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Tunneling spectroscopy on the organic superconductok-(BEDT-TTF),Cu(NCS), using STM
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STM spectroscopy on the organic superconduatBEDT-TTF),Cu(NCS), has been performed in the
superconducting state with the use of single crystals. The anisotropy of the superconducting gap has been
investigated both on thb-c plane, which is parallel to the two-dimensional conducting layers, and on the
several surfaces perpendicular to e plane. The tunneling spectra observed on lthe plane are well
explained by the anisotropic gap with tldewave symmetry. The spectra on the lateral surfaces are also
consistent with thel-wave gap with line nodes along the directief4 from thek, andk, axes considering the
k dependence of the tunneling transition probability. These results strongly indicate that the superconducting
pair wave function in this salt has titgz_2-wave symmetry.
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. INTRODUCTION present material k-(BEDT-TTF),Cu(NCS), is mono-
clinic.?’ The conducting BEDT-TTF layers and insulating
The «k-phase BEDT-TTF salts have the layered crystalCu(NCS), layers, which are parallel to thie-c plane, are
structures consisting of conducting BEDT-TTF layers andstacked along tha axis. In this paper, we present the de-
insulating anion layers, and their electronic structures aréailed results of STM spectroscopy both on the plane and
guasi-two-dimensional. In the-phase family, it is known on the lateral surfaces af-(BEDT-TTF),Cu(NCS), single
that the superconducting phase is situated in the vicinity ofrystals in the superconducting state, and discuss the symme-
an antiferromagnetic insulating phaseThis suggests that try of the superconducting gap.
the electron correlations may play an important role in the
appearance of superconductivity. Thus there is a possibility Il. EXPERIMENT
that the mechanism of the superconductivity in those mate-
rials is different from that in conventional BCS supercon-
ductors. To elucidate the mechanism which brings an attra
tive interaction between electrons, the symmetry of the pai
wave function is an important clue. Various kinds of experi-
ments have so far been performed to investigate it. From th

temperature dependence of the Knight sl314|;¢.T). below the  ined by x-ray diffraction. The surfaces measured were the
superconducting transition temperaturg,*" it is strongly 45 grown surfaces of single crystals, except the lateral sur-
suggested that the electron pair is in the spin-singlet statgq.q perpendicular to th¢=30° direction from the axis in
This means that the-wave and thed-wave symmetry are thep-c plane, which was prepared by cutting a single crystal
suitable candidates for the superconducting gap symmetryyith a razor blade in air at room temperature. We confirmed
The experimental results concerning the gap symmetry ar¢hat each surface measured was flat with an optical micro-
however, still controversial. For example, tHéC NMR  scope. A gold wire of 50um in diameter was attached to
spin-lattice relaxation rat&; *(T) follows a T® low at low  the crystal with gold paste as a current lead. The sample was
temperaturé=> One result on the electronic specific heatmounted in the STM unit filled with low-pressure helium
C(T) exhibitsT? dependence below 1 KSome results of exchange gas, and cooled down to 1.5 K. A mechanically
the magnetic-field penetration dept{T) follow a power sharpened Pt-Ir alloy wire was used as the STM tip. The
law.~*! These results are consistent with ttievave sym- differential tunneling conductancel/dV(V) was obtained
metry. On the other hand, other results }fT)**"** and  directly by a standard lock-in technique with a 1-kHz ac
recent data oi€(T)*® obey the exponential law, which sup- modulation of about 100wV added to the bias voltage.

port the isotropics-wave symmetry.

Single crystals of x-(BEDT-TTF),Cu(NCS), were
rown by the electrocrystallization methéd.The typical
§ize of a single crystal used in the present experiment was
1x1x0.1 mn?. The superconducting transition tempera-
ture T, was determined a6.=10.4 K from the midpoint of
e resistive transition. The crystal orientation was deter-

. The scanning tunneling microscopSTM)_spectyosgopy IIl. RESULTS AND DISCUSSION
is one of the most powerful methods for investigating the
gap symmetry. By STM spectroscopy measurement, one can A. STM spectroscopy on theb-c plane

directly measure the electronic density of states with high-
energy resolution{kgT). Previously, we have reported that
the gap is highly anisotropic in tHec plane!®~*8consistent Typical dI/dV-V curves on theb-c plane at 1.5 K are

with the work of Bandoet al!® The crystal structure of shown in Fig. 1. In this figure, fow|/dV-V curves succes-

