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Low-temperature specific heat ofk-(BEDT-TTF ),Cu[N(CN),]Br in the superconducting state

Y. Nakazawa and K. Kanoda
Institute for Molecular Science, Myodaiji, Okazaki 444, Japan
(Received 17 December 1996

The low-temperature specific heat of single crystalscd BEDT-TTF),CUN(CN),]Br was studied in the
temperature range between 0.11 and 4.5 K. The electronic specific@gatin 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 irCy is also consistent with this picture of superconductivity.
[S0163-18207)50714-4

The problem of pairing mechanism in organic supercon-case of fully gapped superconductors. The quadratic tem-
ductors is one of the hot topics in condensed matter physicmerature dependence of electronic specific heat was reported
Since the discovery of superconductivity(AMTSF),X salts  in heavy-electron compounds of WPbelow 0.3 K® and
in 1980} more than 50 salts are recognized as organic supemore recently in the 90 K phase of YR2,0, which has
conductors up to now. Although material research in thisnow been widely discussed in terms of ttlgz _ 2pairing
field has been greatly stimulated and accelerated by the digymmetry'©
covery of BEDT-TTF based salts, which yielded many |n this paper, we present the temperature and field depen-
quasi-two-dimensional superconductors, the pairing mechajence of electronic specific heat in the superconducting state
nism of the superconductivity in organic systems is still angt . BEDT-TTF),CUN(CN),]Br in a temperature range be-
open question at present. The first experimental study on thi§yeen 0.11 and 4.5 K. Since this contribution is much
problem was foTMTSF),CIO,, where the absence of co- gmajier than that of lattice specific heat, high-resolution ex-
herence peak and a power-law temperature dependence [9 riments and an accurate estimation of lattice specific heat

the nuclear magnetic resonan@®MR) relaxation rate have _are required. By applying magnetic fields higher thég, it

been repqrted as a sign of unconventional electron pairing Irrlnay be possible to extract temperature dependences of lattice
the organic superconductbr.

The «-(BEDT-TTF),CUN(CN),]JBr is known as the specific heat. In such experiments, however, some additional
- - 2 2 . . .
highestT. (11.6 K) salt at ambient pressure. This material f[erms due to possible paramagnetic localized moments or

consists of two-dimensional donor sheets, each of which idTPUrities, often observed as an upturn@yj/T at low tem-
separated by insulating anion layers with a multilayer period®€ratures, show complicated magnetic field dependence and
of about 15 A. In the donor layers, BEDT-TTF dimers are Obscure the_rellablhty of Iatyce specific heat especially be-
arranged in nearly orthogonal coordination to form a zigzad®Ww 1 K, which is the most important temperature range to
network. More interesting to notice is the electronic phasedbtain reliable data of electronic specific heat. We have pre-
diagram of thex-phase family x<-(BEDT-TTF),X, in that the  Viously reported that the deuterated salt, when cooled rap-
superconducting phase of this family is situated very close tédly, is situated in the insulating region which does not have
the Mott insulating phase with an antiferromagnetic groundany finey value by confirming thaty keeps vanishing even
state. Recently, strong antiferromagnetic spin fluctuationsn a magnetic field of 8 ! This fact justifies a use of the
were observed in both superconductid=Cu(NCS), and  specific heat value of the deuterated salt as the lattice specific
CUN(CN),|Br] and insulatinglX=CUN(CN),|CI] salts*®>  heat of thex-(BEDT-TTF),CUN(CN),]|Br salt. By improv-
These fluctuations develop into an antiferromagnetic longing resolution of our calorimeter and using the deuterated
range ordering afy=27 K in the CIN(CN),]Cl salt> while  salt as a proper reference material, we discuss temperature
in the former two salts the fluctuations are depressed belowependence of specific heat due to quasiparticle excitations
50 K and superconductivity appears around 10 K instead obver the gap in the superconducting state of this material. Its
magnetic ordering. magnetic field dependence in a low field region be®T is

