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ABSTRACT: The superconducting proximity effect induces
pairing correlations in metallic systems via Andreev scattering.
This effect is particularly intriguing in graphene as it enables two-
dimensional superconductivity that is tunable through doping.
Understanding how superconducting correlations propagate within
the metal is crucial to unveiling the key factors behind this
tunability. Here, we employ scanning tunneling microscopy to
investigate the energy and length scales of the proximity effect
induced by Pb islands on graphene. Using tip-induced manipu-
lation, we assemble S/N/S junctions with tunable N-region spacing
and explore the evolution of the proximitized state in the confined
normal region. We find that different doping levels can lead to
either localized or collective superconducting states. By combining
our experimental results with quasiclassical theory, we demonstrate that interface conductance plays a key role in determining the
strength and coherence length of pairing correlations and interisland coupling. Our findings provide new insights into the design of
novel superconducting states and the control of their properties.
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uperconducting pairing can be induced in normal metals
(N) that are in good contact with a superconductor (S),
where Andreev reflection governs electronic transfer across the
" This proximity effect is essential for inducing
superconductivity in quantum materials, enabling a wide range
of novel phases of matter and exotic effects, including
unconventional pairing,> ® superconducting topological
states,” " nonreciprocal supercurrents,'”'" and many-body
correlations in magnetic impurities.lz_16
The length scales of superconducting pairing propagation
into N are crucial for transforming proximitized regions into a
macroscopic superconducting state. In a normal region, the
coherence length £(E) can be much larger than the electron
mean free path, justifying a diffusive description of the
proximity effect.’” It also depends inversely on the correlated

electron/hole energy E, following the relation £(E) = /AD/E

, where D is the diffusion coefficient. Consequently, the normal
local density of states (LDoS) in N is depleted over length

scales ranging from &(Ag) = \JAD/Ag at E = Ag the
superconductor order parameter, to longer distances for E ~
0. If N has a finite length d, the proximity effect induces a hard
(mini)gap A, < Ag, which is primarily determined by the
Thouless energy Er, = AhD/d%'"™*

interface.
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However, the efficiency of superconducting proximity is
often limited by interface properties, frequently modeled by a
transparency parameter that describes the balance between
conventional electron scattering and Andreev reflection.”” The
interface transparency, usually parametrized by a dimensionless
interface conductance ratio y = G;/Gy of interface (I) and
N,**7%° plays a key role in determining the strength of pairing
correlations in N and their characteristic length scales.
Reducing the values of y causes the narrowing of A, and
larger {f(AP) lengths.31 Thus, understanding the role of the N/
S interface in the proximity effect requires determining the size
and shape of the proximity gap, as well as its dependence on
length.”> While scanning tunneling microscopy (STM)
techniques have improved our ability to map the spatial
dependence of the proximity-induced gap,'”**™ the exper-
imental determination of y remains elusive.
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Here, we demonstrate that the strength and extension of the
superconducting proximity effect in graphene can be controlled
by the transparency of the superconductor—normal (S/N)
interface. We compare STM measurements around Pb islands
(S) grown on graphene (N) on the C- vs Si-terminated sides of
a SiC crystal and observe striking differences in the induced
superconducting state, as summarized in Figure la and 1b. On
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Figure 1. Local and collective proximity in SiC graphene. (a,b)
Strength and distribution of superconductivity (in blue) induced by
lead islands on graphene over the two sides of a SiC crystal with
different native doping. Crystal structures of the (c) charge neutral
graphene multilayer on the C-side and (d) the n-doped graphene
bilayer on the Si side of a SiC crystal. (e,f) STM images of nanoscale
Pb islands grown on graphene over the C-side and Si-side of a SiC
crystal.”® Tunnel parameters: V = 100 mV; I = 100 pA.

the C-side, the proximity effect is locally strong but spatially
inhomogeneous, fading with distance from the islands; on the

Si-side, the induced superconducting gap A, is smaller yet
extends homogeneously throughout the graphene layer,
revealing a collective superconducting state. Through quasi-
classical modeling of the proximity effect,'”**™*" we attribute
these different behaviors to variations in the S/N interface
conductance y. In particular, the weaker superconducting state
induced on the Si-side shows longer coherence lengths,
favoring a uniform proximity gap collectively determined by
many islands. These findings establish the S/N interface
conductance as a key parameter governing superconductivity

in graphene-based hybrid systems.

