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The characteristic features of the conductance of a tunneling contact,
formed by a microscope tip and an Au/YBCO sandwich, are investi-
gated with the aid of a scanning tunneling microscope. It is shown that
there exist three types of dependences of the conductance of the struc-
ture on the applied voltage, which are distinguished by the position of
the characteristic features on the voltage axis. It is established that this
difference is due to the local characteristics of the proximity effect in
gold films on a high¥, superconductor surface. It is concluded that the
transmittance of the YBCO/Au boundary is spatially strongly nonuni-
form. © 1996 American Institute of Physics.
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Step-edge SNS Josephson structures with figlsuperconducting electrodes are
currently considered to be a promising basic elements for a whole series of cryoelectronic
devicest—° However, the question of the physical mechanism of current transport through
the SN boundary of these structures has remained open for a long time. In the first
theoretical model§, it was assumed that these boundaries are characterized by low
transmission and are uniform in directions perpendicular to the lines of current. This
approach made it possible to explain the experimentally observed strong suppression of
the critical current of the junctions but not the form of their current—voltage character-
istics (IVCs). Indeed, it followed from the theoretical results of Refs. 8 and 9 that for
such low values of the transmittance of the boundaries a current deficit should be ob-
served in the IVCs at high voltages, whereas most experiments indicated the presence of
an excess current. To resolve this discrepancy, it was proposed in Refs. 10 and 11 that the
SN boundary oriented in a direction perpendicular to the crystallographids is spa-
tially nonuniform as a result of the fact that the crystallogragtglanes emerge at the
interface. Such a boundary can contain steps, i.e., geometrically small regions, with a
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much higher transmittance, through which the main current flow through the boundary
occurs. In the superconductor—constriction—normal metal—supercond@et@—N-3

type structure formed in this manner, both the critical and excess currents are of the same
order of magnitudéthey are proportional to the square of the transmittance of the bound-
ary).

Unfortunately, the correctness of this approach to describing transport through the
YBCO/Au boundary has never been directly confirmed experimentally. A promising
method for investigating such boundaries is the application of a scanning tunneling mi-
croscopg STM).*2 Our objective in the present work was to investigate with the aid of a
STM the local characteristics of the proximity effect in gold films on a highsuper-
conductor surfacéspecifically, a YBCO film at liquid-nitrogen temperature.

OBJECT OF INVESTIGATION

A YBCO film of the order of 250 nm thick was deposited on a SrgDbstrate in
a laser deposition system equipped with a KrF excimer laser operating in the standard
mode. After deposition, the YBCO sample was cooled to a temperature of 90—100 °C in
oxygen, the chamber was once again evacuated within several minutes, the YBCO target
was replaced by a gold target, and a gold film was deposited on the sample. Next, oxygen
was introduced into the chamber up to atmospheric pressure and the sample was re-
moved.

In a number of samples, the gold film had a variable thickness. For this, a shutter
was placed in the chamber, forming a partial shadow for the plume of the sputtered
material. The natural blurring of the boundary between the shadowed and unshadowed
regions gave rise to a transitional section, small displacements of the STM scanning field,
within which charge transport could be investigated for different thickness of the gold
film.

The bilayer structures obtained were examined in a Cambridge Instruments electron
microscopgthe overall surface morphology was checkadd the crystalline structure of
the YBCO film was checked in a Rigaku diffractometer. Te- 20 scanning diffrac-
tion patterns showed a 1-2€3oriented film with noa-oriented inclusions or impurities
of other phases. The lattice parameter determined from theedi@ctions was equal to
11.70 A. The superconducting transition temperature of the YBCO film was usually equal
to 89-90 K with a transition width of 1 K.

The samples were then placed into the STM, and a topogram of the sample surface
was obtained in the constant-current mdti@he typical topogram displayed in Fig. 1
demonstrates a scale of variation of the YBCO-film thickn@e® the difference in the
heights from the bottom to the top corner of the figuas well as traces of granularity of
the gold film with typical granule sizes of 20—40 nmote the slight waviness of the
surface from left to right in the figuie

MEASUREMENT PROEDURE AND RESULTS

The local characteristic of the proximity effect—the effective gap in the density of
states—was determined from the conductance spectra obtained at 77 K with the aid of a
low-temperature STM built at the Institute of Computer-Aided Design of the Russian
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FIG. 1. Topogram of the surface of one of the experimental samples. The scale markers are in angstroms.

Academy of Sciences, St. Petersburg. This instrument possesbes/@tK a resolution

of ~3 A in the horizontal direction and-1 A in the vertical direction and makes it
possible to observe the surface over a:2@00 nm area. The tunneling resistance can be
monitored in the range T0—10'° O, which makes it possible to record confidently
features in the IVC with a voltage resolution of approximately 0.1 mV.