In the superconducting statéC-NMR study has recently also presented.
been performed by three groups, who measured the nuclear The samples used for this work was grown by electro-
spin-lattice relaxation rate in different conditions to avoid chemical oxidation method in the so-calleldtype cells. We
effects of the vortices in different ways and gave the sameised 1,1,2-trichloroethane as a solvent and applied constant
conclusion; there observed no Hebel-Slichter coherence peakirrent of 1.0 uA for about two weeks to obtain single
just belowT. and aT® dependence of relaxation rate at low crystals for this calorimetry work. The weight of
temperature8-8 These results support a possibility of uncon-the crystals used in this study was 4.3 mg for
ventional pairing with line nodes in the gap. The electronick-(BEDT-TTF),CUN(CN),|Br sample and 3.7 mg for the
specific heat of superconductors which have nodes in the gageuterated sample. The specific heat measurements were per-
structure is known to show a power-law temperature deperformed with the thermal relaxation calorimeter’éfe type in
dence, while an exponential dependence would be seen the temperature range between 0.85 and 4.5 K. The data
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FIG.1.C,/T vs T2 plot for k-(BEDT-TTF),CUN(CN),]Br (de-
noted byhg BEDT-TTF) and the rapidly cooled deuterated salt
(denoted byds BEDT-TTF) in a temperature range between 0.85 T2 (K?)
and 4.2 K.
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FIG. 2. The low-temperature data dig BEDT-TTF) and (dg

. L BEDT-TTF) salts. The open circles denote data obtained’tg
between 0.11 and 1.15 K were obtained by the similar typ?efrigera’[or and the filled triangles denote those obtained by dilution

of calorimeter mounted on a dilution refrigeratéiwe used refrigerator. The solid and dashed lines in the figure represent the
a thin sapphire plat¢2x2x0.12 mnf) as a bolometer, t0  sjope due to the lattice specific heat with, =212.0 K and 213.7
which a small chiptype of RuOthermometer and a film K, respectively. The inset shows the real part of ac susceptibility of
heater are attached. The bolometer is suspended by thin copeth salts, with ac field perpendicular to the layers. Demagnetiza-
stantan wires from the copper block. The wires also serve aton correction is not made.
a heat leak for temperature relaxation. In order to eliminate
uncertainties as much as possible, we first measured the heat the square root of molecular weight. The difference of
capacity of bolometer with small amounts of Apiezbh 1.7% of molecular weight between dueterated and nondeu-
grease typically weighing about 0.1-0.2 mg before theterated salts may reasonably give rise to the difference of the
sample is mounted. After this blank measurement a singl®ebye temperature ang@ value. The expected values of
piece of crystal was set on the bolometer without any addithese parameters for nondeuterated salts Arell.7
tional grease and the total heat capacity was measured. TheJ/molk' and ®,=213.7 K, which give the dashed line in
contribution of bolometer plus grease to the total heat capad-ig. 2. Another possible correction may be for a contribution
ity is 90% at 0.2 K, 60% at 0.9 K, and 40% at 4.0 K. due to the spin wave excitation in the antiferromagnetically
The specific heat per formula unit is displayeddp/T vs  ordered state of the deuterated salt. However, it is negligible,
T2 plot in Fig. 1. We also show low-temperature data in thesince almost all magnetic entropy &R In2 appears at
same plot in Fig. 2. An appreciable difference between théiigher temperatures as two-dimensional short-range ordering
C,/T values of the two salts are observable in the wholedominated by the magnetic coupling +0.04 eV, which
temperature range studied. The small upturns observed at tigives T2 term with a coefficient smaller than 1@mJ/molke
lowest temperatures for both salts are due to some tiny imat low temperatures, just as in the case of
purities and considered not to be intrinsic. In organic mate«-(BEDT-TTF),CUN(CN),]Cl salt!! Therefore, by subtract-
rials, contribution of the lattice specific heat which arisesing the contribution of lattice specific heat evaluated using
from acoustic phonon is still large even at low temperaturesthe difference of molecular weight, we can extract the elec-
as compared with inorganic compounds. The lattice contritronic part ofC,,/T in the superconducting state. The contri-
bution obeys thel® law only in the restricted temperature bution of C, to the total heat capacity including bolometer is
range below abd? K and above this temperature it starts to 6% atT=0.3 K, 4% atT=1.7 K, and 5% af =2.5 K. These
deviate upward from th@® dependence due to higher-order values are sufficiently larger than the present experimental
contribution as in several BEDT-TTF based sals® resolution, better than 1% between 0.11 and 4.5 K. We
Therefore, to estimate and 8 values in the formula o€,  would like to emphasize that the low-temperature profile of
=T+ BT? accurately, low-temperature data below about 2C,/T revealed here is not influenced by possible ambiguity
K is required. The least-square fittirithe solid line in Fig. in estimation of the nondeuterated lattice specific heat. At 0.5
2) of theC, /T vs T2data of the present deutreated salt belowK (T2=0.25 K2) for example, one can see in Fig. 2 that the
1.7 K gives values ofy=0.06+0.43 mJ/molk and3=12.0  electronic contribution is more than 40% of the total specific
mJ/molk*. The calculated Debye temperature is 212.0 K.heat and is not influenced by ambiguity of the order of 1%, if
This value is very close to the experimental value of theany, in the lattice part. The downward deviation, especially
nondeuterated salt in an external field of 14 T determined bypelow about 1.0 K, from the dashed line which is drawn to
Andrakaet al}* According to the Debye theon® is in compare the upper data points with the expected lattice slope
proportion to the sound velocity and therefore in proportionfor hg salt demonstrates the existence of electronic specific
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' ing layer. The solid and dashed curves show fitted results of the
0 05 1 15 2 25 3 35 4 data toy(H)=AHY? and y(H) =A(H +H*)2, respectively. Mag-
Temperature (K) netic field dependence ofy(- y,.9is shown in the inset.

