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Tunneling spectroscopy on the organic superconductork-„BEDT-TTF …2Cu„NCS…2 using STM
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STM spectroscopy on the organic superconductork-(BEDT-TTF)2Cu(NCS)2 has been performed in the
superconducting state with the use of single crystals. The anisotropy of the superconducting gap has been
investigated both on theb-c plane, which is parallel to the two-dimensional conducting layers, and on the
several surfaces perpendicular to theb-c plane. The tunneling spectra observed on theb-c plane are well
explained by the anisotropic gap with thed-wave symmetry. The spectra on the lateral surfaces are also
consistent with thed-wave gap with line nodes along the directionp/4 from thekb andkc axes considering the
k dependence of the tunneling transition probability. These results strongly indicate that the superconducting
pair wave function in this salt has thedx22y2-wave symmetry.
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I. INTRODUCTION

The k-phase BEDT-TTF salts have the layered crys
structures consisting of conducting BEDT-TTF layers a
insulating anion layers, and their electronic structures
quasi-two-dimensional. In thek-phase family, it is known
that the superconducting phase is situated in the vicinity
an antiferromagnetic insulating phase.1,2 This suggests tha
the electron correlations may play an important role in
appearance of superconductivity. Thus there is a possib
that the mechanism of the superconductivity in those m
rials is different from that in conventional BCS superco
ductors. To elucidate the mechanism which brings an att
tive interaction between electrons, the symmetry of the p
wave function is an important clue. Various kinds of expe
ments have so far been performed to investigate it. From
temperature dependence of the Knight shiftKs(T) below the
superconducting transition temperatureTc ,3,4 it is strongly
suggested that the electron pair is in the spin-singlet st
This means that thes-wave and thed-wave symmetry are
suitable candidates for the superconducting gap symme
The experimental results concerning the gap symmetry
however, still controversial. For example, the13C NMR
spin-lattice relaxation rateT1

21(T) follows a T3 low at low
temperature.3–5 One result on the electronic specific he
Cel(T) exhibitsT2 dependence below 1 K.6 Some results of
the magnetic-field penetration depthl(T) follow a power
law.7–11 These results are consistent with thed-wave sym-
metry. On the other hand, other results ofl(T)12–14 and
recent data onCel(T)15 obey the exponential law, which sup
port the isotropics-wave symmetry.

The scanning tunneling microscope~STM! spectroscopy
is one of the most powerful methods for investigating t
gap symmetry. By STM spectroscopy measurement, one
directly measure the electronic density of states with hi
energy resolution (;kBT). Previously, we have reported th
the gap is highly anisotropic in theb-c plane,16–18consistent
with the work of Bandoet al.19 The crystal structure o
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present material k-(BEDT-TTF)2Cu(NCS)2 is mono-
clinic.20 The conducting BEDT-TTF layers and insulatin
Cu(NCS)2 layers, which are parallel to theb-c plane, are
stacked along thea axis. In this paper, we present the d
tailed results of STM spectroscopy both on theb-c plane and
on the lateral surfaces ofk-(BEDT-TTF)2Cu(NCS)2 single
crystals in the superconducting state, and discuss the sym
try of the superconducting gap.

II. EXPERIMENT

Single crystals of k-(BEDT-TTF)2Cu(NCS)2 were
grown by the electrocrystallization method.21 The typical
size of a single crystal used in the present experiment
13130.1 mm3. The superconducting transition temper
tureTc was determined asTc510.4 K from the midpoint of
the resistive transition. The crystal orientation was det
mined by x-ray diffraction. The surfaces measured were
as-grown surfaces of single crystals, except the lateral
face perpendicular to thef530° direction from thec axis in
theb-c plane, which was prepared by cutting a single crys
with a razor blade in air at room temperature. We confirm
that each surface measured was flat with an optical mic
scope. A gold wire of 50mm in diameter was attached t
the crystal with gold paste as a current lead. The sample
mounted in the STM unit filled with low-pressure heliu
exchange gas, and cooled down to 1.5 K. A mechanic
sharpened Pt-Ir alloy wire was used as the STM tip. T
differential tunneling conductancedI/dV(V) was obtained
directly by a standard lock-in technique with a 1-kHz
modulation of about 100mV added to the bias voltage.

