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a scanning-tunnebng microscope
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%e have made measurements at 4.2 K on the high-T, superconductor Yaa2Cu306. 5+ by elec-
tron tunneling using a low-temperature scanning-tunneling microscope. In all the samples studied

we observe large variations in the energy gap. %e observe a very sharp gap in all the samples
with 2d, 5 meV yielding a value of 26/ksT, 0.7, far below the weak-coupling limit. The larg-
est gap we measure has a value of 2d 95 meV and indicates an extremely strong coupling value

of 2tsjksT, 13. The large gap may be due to tunneling between a series of supercouducting re-

gions within the sample. This possibility and other results are discussed in terms of tunneling into

a glassy superconductor.

The discovery of high-temperature superconductivity in
the copper oxide perovskites by Bednorz and Muller' and
subsequent work by Wu et al. ,

z have initiated a search for
a mechanism of superconductivity in these materials. The
question is whether or not the interaction leading to the
exceptionally high transition temperatures is electron pho-
non in origin and whether it can be cast within an Eliash-
berg formabsm.

The vast majority of superconductors have an energy
gap of 2A in the density of states at the Fermi level EF
Within the Eliashberg formalism, the energy dependence
of the energy-gap function contains detailed information
about the interaction giving rise to superconductivity.
The strength of the interaction can be expressed in terms
of the gap-to-transition temperature for which the lower
bound is given by the Bardeen, Cooper, Schrieffer (BCS)
weak-coupling limit 2h/ktt T, of 3.53.4

In the more common superconductors, tunneling has
been an excellent tool in probing the quasiparticle density
of states. Measurements of the dynamic conductance,
dI/dV as a function of bias can be inverted to obtain the
strength and detailed dynamics of the interaction giving
rise to superconductivity. In the new high-T, materials,
however, there has been no unanimous agreement on mea-
sured energy gaps obtained by electron tunneling or in-
frared techniques. The majority of tunneling data indi-
cates strong-coupling behavior, but values obtained for 5
differ substantially from group to group. Both Ng et al
and Kirk et al. 6nd values of h as high as 45 meV, while
others have reported values up to 23 meV. s '2 Infrared
measurements infer values of 24/kttT, between 2.5 and
8. ' Extraction of an energy gap from the ir refiectivity
measurements is complicated by the low-energy phonon
structure present in these data.

Some of the difference in results can be attributed to
spatial inhomogeneities. Spatially, the tunnehng mea-
surements provide more local information than do in-
frared techniques. Point-contact experiments find large
variations in 5 for diff'erent positions on the surface. In-
frared measurements sample a much larger region and
average over these variations.

In this paper we present tunneling measurements of the

energy gap in the htgh-T, nlaterial. The data we present
are from measurements on three polycrystalline sintered
samples. Two of these were YBa2Cu30s 5+„and one was
an Al-doped sample in which 5 mo19o of the yttrium is re-
placed by aluminum. 's All three samples are single phase
as determined by x-ray diffraction and have zero-
resistance temperatures near 88 K. The 20%-80% resis-
tive transition in all three samples is less than 2 K. The
samples mounted in the scanning tunneling microscope
(STM) were inside edges of sintered pellets, freshly bro-
ken, then mounted and subsequently cooled to 4.2 K.

All measurements were made with a low-temperature
STM described in detail elsewhere. " This microscope
operates in liquid helium. It uses a coarse-adjust screw
and a fine-adjust piezoelectric transducer to provide a
tip-to-sample separation that gives the desired junction
resistance. The tips used were made from 0.010 in. W or
Nb wire mechanically ground to a 6ne point and etched in
NaOH.

Attempts to obtain atomic-scale topography proved un-

successful and at resistances of much less than 10 0 the
tip tends to get stuck in some sort of insulting surface lay-
er. All energy-gap measurements are made at resistances
of about 10 0 to try and ensure the junction is still in the
tunneling regime. At these resistances, the tip is undoubt-

edly embedded within this nonconducting layer. The fact
that we are tunneling with an imbedded tip rather than
through a vacuum enhances the junction stability. This
tenacious surface layer makes it necessary to use the
coarse-adjust screw to back off when we want to study a
different spot on the sample surface. As a result we were
unable to relate any of the topography, even that obtained
at the larger tip separations, with the I-V data.