1. Tunneling spectra at 1.5 K
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Fig. 1 to a simpled-wave gap modeh =Aycos X. The dashed line
represents the calculated curve withy=3.0 meV and I'

FIG. 1. Typicald|/dV-V curves successively obtained at a fixed —0-10 meV.
position on theb-c plane ofx-(BEDT-TTF),Cu(NCS), at 1.5 K.
V, and |, denote the initial bias voltage and the initial tunneling dependence ofdl/dV has been reported for highs
current, respectively. Each curve is aligned at intervals of one divicuprates>~2’ and such materials also have insulating layers
sion for clarity. in their layered crystal structures. Another possibility of this

V-shaped background is the strong electron correlation ef-

sively obtained at a fixed position are displayed at intervalgects observed in tunneling measurements on metals near the
of one division. The distance between the tip and the sampl®lott transition like amorphous Ge,Au,.?® Since
surface is indicated by the initial tunneling currety  «-(BEDT-TTF),Cu(NCS), is near the Mott boundar/?®
=1.0 nA at the initial bias voltag¥/,=18 mV. As shown strong electron-electron correlations are also expected in this
in Fig. 1, the tunneling spectra have good reproducibility.salt. However, we should point out that linear background is
The superconducting gap structure is clearly seen as a dip arely observed on the lateral surfaces as described later.
dl/dV for each curve. The zero-bias differential conductancelThis suggests that the strong electron correlation effects
di/dV(V=0) is reduced to about 10% ofll/dV(]V  alone cannot explain the reason. Even in these situations, it is
|=Ap/e), whereA, denotes the magnitude of the gap de-deduced thatl/dV correctly represents the electronic den-
fined as half the energy difference between the gap edgesity of states of the sample in the low-energy region, because
The differential conductance rapidly varies aroied 0 de-  the energy dependence of the tunneling probability is ex-
pending on the bias voltage. This means that the gap ipected to be sufficiently small around zero energy.
highly anisotropic in théb-c plane. We confirmed that the We try to fit thedl/dV-V curve on theb-c plane to a
functional form of thedl/dV-V curve inside the gap edges is simple d-wave gap model given a&=A,cos ¥. Here A
independent of the horizontal tip position within the limita- and 6 are the maximum value of the gap and the azimuthal
tion of the piezoelectric actuator movemertl nm). The angle ink space, respectively. Thel/dV-V curve is de-
peaks at the gap edges are not obvious, and this feature of tkeribed as
d1/dV-V curve is repeatedly observed. A possible cause of
the absence of distinct peaks at the gap edges is quasiparticle dl 2m (o |[E—il|
scattering at the sample surface due to the roughiéss. dT/Mfo f_xRe{ \/(E—iF)Z—AZ(ﬁ)l
However, we have no definite explanation on this point at
present, and the further research is needed to elucidate the Jf(E+eV)
mechanism. X [ - N

In the outside region of the gapu|>A,/e), dI/dV ex-
hibits the bias voltage dependence, which is so-calledvhereI' is the broadening parameter of the one-electron
V-shaped background. This is likely to be caused by thdevel® and f(E) is the Fermi-Dirac distribution function.
energy dependence of the electron tunneling probability. IThe calculatedd!/dV-V curve using this model with\,
the tunneling probability has a certain energy dependences 3.0 meV andl'=0.10 meV is shown by the dashed line
d1/dV is no longer proportional to the electronic density of in Fig. 2 together with one of thel/dV-V curves shown in
states of the sample. Sinee (BEDT-TTF),Cu(NCS), has Fig. 1. The value ofl" is sufficiently small compared with
the layered crystal structure along thexis direction, there that of A, so that it does not affect the essential functional
is a possibility that the insulating Cu(NCShayer which is  form of the calculated gap structure. It is obvious that the
present at the sample surfateaffects the character of calculated curve fits the present data satisfactorily in the low-
the vacuum tunneling barrier. The similar bias voltageenergy region. Here it should be emphasized that the sym-
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FIG. 3. Normalizedl|/dV-V curves on théd-c plane with vari- §

ous tip-sample distances at 1.5 K. Curves lfg+=1.2,1.4,1.6,1.8,
and 2.0 nA atv,=18 mV are shown together, normalized\&t 0
-4 mV. -15
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metry of the gap is most sensitively reflected on the behavior

