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We performed tunneling spectroscopy (STS) measurement in an organic superconductor, partially deuterated -
(BEDT-TTF-d[3,3]),Cu[N(CN),]Br. We carried out angle-resolved STS on cut lateral surfaces by the focused ion beam
(FIB) method as well as as-grown single-crystal surfaces. It was found that the d[3,3]-Br salt is a strong-coupling d-wave
superconductor and that the nodal direction is at an angle of z/4 from the a*-axis, corresponding to the d,2_,» symmetry
in the bulk superconducting phase. It is understood that the electron correlation in the d[3,3]-Br salt is not sti"ong enough
on the basis of the spin fluctuation mechanism. On the other hand, we also observed two types of superconducting gap.
This suggests the coexistence of the d,>_» and d,, symmetries. This indicates a change in the symmetry from d>_,» in
the bulk superconducting phase to d,, around the insulating region with increasing electron correlation.

1. Introduction

A salt of x-(BEDT-TTF),X is a quasi-two-dimensional
organic conductor and its band filling is considered to be the
half-filled because of the strong dimerization of the BEDT-
TTF (ET) molecules. These x-ET salts show some different
electronic ground states such as the superconducting and
magnetic Mott insulating states, depending on the effective
pressure. Their overall behaviors are well summarized in a
phase diagram with the ratio of the electron correlation to
the bandwidth U.g/W, where U,y is the effective on-site
Coulomb energy on the ET dimer and W is the bandwidth,
corresponding to the pressure.! In this dimer system, the
magnitude of Uy is dominated by the degree of dimerization
of the ET molecules as described by Uy = 274imer, Where
tdgimer 18 the intradimer transfer integral.z) A decrease in the
pressure causes an increase in Ugy/W through an increase
in fgimer- In the phase diagram, x-(ET),Cu(NCS), and «-
(ET),Cu[N(CN),]Br are located in the higher-pressure region
and show superconductivity at 10.4 and 11.6 K, respectively.
The superconducting transition temperature 7, increases
slightly from the Cu(NCS), salt to the Cu[N(CN),]|Br salt
with increasing electron correlation towards the Mott
boundary. On the other hand, x-(ET),Cu[N(CN),]Cl, which
is located in the lower-pressure region than the
Cu[N(CN),]Br salt, shows an antiferromagnetic insulating
transition below 30K® at ambient pressure. This salt also
shows superconductivity at approximately 13K above a
pressure of 30 MPa. Furthermore, the magnitude of Uy can
also be controlled finely near the Mott boundary by
deuteration of the ethylene groups of the ET molecule.”)
The d[0,0]-Cu[N(CN),|Br salt (n in d[n,n]-Br means the
number of ethylene groups of the ET molecule substituted by
deuterium) undergoes the superconducting transition, while
the d[4,4]-Br salt lies on the Mott boundary and shows
antiferromagnetic insulating behavior at the ground state. The
enhancement of (7;7)~! in ¥C-NMR® from 200 to 60K
associated with the antiferromagnetic spin fluctuation has
been observed even in the Cu[N(CN),|Br salt with the
superconducting ground state, similarly to the case of the
Cu[N(CN),]JCl salt with the antiferromagnetic insulating
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state. Its behaviors indicate that the magnitude of the electron
correlation plays an important role in the relationship
between the superconducting and Mott insulating states.
Therefore, the attractive interaction between the electron pair
mediated by the antiferromagnetic spin fluctuation is a strong
candidate for the mechanism of its superconductivity.

There have been some investigations of the pairing
mechanism of superconductivity in x-ET salts, and the
possibility of unconventional superconductivity different
from BCS superconductivity has been discussed. The upper
critical magnetic field H¢, of k-(ET),Cu[N(CN),]Br parallel
to the a—c conducting plane was determined as 30.6T,%
larger than that of the Pauli limit (21.5T). Although this
result suggested spin-triplet electron pairing at a glance, the
possibility of spin-singlet electron pairing cannot be denied
since the Pauli limit value is likely to be enhanced by the
effect of the larger spin—orbit interaction. Meanwhile, the
Knight shift in '3C-NMR’® decreases to zero well below
T.. This decrease in the spin susceptibility unambiguously
proves that the electron pairing in x-ET salts is spin-singlet.
The electronic specific heat of the Cu(NCS), and
Cu[N(CN),]Br salts shows not thermal activation dependence
but power-law 72-dependence at temperatures below 7,.%!9
These results indicate probably d-wave superconductivity
with nodes.