The conductance spectra were measured at 49 points on an area whose dimensions
could be chosen from:22 up to 900< 900 nm. The spectra were measured by a modu-
lation method"® they were not calculated by differentiating the IVC, as is very often done
(see, for example, Ref. 12This increased the accuracy of the measurements, since for
the typical time of 1 ms required to measure the IVZD0-300 points the analog
differentiation noise was found to be several times weaker than the noise in digitizing and
subsequent numerical differentiation of the curve.

The STM measurements showed that a stable regime of measurement of the spectra
existed, as a rule, for film thicknesses greater than 15 nm.

The typical conductance spectra obtained by scanning the STM tip above the surface
of the YBCO/Au sandwich are displayed in Fig. 2.

For N-layer thicknesseglé 30— 50 nm) greater than the effective coherence length
and the electron mean free path length in gold, the obtained dependences are always close
to the IVC of N-C—N type junctions, where the constriction @as formed by the
microscope tip. They had the form of parabolas with the voltage varying over a wide
range from— 100 mV to+ 100 mV and were approximately constant in a narrow range
of voltages, which are significant for the present problem, fro20 mV to +20 mV. No
features were registered near zero voltage within the limits of accuracy of the measure-
ments.

For gold film thicknesses which were small but such that the film was now definitely
continuous ¢(=20—30 nm), three types of spectra were observed by scanning the sur-
face (see Fig. 2 The first and most often encountered class of IVCs is qualitatively
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FIG. 2. Conductivity spectra obtained with a STM at different points of the surface of the structug-Vaigler
thicknesses of 20—30 nm. Insets: Position of the STM tip with respect to different sections of the SN boundary.

virtually identical to the IVCs obtained in samples with a thick gold film. Within the
existing measurement accuracy, no features were recorded in the(IFC23.

The typical form of the spectrum of the second type is shown in Fig. 2b. Features
with a width from 2 to 7 mV(at half depth were recorded near zero voltage. As a rule,
such IVCs were observed on nonhorizontal sections of the surface.

Finally, the most infrequently recorded IVCs—the IVCs of the third type—
contained features with a width of about 20 ndée Fig. 2¢

DISCUSSION

The fact that stable images of the surface of the gold films were obtained indicates
that the gold films were of good qualifpo discontinuitiesand that the electrical contact
between the superconducting and gold film was good, i.e., there was no insulating layer

between them over a quite large area.

In contrast to direct STM investigations of the surface of YBCO single cry&tafs,
the explanation of the observed features in the IVCs cannot be attributed to one-electron
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effects or a Coulomb blockade of the resonance-tunneling chalfrfeds.the Au granule
sizes present~40 nm), at temperatures close to 77 K the one-electron features should
be completely smeared otft.

The existence of three types of IVCs are, we believe, different manifestations of the
proximity effect in the YBCO/Au systensee insets in Figs. 2a and)2b

In the first caséFig. 23, IVCs of N—C —NS structures were observed in which the
NS boundary was oriented perpendicular to the crystallograptagis. In accordance
with existing experimental data and theoretical estimat&<®the transmittance of such
a boundary is so low that the effective gap induced in the density of states in the N metal
O~Alyg =20 pneV falls in a range of voltages outside the accuracy of the measurement
system. In this situation, IVCs close to the N—@\ type should be recorded.

Characteristics of the second type were observed on the sections of the sandwich
where multiple emergence of CuO planes at the boundary was present with a high
probability. In this geometry a suppression parametgr=10 and an effective gap
QO~A/(1+yg)=~2 meV in the density of states at the free gold bound&fyC' —NS
structure are reliably recorded in the measurements. The experimental valGeadifin
the range 2—4 meV, which gives for the suppression paramgte5— 10 close to the
theoretical estimates.

Finally, in the third case we have a N-aN-C-Sjunction, formed by the STM tip
and the gold film, in contact with a geometrically small section where the CuO planes
emerge at the interface. When this section is traversed, a double ballistic contact is
formed, making it possible to record features which are associated with both the super-
conducting gap** (i.e., lying in the voltage range 20—-30 m\and the effective gap
induced in the N metal by the proximity effect.

The local spectroscopy data obtained for the YBCO/Au boundary indicate that as a
result of its complicated morphology, the interface contains sections characterized by
completely different transport properties. This feature explains not only the nonreproduc-
ibility of the parameters of the higi; superconductor in SNS Josephson junctions, but
it also makes it possible to develop models which explain from a unified standpoint all
the experimental data obtained in such structures.
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