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Measurements of the superconducting gap of La-Sr-Cu-O with a scanning-tunneling microscope
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We report the first tunneling measurements made on the new high-transition-temperature

perovskite superconductors.
scanning-tunneling microscope.

These were obtained using an ultrahigh-vacuum low-temperature
The superconducting gap of a La;ssSros5CuOs—, sample is

123 mV, and the onset T, is 40 K, from which 2A/kg7T.=7+2. The possibility that this
surprisingly high ratio may be due to a mechanism other than superconductivity is discussed.

Since the first report of unexpectedly high transition
temperatures by Bednorz and Miiller,! the superconduct-
ing properties of perovskite-structure materials have been
improving dramatically. Recent published reports?-¢
have placed the midpoint of the transition around 40 K,
the transition width at 1-2 K, and the onset as high as 52
K.3 Hence the tremendous interest in these compounds.

Tunneling is an important measurement that has not
been reported so far for these superconductors. There are
difficult technical problems involved in trying to make a
conventional tunnel junction on these materials: the sur-
faces are rough’ and may not be representative of the bulk
of the sample, a suitable natural or artificial tunneling
barrier is difficult to obtain, and the material is inhomo-
geneous. The scanning-tunneling microscope (STM) can
get around these problems by using vacuum as a barrier
and by probing properties on a scale smaller than the in-
homogeneities. We have used a low-temperature STM to
study LajgsSrg1sCuO4—, samples and report here the
first tunneling measurement of the superconducting gap
for this class of materials.

La; §5Srg.15CuO4 -, samples were prepared as described
previously,® cut into 1X3X 12 mm rectangles, and stored
in air for a week before tunneling measurements were
done on one of the cut faces. The resistive transition for
this batch had an onset of 40 K, midpoint of 38.5 K, and
width (10%-90%) of 1.1 K. A small piece was glued to a
copper substrate with silver paint and loaded in the tun-
neling microscope through a load lock. The substrate is
held in the microscope with pressure clips against a copper
sample holder which has a calibrated thermometer. Tem-
peratures will be given as measured by this thermometer;
the sample may be at a higher temperature due to the fact
that it is difficult to obtain good thermal contact in UHV.
Thermal load is minimal, however, because the micro-
scope is completely surrounded by concentric aluminum
cylinders attached to liquid nitrogen and liquid helium
dewars. The sample can be exchanged between the micro-
scope and other surface analysis and preparation tools in
the same ultrahigh vacuum chamber. This design is en-
tirely different from our previous work;® a detailed
description will be given elsewhere.’

The sample was loaded in the microscope at 77 K and
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was then cooled to 10-15 K. The tip was a Pt-Rh wire
(0.76 mm diam), ground to a sharp point. The behavior
of the tunneling current as the tip approaches the sample
indicates that the tip is touching the surface. This is not
surprising since we did not ion mill the surface prior to
tunneling. It is therefore likely that we are tunneling
through a layer of inhomogeneous insulating or semicon-
ducting material, and not through vacuum. We are not
likely to have a metallic point contact, however, because
of the large resistance of our junction, typically 1 MQ.
Ion milling was not attempted because of the likely dam-
age to the surface which cannot be annealed in vacuum
due to loss of oxygen. Tunneling microscopy on this sur-
face gives images showing sharp features extending over a
few hundred angstroms in height. The size and irreprodu-
cibility of these features is another indication that the tip
is touching the sample.

Figure 1 shows current-voltage (/-V) characteristics
obtained at 7=12 and 77 K. The voltage was swept
linearly in time by an oscillator at 2.5 Hz. While the
curves at 12 K are not ideal superconductor-insulator-
normal metal (SIN) 7-V curves, it is reasonable to assume
that the drop in slope at low bias is due to the supercon-
ducting gap of the sample. This is easier to see in dI/dV
[Fig. 1(b)] and is supported by comparing with a similar
curve taken at 77 K shown in the same figures. A rough
estimate from these curves gives a superconducting gap of
10-15 meV; a more complete analysis is given below. The
I-V curves in Fig. 1(a) were digitized from an enlarged
photograph of an oscilloscope screen. The derivative was
computed as a finite difference with a step of 2 mV, which
enhances the noise introduced by the digitizing procedure.

We also used a personal computer to digitize and aver-
age 128 I-V curves each at T=12 and 77 K. In this case
the finite-difference derivative, Fig. 2(a), shows much less
noise than the previous figure, even though the finite
difference step is smaller (0.7 mV). The depth of the gap
structure is, on the other hand, reduced from before, while
the size of the gap is approximately the same. This is due
to changes in junction quality as a function of time. The
parabolic background in both curves may be due to tun-
neling through material with a low effective barrier
height. We see this background quite consistently at all
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FIG. 1. (a) Current-voltage characteristics between tip and FIG. 2. (a) Numerical derivative of the average of 128 I-V

sample (x axis is tip voltage with respect to sample) at 7=12
and 77 K. (b) Numerical derivative of (a). The smooth solid
line is a spline fit.

temperatures between 10 and 77 K. An empirical method
to take out this background is to subtract the 7=77 K
curve (scaled times 1.9 to match the high bias conduc-
tance) from the 7=12 K curve in Fig. 2(a); the result is
shown in Fig. 2(b). Using a simple model with a square
barrier!® we obtain a good fit to this background with a
barrier height and thickness of 0.6 eV and 0.48 nm, re-
spectively. It must be noted, however, that these parame-
ters are dependent on the junction area, which has been
very roughly estimated as (0.2 um)?2. Interestingly, as the
junction area is reduced, the solutions to the nonlinear
equations'? give a fairly constant barrier thickness and a
barrier height that goes to zero as the area approaches
(170 nm) 2, with no solutions for smaller areas.

