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The proximity effect is a central feature of superconducting
junctions that plays a key role in many devices and
can be exploited in the design of new systems with
quantum functionality1–12. Recently, exotic proximity ef-
fects have been observed in various systems, includ-
ing superconductor–metallic nanowires5–7 and graphene–
superconductor structures4. However, it is still not clear how
superconducting order propagates spatially in a heterogeneous
superconductor system. Here we report on intriguing junction
geometry effects in a heterogeneous system consisting of
electronically two-dimensional superconducting islands on a
metallic substrate. Depending on the local geometry, the su-
perconducting gap induced at the metallic surface sometimes
decays within ∼20nm of the superconductor, and sometimes
survives at distances that are several coherence lengths from a
superconductor.We show in particular that the curvature of the
junction plays an essential role in the proximity effect.

The sample systemcomprises superconducting two-dimensional
(2D) Pb islands on top of a single-atomic-layer surface metal,
the striped incommensurate (SIC) phase of the Pb overlayer on
Si(111) (refs 13–16). The scanning tunnelling microscopy (STM)
image shown in Fig. 1 captures a variety of junction configurations.
Figure 1a shows an interesting ‘π’-shaped Pb island fivemonolayers
(ML) thick on top of the SIC surface. Previous scanning tunnelling
spectroscopy (STS) studies have shown that the SIC phase is
superconducting with TC_SIC = ∼1.8K (ref. 17) and the 2D Pb
islands have a TC around 6K (ref. 18), although the actual TC
value also depends on the lateral size as well as its thickness19. At
4.3 K, the SIC template is in the normal state. At locations far from
the Pb islands, the tunnelling spectrum exhibits no gap (spectrum
no. 2 in Fig. 1b), whereas the spectrum acquired at the 2D Pb
island shows a clear superconducting gap (spectrum no. 3). In
the SIC region near the 2D Pb island, a superconducting gap can
also be observed (spectrum no. 1), indicative of a proximity effect.
To address the spatial dependence, we performed spectroscopic
mapping over the same area, whose differential conductance at zero
bias (zero-bias conductance (ZBC)) is shown in Fig. 1c. As the ZBC
directly correlates with the size of the tunnelling gap (the smaller the
value of ZBC, the larger the tunnelling gap), the landscape of ZBC is
a good representation of the landscape of the superconducting gap.

The ZBC image reveals a rich landscape. In some regions (for
example, region α), the induced superconducting gap decays very
quickly within a very short distance from the SIC/superconductor
(S) interface, whereas in region β where the SIC wetting layer
is surrounded by Pb islands from both sides, the induced
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superconducting gap is quite uniform. Similarly, in region γ
where the SIC region is near the ‘recess’ of the Pb island,
the induced superconducting gap propagates quite extensively.
Figure 1d illustrates the spatial dependence of the tunnelling spectra
along the arrow (starting at position (1) and ending at point (2), as
shown in Fig. 1a), exhibiting a deep and uniform superconducting
gap in the channel region that then decays quickly beyond the region
marked by the dashed line.

These diverse superconductor configurations are investigated
further according to the local junction geometry. Figure 2 shows
the case for a simple S–Normal metal (N) junction with the
normal metal region being the SIC template. The STM image and
corresponding ZBC image are shown in Fig. 2a and b, respectively.
The short-ranged proximity effect at the SIC surface near the
junction interface is clearly evident from the ZBC image and this
can be confirmed in the colour-scale plot of dI/dV in Fig. 2c taken
along the dashed line in Fig. 2a. Shown in Fig. 2d are the line profiles
of ZBC across the junction and the profile of the superconducting
gap along the same line (∆ versus x). Note that the ZBC scale is
upside-down to be consistent with the strength of the gap. The gap
value is obtained by fitting the normalized dI/dV spectra with the
Bardeen–Cooper–Schrieffer (BCS) density of state (DOS; examples
shown in inset)20. More detailed descriptions of the gap value
deduction can be found in refs 18 and 19. A simple exponential
fit of ZBC versus x yields a proximity length of 12 nm. However, a
more sophisticated theoretical simulation yields a proximity length
of 22 nm (see Supplementary Information and the accompanying
Supplementary Fig. S5). We have studied many simple S–SIC
junctions and found a consistent behaviour. In all cases, the induced
gap decays very quickly from the interface with a proximity length
of 20± 5 nm. In addition, the gap value in isolated Pb islands is
always very uniform (to within 5%). Nevertheless, a hint of very
small decay (<5%) can be identified occasionally (as shown in
Fig. 2d). Except for the fact that ∆ is very uniform up to the very
edge of Pb islands, this observation is qualitatively consistent with
a phenomenological description21, as summarized in Fig. 2e. In
this picture, the decay length in the metal, ξM, is predominantly a
property of the metal in proximity contact with S, ξS is the effective
superconducting coherence length and b is the extrapolation length,
which depends on the nature of the junction. In our case, ξM is
about 20 nm whereas b is very large (in the limit of b→∞, the
∆ in S would be a constant). ξM depends on the mean free path
of the SIC surface metal, which inevitably contains crystallographic
defects. A large b value may be a result of the fact that most of the
S island edge interfaces with the vacuum and the S–SIC interface
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Figure 1 |Visualizing superconducting-gap landscapes in heterogeneous superconductor islands. a, STM topography image of a ‘π’-shaped Pb island
sitting on top of a SIC surface (sample bias Vs=0.3 V, tunnelling current It= 10 pA). b, Differential conductance spectra at 4.3 K measured from the
different locations labelled in a. c, Normalized ZBC image measured at 4.3 K for the same area of a that shows the marked transition of induced
superconducting gap on SIC surface between inside and outside of ‘π’ shape as the colour contrast reflects the variation of local superconductivity. Also
shown is a constant ZBC contour at a ZBC value of 0.78 (corresponding to a small superconducting gap value). d, The spatial dependence of
superconducting gap spectra at 4.3 K measured along the arrow in a. The white dashed line represents the border of confined geometry in a.

