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Microscope Spectr oscopy
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We have carried out electron tunneling spectroscopy on Bi,Sr,CaCu,Og single crystals with use of
STM at 4.2 K. The tunneling differential conductance in the superconducting gap was observed with
varying tunneling direction in the a-b plane. Tunneling spectra observed along directions intermediate
between Cu-O and Cu-Cu directions are well fitted with the d,-_,» wave model, taking into account
the k dependence of the tunneling transition probability. This result strongly indicates that the
superconducting gap has the d,»_,» wave symmetry with line nodes aong the Cu-Cu direction.

PACS numbers: 74.50.+r, 71.20.—b, 74.72.Hs

Since the discovery of high-T,. cuprates, many investi-
gations have been carried out on the mechanism of its su-
perconductivity. In high-T. cuprates, it is known that the
superconductivity is caused by carriers in Cu-O layers,
where the on-site Coulomb repulsive interaction at a Cu
site is very strong. Therefore, the attractive interaction
between electrons mediated by phonon can hardly bring
about Cooper pairs in contrast to conventional supercon-
ductors. We must investigate the mechanism which
causes an attractive interaction between electrons in such
a strong correlation system.  The symmetry of the super-
conducting pair wave function is an important clue to
the attractive interaction between electrons. Many kinds
of experiments were carried out to investigate it, e.g.,
measurement of the magnetic field penetration depth [1],
angle-resolved photoemission spectroscopy (ARPES)
[2,3], and NMR relaxation rate measurement [4]. Many
of them suggest that the superconducting gap of high-T.
cuprates has the d-wave symmetry. However, in the
scanning tunneling microscope (STM)  spectroscopy
method, by which one can observe the electronic density
of states directly with high resolution in energy, various
results were reported [5—12], and those results have not
converged yet. We reported that the superconducting
gap is highly anisotropic in Bi,Sr,CaCu,Og from STM
spectroscopy measurements on single crystals [13]. In
order to make more detailed discussion, we have observed
tunneling differential conductance with varying tunneling
direction in the a-b plane. In this article, we report the
result of the tunneling spectra and discuss the symmetry
of the pair wave function in the superconducting phase.

Bi, Sr,CaCu,Og single crystals used in this study were
grown by the floating-zone method. The superconducting
transition temperature 7. was determined as 7. = 87 K
from the midpoint of the resistive transition. The crystal
orientation was determined by x-ray diffraction. In this
article, we always denote the [100] and [110] directions
as the Cu-O bonding and Cu-Cu directions in the Cu-O
plane, respectively. It was ensured that these single crys-
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tals grow along the [110] direction. Clean lateral surfaces
were prepared by cutting them with a razor blade in air.
Surfaces perpendicular to the [100], [110], and & = 9°,
19°, 27°, 35°, and 38° directions from the [100] direction
in the Cu-O plane were obtained. We ensured that each
cut surface is flat with an optical microscope. Further-
more, we observed a typical cut surface with a scanning
electron microscope (SEM) and ensured its flatness. The
sample was mounted into the STM unit cell filled with
the low pressure helium gas for therma exchange. A
mechanically sharpened Pt-Ir alloy wire was used as the
STM tip. The measurements were carried out in the vac-
uum tunneling configuration where the STM tip does not
contact to the sample surface. Differentia conductance
curves were observed directly by the lock-in technique
with a 1-kHz ac modulation of 1 mV superposed on the
bias voltage.

Typica differential conductance curves observed at
4.2 K with varying tunneling direction in the a-b plane
are shown together in Fig. 1. Theinitia tunneling current
Iy is reduced exponentially with increasing the distance
between the tip and the sample surface. We found
that the functional form of the tunneling curves did not
depend on the tip distance except for the [100] direction.
Each curve is normalized by dividing with I, for the
bias voltage Vo = 100 mV. These curves show the
clear superconducting gap structure except for the [100]
direction. The curve along the [100] direction shows a
conductance peak structure near zero bias voltage, whose
detailed structure depends on the tip distance [14]. The
functional form of curves aong directions intermediate
between [100] and [110] varies systematically, depending
on the tunneling direction as described below. First, we
discuss these curves from the viewpoint of the anisotropic
superconducting gap.

