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Precise STM spectroscopy on the superconducting phase of
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Abstract. We carried out electron tunnelling spectroscopy for single crystals of BiaSr2CaCuaOy
in the superconducting phase with use of STM. The tnnelling differential conductance curve
with low noise was obtained for the cleaved surface and compared with that for the lateral surface.
The two spectra were found to be essentially identical. It is concluded that tunnelling spectra
obtained by our STM experiment contain contributions from every wave number and represent
the total electronic density of states. From the functional form of the tunnelling conductance,
the simple d wave was excluded for the symmetry of the superconducting pair wave function.
The conductance curve obtained was well explained by the model, in which the gap is finite
on the whole Fermi surface while it is highly anisotropic in k-space. It was suggested that the
symmetry of the superconducting pair wave function is of the mixed symmetry of the s and d
waves.

The determination of the symmetry of the pair wave function is very impaortant in elucidating
the mechanism of superconductivity. It is known that in high-7, oxides the superconductivity
is brought about by carriers in the Cu-O layer where the Coulomb repulsive interaction is
fairly strong. The d-wave symmetry has been discussed as a possible symmetry for the
attractive interaction in such a strong-correlation system. In order to investigate the pair
symmetry many kinds of experiments have been done, e.g. measurement of the magnetic
field penetration depth [1], angle-resolved photoemission spectroscopy [2], NMR relaxation
rate measurement [3]. Among these experiments electron tunnelling spectroscopy, in which
the electronic density of states is rather directly obtained, is most favourable for determining
the symmetry of the pair wave function. The scanning tunnelling microscopy (STM}
method, in which the tunnelling barrier can be controlled microscopically, is useful for
an investigation of high-T, oxides with layered structure.

Since the discovery of high-7, oxides, many tunnelling experiments have been carried
out. Recently, the in-plane anisotropy of tunnelling spectra, which has been reported in
experiments using STM [4, 5], and the gap anisotropy observed in tunnelling spectroscopy
have been attracting much interest. We have also reported from experiments nsing STM
spectroscopy for the lateral surface of BipSraCaCusOg [6] that the gap is infinite on the
Fermi surface while it varies depending on the direction in k-space. However, the tunnelling
current at the lateral surface was not completely stable and the conductance curve obtained
was slightly noisy because of unstable surface conditions, partly due to the metallic nature
of the Cu-O layer directly exposed to the lateral surface. In order to obtain the precise
functional shape of the tunnelling conductance, we investigated the cleaved surface of
single crystals of Bi;Sr,CaCu;Qj, in which more stable measurement was possible as
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compared with the lateral surface, with use of low-temperature STM. In this letter, we
present tunnelling data with low noise and discuss the symmeiry of the pair wave function.

Single crystals of Bi;Sr;CaCus0s used in the measurement were grown using the
floating-zone method. The superconducting transition temperature T, was determined as
T, = 87 K from the midpoint of the resistive transition. The clean surface was obtained by
cleaving along the a-b plane. In order to maintain a clean sample surface, the sample was
mounted in the STM cell unit immediately after cleaving. The cell was first evacuated and
then filled with thermal exchange helium gas. Mechanically sharpened Pt-Ir wire was used
as the STM tip for spectroscopic measurement.
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Figure 1. The tunnelling differential conductance obtained at the cleaved surface of the single
crystal for various tip distances. The tip distance from the sampie surface is characterized by
the initial tunnelling current fy at the constant bias voltage V = {00 mV. Curves for Iy = (1.5,
1, 2 and 20 nA at V = 100 mV are shown together, normalized at ¥V = 20 mV.

Figure 1 shows the tunnelling conductance obtained at the cleaved surface for various tip
distances from the sample surface, which are characterized by the initial tunnelling current
Iy at constant bias voltage V = 100 mV at 4.2 K. Each curve is normalized at V = 20 mV.
It should be noted that the noise in the tunneiling conductance spectra has been much
reduced as compared with those in our previous measurements. As shown in the figure, the
energy gap structure associated with the superconducting state is clear. However, the total
tunnelling spectra vary depending on the tip distance, identically to the previous result [7].
The tip distance dependence of the conductance curve was confirmed to be reproducible
at fixed positions. It assures a non-contacting tip configuration to the sample surface. For
a large tip distance, the differential conductance increases with the bias voltage outside
the gap edge and shows the so-called V-shape as is reported frequently {8]. On the other
hand, for relatively small tip distance the conductance curve does not show the V-shape
and becomes rather flat outside the gap edge. At any tip distance, our tunnelling spectra
are not asymmetric, unkike those in the recent paper [9]. Contrary to in the region outside,
the conductance curve inside the gap is essentially the same irrespective of the tip distance.
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Metallic electrons are confined within the Cu-0O layer in high-T, oxides and the surface
layer is the Bi—-O layer for the cleaved surface. Accordingly, the tunnelling current flows
through the tunnelling barrier which consists of insulating Sr—0O, Bi-O and the vacuum gap
in series. The tunnelling matrix element |M| is likely to depend on the energy for such
a complicated tunneiling barrier [7]. The variation of width of the vacuum gap, which
corresponds to the tip distance, modifies the energy dependence of |M|. However, |M| is
deduced to be approximately constant in the low-energy region. It is considered that the
tunnelling conductance obtained for the cleaved surface correctly represents the electronic
density of states of the sample in the low-energy region as that for the lateral surface which
is proportional to the electronic density of states over wider range [6]. Accordingly, we
only discuss below the differential conductance inside the gap edge.
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Figure 2. The differential conductance at various positions on the surface for Iy = 2 nA at
V = 100 mV. A, B, C and D are aligned in order and at intervals of about 10 nm. The
zerg-conductance line of each curve is shifted by one division for clarity.

