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Spatial Variations in the Superconductivity of N13Sn Measured
by Low- Temperature Tunneling Microscopy
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The low-temperature scanning tunneling microscope is used in a new spectroscopic mode to ob-
tain real-space images of the superconducting character of a Nb3Sn surface. These images show
strong spatial variations, with reproducible transitions between fully normal and fully superconduct-
ing behavior on length scales as small as 13 nm. Images taken above and below the critical tem-
perature confirm that the observed effects are due to superconductive tunneling. Additional confir-
mation comes from a successful fit of the current-voltage characteristics to a simple tunneling
model.

PACS numbers: 73.40.Gk, 68.25.+j, 73.60.Ka

The technique of scanning tunneling microscopy'
has recently been demonstrated at low temperature.
The low-temperature tunneling microscope (LTTM)
has the potential for studying the electronic properties
of surfaces with a lateral resolution approaching atomic
dimensions. In this Letter we report the first images
of spatial variations of superconductivity on length
scales as small as 13 nm. Poppe and Schroder have
developed a similar tunneling apparatus, showing good
tunneling characteristics, but to date no scanning (i.e. ,
microscopy) capability has been demonstrated.

Other techniques have been used to study the spatial
variations of superconducting properties. Gross et aL
have used an electron beam to drive a small region of
the sample normal while measuring the change in the
electrical characteristics. This gives an indirect mea-
sure of the variations of superconductivity with a reso-
lution that has been demonstrated to 10 p,m. This
resolution is limited by the thermal healing length, and
therefore depends on material parameters and geomet-
rical details. The maximum resolution with this tech-
nique is expected to be —0.2 p, m. A similar approach
by Chi, Loy, and Cronemeyers uses patterned laser
beams while making the same macroscopic electrical
measurements. The demonstrated resolution is 5 p, m
and the ultimate limit is —0.5 p, m. While this tech-
nique has been used to separate the effects of spatial
variations of the superconducting gap from those of
the tunneling probability in a macroscopic tunnel junc-
tion, the measurement is indirect, limited in resolu-
tion, and requires that a tunnel junction be made over
the sample. The LTTM provides a direct measure of
the superconducting gap (via tunneling) with a resolu-
tion that is higher than any expected spatial variations.

Here, we describe a technique which exploits the
sensitivity of the LTTM to provide full real-space im-
ages of the superconducting character of a Nb3Sn sur-
face. With the apparatus previously described, ' the
voltage applied across the tunneling junction is
triangle-wave modulated at 1 kHz. The analog time

derivative of the junction current is displayed as a
function of junction voltage, yielding a sensitive meas-
ure of the electronic structure. The 1-kHz sweep rate
is fast compared to the response time of the feedback
circuit which controls the large-bias ( V » 4) gap
resistance. Therefore, current-voltage characteristics
(I V's) obta-ined by this method correspond to fixed
gap spacing. As shown in Fig. 1(b), the observed su-
perconducting gap of Nb3Sn gives rise to the expected
zero-bias dip in conductivity, approximated in our case
by (dl/dt)„=o. As the tip is scanned laterally, the
magnitude of (dl/dt) „=ochanges both with variations
in superconductivity and with topography. Hence,
some care must be taken to sort out the different ef-
fects on the tunneling current.

In this experiment, we wish to extract a single
parameter from the I Vwhich is a-direct measure of
the local superconductivity, but which excludes the ef-
fects of changing topography. We accomplish this by
sampling the zero-bias value of dl/dt and normalizing
it to dl/dt at large bias. Through a series of analog
operations, this yields a signal which equals unity for
normal —insulator —normal metal junctions (indepen-
dent of topography) and zero for ideal superconduc-
tor-insulator —normal metal (SIN) junctions at T=O.
The legitimacy of this technique for normalizing out
the topographic features relies on the assumption that
the basic physics of the tunneling process and hence
the shape of the I Vcurve remains unch-anged as the
gap resistance varies around its equilibrium value. In
this experiment, the large-bias gap resistance
( V » 5) was feedback stabilized at 250 k Q; the in-
stantaneous value during scans ranged between 100
and 625 kQ.