To investigate the superconducting gap symmetry, tunnel-
ing spectroscopy (STS) measurement using a scanning
tunneling microscope (STM) is useful since the electronic
density of states can be obtained directly with high energy
resolution and less disturbance. In particular, angle-resolved
STS measurement enables us to investigate the in-plane
anisotropy of the superconducting gap in detail. The
superconducting gap symmetry in the Cu(NCS), salt was
investigated by angle-resolved STS!V for the first time. Its
result showed that the superconducting gap of the Cu(NCS),
salt has an anisotropic d-wave symmetry with the nodal
direction at an angle of z/4 from the in-plane (b—c plane)
wavenumber k-axis, as described by the d,._,» symmetry.
The symmetry of the d-wave superconductivity was also
investigated by thermal conductivity measurement in the
Cu(NCS), salt under a magnetic field rotated within the b—c
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conducting plane. The field angular dependence of the
thermal conductivity has fourfold symmetry and suggests the
do_y» symmetry, similarly to the result of STS. This d,>_y»
symmetry is not expected in a simple spin fluctuation
mechanism such as cuprate superconductors. On the other
hand, it has been predicted from a theoretical study'? of the
spin fluctuation mechanism considering the four electronic
bands in the x-ET salts that the nodal direction of the d-wave
changes from the d,»_,» symmetry to the d,, symmetry with
increasing electron correlation. Accordingly, the results
obtained from the angle-resolved STS and thermal con-
ductivity measurements suggest that the electron correlation
of the Cu(NCS), salt is weak in the framework of this spin
fluctuation model.

To investigate the relationship between the symmetry of
the superconductivity and the electron correlation predicted
by the spin fluctuation model in more detail, the gap
symmetry was investigated for the d[0,0]-Br'® and d[2,2]-
Br'¥ salts, which are situated nearer the Mott boundary than
the Cu(NCS), salt, by angle-resolved STS. The results
indicate that the superconducting gap of these salts is also
described by the d,>_,» symmetry, similarly to the Cu(NCS),
salt. The zero bias conductance peak (ZBCP) observed by
STS is also an important feature of an anisotropic super-
conductor.!” It is known that the ZBCP is observed in the
case of gapless superconductivity, such as d-wave super-
conductivity with line nodes. In fact, the observation of
the ZBCP has been reported for cuprates such as YBa,-
CU3O7_5,15) Bile‘zC&CUzOg,lG) and La2_58r5Cu4O7_5.17) The
ZBCP was observed at the lateral surface in the d[0,0]-Br
and d[2,2]-Br salts near the nodal direction, which is also
consistent with the d>_,> symmetry in these salts.!>!¥) These
facts mean that the electron correlation is not strong enough
even in the d[2,2]-Br salt according to the spin fluctuation
model.

From the above, it is important to investigate the
superconducting gap symmetry in another x-ET salt located
very near the Mott boundary, such as the d[3,3]-Br salt, to
clarify the mechanism of its superconductivity. In the d[3,3]-
Br salt, we have already measured the superconducting gap
on the conducting plane and the lateral surface by
STS.!LI3IY 1t was suggested that the superconducting gap
symmetry is consistent with the d,>_,» symmetry, similarly to
other previously studied x-ET salts. However, we could not
determine the nodal direction definitely because of the
insufficient number of data points corresponding to surfaces
of various directions owing to the single-crystal shape in
the case of the as-grown crystal surface. For the accurate
determination of the in-plane gap anisotropy, it is very
important to perform angle-resolved STS at surfaces of
various directions. In order to resolve this problem, we tried
to cut the lateral surface perpendicular to the conducting
plane at various angles using a focused ion beam (FIB)
system and carried out angle-resolved STS at the FIB-cut
surfaces.

