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Gap anisotropy of Bi2Sr2CaCu20& measured by low-temperature scanning tunneling microscopy

Qun Chen and K.-W. Ng
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506 00-55

(Received 10 October 1991)

Energy gaps of single-crystal Bi2SrzCaCu20z in the c-axis and the ab-plane directions are measured

directly by the scanning-tunneling-microscopy method. Due to the short coherence length along the c
axis, conductance curves in this direction are seriously smeared and do not fit the conventional BCS
density of states. In the ab direction, the shapes of the conductance curves are diA'erent from that of
e-axis tunneling and show sharper gap features. The energy gap in the ab direction is measured to be

35 meV, which is 10 meV larger than the value in the c-axis direction.

Gap anisotropy can provide direct information on the
direction dependence of the pairing potential. There have
been limited reports on the observation of gap anisotropy
by tunneling methods. Most of these measurements
showed only small energy-gap differences in different tun-
neling directions. It is believed that the anisotropic effect
was smeared out by scattering processes. In most cases,
the general condition of /)&g, where I is the mean free
path and g is the coherence length, was not satisfied.
However, in the case of high-T, superconductors, the
coherence lengths are much shorter than for other conven-
tional superconductors. Despite the fact that the short
coherence length causes tunneling measurements to be
very surface sensitive (especially in the c-axis direction), it
is zmaz'e )ikey fez' &r &~& ~aj.~~~~~y Po Qg ~Qggz ygJ io
high- T, materials.

Direction dependence of energy gap is particularly in-
teresting for cuprate high-T, superconductors because it is
widely accepted that these materials show extraordinary
anisotropic effects due to the Cu-0 layer structure. In-
direct measurements of coherence lengths in perpendicu-
lar and in-plane directions demonstrate that Bi2Sr2Ca-
Cu20s (BSCCO or 2:2:1:2) is one of the highest aniso-
tropic members in this class of superconductors. One
possible reason is due to the larger separation between
Cu-0 planes in the BSCCO system. For the same reason,
the BSCCO single crystal can be easily cleaved to obtain a
clean surface before taking measurements. BSCCO is
also more stable against oxygen deficiency than other
high-T, superconductors. In this paper we will report tun-
neling results on BSCCO system in both c-axis and ab-
plane directions.

There have been numerous reports of studies on
BSCCO by different tunneling methods, including con-
ventional sandwich-type junctions, breakable junc-
tions, point contacts, ' and scanning tunneling micros-
copy and spectroscopy. " The energy gap values varied
from 20 to 50 meV because of different phases in the sam-
ples. The value we report here is in agreement with those
from several articles published recently. ' ' Shapes
and detail features of the conductance curves varied in
these reports. Many measurements ' have a parabolic
background in the conductance curves, probably due to
the particularly low work function of this material' and
relatively large tunneling bias. Multiple gaps ' and oth-

er fine features' ' were often observed. However, none
of these features can be observed repeatedly.

Although some authors used gap anisotropy to explain
the gap differences in their results, only a few report-
ed ' ' ' direct measurements of the gap anisotropy by
tunneling in different directions. As pointed out by
Mandrus et al. , direction of tunneling in these measure-
ments was not well defined because the tip could penetrate
the surface. To avoid similar problems, we approached
the tip carefully towards the sample surface (ab-plane)
and all measurements were performed at very high junc-
tion resistances, in the range of 10 M Q. For in-plane tun-

neling, the tip was replaced by a BSCCO sample and tun-

neling occurred between edges of the two high-T, sam-
~les. Since the BSCCO guasigarticle densitv of states is

not known, experimental results may be more reliable for
tunneling between BSCCO and a more conventional su-

perconductor. NbSe2 was chosen for this purpose because
of its BCS-like density of states and the quasi-two-
dimensional layer structure.

A horne-built low-temperature scanning tunneling mi-

croscope (STM) was used in all measurements described
in this paper. The STM has a single piezoelectric tube
scanner design and a cylindrical shape to minimize hor-
izontal drifting. It is installed inside a vacuum container
with springs for vibrational isolation. At the top is a small
exchange chamber through which samples and tips can be
transferred and replaced while the STM and the vacuum
container are in the liquid-helium bath. Coarse z-
direction motion is obtained by turning the sample screw
with a step motor and gear system from the outside. To
avoid a crash between the tip and sample, the tip has to be
withdrawn before the temperature is raised. Despite
differences in the shapes of the tunneling conductance
curves, positions of the peaks can be consistently repro-
duced.