We recognize that this imaging technique provides
an incomplete measure of the local superconductivity;
the detailed physics will be fully elucidated only by a
quantitative analysis of the I-V at every point on the
surface. The technique described here is intended to
give a first view of microscopic variations in the super-
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conductor, and to allow one to target particular areas
for a more quantitative treatment.

In this experiment, an iridium tip was used to
minimize the oxide contribution to the tunneling bar-
rier. The sample was a thin film of Nb3Sn with a criti-
cal temperature of 18 K. In order to reduce the possi-
bility of lattice damage from the cleaning procedure,
the sample was not ion-beam cleaned as in a previous
experiment, 2 but rather was briefly etched in a 10%
aqueous solution of HF 15 min before being pumped
down in the vacuum station.

Once the outer walls of the ultrahigh-vacuum cryo-
stat had been cooled to 4.2 K, 5 &&10 Torr of He ex-
change gas was introduced into the vacuum space.
Cold-plate baffles ensured that only He gas reached
the sample. Tunneling measurements were made in
the exchange gas.

To obtain stable I V's, an in-situ tip-cleaning pro-
cedure was required. With —30 V applied to the tip,
the tunneling gap spacing was reduced until current
flowed. Initially, the current would increase uncon-
trollably, reaching the resistor-limited value of 1.2 p, A.
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After several attempts, it became possible to control
the current at 200 nA. Images taken after this pro-
cedure showed markedly enhanced reproducibility and
stability. The tip-cleaning procedure resulted in the
extinction of superconductive tunneling over the full
field of view of the scanner (207 X207 nm2). It was
therefore necessary to move the tip to a new location
with the magnetic positioner in order to observe su-
perconducting features. Occasionally, the topography
at the tip-cleaning site showed a mound, indicating
that material (Ir) had been transferred from the tip,
perhaps by melting. This would explain the extinction
of superconductivity at this and nearby sites.

Prior to cleaning of the tip, the I V's we-re unstable,
with gross tunneling features which were superim-
posed on the less pronounced superconducting gap.
Maxima and minima in dI/dt at voltages from 0 to 100
mV, along with either sign of overall second deriva-
tive, were observed. We believe that these effects are
caused by resonant tunneling through moving atoms
or molecules on the tip or the sample, a phenomenon
studied extensively by field emission. 7

Shown in Fig. 1 are repeated spectroscopic line scans
over a region of the sample. They show a continuous
spatial transition between superconducting and nearly
normal regions which occurs over 23 nm. This is
larger than, and therefore consistent with, the coher-
ence length of Nb3Sn ( —4 nm). I V's for locatio-ns I
and II are shown in the figure, as is the time derivative
used to obtain the spectroscopic signal. The I V's are-
of much higher quality than those reported previous-
ly, resulting from improvements in the system elec-
tronics.

Figure 2 shows an I Vcurve taken at-a sufficiently
low frequency to make phase-lag effects negligible.
The fit by a simple SIN tunneling model calculated at
the measured temperature is also shown, yielding a fit-
ted value of 2.8 mV for the superconducting gap. The
quality of the fit gives us confidence that this is indeed
a tunneling process.
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FIG. I. (a) Repeated spectroscopic (normalized zero-bias
conductance) line scans over a region of the Nb3Sn sample,
showing a continuous spatial transition between normal and
superconducting behavior. (b), (c) I V's corresponding to-