In this article, we report the results of angle-resolved STS
on as-grown and FIB-cut lateral surfaces in the d[3,3]-Br salt
and discuss the mechanism of its superconductivity.

2. Experimental Procedure

Single crystals were grown by the standard electro-

064713-2

chemical method.'® The typical size was about 1 x 1 x 0.3
mm?. The directions of the lateral surface were determined
by single-crystal X-ray structure analysis after STS measure-
ment, and it was confirmed that the used samples are single
crystals. To obtain lateral surfaces with various directions, we
cut the sample using a FIB system with a gallium ion source.
In this method, the single crystal was cut along planes with
lower indices, such as the (1,0,0) and (0,0,1) planes,
perpendicular to the conducting (a—c) plane in order to ensure
the detection of the correct tunneling electrons corresponding
to the cut surface direction. The sample crystal was glued by
a silver paste on the sample holder of a glass plate. The
current lead of a gold wire (¢ = 50 um) was attached to the
sample with the silver paste. The sample holder was mounted
with Apiezon N grease on the sample stage of an STM unit
installed in a vacuum cell. We used a mechanically sharpened
platinum—iridium wire as the STM tip. Prior to the STS
measurement, we slowly cooled the sample at a rate of
~0.5K/min around 80K, because it is known that the
volume fraction of the superconducting state decreases
rapidly with increasing cooling rate for these materials.!”
The STS measurement was mainly carried out at 1.2 K, well
below T., in a liquid helium bath by pumping with a
mechanical vacuum pump. To avoid external vibration, the
cryostat was mounted on a vibration isolator equipped with
an air suspension system. The tunneling differential con-
ductance dI/dV was directly obtained by lock-in detection, in
which 500 Hz AC modulation with an amplitude of 0.2 mV
was superposed on a ramped bias voltage with a period of
15s.

3. Results and Discussion

3.1 STM observation of FIB-cut lateral surface

In order to check the surface condition, we performed
STM measurement on both the as-grown and FIB-cut
surfaces in the d[0,0]-Br salt at room temperature. Figure 1
shows STM images of the d[0,0]-Br salt on the as-grown
[(2,0,1) plane] and FIB-cut [(1,0,0) plane] surfaces. In the
STM image on the as-grown surface, we recognize the ET
molecular array with the correct lattice spacing, denoted as
the white arrows in Fig. 1(a). The present ET molecular
image on the lateral surface of the d[0,0]-Br salt is similar to
that of the Cu(NCS), salt previously observed by other
group.??) In the image on the as-grown surface over a wider
area (600 x 600 nm?), the flat surface corresponding to the
plane index (2, 0, 1) spreads to the entire sample surface. This
enables us to carry out angle-resolved STS. In the image on
the FIB-cut surface, we also confirmed the ET molecular
array in Fig. 1(b) with the correct lattice spacing as well as
the as-grown surface. The flat surface with an area of about
70 x 70 nm? corresponding to the (1,0,0) plane spreads in
the form of terraces. Therefore, it is considered that the
tunneling electrons from both the as-grown and FIB-cut
surfaces primarily reflect the surface direction, although other
direction surface with a very small area is observed in the
case of the FIB-cut surface.

3.2 In-plane anisotropy of the superconducting gap in
k-(ET-d[3,3]),Cu[N(CN),]Br
Figure 2(a) shows the tunneling differential conductances
dl/dV of the d[3,3]-Br salt obtained on the as-grown and
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Fig. 1. (Color online) STM images of the d[0,0]-Br salt at room Z -10 0 10
temperature. The white arrows indicate the ET molecular chain positions. Voltage (mv)

(a) STM image on the as-grown surface of the (2,0, 1) plane. (b) STM image
on the FIB-cut surface of the (1,0,0) plane.