III. RESULTS AND DISCUSSION

A. STM spectroscopy on theb-c plane

1. Tunneling spectra at 1.5 K

Typical dI/dV-V curves on theb-c plane at 1.5 K are
shown in Fig. 1. In this figure, fourdI/dV-V curves succes-
©2001 The American Physical Society18-1
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sively obtained at a fixed position are displayed at interv
of one division. The distance between the tip and the sam
surface is indicated by the initial tunneling currentI 0
51.0 nA at the initial bias voltageV0518 mV. As shown
in Fig. 1, the tunneling spectra have good reproducibil
The superconducting gap structure is clearly seen as a d
dI/dV for each curve. The zero-bias differential conductan
dI/dV(V50) is reduced to about 10% ofdI/dV(uV
u5Dp /e), whereDp denotes the magnitude of the gap d
fined as half the energy difference between the gap ed
The differential conductance rapidly varies aroundV50 de-
pending on the bias voltage. This means that the ga
highly anisotropic in theb-c plane. We confirmed that th
functional form of thedI/dV-V curve inside the gap edges
independent of the horizontal tip position within the limit
tion of the piezoelectric actuator movement (<1 nm). The
peaks at the gap edges are not obvious, and this feature o
dI/dV-V curve is repeatedly observed. A possible cause
the absence of distinct peaks at the gap edges is quasipa
scattering at the sample surface due to the roughness22,23

However, we have no definite explanation on this point
present, and the further research is needed to elucidate
mechanism.

In the outside region of the gap (uVu.Dp /e), dI/dV ex-
hibits the bias voltage dependence, which is so-ca
V-shaped background. This is likely to be caused by
energy dependence of the electron tunneling probability
the tunneling probability has a certain energy depende
dI/dV is no longer proportional to the electronic density
states of the sample. Sincek-(BEDT-TTF)2Cu(NCS)2 has
the layered crystal structure along thea-axis direction, there
is a possibility that the insulating Cu(NCS)2 layer which is
present at the sample surface24 affects the character o
the vacuum tunneling barrier. The similar bias volta

FIG. 1. TypicaldI/dV-V curves successively obtained at a fix
position on theb-c plane ofk-(BEDT-TTF)2Cu(NCS)2 at 1.5 K.
V0 and I 0 denote the initial bias voltage and the initial tunnelin
current, respectively. Each curve is aligned at intervals of one d
sion for clarity.
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dependence ofdI/dV has been reported for high-Tc

cuprates,25–27 and such materials also have insulating lay
in their layered crystal structures. Another possibility of th
V-shaped background is the strong electron correlation
fects observed in tunneling measurements on metals nea
Mott transition like amorphous Ge12xAux .28 Since
k-(BEDT-TTF)2Cu(NCS)2 is near the Mott boundary,2,29

strong electron-electron correlations are also expected in
salt. However, we should point out that linear background
rarely observed on the lateral surfaces as described l
This suggests that the strong electron correlation effe
alone cannot explain the reason. Even in these situations,
deduced thatdI/dV correctly represents the electronic de
sity of states of the sample in the low-energy region, beca
the energy dependence of the tunneling probability is
pected to be sufficiently small around zero energy.

We try to fit thedI/dV-V curve on theb-c plane to a
simple d-wave gap model given asD5D0cos 2u. Here D0
andu are the maximum value of the gap and the azimut
angle in k space, respectively. ThedI/dV-V curve is de-
scribed as

dI

dV
}E

0

2pE
2`

`

ReF uE2 iGu

A~E2 iG!22D2~u!
G

3H 2
] f ~E1eV!

]V J dE du, ~1!

where G is the broadening parameter of the one-elect
level,30 and f (E) is the Fermi-Dirac distribution function
The calculateddI/dV-V curve using this model withD0
53.0 meV andG50.10 meV is shown by the dashed lin
in Fig. 2 together with one of thedI/dV-V curves shown in
Fig. 1. The value ofG is sufficiently small compared with
that of D0, so that it does not affect the essential function
form of the calculated gap structure. It is obvious that t
calculated curve fits the present data satisfactorily in the lo
energy region. Here it should be emphasized that the s

i-

FIG. 2. Fitting of thedI/dV-V curve on theb-c plane shown in
Fig. 1 to a simpled-wave gap modelD5D0cos 2u. The dashed line
represents the calculated curve withD053.0 meV and G
50.10 meV.
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metry of the gap is most sensitively reflected on the beha
of dI/dV aroundV50. Thus the gap structure observed
the b-c plane is consistent with thed-wave gap model. We
confirmed that this result is also true of otherdI/dV-V
curves on theb-c plane for different samples. The corre
sponding value of 2D0 /kBTc is 6.7, which is smaller than th
previously reported value of 2Dp /kBTc.9.0,19 but substan-
tially larger than the BCS value of 3.53.