The gap measurements are made by sweeping the volt-
age at a frequency of 0.5 Hz. This sweep rate is the
fastest possible without hysteresis in our measurement
setup. To improve the signal-to-noise ratio dynamic con-
ductance dl/dV measurements were made with an even
slower sweep rate. In these measurements, a modulation
amplitude of less than 1 mV peak-to-peak at a frequency
of 5 KHz was applied across the junction and a series
resistor of 1 Mo. The voltage across the series resistor,
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FIG. l. I-V characteristics using a Nb tip at difkrent posi-
tions on the surface of the aluminum&oped sample measured at
4.2 K. Note the de'creat scales used for each curve. The spec-
tra sho~ a jump in the current at 95, 30, and 2.5 meV, respec-
tively.

which is proportional to the dynamic conductance, was
then measured by phase-sensitive detection. Both the I-V
and the dl/dV data are recorded on a digital storage
8COPC.

In measurements performed at 4.2 K, on all three sam-

ples, different behavior is seen at various points on the sur-
face. Some points show no gap at all while elsewhere a
range of apparent energy-gap values, 26, are seen. As-
suming tunneling between the aluminum-doped sample
and the Nb tip, Fig. 1 presents examples of three I-V
curves which show an energy gap. The apparent gap in

(a) of approximately 190 meV is the highest we observed,
curve (b) has a value of 60 meV, and curve (c) is an ex-
ample of a small very sharp gap of approximately 5 meV.
The data may also be S-I-S tunneling between
Josephson-coupled regions within the sample and the re-
sulting curves due to a multiplicity of 6 values. The
different possible tunneling mechanisms makes an unam-
biguous estimate of h, for each curve difficult.

Curves similar to that in Fig. 1(c) are seen in all three
of the samples regardless of whether a Nb or W tip is
used. The curve in Fig. 2 is obtained from a freshly bro-
ken sample with a W tip. The curve yields the same 5
meV value for the energy gap. Subsequent work using the
same Nb wire on Mg and Pb indicates that the Nb tip
may not be superconducting at 4.2 K. Considering these
facts, it seems unlikely that the small gap is related to the
tips and is instead a characteristic of the superconducting
samples.

The small 5 meV gap seems to have properties distinct-
ly different from the rest of the gaps. The 5 meV gap ap-
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FIG. 2. dI/dV data for YBa2Cu306.5+~ with a W tip mea-
sured at 4.2 K.

pears more "BCS-like" (Fig. 2), having less leakage
current inside the gap and a more pronounced overshoot
in the dynamic conductance at the gap edge.

In general the larger apparent gapa are less stable in

time than the smaller gaps. The lack of stability in the
larger gapa makes sweeps of dl/dV harder to obtain. The
larger gapa are also less defined. The current-voltage
characteristics outside the gap are highly asymmetric and
have a nonlinear character similar to that seen by other
works. ' The I-V characteristics of the smaller gaps are
more symmetric with a more linear behavior indicative of
tunneling through a higher barrier.

We found no evidence of any gap at 77 K and the spa-
tial variation in the I-V characteristics evident at 4.2 K
was much less at 77 K.

Evident in Fig. 2, and in much of the dl/dV data, are
peaks in the spectra outside the gap region. The positions
of the peaks for a point on the surface are stable in time
and reproduce over many sweeps. When we tunnel into
different points on the surface, curves with similar gap
values, in general, show peaks at different energies. The
peaks are not symmetric in energy about the Fermi level
as one might expect if one were observing electron-phonon
interaction-mediated pairing. Is this a manifestation of
the absence of electron-hole symmetry'? The variation be-
tween different points on the surface and the nonsym-
metric nature of the peaks, makes an interpretation of the
origin of the peaks diflicult.

Due to the complicated nature of these materials, the
variation in the energy-gap value may have a number of
explanations. The samples we measured are polycrystal-
line and so the difFerent grains are oriented randomly at
the surface The two'. imensional copper oxide planes and
the one-dimensional chains give the material an anisotrop-
ic character. It may be that grains with different orienta-
tions to the surface yield different gap values. This con-
trasts with measurements on single crystals by Kirtley ei
a/. ' who find an energy-gap value similar in directions
perpendicular and parallel to the copper oxide planes.
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The variation might also be due to multiple phases
within the material. X-ray analysis indicates that all the
samples are a single orthorhombic phase. This does not
rule out normal phases with the same orthorhombic struc-
ture or very small amounts of a different stoichiometry.
The insulating surface region may be an example of such
a normal region. The only atomic-scale topographs of yt-
trium barium cuprate at low voltages have been at room
temperature. ' ' The data were undoubtedly obtained in
the presence of the same surface layer which makes low-
voltage scanning at low temperatures in our samples im-
possible. The fact that these workers encountered no
problems imaging in the presence of this layer indicates
that the surface layer may be semiconducting in nature.