FIB-cut lateral surfaces at 1.2K. We adopted the highly
reproducible data obtained by repeating tip approach on the
same surface for the precise discussion of the STS results. It
is considered that the differential conductance with high
reproducibility is essential and reliable because this repeating
tip approach corresponds to changing the tip position over a
wider range than the distance between the ET molecules
array, which is about 1.5nm. To check the effect of the FIB
method using gallium ions on the STS spectrum, we
measured both the as-grown and FIB-cut surfaces at (1,0, 1)
plane in the d[0,0]-Br salt. The STS spectrum on the FIB-cut
surface was observed with high reproducibility, similarly to
that of the as-grown surface. The observed tunneling spectra
also had the same V-shaped form corresponding to the nodal
direction with a comparable gap size. From these, it is
considered that STS can be performed on the FIB-cut surface
as well as on the as-grown surface without the effect of
impurities such as gallium ions. The four curves obtained
along the tunneling directions of ¢ = 0° (FIB), 72° (FIB),
27° (FIB), and 38° (as-grown), where ¢ is the azimuthal
angle from the a*-axis in the a—c plane as illustrated in the
upper left of Fig. 2(a), are shown together. The plane indices
corresponding to ¢ are estimated as (2,0,1) at ¢ = 38°,
(1,0,2) at ¢ =72° (3,0,1) at ¢ =27°, and (1,0,0) at
¢ = 0°. Each curve is normalized by the conductance at
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Fig. 2. (Color online) (a) Differential tunneling conductance dI/dV in k-
(ET-d[3,3]),Cu[N(CN),]Br for surfaces of various angles. The parameter ¢
denotes the angle of the lateral surface from the a*-axis in the a—c plane.
Each curve is normalized by the conductance at V = 10mV and aligned at
intervals of one division for clarity. The broken line represents the curve
calculated by the line nodes model. (b) Tunneling spectra on surfaces of the
same angle at the (1,0,0) plane in the d[3,3]-Br salt obtained by the FIB
method. Two types of gap were observed on the surfaces of different samples
with the same direction with high reproducibility. The broken line represents
the curve calculated by the line nodes model.

V=10mV and aligned at intervals of one division for
clarity. Although dI/dV observed at ¢p = 0 and 27° increases
in the higher-energy region (|V| > 5 mV), probably due to the
energy dependence of the tunneling probability, the func-
tional form in lower-energy region, which correctly reflects
the superconducting gap, is identical in each spectrum at
surfaces of the same direction.

On the as-grown surface at ¢p = 38°, we find a sharp dip in
the lower-energy region associated with the superconducting
gap. The value of dI/dV varies sharply around the lower-
energy region depending on the bias voltage, and the dip
associated with the superconducting gap is rather shallow at
zero bias voltage. The observed V-shaped functional form of
the gap indicates anisotropic superconductivity. On the FIB-
cut surface at ¢ = 0, 72, and 27°, we observed various gap
forms, such as U-shaped and V-shaped gaps, depending on
each FIB-cut surface direction. These gaps were observed

©2015 The Physical Society of Japan



J. Phys. Soc. Jpn.
Downloaded from journals,jps,jp by on 03/25/18

J. Phys. Soc. Jpn. 84, 064713 (2015)

Y. Oka et al.

with high reproducibility for each surface for different tip
approaches. In particular, the spectrum at ¢ = 0°, which has
the U-shaped functional form, had never been observed at an
as-grown surface. It should be noted that we observed not
only the U-shaped gap but also the V-shaped gap at the same
FIB-cut surface of the (1,0,0) plane with high reproduci-
bility as shown in Fig. 2(b). In addition, a middle type gap,
similar to the gap observed at ¢ ~ 36° [(1,0, 1) plane], was
rarely observed in the case of the FIB-cut surface (¢ = 0 or
90°). However, the number of observations of the middle
type gap was very small as compared with those of the above
two types of gap. The middle type gap may have been caused
by the exposure of another lower-plane-index surface, such
as the (1,0, 1) plane, as a small area connecting the large flat
area in the case of FIB-cut processing. Such a narrow area
was also observed by STM measurement at room temper-
ature, as described in the previous section. However, since
most areas of the surface cut by FIB processing are almost
flat, it is considered that the two types of superconducting
gap observed with high reproducibility reflect the information
from the correct plane. Therefore, we will proceed to a
discussion without considering the middle type gap. For the
moment, we adopt the U-shaped gap at ¢ = 0° in the angular
dependence of the STS spectra in Fig. 2(a) by comprehen-
sively considering the relationship between the form of each
gap and its azimuthal angle ¢». We discuss the two types of
gap in a later section. It is strongly suggested from the
systematic angular dependence of the STS spectra in
Fig. 2(a) that the d[3,3]-Br salt is an anisotropic super-
conductor in the a—c plane, similarly to previously studied
salts.

