/molK3 ~the solid line in Fig. 3!. An
additional feature of the data is thatCel /T shows a finite
value ofg res51.2 mJ/molK2 in the limit of 0 K. An expla-
nation of the finitegres value is made in the context of the
unconventional pairing with electron scattering by nonmag-
netic centers. In this case, a finite density of states appear
around a zero energy in the linear energy dependence ex-
pected in the clean case and leads to generation of thegres
term and deviation of the low-temperature variation in
Cel /T from the clean case.15 In the present compound, the
residualgres ~51.2 mJ/molK2! is very small compared with
the normal stategn value, namelyg res(0T)/gn50.05,and
may be reasonably understood by the occurrence of the in-
comensurate superlattice,16 which is specific for this com-
pound amongk-~BEDT-TTF!2X family, or frozen disorder in
the ethylene conformation. In reality, the present salt has

relatively low residual-resistance ratio and show no quantum
oscillations at ambient pressure unlike the other salts. In the
case of clean unconventional superconductivity with line
nodes in the gap, the coefficient in the quadratic temperature
dependence, Cel5aT2, is predicted to be a
53.3kBgn /Dmax with Dmax the maximum of the gap in the
study of the electronic specific heat of YBa2Cu3O7.

10 If we
assume, asDmax, a BCS value mentioned above and use the
gn value of 22 mJ/molK2 in Ref. 14,a is predicted to be
about 3.5 mJ/molK3. The direct comparison of this predic-
tion with the above experimental slope~a52.2 mJ/molK2! is
not valid because the latter is modified from the value of the
clean case by the finite density of states corresponding to the
gres. The dotted line~a52.8 mJ/molK2! in Fig. 3 can be
taken as the slope ofCel /T vs T expected in a clean case
without thegres term for the present salt. In any case, the
experimental value ofa is of the same order of the theoret-
ical prediction.

The alternative interpretation of the finitegres is the pres-
ence of a normal phase. On this assumption, the electronic
specific heat in the superconducting phase is given byCel
2g resT, which is plotted by crosses in the inset of Fig. 3.
There is still a large discrepancy between the data and the
BCS behavior. However, there may be a case of an ex-
tremely anisotropics-wave gap with a minimum value of
Dmin /kBTc50.09, which corresponds to the dot-dashed line
in the inset.

In order to get further insight into the pairing state, it is
quite informative to examine the recovery of the electronic
specific heat coefficient,g, with increasing fields. Theg~H!
is predicted to be in proportion to the square root of external
field, H, for Hc1!H!Hc2 for superconductivity with line
nodes in the gap,19 while g~H! varies linearly in the gapped
state without nodes. Figure 4 shows the field dependence of
the g term in Cel . It is seen that the recovery ofg is not
linear but can be fitted to a form ofg55.6H1/2 as shown in
the solid curve in the figure. The theoretical prediction of the
form is g5kgn(H/Hc2)

1/2 with k of order unity. Using the
values ofHc2510 T andgn522 mJ/molK2 for the present

FIG. 3. Temperature dependence of electronic specific heat di-
vided by temperature fork-~BEDT-TTF!2Cu@N~CN!2#Br. The open
circles denote data obtained by3He refrigerator and the filled tri-
angles denote those obtained by the dilution refrigerator. The solid
line and dotted line stand for the slope ofCel /T5aT with a52.2
mJ/molK3 and 2.8 mJ/molK3 ~see text!. The dashed curve stands for
a prediction of BCS weak coupling theory with 2D/kBTc53.52.
Inset shows an activation plot ofCel as a function of 1/T. The BCS
curve is given by the dashed curve and a slope for extremely an-
isotropics wave is displayed by dot-dashed line.

FIG. 4. Field dependence of theg term in the electronic specific
heat. The external fields were applied perpendicular to the conduct-
ing layer. The solid and dashed curves show fitted results of the
data tog(H)5AH1/2 andg(H)5A(H1H* )1/2, respectively. Mag-
netic field dependence of (g2g res)is shown in the inset.
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salt, the fitted coefficient givesk50.80, which is in agree-
ment with the prediction. In the picture of dirty superconduc-
tivity with line nodes, the disorder givinggres plays essen-
tially the same pair-breaking role as the magnetic field does.
In this context, the data ofg~H! may be analyzed in a form
of A3(H1H* )1/2 whereH* is an effective field of disorder
equivalence. The dashed curve is a fitting to this form, re-
sulting in A55.4 mJ/molK2T1/2, H*53.431022 T and
k50.77. In the picture of two phases, on the other hand,
g~H!2gres is considered to be intrinsic in the superconduct-
ing phase. The inset shows fields dependence of this quan-
tity. The nonlinear behavior is fitted byA3H1/2 with A54.1
mJ/molK2T1/2, givingK50.59. In any case, it is evident that
g~H! shows a noticeable deviation from linearity but is well
described by square root dependence.

These results support the existence of line nodes in the
superconducting gap and therefore suggests that the symme-
try of electron pairs in this material is unconventional with
anisotropic wave function. This is consistent with the NMR
experiments.6–8 The existence of line nodes is most reason-
ably attributable to the two-dimensionaldx22y2 wave
model17 or anisotropicd1s wave model recently discussed
for high-Tc cuprates.

18

In conclusion, we have studied the electronic specific heat
of k-~BEDT-TTF!2Cu@N~CN!2#Br salt and found that the
low-temperature specific heat can be expressed asCp /T
5g resT1aT21bT3. The observed temperature and field de-
pendence of electronic part are consistent with unconven-
tional superconductivity with line nodes in the gap param-
eter. The specific heat behavior of superconductors with
Tc53–4 K, such asb-~BEDT-TTF!2AuI2 ~Ref. 13! and
k-~BEDT-TTF!2I3 ~Ref. 20! were reported to be explained in
the flame of BCS theory. If these are true, the comprehensive
understanding of the variety of pairing state in BEDT-TTF
salts is not straightforward but requires some additional
mechanism. It is guessed that the antiferromagnetic spin
fluctuations enhanced in the normal state of the present salt3,4

have something to do with the unconventional nature of pair-
ing and theTc enhancement.
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