Samples were prepared by Tao et al. at Polytechnic
University using method reported by Mitzi et al. ' Sizes
of samples were about 5x5 mm, 0.1 mm in thickness.
T, 's of samples were determined after tunneling measure-
ments by resistivity method to be 85 K. The STM was
operated in its regular mode when the energy gap was
probed in the c direction. Tunneling occurred between the
normal Pt-Ir tip (N) and BSCCO (H) sample (perpen-
dicular to the tip) in the c direction [Fig. 1(a)]. Each
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FIG. I. Tunneling on single-crystal BSCCO in diA'erent

directions. (a) The STM in its regular configuration with the
Pt-Ir tip (N) along the e axis of the BSCCO sample (H). (b)
The tip is replaced by another piece of BSCCO sample and as-
sembled in a cross configuration. (c) One of the BSCCO sam-
ples is replaced by another layer structure superconductor
NbSe2.

sample was cleaved to obtain a clean, flat surface before
measurement and immediately transferred to the low-

temperature STM at 4.2 K.
For ab-plane to ab-plane tunneling (ab-HI H), a

BSCCQ sample was cut into two pieces. The STM was
configured in such a way that the Pt-Ir tip was replaced by
one piece of the BSCCQ samples, with ab plane parallel
to the original tip direction. The second piece of sample
was mounted so that the freshly cut edges of the two sam-
ples face each other, forming a cross structure [Fig. 1(b)].
Samples were observed under optical and electron micro-
scopes after each experiment to ensure the edges were well
formed and not damaged during the experiment. The use
of STM allowed us to control the junction resistance pre-
cisely, and change location of the junction microscopical-
ly. The same configuration and procedure were applied to
the case of BSCCQ-NbSeq (ab-HIS) in-plane tunneling
[Fig. 1(c)].

Figure 2(b) shows a typical c-direction tunneling (c-
NIH) conductance curve for BSCCQ. Most of our c-
NIH curves have a V-shaped gap opening and feature
nonzero conductance at zero bias. Since the coherence
length is very short in the c direction, all e-NIH tunneling
curves are smeared out. At high junction resistance, when
the tip is distant from the sample, gap features disappear
and only a V-shaped background remains [Fig. 2(a)].
Similar normal-state features have been observed by
many other authors with other high-T, materials.
None of the c-NIH curves is close to BCS-like, even
within the gap region. Thus it is not possible to fit any of
these curves with a BCS density of state and a
Lorenzian-type broadening. There is no legitimate way to
extract the energy gap without knowing the correct densi-
ty of states, and the mechanism that causes the smearing.
In this paper, the energy gap is determined by the posi-
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FIG. 2. Tunneling curves for c-NIH tunneling. (a) A V-

shaped conductance curve is always observed at very high junc-
tion resistance. (b) The energy-gap feature will appear as the
junction resistance is reduced by controlling the piezoelectric
tube. (c) As one continues to reduce junction resistance, many
fine features will start to appear on the conductance curve. Ex-
cept for the zero-bias anomaly, none of these features can be re-
peated consistently. The sample surface is basically damaged
when these features start to appear.

tions of the peaks in the conductance curve. From the
tunneling curve shown in Fig. 2(b), the gap value in c
direction is measured at 25 meV.

All conductance curves in this tunneling direction have
a background increasing with bias voltage, which can be
either linear or paraboliclike. This is an interplay between
density-of-states characteristics, scattering, and low work
function. To examine the differences between high and
low junction resistance, the tip was driven closer to the
surface down to a junction resistance of 1 k0 in some ex-
periments. At such a low resistance, the surface was actu-
ally cracked by the tip. Conductance curve from one of
these surface broken junction is shown in Fig. 2(c). The
Josephson-like zero-bias anomaly can generally be repeat-
ed over different junctions. This can be due to the Joseph-
son coupling between particles of BSCCO sample, or by
proximity induced Josephson tunneling. Signature of
the superconducting gap can still be traced in Fig. 2(c).
However, it is heavily covered by other more pronounced
features. Until now there is no strong evidence that any of
these features can be reproduced or related to the material
properties.