Indications are that the range over which variations in
the superconducting behavior occur is less than the size of
a typical grain. Kirtley et al. ' in their measurements on
single crystals, found regions where no gap was present.
Other measurements on the same crystals found that in-
complete Meissner states could only be explained by nor-
mal regions within the crystal N. ormal regions may be
caused by an excess of oxygen vacancies in different parts
of the crystaL These results and others2324 indicate that
yttrium barium copper oxide is best described as a super-
conducting glass. The consequences of such a state in
these materials has been discussed by Deutscher and
Miiller. 2 Due to the short coherence lengths, the super-
conducting state does not extend over small normal re-
gions within the sample. At any point where such a nor-
mal region, or even a twin boundary, separates two re-
gions of superconductivity an S-I-S tunnel junction would
be formed. The macroscopic superconducting properties
are then the result of Josephson coupling between micro-
scopic superconducting regions. Josephson coupling be-
tween superconducting regions within the sample has been
seen with point-contact spectroscopy using normal metal
contacts. "

The very short coherence lengths will also reduce the
value of the gap at surfaces and boundaries with normal
phases. In such cases, the measured value of the gap
would depend strongly on the region being sampled and
the type of interface between the tip and the sample. At
temperatures closer to T„Detuhscreand Muller 2s predict
that the value of 6 at interfaces will drop to zero. Such a
reduction may explain our results at 77 K.

In the same way as Esteve et al. 2 ascribed their I-V
characteristics to coupling between superconducting re-
gions, some of our larger apparent gaps may be due to
coupling between two superconducting regions within the
sample. In addition, the results of Esteve eg al. 24 also
mentioned evidence for coupling between a series of su-
perconducting regions. The extremely large gap values we
observe may be due to more than one tunnel junction in
series within the sample. Figure 3 shows different gap
values for each polarity. It is possible that the
rectiffcation and apparent large gap arise from tunneling
through a number of tunnel junctions in series, each hav-
ing a smaller gap. The rectiffcation may be due to
Schottky barriers in each of the series junctions. If the
current path is different for the two polarities, the cou-
pling between adjacent superconducting regions will, in
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FIG. 3. I-V characteristic for the aluminum-doped sample
which sho~s a diN'creat value of the apparent gap for each po-
larity.

general, be quite different, and lead to different values in
the apparent energy gap on each side. The behavior seen
in Fig. 3 is not unique; similar behavior was observed from
time to time.

A number of sharp small gaps are seen in all three sam-
ples. The value of the gap, assuming tunneling between
the sample and tip, in all cases was 2h 5+ 0.5 meV.
The variation of 0.5 meV may be due to the spatial inho-
mogeneities in the samples. The sharpness of the small
gaps and the linearity of the I-V characteristics outside
the gap indicate that the tunneling in these regions is very
different from that in the regions where the larger ap-
parent gaps are seen. The dynamic conductance of the
small gaps is strongly reminiscent of quasiparticle tunnel-
ing in a conventional superconductor.

A value of 2h 5 meV and a T, of 88 K yields
2LL/AT, 0.7, far below the BCS limit and clearly rules
out a BCS-like theory. Since we observe no gaps at 77 K,
the possibility of an additional low-temperature phase
(T,(88 K) cannot be rule out.

Tunneling between tip and sample rather than between
regions within the sample may yield a larger barrier
height. If this is the case, the small gaps and more linear
I-V characteristics might be indicative of tunneling be-
tween sample and tip while the larger gaps may be due to
tunneling between superconducting regions separated by
low Schottky barriers within the sample.

If indeed the larger gaps are due to S-I-S tunneling
within the sample, then the apparent jump in current at
95 meV [Fig. 1(a)l could correspond to 2h and thus yield
a value of 6 48 meV. This value assumes the tunneling
is between two regions of large 5 and is in agreement with
the results of Ng et al. and Kirk et al. who observed
values of 2h/AT, as high as 13. If the curve is due to
tunneling between a series of superconducting regions
then 6 would be even smaller.

In conclusion, we have tried to measure a number of en-
ergy gaps in high-temperature copper-oxide superconduc-
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tors using a low-temperature STM. We Snd that rather
than obtaining one single value, a range of values are
found. Two distinct types of gap are found, one with a
consistently small value of about 5 meV which is very
BCS-like, and a range of larger gaps which are less sharp
with asymmetric characteristics. The small gap, although
BCS-like, has a value of 2+'kttT, 0.7, far below the
BCS weak-coupling limit. The largest gap has a value of
2&lkttT, 13 similar to that found by others; however,
our results indicate that this value may be due to tunnel-

ing between a series of superconducting regions within the
sample. The results are independent of whether we exam-
ine the standard yttrium barium cuprate material or one
in which the 5% of the Y has been replaced by Al.
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