SYMTRHETIC
METALS

o "\:J T
ELSEVIER Synthetic Metals 103 (1999) 1812—1813

Direct observation of in-plane gap anisotropy in (BEDT-TTF ),Cu(NCS),
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Abstract

The superconducting phase of k-(BEDT-TTF),Cu(NCS), was investigated by the electron tunneling spectroscopy using low temperature
STM. The tunneling differential conductance obtained at the 4-c surface shows V-shaped gap structure consistent with the d-wave symmetry.
The lateral surface of single crystals was also investigated. We found that the tunneling spectrum varies its shape depending on the tip
direction. This indicates the gap anisotropy. Taking into account the k-dependence of the tunneling transition probability, the in-plane
anisotropy of the conductance is well explained by the d-wave symmetry with line nodes along the direction 45° from the c-axis. The d
wave pairing is strongly suggested in this material.
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1. Introduction obtained at 1.5 X at the b-c¢ surface, The energy gap structure is

A lot of interests have been attracted for the superconductivity clearly shown. The linear background outside the gap often reported
in organic conductors such as BEDT-TTF salts. For this in high-T; oxides is also observed. The conductance curve is V-
superconductivity, the quasi-two dimensional electronic band with shape at zero voltage. This curve is well fitted to the total density of
strong correlation plays an important role similarly to high-T, states calculated from the d-wave with 4,=3 meV as the solid line
oxides. To elucidate the mechanism of the superconductivity, the in Fig, 1, In rare cases, we observed the U-shape conductance which
temperature dependence of the magnetic field penetration depth was is flat near zero voltage. We can not exclude at all the possibility

energetically investigated. The power law dependence suggesting
gapless superconductivity was reported [1].
The electron tunneling is suitable to search for the mechanism of - —

the superconductivity, since it can obtain the electronic density of 100 i i T T T 7 T T
states directly, The Scanning Tunneling Microscopy (STM) is most ! (BEDT-TTF)ZCU(NCS)z ]
useful in investigating the surface electronic state because of its

non-contacting tunneling configuration. Bando ef a/, [2] measured L5K

tunneling spectra for k-(BEDT-TTF),Cu(NCS), by STM. However, \/\\

they did not discuss about the pairing symmetry. In our previous
report for the tunneling at the &-c surface [3], it was understood that
the superconducting gap is highly anisotropic. In the present article,
we report the in-plane anisotropy of tunneling spectra obtained by
STM spectroscopic measurement at the lateral surface of x-(BEDT-
TTF),Cu(NCS), in the superconducting phase and discuss about the
symmetry of the pair wave function.
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2. Experimental

Single crystals of k-(BEDT-TTF),Cu(NCS)},, which are plate like
along the b-¢ plane, were synthesized electro-chemically. The
superconducting transition temperature were determined as 7=10.4
K. As-grown surfaces both along and normal to the b-¢ plane were 0 } — : . * ‘ * ;
investigated by low temperature STM. -10 0 10
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3. Results and Discussion

Figure 1 shows the typical tunneling differential conductance Fig. 1. The tunneling differential conductance at the b-¢ surface,

0379-6779/99/8 - see front matter © 1999 Elsevier Science S.A. All rights reserved. ——
PII: 80379-6779(98)00454-8 o

K

bl



K. Ichimura et al. | Synthetic Metals 103 (1999) 1812-1813 1813

di/dV (nS)

0
-10

VOLTABE (mv)

Fig. 2. Tunneling conductance for different tip directions at the
lateral surface.

that the tip contacts to the insulating surface. Such an instable
tunneling configuration would bring a scatter in results at the b-c
surface. We consider that the V-shape conductance is intrinsic.

We succeeded to obtain the tunneling conductance at the lateral
surface. In this measurement, the tip approaches along the normal
to as-grown lateral surfaces. Figure 2 shows the conductance at
different tip direction which is described by the angle ¢ measured
from the c-axis. The shape of spectra inside the gap edge varies
depending on the tip direction as well as the gap width. The
conductance at higher voltage is flat in contrast to that for the b-c
surface. It suggests that electrons in BEDT-TTF layer tunnel
through only the vacuum gap. Therefore the conductance at the
lateral surface is expected to be directly proportional to the
electronic density of states. The directional dependence indicates
the gap anisotropy. This suggests that the k-dependence of the
transition probability for the electron tunneling is substantially
larger in contrast to Bi,Sr,CaCu, Oy in our previous report [4].

In discussing the gap anisotropy, we assume a simple d-wave
described as

A() = Aicos2(p+ ) (D

A constant & describes the angle, in which 4(k) has its maximum,
from the c-axis. The transition probability for the electron tunneling
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Fig. 3. The fitting parameter §’as a function of ¢. The broken line
represents the dxz_yz-wave symmetry.

depends on the component of the kinetic energy perpendicular to
the barrier and its dependence is described by the factor of exp(-
[sin’6), where @ is the angle between the wave vector and the
normal to the barrier and f is the constant depending on the
potential height and the width of the barrier. For the practical STM
measurement, J is roughly estimated as [§~20. Fittings for each
direction, in which the gap anisotropy and the angular dependence
of the transition probability are taken into account, are shown in
Fig. 2 as solid lines. In fittings, we use a fitting parameter &"
(0< 6<45°), which is an angle between the tunneling direction and
a node of the gap. Figure 3 shows the fitting parameter &’ as a
function of ¢. As shown in the figure, all points are approximately
alined in the straight line, which is a slope of -1, corresponds to the
d-wave symmetry, and intersects vertical axis at §=45°. In-plane
anisotropy of the conductance is successfully explained by the
above analysis with the d-wave symmetry. The nodal line of the gap
is along the direction of about ¢=45° from the k, or &, axis.
Therefore the d,» 2-wave symmetry is suggested.

The electronic band of BEDT-TTF salts is quasi-two
dimensional and there is little dispersion along the a -axis. For the
tunneling at the b-¢ surface, the obtained result is also consistent
with the d-wave, because in-plane anisotropy is expected to be
averaged out and that leads to the linear conductance near zero
voltage. It is noteworthy that the both result for the b-c surface and
directional dependence for the lateral surface are explained by the
d-wave. It is suggested that the symumetry of the pair wave function
for this superconductivity is the d,z »-wave.
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