We try to fit each curve by the line nodes model
considering the tunneling transition probability depending
on the wave vector k of the tunneling electron, written
as!D

dal P 0
v G,m/exp( psin a)/;m N,(E, a)
JIf(E + eV)
X |:— 7@(6‘/) i|dEda

with
E—il’

Ny(E,a) = No(R ’
(E.a) °< e[\/(E—ir)z—(Aocos2(0‘+‘9))2D

where I', G,,,, and @ are the electron lifetime broadening, the
conductance of the sample at the normal state, and the fitting
parameter which is the angle from the antinodal direction in
the above model, respectively. The d-wave gap given as
A = Agcos 20 is assumed. The material-dependent parame-
ter f is fixed at f = 15. As shown in Fig. 2, all the observed
curves are well fitted by the above model, as represented by
the broken curves, especially in the lower-energy region,
where the superconducting gap is correctly reflected. The
obtained gap amplitudes Ay on the FIB-cut surfaces are
comparable to that on the as-grown surface (Ag ~ 4.0 meV).
It is understood that each curve reflects the correct con-
ductance corresponding to the surface direction. These facts
additionally prove that the FIB method is effective for
investigating the gap anisotropy in organic compounds in
detail. As shown in Fig. 2(a), the superconducting gap varies
systematically from the U-shaped antinodal form to the V-
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shaped nodal form with the fourfold symmetry of cos26.
This indicates that the d[3,3]-Br salt is a d-wave super-
conductor, similarly to the previously studied x-ET salts.

3.3 Strong-coupling d-wave superconductivity

We estimate the gap parameter Ay and 2A(/kgT, in the
d[3,3]-Br salt as 4.0 + 0.9 meV and 7.8 + 1.8, respectively,
from the results of angle-resolved STS on the lateral surface.
These values for the d[3,3]-Br salt are comparable to those
for the previously studied x-ET salts (Ap = 3.0-10.0 meV,
2A0/kgT. = 6.7-24.6 for the Cu(NCS), salt; Ag =4.2 +
0.8meV, 2Ay/kgT. = 8.1 £ 1.5 for the d[0,0]-Br salt; Ay =
3.9+ 0.8meV,2A¢/kgT. = 7.6 = 1.5 for the d[2,2]-Br salt).
On the other hand, the value of 2A/kg T, obtained from the
results of STS on the lateral surface is slightly larger than that
on the conducting plane (Ap = 2.1 + 0.4meV, 2Ay/kgT, =
4.1 £ 0.7 for the d[3,3]-Br salt). This tendency is common to
all «-ET salts. This discrepancy between the gap sizes
obtained from the lateral surface and the conducting plane is
presumably caused by the incomplete estimation of the gap
amplitude on the conducting plane. Since A is estimated
from the average conductance curve in the d-wave line nodes
model by assuming an isotropic 2D Fermi surface in the case
of STS on the conducting plane, the influence of the in-plane
anisotropy on the shape of the Fermi surface and the
tunneling transition probability is not rigorously taken into
account. The density of states probably has less weight along
the a*- and c*-directions owing to the noncylindrical shape of
the Fermi surface, and the group velocity component along
the b*-direction with the a*- and c*-axes corresponding to the
tunneling probability may be small. As a result, the apparent
gap size observed on the conducting plane is deduced to be
smaller than the actual gap size. In contrast, we can directly
obtain the superconducting gap in the case of STS on the
lateral surface, which is less affected by the anisotropy of the
Fermi surface. In fact, the gap sizes Ay estimated from
the STS for all directions (¢ =0, 72, 27, and 38°) are
comparable. Therefore, it is considered that the value
obtained from the lateral surface reflects the correct gap size.