We do not show I-V curves at intermediate tempera-
tures due to the fact that a temperature excursion between
our lowest temperature and 7., which may be locally as
high as 40 K, causes enough thermal drift that the tip may
move with respect to the sample. We have therefore not
attempted to measure the local T, by looking for the onset
of gap opening. Nevertheless, the data shown here are
representative of a large collection obtained at both tem-
peratures and on various locations on the sample, ranging
from a few tens of nm apart (obtained with the micro-
scope scanner) to tenths of mm (by repositioning the sam-

curves at T=12 and 77 K digitized by a computer. (b)
Difference between the two curves in (a).

ple). The superconducting properties at 7=12 K seem
inhomogeneous since we observe a variety of curves going
from fully normal (zero gap) to the ones shown in these
figures.

We now discuss two alternative explanations for the
nonideal shape of dI/dV. The first is that the sample is at
a higher temperature than its holder. Figure 3 shows a fit
of the SIN tunneling theory!! (solid curve) to the positive
bias portion of Fig. 1(b), with T=55 K and A(T=55
K)=12 mV. This would imply that 7.>55 K and
A(T=0)= 12 mV. The discrepancy between the holder
temperature (12 K) and the temperature obtained from
the fit is too large for this to be a viable explanation. The
second alternative is that the sample is inhomogeneous
and the electrons are tunneling into several grains which
have a distribution of 7.’s and corresponding A’s. This is
consistent with the known structure of this material. The
dotted curve in Fig. 3 is obtained assuming 77=12 K and
adding contributions from grains with gaps (relative con-
tribution in parenthesis) of 15 meV (42%), 9 mV (16%),
and 1 mV (42%). Adding a larger number of contribu-
tions would naturally give a better fit; the fit shown illus-
trates the method. We believe this to be the most ap-
propriate model for our data, judging from the reasonable
fit to the data and the consistency of this simple model
with the small amount of structural information available
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FIG. 3. Fits to the data of Fig. 1(b) (circles) from a model
assuming 7=55 K and A=12 mV (solid line), and a model as-
suming 7=12 K and a distribution of gaps (dotted line) as de-
scribed in the text.

on this material. Taking the highest gap (15 meV) and
the onset of the resistive transition (40 K) we get
2A/kgT,=8.7. This may be artificially high since a broad
shoulder in the resistivity data indicates that there may be
a few grains with 7, up to 45 K. Furthermore, the fact
that the tip is touching the surface may result in high lo-
calized pressures which may increase T, (Refs. 2 and 3)
(and A) in the vicinity of the tip. Recent far-infrared
reflectivity measurements by Sulewski et al.'? give
2A/kgT,.=1.6-2.7, well below our results and also below
that predicted by Bardeen-Cooper-Schrieffer theory. We
believe that differences in samples and sample homogenei-
ty!? can explain this discrepancy, especially since our
measurement is highly localized.

Further evidence that the gap structure seen in Figs. 1
and 2 is not due to a surface layer is shown in Fig. 4. In
this case we cooled a sample to 77 K and then broke it in
situ. This is the best way to obtain a surface that is more
representative of the bulk, especially since the low temper-
ature should minimize the loss of oxygen. The tip was
placed in the middle of the fresh surface. In contrast with
the previous data, the sensitivity of the tunneling current
to the distance from the surface was typical of vacuum
tunneling, i.e., the surface was clean and there was no
need to punch through an insulating layer as before. The
main difference compared to the previous data is the ab-
sence of the parabolic background of dI/dV. It is there-
fore likely that the parabolic background in Figs. 1 and 2
and similar ones of other authors!* is due to a contaminat-
ed, damaged, or nonstoichiometric surface layer. Further-
more, the gap structure is still present with roughly the
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FIG. 4. Data taken as in Fig. 2(a) on the fresh surface of a
sample broken in situ at low temperature. The gap is of the
same size while the parabolic background is absent.

same value. The additional smearing seen in this curve
can be qualitatively understood in terms of the depairing
caused by the high current densities present in vacuum
tunneling, which are of the order of 10 A/cm?. Finally,
the structure with a period of 5.0 mV in Fig. 4 may not be
due to noise, since the figure represents the average of 128
curves so that an external noise source would have to be
synchronized with an accuracy of at least one part in
5000. Furthermore, this structure is not seen in any previ-
ous measurement.

Given that our 7-V curves are not ideal, we must con-
sider other mechanisms not necessarily involving super-
conductivity. Similar curves can be obtained, for exam-
ple, by tunneling through a matrix of small insulated me-
tallic grains which are on top of a metal electrode.'> The
“gap” in this case is the charging energy of the small par-
ticles. The data in Figs. 1 and 2 would require a particle
size of the order of 2 nm and a size distribution smaller
than 40%. While this tight distribution is unlikely, this
explanation cannot be ruled out without more structural
and tunneling information.

In summary, we have obtained the first tunneling mea-
surement of the superconducting gap in the recently re-
ported perovskite structures.
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