FIG. 3. T d q ‘el . fic h d_relatively low residual-resistance ratio and show no quantum
dod bt emperatufre EFI’EGST?E ‘(): eﬁ%’ﬁn"ésr’?ﬁ' Ic heat diggcijllations at ambient pressure unlike the other salts. In the
vided by temperature foe-(BEDT-TTF),CUN(CN),]Br. The open 456 of clean unconventional superconductivity with line

circles denote data obtained BMe refrigerator and the filled tri- nodes in the gap, the coefficient in the quadratic temperature
angles denote those obtained by the dilution refrigerator. The so"‘aependence C ’|: aT? is predicted to be «
] el l

line and dotted line stand for the slope ©f,/T=aT with a=2.2 =3.% /A : ; :

3 =3.XKgyYn/Anax With A, the maximum of the gap in the
mJ/mo!K.and 2.8 mJ/molR (see tg)ﬁt The dashgd curve stands for study of the electronic specific heat of YMO#O If we
a prediction of BCS weak coupling theory withAZgT.=3.52. assume, ad,,, a BCS value mentioned above and use the
Inset shows an activation plot €f as a function of I¥. The BCS v, value of 22 mJ/molR in Ref. 14, « is predicted to be
"about 3.5 mJ/molR The direct comparison of this predic-
tion with the above experimental slope=2.2 mJ/molK) is
heat term discrepant with th@, /T= v+ BT2 type of tem- nlot valid begaur.:,e ]Ehg Iaéter is mofdlﬁed from the valdu_e of thﬁ
perature dependence. clean case by the finite density of states corresponding to the

: . . . The dotted line(a=2.8 mJ/molK) in Fig. 3 can be
Figure 3 shows plot o€ /T vs T. If an isotropic gap of Yres .