Figure 2 shows the tunnelling differential conductance at various positions on the
sample surface. Positions A, B, C and D are aligned in order and at intervals of about
10 nm. Essentially the same curve is reproduced irrespective of the position on the surface,
while small variation is found. For A, B and C, the differential conductance shows a flat
behaviour in the low-bias voltage region. However, the conductance at position D shows
EZ-dependence near zero-bias voltage. The E? dependence was sometimes observed for
different samples. In such cases, the zero-bias conductance is slightly larger, suggesting the
broadening of the one-electron level. It is deduced that the broadening of the one-electron
level is locally larger at D as compared with A, B or C. The position dependence of the
conductance curve is presumably attributed to some kind of inhomogeneity which leads to
vartation in the lifetime broadening effect. Accordingly, the curves for A, B or C represent
the intrinsic feature with less broadening effect. We will discuss the tunnelling spectrum
for C below in detail.

In figure 3 we compare the conductance curve obtained at C on the cleaved surface
(solid line) with that for the lateral surface {broken line) obtained in previons measurements
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[6]. Although the gap value is slightly different, these spectra show essentially identical
functional forms. In a simple model, the transition probability of electron tunnelling depends
on the component of the kinetic energy of the tunnelling electron perpendicular to the
tunneliing barner, and its dependence is described by the factor exp(—p sin®6), where 8 is
the angle between the wave number vector and the normal to the tunnelling barrier and B
is the constant given as [10]

,6 _ 2m EF d
TV B JU-EF

where U and d are the potential height and the width of the tunnelling barrier, respectively.
Such a model suggests that angle-resolved measurement is possible by electron tunnelling
spectroscopy in the case where 8 is substantially large. For a typical tunnelling junction
with an area of 10~ cm?® and a resistance of 30 €2, 8 is roughly estimated as 8 ~ 20
[111. In this case, the transition probability decays by a factor of e~ at @ = 13°. Actually,
the gap anisotropy for lead was measured for tunnel junctions formed along various erystal
orientations [12].
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Figure 3. The differential conductance for the cleaved  Figure 4. Fitting of the conductance obtained to the d-

surface (solid line) compared with that for the laterai  wave model. The solid line represents the calculated

surface (broken line) reported previously [6]. conductance for 4.2 K from the d-wave anisotropy
of the gap with Ag = 25 meV. The broken line
represents the broadened curve of the solid line with
=025 meV.

The Fermt surface of high-T; cuprates is regarded as two dimensional. There is little
dispersion along the k,-direction. Nafvely, it is considered that the tunnelling electron which
carries the current along the c-axis contains every wave number component in the k -k,
plane with equal weight. It has been well established that the metallic electrons which bear
the superconductivity are confined within the two-dimensional Cu-O layer and that the gap
anisotropy is in the k;—k, plane. If angle-resolved tunnelling spectroscopy is possible, the
tunnelling spectrum at the cleaved surface would be quite different from that at the lateral
surface. However, the present results show that there is no difference in tunnelling spectra
between the cleaved (/ |} c¢-axis) and the lateral surface (J || a-axis). This fact indicates
that the present STM method does not probe electrons with 2 particular wave number but
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the total sum practically in k-space, in contrast to the claim of Kane et af [4], presumably
because the 8 value is rather smafl. In the nearly square lattice of the Cu—Q layer, the
gap is expected to be of fourfold symmetry. The vaiue of § = 2, in which the transition
probability decays by a factor of ¢! at @ = 45°, practically averages out every component
of the wave number. For 8 = 2, the tip distance d is roughly estimated as & ~ 0.2 nm,
where the Fermi energy Er and the work function ¢ = U/ — Ef are assumed to be 4
and 5 eV, respectively. The tip distance of about 0.2 nm seems to be somewhat small,
However, the above estimation is very crude and 8 = 2 is not inconsistent with the actual
experimental conditions. It is concluded that tunnelling spectra at both the cleaved and the
lateral surface practically contain contributions from the whole wave number. Therefore,
our present result obtained at the cleaved surface should be recognized as corresponding to
the total density of states as in our previous results, obtained at the lateral surface.

The tunnelling differential conductance obtained clearly shows the energy gap structure.
The differential conductance is reduced to almost zero and is flat near zero-bias voltage,
similarly to the BCS density of states with s-wave pairing symmetry. On the other hand,
finite conductance appears inside the gap edge. Such a finite conductance cannot be
explained by the BCS density of states, even if the broadening of the one-electron level
is taken into account. This strongly suggests gap anisotropy. We try to fit the data to the
electronic density of states for anisotropic gap models.