For each tunneling direction, differential conductance
curves were observed at severa positions, which were
aligned at intervals of about 10 nm on the cut surface. On
each cut surface, essentially the same curve was observed
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FIG. 1. Tunneling differential conductance observed at 4.2 K
with varying tunneling direction in the a-b plane of Bi,Sr;-
CaCu,Og single crystals. Curves observed aong the [110]
direction (a), ® = 38° (b), 35° (¢), 27° (d), 19° (e), 9° (f),
and the [100] direction (g) are shown together. These curves
were observed for the initial voltage V, = 100 mV. Each
curve is normalized by dividing with the initial tunneling
current I,. The zero-conductance line of each curve is shifted
by one division for clarity.

reproducibly irrespective of the tip position. These curves
clearly show the superconducting gap structure. The gap
edge is observed as an enhancement of the conductance.
The conductance is reduced to almost zero near zero bias
voltage. The shape of these curves is almost symmetric
with respect to the Fermi level. Outside the gap edge,
however, these curves do not always show the flat behav-
ior, which is expected for the electronic density of states
in the normal phase. For the curves along ® = 35° and
38°, the conductance increases with the bias voltage and
shows the so-called V-shape background as has been re-
ported frequently [8,11]. However, we know from our ex-
perience that observed curves show the electronic density
of states correctly inside the superconducting gap [13]. As
shown in Fig. 1, the magnitude of the gap A,.,, where
the peak-to-peak width is defined as 2A,_,,, increases from
31 meV to 40 meV with decreasing ®. These values are
consistent with those obtained by other groups [8—12].
The enhancement of the gap edge is reduced with increas-
ing ®. The functional form near zero bias voltage also
varies systematically depending on the tunneling direc-
tion. For the tunneling curves aong near the [100] direc-
tion like & = 9° and 19°, the functional form near zero
bias voltage is rather flat. The curves for tunneling along
near the [110] direction like ® = 35° and 38° show the

linear voltage dependence of the energy near zero bias
voltage. Moreover, the curve whose functional form in-
side the gap edge is upwards convex is often observed
along ® = 35°or 38°. Figures 2(a) and 2(b) show curves
observed at different positions, which were separated by
several hundreds of micrometers on the cut surface of
® = 35° and 19°, respectively. On each cut surface, the
functional form near zero bias voltage depends on the po-
sition dightly. Thisis probably due to some roughness of
each cut surface. The conductance curve observed most
frequently for each direction is shown in Fig. 1. Accord-
ingly, the tunneling direction dependence of the functional
form described above is intrinsic. Such tunneling direc-
tion dependence of the functional form indicates that the
superconducting gap is highly anisotropic in the a-b plane.
This also means that we cannot neglect the dependence of
the tunneling transition probability on the wave vector k
evenin STM measurement. The energy-linear dependence
observed along near the [110] direction suggests that the
gap has line nodes on the Fermi surface near the [110] di-
rection. Therefore, the d,»—,.-wave gap with line nodes
along the [110] direction is the most suitable candidate.

We try to fit these curves to the calculated electronic
density of states with the d,> ,»-wave model. We exam-
ine the simplest one, in which the gap A depends only on
the direction in k space, given as

A = Aycos26, 1)

where Ay and 6 are the maximum value of the supercon-
ducting gap and the angle from the maximum gap direc-
tionin k space, respectively. The directional dependence
of the tunneling differential conductance is given as
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FIG. 2. Tunneling differential conductance observed at 4.2 K
along ® = 35° (a) and 19° (b). On each cut surface, curves
were observed at different positions, which were separated by
several hundreds of micrometers. In (b), curves are normalized
a vV = 100 mV. In each figure, the zero-conductance line of
each curve is shifted by one division for clarity.
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where f(E) is the Fermi distribution function. We intro-
duce the lifetime broadening parameter of the one-
electron level I'. The k dependence of the tunneling
transition probability is taken into account by the factor
p(@ — 6p). The parameter 6, is the angle of the direc-
tion perpendicular to the tunneling barrier. According to
the WKB approximation [15], p(6 — 6,) decays expo-
nentially as

p(6 — 60) = exp[—Bsin*(6 — 6o)]. €)
The parameter B is given as

g __Er
rr JU — Ep

where U and Er are the potential height of the tunneling
barrier and the Fermi energy, respectively, and d is the
width of the tunneling barrier. Owing to this factor, an
electron whose kinetic energy component perpendicular
to the tunneling barrier is large has a large probability of
tunneling. The factor N(6) represents the anisotropy of
the band dispersion and is given as
1

[Vie(k)|

According to tight-binding approximation, the dispersion
relation of the two-dimensional square lattice is given as

e(k) — po = —eo[cos(ka) + coslkya)],  (6)

where wo, €9, and a are the Fermi energy in the half-
filled conduction band, the bandwidth, and the lattice pa-
rameter, respectively. The direction dependence of N(6)
is sensitive to the band filling. The conduction band of
Bi,Sr,CaCu,Og, is dmost half filled with a small amount
of hole doping. Weassume Er — uo = —0.05¢( for the
Fermi energy Er in the following calculation. The value
of N(#) calculated using this model has alarge magnitude
for the wave vector k around the [100] direction.