_ : . . : aken as the slope df. /T vs T expected in a clean case
ﬁA/ tﬁBTCB_C?ESZ eﬁStS arcln_undt:]he Ferr?_:_level l?js ":’] preo“Ctedtwithout the vy, term for the present salt. In any case, the
y the -weak coupling theorf/T would show an experimental value o is of the same order of the theoret-

activation type of temperature dependence such

g i al prediction.
exp(—AlkgT) as shown by the dashed lines, which are far - the giternative interpretation of the finite, is the pres-

below the experimental values. From the plot in the linealgnce of a normal phase. On this assumption, the electronic
scale, one can see that the low-temperature da@,@T do  gspecific heat in the superconducting phase is giverChy

not saturate but vary linearly even below 2 K. This means— T, which is plotted by crosses in the inset of Fig. 3.
that theCg obeys a quadratic temperature dependence with @here is still a large discrepancy between the data and the
coefficient ofa=2.2 mJ/molk (the solid line in Fig. 3 An BCS behavior. However, there may be a case of an ex-
additional feature of the data is th@, /T shows a finite tremely anisotropics-wave gap with a minimum value of
value of y,ee=1.2 mJ/mol¥ in the limit of 0 K. An expla- A, /ksT=0.09, which corresponds to the dot-dashed line
nation of the finitey,¢s value is made in the context of the in the inset.

unconventional pairing with electron scattering by nonmag- In order to get further insight into the pairing state, it is
netic centers. In this case, a finite density of states appea@uite informative to examine the recovery of the electronic
around a zero energy in the linear energy dependence especific heat coefficienty, with increasing fields. The(H)
pected in the clean case and leads to generation ofythe is predicted to be in proportion to the square root of external
term and deviation of the low-temperature variation infield, H, for H,;<H<H, for superconductivity with line
Cq/T from the clean cas®. In the present compound, the nodes in the gap’ while y(H) varies linearly in the gapped
residualy,es (=1.2 mJ/molk) is very small compared with state without nodes. Figure 4 shows the field dependence of
the normal statey, value, namelyy,{0T)/y,=0.05,and the y term in Cgq. It is seen that the recovery of is not
may be reasonably understood by the occurrence of the ininear but can be fitted to a form af=5.6H%2 as shown in
comensurate superlattié®which is specific for this com- the solid curve in the figure. The theoretical prediction of the
pound among-(BEDT-TTF),X family, or frozen disorderin  form is y=ky,(H/H,)*? with k of order unity. Using the

the ethylene conformation. In reality, the present salt hasalues ofH,,=10 T andy,=22 mJ/molk for the present

isotropics wave is displayed by dot-dashed line.
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salt, the fitted coefficient givek=0.80, which is in agree- In conclusion, we have studied the electronic specific heat
ment with the prediction. In the picture of dirty superconduc-of «-(BEDT-TTF),CUN(CN),]Br salt and found that the
tivity with line nodes, the disorder giving,es plays essen- low-temperature specific heat can be expressed g&r
tially the same pair-breaking role as the magnetic field does= yresT + aT?+ BT2. The observed temperature and field de-
In this context, the data of(H) may be analyzed in a form pendence of electronic part are consistent with unconven-
of AX (H+H*)"2 whereH* is an effective field of disorder tional superconductivity with line nodes in the gap param-
equivalence. The dashed curve is a fitting to this form, re€ter. The specific heat behavior of superconductors with
sulting in A=5.4 mJ/mol€TY2 H*=3.4x102 T and Tc=3—4 K, such asp-(BEDT-TTF)Aul, (Ref. 13 and
k=0.77. In the picture of two phases, on the other hand<(BEDT-TTF),ls (Ref. 20 were reported to be explained in
%H)— yes is considered to be intrinsic in the superconduct-the flame of BCS theory. If these are true, the comprehensive
ing phase. The inset shows fields dependence of this quaifiderstanding of the variety of pairing state in BEDT-TTF
tity. The nonlinear behavior is fitted byyx HY2 with A= 4.1 salts is not straightforward but requires some additional

ma/molkeT2 giving K=0.59. In any case, it is evident that mechanism. It is guessed that the antiferromagnetic spin
' . e T . fluctuations enhanced in the normal state of the presert'salt
v(H) shows a noticeable deviation from linearity but is well

described by square root dependence. have something to do with the unconventional nature of pair-

X . . ing and theT, enhancement.
These results support the existence of line nodes in the ¢
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