exists only along the bottom edge, which is a line contact a single
atom thick. The simple S–S heterojunction follows the conventional
picture where the order parameter changes continuously across
the interface with a characteristic length scale of about 25 nm on
either side of the junction (Fig. 2f). Interestingly, this characteristic
length scale turns out to be very similar to the coherence
length deduced from magnetic susceptibility measurements on
Ge-capped thin Pb films22.

These conventional behaviours of proximity effects at a simple
single-sided S–N or S–S junction change markedly in a more
complicated junction geometry. Figure 3a shows two separated
Pb islands with the SIC layer in between, creating a variety of
junction geometries. For example, along arrows 1 and 2 are S–N–S
heterojunctions with different widths of SIC (N) in between. Also
marked with arrow 3 is a simple S–N junction. We map out
the induced superconducting gap as a function of distance in the
SIC regions along these three arrows using STS. The resulting

∆ versus x profiles at two different temperatures are plotted in
Fig. 3b. Also shown in Fig. 3c,d are the colour-scale representation
of the dI/dV maps along the two S–N–S double junctions. The
spatial mapping of spectra along arrow (1) revealed a surprisingly
uniform and well-developed superconducting gap, in contrast to
a quick decay of induced gap being observed for the simple S–N
junction of arrow (3) (refer to Fig. 2c). Similarly, along arrow (2)
the induced gap is also relatively uniform, albeit with a smaller gap
value than that along arrow (1). Most surprisingly, this relatively
uniform gap value extends over a length scale that is about two
times the characteristic decay length, indicating that the S–N–
S junction is fundamentally different from the one-sided S–N
junction. We observe this persistent proximity effect in all S–N–S
double junctions with widths of up to 90 nm (see Supplementary
Information). Considering that the Pb island and the SIC wetting
layer is connected only through a line contact of one atom thick,
this extended proximity effect is quite surprising.
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Figure 2 | Proximity effects on a simple junction of SIC surface (N)–Pb island (S). a, STM topography image showing a junction of SIC surface–Pb island
(sample bias Vs=0.3 V, tunnelling current It= 10 pA). b, Normalized ZBC image measured at 4.3 K for the same area of a. c, The spatial dependence of
superconducting gap spectra at 4.3 K measured along the dashed line in a. d, ZBC profile and the fitted superconducting gap profile extracted from c
showing the variation of superconducting order across the physical boundary. (An exponential function of−3.78e−x/11.7

+0.93 is used for the fitting.) Note
that the ZBC profile is plotted with the high value (small gap) pointing down to be qualitatively consistent with the profile of the gap value (∆). The error
bars in ∆ represent the minimum and maximum values measured for each data point. The inset shows fitting examples of the normalized dI/dV spectra
with the BCS density of state (each spectrum is offset successively for clarity). e, Schematic profile describing the qualitative behaviour of the order
parameter/pair correlations across a conventional S–N junction. f, The ZBC profile across a superconductor–superconductor (S–S) junction formed by a
3 ML Pb island connected to a larger 2 ML Pb island (the inset shows the corresponding 50 nm×50 nm STM image).