The differential conductance curves calculated for T =
4.2 K with this model are shown as broken curves in
Fig. 3. Inthose fittings, we regarded 6y, Ay, and I asfit-
ting parameters for each direction. We fixed the parame-
ter B asthevalue of 8 for al curves. The functiona form
near zero bias voltage of the calculated curve reproduces
the flat behavior observed along near the [100] direction.
The slope near zero bias voltage of the calculated curve
becomes large with increasing 6y, and the energy-linear
behavior observed along near the [110] direction is repro-
duced. Moreover, the functional form of the curve along
® = 38°, which isupwards convex inside the gap edge, is
aso well reproduced. The remaining conductance near
zero bias voltage is explained by the broadening parame-
ter I'. Small valueof I' = 0.3-1.1 meV assuresthe valid-
ity of the discussion about the superconducting electronic
state with our tunneling curves. The variation of the en-
hancement of the gap edge, which is reduced with in-
creasing @, is aso well explained qualitatively. The gap
width A, _, in the calculated curve using the same A, be-
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FIG. 3. The fitting of tunneling differential conductance ob-
served along the intermediate directions [Figs. 1(b)—1(f)] to
the d,>—,» model. The broken curve represents the calculated
conductance curve taking into account the broadening of the
one-electron level.

comes large with decreasing 6. However, the values of
the measured gap A,., are not explained systematically
with a unique value of Ag. This implies that the sample
dependence of A and theinhomogeneity of the sample are
not negligible. The obtained values of Ag = 30-36 meV
from the fitting are consistent with those of other tunnel-
ing experiments [8—12]. The value of B8 = 8, for which
the transition probability decays by a factor of ¢! at
0 — 6y = 20°, is relatively small. Ichimura et al. [16]
reported the value of B8 = 20 from STM spectroscopy on
(BEDT-TTF),Cu(NCS), which is an organic superconduc-
tor with the two-dimensional electronic band. As known
from Eq. (4), this difference of the value of B is probably
due to the difference of the work function U — Ef or the
tipdistanced. InFig. 4, thefitting parameter 6, is plotted
against ® measured under an optical microscope. These
points are amost on the straight line which intersects the
origin. This means that the line node of the gap is at the
[110] direction. In the above fitting, an anisotropic band
dispersionisassumed. We tried the same fitting assuming
an isotropic band dispersion and ensured that these curves
are well explained in the same way, and the similar rela
tion between 6y and ® is obtained again. Accordingly,
our conclusion of the gap anisotropy does not depend on
the assumed Fermi energy. Moreover, we ensured that all
the curves which are shown in Fig. 2 are also explained
by the d,>—,>-wave gap in the same way. Asaresult, the
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FIG. 4. Fitting parameter 6, against ®. The linear relation
between 6, and ® indicates that the line node of the gap is at
the [110] direction.

curves observed along the directions intermediate between
[100] and [110] are well explained by the d,-— .-wave gap.

Shen et al. [2] observed the gap maximum along the
[100] direction and observed the vanishing of the gap
aong the [110] direction in ARPES measurements on
Bi,Sr,CaCu,0g single crystals. The similar result was
reported by Yokoya and Takahashi [3]. Although the ex-
istence of node is not ensured owing to the limit of the
energy resolution, these results are consistent with ours.
On the other hand, Kane and Ng [9] observed the gap min-
imum about 20 meV aong near the [100] direction and
observed the gap maximum about 35 meV aong near the
[110] direction, in STM spectroscopy on Bi,Sr,CaCu,Og
single crystals. At first sight, this result seems to indi-
cate the d,,-wave symmetry and seems to be inconsistent
with our result, which indicates the d,:—,--wave symme-
try. We do not know the cause of this 77 /4 difference yet.
However, the gap value is sample dependent, as described
above. We think that our conclusion based on the func-
tional form of conductance curves is highly conclusive.

Asshownin Fig. 1, the so-called zero-bias conductance
peak (ZBCP) structure [17] was observed along the [100]
direction, and a clear superconducting gap structure was
observed along the [110] direction. The ZBCP structure
was reported also by other groups for the tunneling spec-
troscopy measurements on high-T.. cuprates [5—7,18—20].
It is claimed that the ZBCP is due to line nodes on the
Fermi surface of the d-wave superconducting gap [17,21—
23]. According to these theories, these results seem to
suggest the d,,-wave gap and be inconsistent with the re-
sults along the directions intermediate between [100] and
[110] at first sight. However, these curves observed along
the [100] and [110] directions are also explained by the
d>—y2-wave gap, taking into account the electron orbital
in the periodic arrangement of surface oxygen atoms in
the Cu-O plane [6]. This was aready discussed in detail
in our previous paper [14].

In conclusion, we have investigated the gap structure
in the superconducting phase of Bi,Sr,CaCu,Og by STM
spectroscopy measurement and observed angular depen-

dent tunneling differential conductance curves. Thecurves
observed aong the directions intermediate between [110]
and [100] are well fitted with the d,-—,--wave gap model,
taking into account the k dependence of the tunneling
transition probability. This strongly indicates that the pair
wave function has the d,> - .-wave symmetry.
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