There are two factors that contribute to gap anisotropy
in superconductors. One is the direction dependence of
the pairing potentials V~~, which is believed to be highly
anisotropic in high-T, materials. The other factor to be
considered is the geometry of the Fermi surface. These



GAP ANISOTROPY OF Bi2Sr2CaCu208 MEASURED BY LOW-. . . 2571

two factors can counterbalence each other and cause the
anisotropy in energy gap to be less pronounced in compar-
ison with that of coherence length, or results from other
transport measurements. The di%culty of tunneling is in
obtaining consistency in the measurement of the energy
gap, with an error less than the difference of gap values in
the two perpendicular directions. As we pointed out in an
earlier paper, ' in the case of BSCCO, energy gap can be
repeatedly measured within several meV if one ap-
proaches the tip towards the surface carefully and per-
form the measurements at high junction resistance. The
small discrepancy is due to different phases of different T,
in the sample, and smearing effects.

ab-H IH junctions produce sharper conductance curves
(Fig. 3) than those of c-NIH junctions. Junction resis-
tance is smaller than the c-NIH resistance because of the
larger tunneling area. No energy gap can be observed for
junctions with resistance larger than 5 MO. Since this
maximum resistance is in general smaller than that of
point junction c-NIH, we have to conclude that the bar-
rier width (but not noises or resistance) plays an impor-
tant role in the smearing out of the energy gap. The peak
position is given by the sum of the gap, which is equal to
2h, b in the present case. The energy gap in the ab-plane
direction is measured to be 33 meV. This is substantially
larger than that in the c direction. We should point out
that although the curves in Fig. 3 have a Aat normal-state
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background, parabolic background has also been seen in
other junctions of the same structure. Figure 3 shows a
sequence of conductance curves at different temperatures.
Samples have been separated mechanically and reap-
proached as the temperature is changed, thus one should
view these curves as different junctions. The small feature
within the gap in the 30.0-K curve may correspond to the
inner gap structure in Ref. 4, or due to some components
of NIH tunneling. However, this inner gap feature cannot
be reproduced in other measurements. The major gap
feature broadens with increasing temperature and disap-
pears at T,. Note that the peak for 74.4 K is at an outer
region than that of 54.8 K, because the gap enhancement
due to thermal smearing effect is more significant than the
actual decrease of energy gap in this temperature range.

Since the mechanism and density of states of the high-
T, materials are not well established, we also performed
BSCCO-NbSe2 (ab-HIS) tunneling in similar cross con-
figuration to avoid the potential complication due to tun-
neling between two high-T, materials. As can be seen
from Fig. 4, the energy gap measured basically supports
our previous ab-HIH results, with a value around 35 meV.
It is slightly larger than the ab-HIH value because of the
NbSe2 gap. The peak for 4escco —4Nbs, is too small and
too close to the major peak of hqscco+h, Nbs„ for it to be
resolved. Unlike many results from sandwich-type con-
ventional junctions, we observe no peak near zero bias due
to the conventional superconductor.

Comparing the gap values in c and ab directions (Fig.
4), we can see a difference of 10 meV. This gives a
reasonable lower bound of estimations on gap anisotropy.
Deviations from BCS density of states (especially in the c
direction) forbid us from using any existing mean to ex-
tract the energy gap value. Judging from the fact that the
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FIG. 3. Typical tunneling curves of ab-HIH tunneling. This
is a collection of conductance curves at different temperatures in

the same run of experiment. The energy gap is given by the
difference of peak positions divided by 4, which is equal to 33
meV.
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FIG. 4. The lower curve is from ab-HIS tunneling. The

ent:rgy-gap value is consistent with that from ab-HIH tunneling.

The c-NIH curve is put at the top in the same energy scale to
show the difference in the peak positions.
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c-axis conductance curve is more dispersed than that of ab
plane, the real difference between the directions should be
larger than the above value.
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