We note that in a recent investigation of a 1D S–N–S junction
comprised of a metallic nanowire with superconductor contacts at
two ends, minigaps existed in the normal metal nanowire over an
extended region1. Moreover, the result is quantitatively consistent
with the solutions of the nonlinear Usadel equation8. In this
sense, our observation of a superconducting gap existing over an

extended length scale in the 2DS–N–Sdouble junctions shares some
similarities. In fact if a 2D S–N–S junction is infinitely long along
the parallel direction, it is theoretically the same as a 1D S–N–S
junction.However, the 2D system exhibits profoundmanifestations
of geometric influence on the proximity effect that do not exist in
a 1D system. For example, as shown in Fig. 1c, markedly different
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Figure 3 | Proximity effects on various confined geometries of Pb island (S)–SIC surface (N)–Pb island (S). a, STM topography image of two 5 ML Pb
islands that provide confined geometry for the SIC area marked as arrow (1) and (2) (sample bias Vs=0.3 V, tunnelling current It= 10 pA). b, The
extracted energy gap ∆ values as a function of distance along the arrows in a. The length of arrows (1), (2) and (3) is around 25 nm, 55 nm and 40 nm,
respectively. c,d, The spatial dependence of superconducting gap spectra at 4.3 K measured along arrow (1) (c) and arrow (2) (d) .

behaviours are observed for regions α and γ. Both are open S–N
junctions, but in region α, the superconducting island has a positive
curvature (resulting in a very short proximity length), whereas in
region γ, there is a negative cusp in the superconductor island that
results in a much longer proximity length.

The geometric manifestation of the proximity effect is inves-
tigated further by studying another junction geometry—the sur-
rounded junction where a hole (or a few holes) exposes the SIC
region in a Pb island (Fig. 4a). In such ‘surrounded’ junctions, we
observe an even more robust superconducting gap in the SIC for
holes with an effective diameter of up to 60 nm. Interestingly, the
ratio between the gap valuemeasured in the hole and that measured
in the surrounding Pb island remains relatively constant over a wide
range of temperatures. Fitting ∆ versus T with the BCS model, one
finds that the data at different spatial locations (Pb island, different
holes) converge to the same TC owing to this constant gap ratio.
This is a direct consequence of the fact that the superconducting gap
observed in the SIC is completely induced by the proximity effect.
Thus, even though the strengths of the induced superconducting
gaps in different holes are different, they all converge to the sameTC.

We have further carried out a systematic investigation of how
the strength of the induced superconducting gap varies with respect
to the size of the normal region in both the S–N–S double-sided
junction and the surrounded junction. In Fig. 4b, we plot the ratio
between the gapsmeasured on the surrounding Pb islands and those
at the centre of the SIC structures. The variable, d , represents either
the effective hole diameter of the surrounded junction or the size of
the normal region in the S–N–S two-sided junction. As one expects,
the larger the size of the normal region, the weaker the induced gap.
Moreover, in the surrounded junction, the strength of the induced
gap ismuch higher than that of the S–N–S two-sided junction.

To quantitatively account for such intriguing manifestations
of junction geometry on the proximity effect, we have carried
out theoretical calculations to solve the Usadel equation for
two different models: a quasi-1D model for a S–N–S two-sided
junction where the dimension parallel to the junction is extended
to infinity; and a 2D model for a surrounded junction with
a circular symmetry (Fig. 4b). These two models represent two
idealized junction geometries for calculation simplicity. However,
they should capture the underlying physics behind the observed
phenomena, in particular the different scaling behaviour. The
most relevant parameter in the calculation is the ratio between
the size of the normal metal and the coherent length, d/ξ . The
theoretical calculation indeed reveals different scaling behaviour
between the two models. The results for two different models
are plotted as dashed curves in Fig. 4b using a coherent length
of 24 nm. The comparison between the theoretical simulations
and the experimental results shows a good quantitative agreement,
particularly for the surrounded junction. For the quasi-1D model,
deviation is observed for d < 40 nm. This deviation is anticipated
because the actual S–N–S junctions in the experiment all have
finite lateral length L. Most measurements in our experiment for
smaller d values are accompanied with shorter lateral lengths.
In comparison the idealized circular junction provides a better
approximation for the surrounded junction, thus yielding better
quantitative agreement.

Although we have carried out calculations for only these two
idealized junction geometries, the quantitative agreement with
the experimental result allows us to draw general conclusions on
the mechanism behind the intriguing manifestation of junction
geometry on the proximity effect. At a fundamental level, the
proximity effect at a S–N junction is due to Andreev reflection.