locations I and II.
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FIG. 2. Comparison of an observed I V(points) to a sim--
ple temperature-dependent SIN tunneling model (solid
line) .
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Shown in Fig. 3 is a full X-Y image of the spatial
variations of superconductivity over a region of the
Nb3Sn surface. For this image, scanning was in the L
direction; each X line scan was taken 20 times and the
signal averaged by computer. Images taken in im-
mediate succession show excellent reproducibility; ro-
tation of the scanning direction by 90 degrees did not
alter the image appreciably. Also shown in the figure
is a topographic image taken at the same time. The
spectroscopic image shows a transition between normal
and superconducting regions which is defined by an
arc in the L- Yplane. The topographic image shows a
similar boundary between the two regions; the super-
conducting region appears topographically flat, while
the normal region shows more texture. Possible ex-
planations for observed variations will be discussed
below. We note that a significant fraction of our im-
ages do not show such variations, but rather show ex-
clusively superconducting or normal behavior.

cr (v= 0) /g ( v» g)

Figure 4 shows spectroscopic images taken over a re-
gion of the sample below and above its critical tem-
perature. Taken at 6.2 K, Fig. 4(a) shows a distinct
transition between normal and superconducting re-
gions. Warming the sample above 20 K with a resis-
tive heater results in the spectroscopic image shown in
Fig. 4(b). This figure demonstrates the success of the
spectroscopic signal extraction technique in the nor-
malizing out of topographic variations.

We have considered several possible origins of the
spatial variations of superconductivity in this sample.
The first is microscopic inhomogeneities on a scale of
less than 1 p, m. This possibility is suggested by heat-
capacity measurements8 which show a spread in the
transition temperature of Nb-Sn samples in the com-
position range of 20 to 24 at. /0 Sn. Such inhomo-
geneities are below the lateral resolution of mi-
croprobe analysis. Our sample ( —25 at. o/0 Sn) is,
however, in the composition range which shows a
sharp heat-capacity transition. One might therefore
naively conclude that it is completely homogeneous.
It should be noted, however, that the heat-capacity
measurement pertains to the entire thin film, while a
tunneling measurement is surface sensitive. Thus it is
possible that there are inhomogeneities on the surface
which are not present in the rest of the film. This hy-
pothesis is supported by the fact that even the best
planar tunnel junctions made on stoichiometric Nb3Sn
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FIG. 3. (a) Full X- Yimages of the superconducting char-
acter of the Nb3Sn sample. The distance between successive
grid lines is 2.7 nm. The vertical axis is the normalized
zero-bias conductance, as discussed in the text. (b) Topo-
graphic data taken at the same time.

FIG. 4. Spectroscopic images taken (a) below and (b)
above the critical temperature.
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still show a large spread in the gap (2.3 to 4.1 mV)
despite a sharp heat-capacity transition. The origin of
this spread is not understood.

The second possibility is gap anisotropy, 'o which
would introduce spatial variations due to the different
orientations of neighboring microcrystals. Unfor-
tunately, this does not explain a full variation between
normal and superconducting regions as shown in Fig.
3. Furthermore, these films typically grow with a pre-
ferred [200] orientation normal to the substrate, 9

which means that tunneling proceeds along that direc-
tion unless there is enough texture on the surface to
allow tunneling in directions other than normal to the
substrate.

The last possibility is that the variations are due to
damage created either by previous ion milling2 or by
the tip-cleaning procedure described above. This is
perhaps the most likely current explanation, since we
have found superconductive tunneling to be locally ex-
tinguished after tip cleaning, as explained above. The
surface roughness on the normal region of Fig. 3 could
be an indication of this damage.

The questions of microscopic inhomogeneities and
gap anisotropy in the A -15 materials are very impor-
tant in elucidating the mechanism of superconductivity
in these high-T, materials. We believe that once the
technical details of obtaining clean, undamaged sur-
faces are addressed, the LTTM will provide important
information on these problems. It should be em-
phasized that regardless of the cause for the variations
observed in this sample, the results demonstrate a
direct measurement of the superconducting gap on a
scale of two to three orders of magnitude finer than
previous techniques. This makes the LTTM a very
promising tool not only to study superconducting sur-
faces but also possibly to obtain microscopic chemical
analysis by inelastic" or resonant tunneling spectros-
copy.
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