The value of 2A(/kgT, estimated from the lateral surface
measurement in every salt is about twice that obtained by
the mean field approximation (2A(/kgT, = 4.28) for weak-
coupling with the d-wave.?" It is suggested that x-ET salts
including the d[3,3]-Br salt are strong-coupling d-wave
superconductors, although a systematic change in 2A¢/kgT.
has not been confirmed within the experimental error with
increasing electron correlation, which becomes stronger from
the Cu(NCS); salt to the d[3,3]-Br salt. The possibility of the
strong-coupling d-wave superconductivity has also been
discussed from the specific heat measurement of the d[0,0]-
Br salt.'” The values of Ay and 2A(/kgT,. were estimated
by the strong-coupling a-model as ~3.8meV and ~7.4,
respectively. These values are consistent with those obtained
from the STS measurement.

3.4 Nodal direction in k-(ET-d[3,3]),Cu[N(CN),]Br

The relationship between the fitting parameter € and the
reduced azimuthal angle ¢’ is shown in Fig. 3 in order to
determine the nodal direction. We deal with the azimuthal
angle ¢ in the reduced range 0 < ¢’ < 7/4 assuming the
fourfold symmetry of A = A(cos?26 for simplicity because
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Fig. 3. (Color online) Relationship between the fitting parameter 0 and the
reduced azimuthal angle ¢’. We adopt the data points of the U-shaped gap at
¢’ = 0° as written in the text. The solid line represents the relation for the
d,>_y> symmetry. A schematic image of the d,>_,> symmetry is shown on the
right side.

the a*-axis is perpendicular to the ¢*-axis. For example, the
direction of ¢p = 72° is reduced to ¢ = 18°. The data points
of both the as-grown [(1,0, 1), (2,0, 1)] and FIB-cut surfaces
are shown together, where the data with ¢’ > 35° and
¢’ < 35° correspond to the as-grown and FIB-cut surfaces,
respectively. Here, we adopt the data of the U-shaped gap
deduced from the entire tendency of the relationship between
6 and ¢, although two types of gap were observed at
¢’ = 0°. We discuss the V-shaped gap observed at ¢’ = 0° in
the next section. The plotted points almost lie on the solid
line in Fig. 3. As aresult, the nodal direction is determined to
be z/4 from the a*- and c*-axes, and the symmetry of the
superconductivity is dy2_,» as illustrated on the right side of
Fig. 3. According to a theoretical study of the spin fluctuation
mechanism,'? this symmetry is stabilized in the case of a
relatively weak electron correlation. Therefore, the electron
correlation is still not strong enough even for the d[3,3]-Br
salt in the framework of the spin fluctuation model, although
the electron correlation of the d[3,3]-Br salt is stronger than
those of the previously studied x-ET salts.

In addition to the observation of the anisotropic gap, the
ZBCP, which is a feature of anisotropic gapless super-
conductors with nodes, was also observed in the STS
measurement on the lateral surfaces near the nodal direction,
similarly to the d[0,0]-Br and d[2,2]-Br salts, when the STM
tip was very close to the sample surface. As shown in Fig. 4,
a sharp peak at zero bias was observed in the dI/dV curve.
The observation of the ZBCP reinforces that the d[3,3]-Br
salt is a d-wave superconductor with line nodes and is also
consistent with the d,»_,» symmetry.