B PREPARATION OF THE LEAD/GRAPHENE SYSTEM

Graphene layers can grow on the two surfaces of hexagonal
silicon carbide crystals by annealing it to high temperatures.*”
As we show in the Supporting Information (SI**), graphene
grows as a charge-neutral multilayer on the C-terminated
SiC(0001) side (C-side) and as an electron-doped bilayer on
the Si-terminated SiC(0001), the Si-side [Figure lc and 1d].**
In two different experiments, we deposited lead (T, = 7.2 K)
by thermal sublimation on graphene on different sides of SiC
crystals, at room temperature and under ultrahigh vacuum
conditions. On both substrates, lead forms polygonal islands
with lateral sizes of ~50—200 nm and height of ~3—10 nm
(Figure le and 1f). To study the effect of Pb islands on the
different graphene surfaces, we used a low-temperature
scanning tunneling microscope at 1.2 K. We acquired
differential conductance dI/dV spectra using Pb superconduct-
ing tips.”~*” All spectra reported are deconvoluted to obtain
the sample LDoS [details in SI**]. The Pb islands display a
bulk-like BCS gap with two coherence peaks at Ag = 1.35 mV,
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Figure 2. Proximitized superconductivity on C-side graphene. (a) STM image of a Pb island on top of C-side graphene. Line and crosses refer to
the points at which the dI/dV spectroscopy in (b) and (c) are taken. (b) Deconvoluted dI/dV spectra (LDoS) measured on the crosses in (a). (c)
Deconvoluted spatial dI/dV along the line in (a). Right, decay of the coherent peaks’ amplitude with distance, fitted using Usadel equations for a
N/S junction using £ = 200 nm and I' = 0.04 A. (d) STM image of an S/N/S junction built by lateral manipulation of two islands. (e) Zoomed-in
image of the same junction at the 107 nm N-region. (f) Same junction after further STM-tip manipulation to the 44 nm N-region. (g)
Deconvoluted dI/dV spectra at the center of the S/N/S junction for different island separations. (h) Deconvoluted spatial dI/dV in the 107 nm N-
region. (i) Simulated LDoS of 107 nm S/N/S, with A = 1.35 mV, I' = 0.04 A, & = 140 nm, d = 83 nm, top electrode y = 8.3, and bottom electrode
7 = 20. (j) Deconvoluted spatial dI/dV in the 44 nm long N-region. (k) Simulated LDo$ of the 44 nm S/N/S. Parameters: A = 1.35 mV, I" = 0.04
A, £ =140 nm, d = 30 nm, bottom electrode y = 20, and top electrode y = 8.3. STM topographies at V' = 100 mV, I = 100 pA and dI/dVat V=35
mV and I = 500 pA with 6V = 100 uV lock-in modulation. Deconvolution was performed with A, = 1.35 mV.

https://doi.org/10.1021/acs.nanolett.5c03487
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c03487/suppl_file/nl5c03487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c03487/suppl_file/nl5c03487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03487?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c03487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(a)

x (250 nm)
(Md) soa

= 1.0
) 24,
3
0.5
g x0.2
0.0k
-2 -1 0 1 2
E-EF (meV)

) g

-A A
© :s : s

25

<—>2Apé

20

LDOS (on)

(Vd) soat

E-Ef (meV)

E-Ef (meV)

Figure 3. Proximity induced superconductivity on Si side graphene. (a) STM image of the region in Figure 1f with all islands removed except the
one shown. (b) Spatial dependence of the LDoS in Si-side graphene along the dashed line in (a). (c) Deconvoluted dI/dV spectra measured on top
of (gray, normalized for clarity) and near (blue) the island shown in panel (a). The minigap amounts to A, = 0.2 mV. (d) Four snapshots of the
closing of an S/N/S junction and deconvoluted dI/dV spectral profiles along the N region (blue lines in the 1mages) (e) Deconvoluted dI/dV
curves in the center or the S/N/S junction in (d). STM with V = 100 mV and I = 20pA; dI/dV set point: V = 6 mV; I = 600 pA. Deconvolution

with A, = 1.35 mV.

characteristic of Pb(111),"* broadened by an inelastic term I" =
0.04 Ag.