NATURE PHYSICS | VOL 8 | JUNE 2012 | www.nature.com/naturephysics 467
© 2012 Macmillan Publishers Limited.  All rights reserved. 

http://www.nature.com/doifinder/10.1038/nphys2287
http://www.nature.com/naturephysics


LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2287

Surrounded junction 

Pb 

SIC 

SIC 

Pb 

d 

d 

Pb¬SIC¬Pb junction 

 (m
eV

) 
SI

C
/

pb

Temperature (K) 
0 1 2 3 4 5 6

5 ML_fit  
5 ML

H#1_fit  
H#1

H#2_fit  
H#2

H#1 

H#2 

5 ML
4 ML

140nm × 140nm 
0 

1.4 
nm

d (nm)

T  = 4.3 K 

Pb¬SIC¬Pb junction 

Pb 

Surrounded junction 

Quasi-1D Usadel 

2D Usadel 

L→ ∞ for quasi-1D model  

0

0.2

0.4

0.6

0.8

1.0

1.2

0 20 40 60 80 100

0

0.2

0.4

0.6

0.8

1.0

1.2
a

b

 Δ
Δ

 Δ

Figure 4 |Geometric influences on proximity effects. a, The superconducting energy gap as a function of temperature, ∆(T), measured at different
regions of the corresponding STM image in the inset. The STM image shows an island containing 5 ML and 4 ML regions as well as two holes (H#1 and
H#2) in the 5 ML region exposing the SIC wetting layer. Also shown are the three fitting curves for these ∆(T) using a BCS gap equation. Note that despite
a different gap value, all three curves fall into the same TC of∼5.7±0.1 K. In the inset, the hole sizes of H#1 and H#2 are around 19 nm and 35 nm,
respectively. b, The gap ratio of ∆SIC to ∆Pb at 4.3 K was measured as a function of the junction distance, d, for 1D and 2D confined heterojunctions
described by schematics to the right-hand side.

For a quasi-1D S–N–S double-sided junction, Andreev reflections
occur at both interfaces multiple times, which would lead to an
enhanced proximity effect. It should be mentioned that there
exists a wealth of literature discussing the difference between S–N
interfaces and S–N–S junctions. Some have discussed the role of
multiple Andreev reflections to account for the coherent charge
transport across a S–N–S junction23–26. The real-space STM/S
investigation here brings out the direct contrast between S–N and
S–N–S junctions. In addition, it allows us to gain new insight into
how the 2D junction geometry profoundly impacts the proximity
effect. For example, when there is a negative curvature at the
S–N interface (viewed from the superconductor side), Andreev
reflections seem to converge, leading to an apparently longer
proximity length (region γ in Fig. 1c) or diverge for a positive
curvature (region α). For a surrounded junction, the Andreev
reflection converges from all sides, thus leading to a much stronger
proximity effect. Although qualitative in nature, this argument
accounts for all of our observations: enhanced proximity effects
for S–N–S double-sided junctions, even more enhancement for
surrounded junctions and the influence of the curvature of the
junction interface. This argument is further substantiated by the
quantitative agreement between the theoretical calculations and

the experimental results in two different junction geometries: a
quasi-1D S–N–S double junction and a 2D circular junction.

Methods
Sample preparation. The experiments were conducted in a home-built
low-temperature STM system with an in situ sample preparation chamber. A Pb–Si
reconstructed surface of the SIC phase was prepared by deposition of∼1ML of Pb
onto the Si(111) 7×7 surface at room temperature, followed by sample annealing
at 400–450 ◦C for 4min to form the surface template (see Supplementary Fig. S1).
To get 2D islands, Pb was deposited on the template at ∼200K with a deposition
rate of 0.5ML per minute. Before transferring in situ to the low-temperature STM
stage, the sample was annealed briefly at∼200K for 3min. Pb 2D islands on top of
SIC surfaces with various shapes and thicknesses make an ideal system to investigate
the influence of geometry on proximity effects.

STS. Electrochemically etched tungsten tips treated with in situ electron-beam
cleaning were used for all measurements. All differential conductance spectra
were taken with the same tunnelling parameter with the junction stabilized at
Vs= 20mV and It= 30 pA tunnelling current. To eliminate possible piezo creeping
and thermal drift, the piezo scanner (an STM tip) was stabilized at the required
area for more than 8 h at 4.3 K before each ZBCmeasurement. The same tunnelling
parameter (stabilized at 17mV with 20 pA tunnelling current) was used for all ZBC
measurement. ZBC images were normalized by using a high-order (in this case, fifth
order) polynomial to fit the spectra outside the gap region to represent the normal
DOS. This normalization procedure works quite well for a general shape even when
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the normal DOS contains a dip or peak. More details of the normalization method
are well described in our previous publication19.
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read 247003. This has now been corrected in the online versions of the Letter.

Visualization of geometric influences on proximity effects in heterogeneous 
superconductor thin films
Jungdae Kim, Victor Chua, Gregory A. Fiete, Hyoungdo Nam, Allan H. MacDonald and Chih-Kang Shih

Nature Physics 8, 464–469 (2012); published online 15 April 2012; corrected after print 16 March 2015.

ERRATUM

© 2015 Macmillan Publishers Limited. All rights reserved


	Visualization of geometric influences on proximity effects in heterogeneous superconductor thin films
	Main
	Methods
	Sample preparation.
	STS.

	Acknowledgements
	References