3.5 Possibility of the coexistence of d2_y> and d.,
symmetr es

Although we found that the symmetry of the super-
conductivity in the d[3,3]-Br salt is d,>_,>, we also observed
two types of superconducting gap, which are the nodal
and antinodal gaps, at the same direction FIB-cut surface
(¢ = 0°) as shown in Fig. 2(b). Only two types of gap were
primarily observed at the same direction surface and other
types of gap were hardly observed. As mentioned in
Sect. 3.4, we adopted the U-shaped gap observed at the
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Fig. 4. Tunneling spectra of the zero bias conductance peak (ZBCP). The
ZBCP was observed near the nodal direction corresponding to the d,2_y»
symmetry.
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Fig. 5. (Color online) Relationship between the fitting parameter € and the

reduced azimuthal angle ¢’ containing the d,, symmetry. The data points
corresponding to another type of gap are added. The broken line represents
the relation for the d,, symmetry. A schematic image for the d,, symmetry is
shown on the right side.

FIB-cut surface (¢ = 0°) to determine the nodal direction in
Fig. 3. However, the V-shaped gap is firmly observed. We
add the corresponding data points at ¢’ = 0° to those in
Fig. 3 around 6 ~ 45° as shown in Fig. 5. Furthermore, we
sometimes observed the two types of gap on the as-grown
surface, although the reproducibility was not high. Such
data points are also added as bracketed symbols such as (=)
at ¢ =36°, 6 =10° in Fig. 5. These data points do not
correspond to the solid line representing the d,2_,» symmetry.
Instead, these additional points are aligned on another linear
relation shown as the broken line in Fig. 5 indicating the d,,
symmetry. These two types of gap have never been observed
in the d[0,0]-Br or Cu(NCS), salts. It is known that the
d[3,3]-Br salt has an antiferromagnetic insulating region in
part at the superconducting state even if the sample is cooled
slowly around 80 K. In this measurement, since we cooled
the sample at a rate of ~0.5K/min around 80K, it is
presumed that the volume fraction of the superconducting
state is about half of the entire sample volume in accordance
with previous research.!® Such a mosaic pattern is sketched
in Fig. 6, although the detailed spatial structure is not yet

©2015 The Physical Society of Japan
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Fig. 6. (Color online) Schematic image of the coexistence of the d,>_,»
and d,, symmetries. The d,»_» symmetry is stabilized in the bulk super-
conducting phase, while the d,, symmetry appears around the antiferro-
magnetic insulating region.

known. The d,._,» symmetry is stabilized in the bulk
superconducting region, where the electron correlation is
not strong enough. On the other hand, it is presumed that the
electron correlation becomes stronger locally around the
insulating region. Therefore, the nodal gap at ¢ = 0°
corresponding to the dy, symmetry could be observed near
the insulating region as shown in Fig. 6. The observation of
two types of gap suggests the possibility of the coexistence
of the d_» and d,, symmetries. This behavior probably
corresponds to the change from the d,>_,> to d, symmetries
with increasing electron correlation predicted by the spin
fluctuation model. It presumably indicates that the mechan-
ism of the superconductivity in x-ET salts is caused by the
antiferromagnetic spin fluctuation.

4. Conclusion

We performed angle-resolved STS measurement on as-
grown and FIB-cut lateral surfaces of x-(ET-d[3,3]),Cu-
[N(CN),]Br to clarify the mechanism of its superconductiv-
ity. We succeeded to observe the systematic in-plane
anisotropy of the superconducting gap depending on the
tunneling direction. As a result, we found that the super-
conducting gap in the d[3,3]-Br salt is a strong-coupling
d-wave superconductor. We also manifested that the FIB
method is useful to investigate the in-plane superconducting
gap anisotropy in organic compounds which have no
cleavage. The gap symmetry is described by d,>_,» in the
bulk superconducting phase, similarly to the previously
studied x-ET salts. This suggests that the electron correlation
in the d[3,3]-Br salt is still not strong enough in the
framework of the spin fluctuation model, although the
electron correlation in the d[3,3]-Br salt, which is situated

064713-6

very near the Mott boundary, is stronger than that in the
previously studied x-ET salts.

In addition, we also observed two types of superconduct-
ing gap at the same direction surfaces. This suggests the
possibility of the coexistence of regions with the d,»_,» and
dyy, symmetries. This behavior probably corresponds to the
change from the d._y» to dy, symmetries with increasing
electron correlation predicted by the spin fluctuation model.
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