2. Tip-sample distance dependence of the tunneling spectra

Figure 3 shows thedI/dV-V curves at a fixed position on
theb-c plane with the various distances between the tip a
the sample surface at 1.5 K. Each curve is normalized to
conductance atV524 mV. The tip-sample distanced is
denoted by the initial tunneling currentI 051.2,1.4,1.6,1.8,
and 2.0 nA at the initial bias voltageV0518 mV. The tun-
neling current I is most simply given asI 5I b(V)exp
(2d/d0), whereI b(V) is the current factor depending on th
bias voltageV, andd0 (;0.1 nm) represents the characte
istic extent of the electron wave function at the tip and
sample surface. As shown in Fig. 3, though thedI/dV-V
curve exhibits the tendency of the slight reduction ofDp with
the increase ofI 0, the functional form of the gap structure
essentially the same irrespective of the tip-sample distanc
well as previously reported results of STM spectroscopy.25,26

This was confirmed at different tip positions on theb-c
plane and for different samples. This fact assures the vac
tunneling barrier between the tip and the sample surface

B. STM spectroscopy on the lateral surfaces

To investigate the in-plane gap anisotropy, we carried
STM spectroscopy measurement on the several lateral
faces, which are perpendicular to theb-c plane of
k-(BEDT-TTF)2Cu(NCS)2, varying the tunneling direc-
tions in theb-c plane. TypicaldI/dV-V curves on the latera
surfaces observed along the tunneling directions off50°,

FIG. 3. NormalizeddI/dV-V curves on theb-c plane with vari-
ous tip-sample distances at 1.5 K. Curves forI 051.2,1.4,1.6,1.8,
and 2.0 nA atV0518 mV are shown together, normalized atV5
24 mV.
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70°, 30°, 56°, and 51° at 1.5 K are shown together in Fig
wheref denotes the angle from thec axis in theb-c plane.
Each curve is normalized to the conductance atV5
215 mV and aligned at intervals of one division. The fun
tional form of thedI/dV-V curve inside the gap edges sy
tematically varies depending on the tunneling directionf.
For f50° and 70°, the curve is rather flat aroundV50, and
the magnitude of the gapDp is relatively larger. While, for
f551°, 56°, and 30°, the tunneling conductance rapi
varies aroundV50 depending on the bias voltage, andDp is
relatively smaller. In the outside region of the gap, t
dI/dV-V curve is almost flat in contrast to that on theb-c
plane~see Figs. 1 and 3!. This is probably attributed to the
electron tunneling only through the vacuum barrier. For ea
direction of f, essentially the samedI/dV-V curves were
reproducibly obtained irrespective of the tip positio
(<1 nm). The tunneling direction dependence of t
dI/dV-V curve indicates the following two: One is that th
superconducting gap is highly anisotropic in theb-c plane.
Another is that the dependence of the tunneling transit
probability on the wave vectork is not negligible in STM
measurement.

In the theoretical calculation of thedI/dV-V curve ob-
served on the lateral surfaces, we assume the samed-wave
gap model discussed in the previous section, given aD
5D0cos 2u. On the basis of the two-dimensional~2D! WKB
approximation,31 we consider thek dependence of the tun

FIG. 4. dI/dV-V curves on the lateral surfaces o
k-(BEDT-TTF)2Cu(NCS)2 single crystals observed along variou
tunneling directions at 1.5 K. Curves along the tunneling directio
of f50°, 70° (f8520°), 30°, 56° (f8534°), and 51° (f8
539°) are shown together, wheref denotes the angle from thec
axis in theb-c plane. Each curve is normalized to the conductan
at V5215 mV and aligned at intervals of one division for clarit
The dashed line represents the calculated curve by thed-wave gap
model considering thek-dependent tunneling.
8-3
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neling transition probability for the electron with the azimu
u of the wave vectork by introducing the factorp(u2u0)
written as

p~u2u0!5exp@2b sin2~u2u0!# ~2!

with

b5
EFd

\
A 2m

U2EF
. ~3!