of di/dv aroundeO_. Thus t_he gap structure observed on k-(BEDT-TTF),Cu(NCS), single crystals observed along various
the b,'C plane is cqnsstent \_N'th thé-wave gap model. We tunneling directions at 1.5 K. Curves along the tunneling directions
confirmed that this result is also true of othe@t/dV-V o 4_g° 700 (4'=20°), 30°, 56° ¢'=34°), and 51° ¢'
curves on theb-c plane for different samples. The corre- —309°) are shown together, whege denotes the angle from the
sponding value of ,/kgTis 6.7, which is smaller than the axis in theb-c plane. Each curve is normalized to the conductance
previously reported value of/2,/kgT.=9.0/° but substan- atv=—15 mV and aligned at intervals of one division for clarity.
tially larger than the BCS value of 3.53. The dashed line represents the calculated curve byg-tave gap
model considering th&-dependent tunneling.

FIG. 4. dl/dV-V curves on the Ilateral surfaces of

2. Tip-sample distance dependence of the tunneling spectra

Figure 3 shows thel/dV-V curves at a fixed position on 70°, 30°, 56°, and 51° at 1.5 K are shown together in Fig. 4,
theb-c plane with the various distances between the tip andvhere¢ denotes the angle from tieaxis in theb-c plane.
the sample surface at 1.5 K. Each curve is normalized to thEach curve is normalized to the conductance \at
conductance a¥=—4 mV. The tip-sample distance is —15 mV and aligned at intervals of one division. The func-
denoted by the initial tunneling currehg=1.2,1.4,1.6,1.8, tional form of thedl/dV-V curve inside the gap edges sys-
and 2.0 nA at the initial bias voltagé,=18 mV. The tun- tematically varies depending on the tunneling directibn
neling currentl is most simply given asl=1,(V)exp For¢=0°' and 70°, the curve is ratherflat arOLMd=Q, and
(—d/dg), wherel (V) is the current factor depending on the the magnitude of the gaf is relatively larger. While, for
bias voltageV, andd, (~0.1 nm) represents the character- $=51°, 56°, and 30°, the tunneling conductance rapidly
istic extent of the electron wave function at the tip and thevaries around/=0 depending on the bias voltage, ahglis
sample surface. As shown in Fig. 3, though thigdV-V relatively smallgr. In the oquide region of the gap, the
curve exhibits the tendency of the slight reductiom\gfwith ~ d1/dV-V curve is almost flat in contrast to that on thec
the increase of,, the functional form of the gap structure is Plane(see Figs. 1 and)3This is probably attributed to the
essentially the same irrespective of the tip-sample distance &ectron tunneling only through the vacuum barrier. For each
well as previously reported results of STM spectroscdiy. ~ direction of ¢, essentially the samel/dV-V curves were
This was confirmed at different tip positions on thec ~ reproducibly obtained irrespective of the tip position
plane and for different samples. This fact assures the vacuufi=1 nm). The tunneling direction dependence of the

tunneling barrier between the tip and the sample surface. d1/dV-V curve indicates the following two: One is that the
superconducting gap is highly anisotropic in thec plane.

Another is that the dependence of the tunneling transition
probability on the wave vectdk is not negligible in STM
To investigate the in-plane gap anisotropy, we carried oumeasurement.

STM spectroscopy measurement on the several lateral sur- In the theoretical calculation of theél/dV-V curve ob-
faces, which are perpendicular to thle-c plane of served on the lateral surfaces, we assume the shwave
k-(BEDT-TTF),Cu(NCS),, varying the tunneling direc- gap model discussed in the previous section, givemas
tions in theb-c plane. Typicaddl/dV-V curves on the lateral =Aycos . On the basis of the two-dimension@D) WKB
surfaces observed along the tunneling directiongbef0°, approximatiort® we consider thé& dependence of the tun-

B. STM spectroscopy on the lateral surfaces
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neling transition probability for the electron with the azimuth T Ty
6 of the wave vectok by introducing the factop(8— 6,) 401 /°/ 7
written as - S 1
, @ 30} e .
P(6— o) =exy — B sir’(6— 6p)] () e , |
. (] e/
with T 20 p % .
S | . ]
_Bed J 2m 3 1o 7 i
i VU—Eg L l
¢/
Here ), is a parameter representing the direction perpendicu- % 0 20 30 a0
lar to the tunneling barrier ik space,U andd are the po- @' (degree)

