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Abstract

The dI/dV-V curves in the superconducting phase of xk-(BEDT-TTF),Cu(NCS). single crystals have been measured by
STM spectroscopy. The tunneling spectra on the lateral surfaces systematically vary depending on the tunneling direction
in the b-c plane. This is explained by the d,2_,2-wave gap model considering the k dependence of the tunneling transition
probability. The pseudogap-like behavior is observed at temperatures between T, and 45 K. It is strongly suggested that the

pair wave function has the d,2_,2-wave symmetry in this salt.
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1. Introduction

The symmetry of the pair wave function is an impor-
tant clue to clarify the mechanism of the superconductiv-
ity. However, there is a divergence of the experimental re-
sults for k-(BEDT-TTF);X. The 3C NMR spin-lattice
relaxation rate 77" (7)) [1], the electronic specific heat
Ca1(T) [2] and some experimental results of the magnetic
field penetration depth A(T") [3] suggest an unconven-
tional pairing with a highly anisotropic superconducting
gap, whereas some measurements of A(T") support the
s-wave symmetry [4].

Scanning tunneling microscope (STM) spectroscopy
is a powerful method for direct observations of the elec-
tronic density of states with high energy resolution. The
highly anisotropic gap in k-(BEDT-TTF),Cu(NCS)2
has been reported by the STM spectroscopy [5-7]. In
this paper, we present the results of STM spectroscopy
on the lateral surfaces of s-(BEDT-TTF),Cu(NCS),
single crystals along various tunneling directions in the
b-c plane, and discuss the symmetry of the pair wave
function. Furthermore, it is shown that the pseudogap-
like behavior is observable above T, in this salt.

2. Experimental

£-(BEDT-TTF )2 Cu(NCS), single crystals were grown
by the electrocrystallization method. The supercon-
ducting transition temperature T, was determined as
T.=10.4 K from the midpoint of the resistive transition.
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3. Results and Discussion

The dI/dV-V curves observed at 1.5 K along various
tunneling directions in the b-c plane are shown together
in Fig. 1, where the tunneling direction is denoted by
the angle ¢ from the c-axis. These curves clearly show
the superconducting gap structure. The functional form
of the curve inside the gap edge varies systematically
depending on ¢. For $=0°, the curve is rather flat around
V=0, and the magnitude of the gap A, defined as half
the energy difference between the gap edges, is relatively
larger. While, the curves along ¢=>51° and 56° show the
linear voltage dependence of dI/dV around V=0, and
Ay, is relatively smaller. The dI/dV-V curves outside
the gap edge are flat in contrast to those on the b-c
plane [7]. This is probably attributed to the tunneling
of electrons in the BEDT-TTF layer only through the
vacuum barrier. For each tunneling direction, essentially
the same curves were observed reproducibly irrespective
of the tip position and the tip distance from the surface
within the limitation of the piezoelectric actuator. The
tunneling direction dependence of the dI/dV-V curve
indicates the highly anisotropic gap in the b-c plane.
Besides, this also signifies that the dependence of the
tunneling transition probability on the wave vector k is
not negligible in STM measurement.

In the theoretical calculation of the electronic density
of states, we assume a simple d-wave gap model, given
as A=Ay cos 20, where A and 6 are the maximum value
of the gap and the angle from the maximum gap direc-
tion in k space, respectively. According to the WKB ap-
proximation [8], the k-dependent tunneling is described
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Fig. 1. The dI/dV-V curves on the lateral surfaces of
£-(BEDT-TTF)2Cu(NCS)2 along the directions of ¢=0° (a), 70°
(b), 30° (c), 56° (d) and 51° (e) from the c-axis in the b-c plane.
Each curve is normalized at the bias voltage V=—15 mV and
aligned at intervals of one division. The broken curve represents
the calculated conductance curve by the d-wave gap model con-
sidering the k dependence of the tunneling transition probability.

by the factor p(@ — 8p) = exp[—Bsin®(8 — 6,)], where
B = Erd/2m/(U — Er)/h. Here 6 is a parameter rep-
resenting the direction perpendicular to the tunneling
barrier in k space, U and d are the potential height and
width of the tunneling barrier, respectively. The value of
(3, which characterizes the k dependence of the tunneling
transition probability, was roughly estimated as 3~20.
This value is relatively larger than the reported value of
=8 for BiySroCaCu20g [9] probably due to the smaller
work function. The calculated dI/dV-V curve for each
direction using this model is shown by the broken curve
in Fig. 1, where I is the broadening parameter of the one-
electron level. The systematic change of the functional
form of the dI/dV-V curve is reproduced well around
V=0. The obtained value of A;g=3.9—5.7 meV is almost
consistent with that on the b-c plane, although the vari-
ation of the value implies that the sample dependence of
Ay is substantially large.

The d-wave gap has the four-fold symmetry in k space
in respect to the magnitude of the gap. Considering this,
one can reduce the range of ¢ to 0°<¢$<45°. Thus, the di-
rections of $=51°, 56° and 70° are equivalent to ¢'=39°,
34° and 20°, respectively, where ¢’ denotes the reduced
¢. The value of 8y is almost the same as ¢’ for each
dI/dV-V curve. This means that the nodal direction is
w /4 from the ks- and k.-axes, i.e., the gap has the d,2_ -
wave symmetry. Thus, it is suggested that the order pa-
rameter in k-(BEDT-TTF);Cu(NCS); has the dzz_yz2-
wave symmetry.

Figure 2 shows the temperature dependence of the
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Fig. 2. Temperature dependence of the dI/dV-V curve on the b-c
plane of ki-(BEDT-TTF)2Cu(NCS)2. Each curve is normalized to
the conductance at V=—15 mV and offset vertically for clarity.

dI/dV-V curve on the b-¢ plane. The superconducting
gap is clearly observed at 1.3 K. With the increase of tem-
perature, the zero-bias conductance dI/dV |y —p rapidly
increases, and the gap structure is smeared. Just above
the 7.=10.4 K, a broad dip in the electronic density of
states is observed around the Fermi energy. This broad
dip still remains up to about 45 K. This unusual tem-
perature dependence is reminiscent of that for high-T.
cuprates. The temperature at which the broad dip disap-
pears is close to the temperature at which the anomalous
enhancement in (T3T) ! is observed by 1*C NMR. We
consider the broad dip in the electronic density states as
the pseudogap.
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