Hereu0 is a parameter representing the direction perpend
lar to the tunneling barrier ink space,U and d are the po-
tential height and width of the tunneling barrier, respective
andEF is the Fermi energy. The dimensionless parameteb
characterizes thek-dependent tunneling. Because of this fa
tor p, electrons with large kinetic energy along the barr
normal mainly contribute to the tunneling current. Then,
dI/dV-V curve considering thek-dependent tunneling is
written as

dI

dV
}E

0

2pE
2`

`

p~u2u0!ReF uE2 iGu

A~E2 iG!22D2~u!
G

3H 2
] f ~E1eV!

]V J dE du. ~4!

The calculated curve fitted to thedI/dV-V curve for each
direction off using Eq.~4! with parametersD0 , G, andu0
is shown by the dashed line in Fig. 4. In the calculation,
value ofb was fixed atb520 for the best fitting. This value
is relatively larger than the reported value ofb58 for
Bi2Sr2CaCu2O8,32 probably due to the smaller work functio
in k-(BEDT-TTF)2Cu(NCS)2. The systematic change o
the functional form of thedI/dV-V curve aroundV50 is
reproduced well. The obtained value ofD053.9–5.7 meV
is almost consistent with that on theb-c plane, although the
variation of the value ofD0 implies that the sample depen
dence of D0 is substantially large. Consequently, th
dI/dV-V curve observed on the lateral surfaces is also
plained by thed-wave gap model considering thek depen-
dence of the tunneling transition probability and the fourfo
symmetry of thed-wave gap discussed further below.

We now focus on the fourfold symmetry of thed-wave
gap. Thed-wave gap has the fourfold symmetry ink space in
respect to the magnitude of the gapuDu. In addition, tunnel-
ing spectroscopic measurements are not sensitive to the
of D except the measurement along the nodal direction. C
sidering these facts, we reduce the range off to 0°<f
<45°. Thus the directions off551°, 56°, and 70° are
equivalent tof8539°, 34°, and 20°, respectively, wheref8
denotes the reducedf. In Fig. 5, the fitting parameteru0 is
plotted againstf8. The plotted points coarsely show the lin
ear relationship betweenu0 andf8 which intersects the ori-
gin. This means that the direction of line nodes of the ga
p/4 from the kb and kc axes, i.e., the gap has th
dx22y2-wave symmetry. Thus it is concluded that the p
wave function in k-(BEDT-TTF)2Cu(NCS)2 has the
dx22y2-wave symmetry.
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Here we should mention the zero-bias conductance p
~ZBCP!. The ZBCP is a narrow peak indI/dV at V50,
which has been reported by some groups for highTc
cuprates.33–39 It is claimed that the ZBCP is attributed to th
sign change of the gap parameter on the Fermi surface.40–43

Thus it is observable by tunneling measurements just al
the direction of the line nodes for thed-wave superconduct
ors. In this study, however, the ZBCP could not be obser
because of the difficulty to cut a crystal perpendicularly
the nodal direction. It should be also pointed out that ther
a possibility that the ZBCP is not observed intrinsically f
k-(BEDT-TTF)2Cu(NCS)2 because a small energy gap e
ists on the Fermi surface44 at the nodal direction. It is still
now an open question as to whether or not the ZBCP for
salt is observed.

IV. CONCLUSIONS

We have investigated the superconducting gap struc
in k-(BEDT-TTF)2Cu(NCS)2 by STM spectroscopy. We
obtained the reproducible tunneling spectra both on theb-c
plane and on the lateral surfaces varying the tunneling di
tions at 1.5 K. ThedI/dV-V curve on theb-c plane exhibits
rapid variation of the tunneling conductance with the b
voltage aroundV50, and is well fitted by thed-wave gap
model in the low energy region. ThedI/dV-V curve on the
lateral surfaces systematically varies in its functional fo
depending on the tunneling direction. This tunneling dire
tion dependence of thedI/dV-V curve is also explained by
the d-wave gap model considering thek dependence of the
tunneling transition probability based on the WKB appro
mation. The nodal direction is determined to bep/4 from the
kb andkc axes. Therefore we conclude that the symmetry
the pair wave function ink-(BEDT-TTF)2Cu(NCS)2 has
the dx22y2-wave symmetry. The issue of the ZBCP is st
now an open question for this salt.
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FIG. 5. Fitting parameteru0 againstf8. The linear relationship
betweenu0 and f8 which intersects the origin indicates that th
direction of line nodes of the gap isp/4 from thekb andkc axes.
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