tential height and width of the tunneling barrier, respectively,
andEg is the Fermi energy. The dimensionless paramgter FIG. 5. Fitting parametef, against¢’. The linear relationship
characterizes thke-dependent tunneling. Because of this fac-betweend, and ¢’ which intersects the origin indicates that the
tor p, electrons with large kinetic energy along the barrierdirection of line nodes of the gap is/4 from thek, andk. axes.
normal mainly contribute to the tunneling current. Then, the
dI/dV-V curve considering thé&-dependent tunneling is

written as
dl 2m (o |[E—-il|
_ch f pP(0—600)R . - . ,
dv Jo J-= e{\/(E—ﬂ“)Z—AZ( 0) Thus it is observable by tunneling measurements just along
the direction of the line nodes for tltlewave superconduct-
x[ B af(E+eV)]dE » 4 Ors In this study, however, the ZBCP could not be observed
Vv ' because of the difficulty to cut a crystal perpendicularly to
the nodal direction. It should be also pointed out that there is
The calculated curve fitted to tlt/d V-V curve for each  a possibility that the ZBCP is not observed intrinsically for
direction of ¢ using Eq.(4) with parameterg\y, I", and 6, k-(BEDT-TTF),Cu(NCS), because a small energy gap ex-
is shown by the dashed line in Fig. 4. In the calculation, thests on the Fermi surfaé®at the nodal direction. It is still
value of 8 was fixed a{B= 20 for the best fitting. This value now an open question as to whether or not the ZBCP for this
is relatively larger than the reported value B=8 for  salt is observed.
Bi,Sr,CaCy0g,>? probably due to the smaller work function
in k-(BEDT-TTF),Cu(NCS). The systematic change of IV. CONCLUSIONS
the functional form of thedl/dV-V curve aroundv=0 is
reproduced well. The obtained value 4f=3.9-5.7 meV
is almost consistent with that on tlhec plane, although the
variation of the value of\y implies that the sample depen-
dence of Ay is substantially large. Consequently, the
dI/dV-V curve observed on the lateral surfaces is also ex
plained by thed-wave gap model considering tlkedepen-
dence of the tunneling transition probability and the fourfold
symmetry of thed-wave gap discussed further below.
We now focus on the fourfold symmetry of tliewave

Here we should mention the zero-bias conductance peak
(ZBCP). The ZBCP is a narrow peak idl/dV at V=0,
which has been reported by some groups for high-
cuprates>~*|t is claimed that the ZBCP is attributed to the
sign change of the gap parameter on the Fermi suffaéa.

We have investigated the superconducting gap structure
in k-(BEDT-TTF),Cu(NCS), by STM spectroscopy. We
obtained the reproducible tunneling spectra both onbtiee
plane and on the lateral surfaces varying the tunneling direc-
tions at 1.5 K. Thell/dV-V curve on theb-c plane exhibits
rapid variation of the tunneling conductance with the bias
voltage aroundv=0, and is well fitted by thel-wave gap
model in the low energy region. Thi#/dV-V curve on the
lateral surfaces systematically varies in its functional form
) . . depending on the tunneling direction. This tunneling direc-
gap. Thed-wave gap has the fourfold symmetrykrspace in tion dependence of theél/dV-V curve is also explained by

t to th it f th .I iti t -
respect to the magnitude of the giayl. In addition, tunne Iﬂe d-wave gap model considering ttkedependence of the

ing spectroscopic measurements are not sensitive to the si ) ” " .
of A except the measurement along the nodal direction. Co unneling transition probability based on the WKB approxi-

sidering these facts, we reduce the rangedoto 0°< ¢ mation. The nodal direction is determined to& from the
<45°. Thus the directions ofs=51°, 56°, and 70° are Kp and!<c axes. Thergforg we conclude that the symmetry of
equivalent tog’ =39°, 34°, and 20°, respectively, whefé the pair wave function |rv<-(BED_T-TTF)2Cu(NCSb has .
denotes the reduced. In Fig. 5, the fitting parametef is the d,z_y2-wave symmetry. The issue of the ZBCP is stil
plotted against’. The plotted points coarsely show the lin- how an open question for this salt.

ear relationship betweefy, and ¢’ which intersects the ori-
gin. This means that the direction of line nodes of the gap is
m/4 from the k, and k., axes, i.e., the gap has the We thank Dr. N. Matsunaga for his valuable advice. This
dy2_y2-wave symmetry. Thus it is concluded that the pairwork was carried out as a part of “Research for the Future”
wave function in «-(BEDT-TTF),Cu(NCS), has the project, JSPS-RFTF97P00105, supported by the Japan Soci-
dy2_y2-wave symmetry. ety for the Promotion of Science.
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