Firstly, we discuss the d-wave symmetry with line nodes of the gap A. The d wave is
examined with the most simple form as

Ak) = Agcos(2¢) (2)

where Ay is the amplitude of A and ¢ is the azimuth. For the sake of simplicity, we assume
that the band dispersion is isotropic. Details of these calculations have been described in our
previous article [6]. Since the tunnelling spectrum obtained is given practically by the total
sum of every wave number as discussed above, it may be compared with the total density
of states which is calculated by integrating over all directions in k-space. The calculated
differential conductance for 4.2 K with Ay = 25 meV is shown in figure 4 as the solid line.
It is proportional to the energy in the low-energy region. The broken line in figure 4 is the
broadened curve of the solid line with the broadening parameter [’ = 0.25 meV. A smali T
value increases the conductance near zero-bias voltage, while the energy dependence is still
almost linear. A calculation for realistic band structure, in which the Fermi surface is of
the half-filled band in a two-dimensional tight-binding approximation for a simple square
Iattice [13], is also possible. It only decreases the slope at low-energy region by about 30%
at most. The linear dependence on energy is a general feature of the d-wave anisotropy
with line nodes of the gap. It is cbvious that the measured conductance is almost flat near
zero-bias voltage and cannot be explained by the pure d-wave pairing, even if we take both
the realistic band dispersion and the broadening effect into account. It is clear that the gap
is finite on the whole Fermi surface.

We examine another anisotropic model with finite gap, in which A varies depending on
the direction in k-space. We introduce the gap density function of a rectangular form as [6)

!
—_— for A SAKLA
D(A) = Amax — Bmin mas T (3)

0 for0 < A < Apin, A > Ay

where Amip and Amay represent the minimum and maximum gap value, respectively. The
solid line in figure 5 represents the calculated differential conductance at 4.2 K with
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Amin = 9 meV and An,, = 27 meV. The essential behaviour is almost reproduced except for
the observed finite conductance near zero-bias voltage. In order to fit the low-energy region
well, we introduce the broadening of the one-electron level. The broken line in figure 5 is the
broadened curve of the solid line in the figure with the broadening parameter T = 0.9 meV,
As is clear in the figure, the agreement is satisfactory. The I value of 0.9 meV is very
small compared with those adopted in other tunnelling experiments. It assures the validity
of the discussion for the superconducting electronic state with our tunnelling spectra. In
this fitting, we used the rectangular form of D(A). However, this form is not essential, but
it is important that the gap has its mirimum and maximum value. It is understood that the
gap is finite on the whole Fermi surface while A varies from 9 to 27 meV depending on the
direction in k-space. Additionally, the observed finite conductance near zero-bias voltage
is presumably explained by the small broadening effect.
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Figure 5. Fitting of the conductance obtained to the anisotropic model with finite gap, The
solid line represents the calculated conductance for 4.2 K from the anisotropic gap mode] with
Apin = 9 meV and Apax = 27 meV described in the text. The broken line represents the
broadened curve of the solid line with I = 0.9 meV.

If we assume that the superconductivity occurs in a two-dimensional square lattice
formed by Cu and O atoms and that the interaction acts only among the nearest neighbours,
the interaction of the d-wave symmetry, which gives large gap anisotropy, would be a
favourable one, However, the pure d wave is excluded, as is described above. The extended
s wave is another symmetry for the square lattice and also gives the gap anisotropy. For
the extended s-wave symmetry with nearest-neighbour interactions in the square lattice and
with lattice constant a, the gap is described simply as

Ak) = Ag + Ar{cos(kza) + cos(kya)) (4)

where Ay is the isotropic component and A is the amplitude of the anisotropic component.
The observed finite gap is not inconsistent with the extended s wave. However, the
calculated gap anisotropy does not become large, because the electronic band dispersion
is expected to have a k-dependence similar to that of the anisotropic term in equation (4).
The observed large anisotropy is hardly explained by the extended s wave. Qur present
results suggest the contribution of the d-wave component. It is considered that the finite gap
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is brought about by the s-wave component and that the d-wave component gives relatively
large anisotropy. The s+id symmetry proposed by Kotliar [14], in which the order parameter
does not vanish, is also a possible pairing. However, we cannot distingnish s + 4 from
5 +id at present. Our tunnelling result strongly suggests the mixed pair symmetry of s and
d waves, although it is an open problem to make the origin of the mixed symmetry clear.

In summary, we investigated the cleaved surface of single crystals of BixSryCaCuyOg
by low-temperature STM. The low-noise tunnelling differential conductance obtained is
essentially the same as that for the lateral surface in the previous experiment. We concluded
that the tunnelling current contains contributions from electrons with every wave number in
the tunnelling configuration with STM. From the model calculation for an anisotropic gap,
it is concluded that the gap is finite while it varies from 9 to 27 meV depending on the
direction in k-space. It is suggested that the symmetry of the pair wave function is of the
mixed symmetry of s and d waves.

This work was supported in part by a Grant-in-Aid for Scientific Research on Priority Areas
given by the Ministry for Education, Science and Culture.
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