B PROXIMITY EFFECT OF GRAPHENE ON C-SIDE SIC

We first investigate the proximity effect induced by Pb islands
on the C-side graphene [Figure 2a], focusing on moiré-free
domains that behave like free-standing graphene.*”** Spectra
acquired near Pb islands display pronounced coherence peaks
near +Ag [Figure 2b], which gradually diminish with distance
from the islands [Figure 2c]. Such evolution of the LDoS in
the N region is well-described by a one-dimensional
quasiclassical model of an S/N system with an infinite N
region, as detailed in ref 41. Applying the model to reproduce
the spectral decay in Figure 2c, we obtain a coherence length
&= E(Ag) ~ 200 + 10 nm, consistent with previous reports,”*
and a diffusion coefficient D ~ 820 cm?*/s.

Graphene regions like the one in Figure 2a exhibit a net
conductance for all subgap energies [Figure 2b], indicating
mcomplete proximitization, as expected for an infinite N
region.”" Surprisingly, graphene domain boundaries on the C-
side, typically spaced with distances of a few times &' do not
induce minigaps inside the coherence peaks but at most faint
zero-energy LDoS dips [Figure 2b]. This is probably remnant
of a narrow gap smeared by finite temperature (1.2 K) or
additional pair-breaking mechanisms, in line with low IR,
products observed in previous measurements.”” >

To induce a minigap in graphene, we confined N-regions
between two Pb islands to lengths comparable to &5. The S/N/
S junction [Flgure 2d] was created through STM tip
manipulation®*™ by laterally dragging triangular Pb islands
to the desired positions.”® Two Pb islands were initially
positioned face to face on a moiré-free graphene region,
separated by 107 nm [Figure 2e]. The spacing was gradually
reduced to 44 nm by moving one island closer to the other
using an STM tip [Figure 2f]. The spectral LDoS taken in the
middle between the islands at each manipulation stage of 107,
90, 73, and 44 nm [Figure 2g] reveals the emergence of a
proximity gap varying from ~0.6 to 0.9 meV, and the in-gap
conductance gradually decreases.

The wider S/N/S junction exhibits a spatially asymmetric
LDoS [Figure 2h] with distinct proximity-induced gap values
near the upper and lower islands. Since both islands have the
same superconducting gap Ag and the Thouless energy Eqy, is
defined by the N region size, the asymmetry likely arises from
variations in the transparency of the island—graphene
interfaces. As shown in Figure 2i, this behavior is well captured
by the 1D quasiclassical model, assuming a lower interface
conductance for the top island (y = 8.3) compared to the
bottom one (y = 20).

In contrast, the shorter S/N/S junction reveals a wider and
more uniform proximity-induced gap along the N region
[Figure 2j], with A, ~ 0.9 meV. The model in Figure 2k
captures both the wider gap, consistent with a higher Ey, and
its homogeneity, even when using the same y values as those
for the more extended junction. This uniformity arises because
the N region is much shorter than the superconducting
coherence length. These results highlight the strong distance
dependence of the proximity effect in graphene and the critical
role of interface conductance in shaping proximity-induced
minigaps.

B PROXIMITY EFFECT OF GRAPHENE ON SI-SIDE
SIC

On the Si-side of a SiC crystal, graphene proximitized by Pb
islands—of similar size and number as those on the C-side—
exhibits notable differences. The most striking is the presence
of a pronounced minigap, homogeneously distributed all over
the graphene sample. To illustrate this, we removed the
surrounding islands around a selected one highlighted in
Figure 1f. Probing the spectral evolution with distance from
the selected island [Figure 3a], we remarkably find that the
proximity gap remains spatially uniform over 250 nm [Figure
3b], in contrast to the local variations observed on the C-side
in Figure 2¢. The minigap has a width A, ~ 0.2 meV [Figure
3c], with faint dips at Ag = 1.3 meV, remlnlscent of Pb island
coherence peaks.

In contrast to the C-side, the LDoS shows lower signal at A
both with and without confinement, the signal of a smaller y
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[see Figure S2 in SI**]. Moreover, in regions confined between
two islands, the LDoS is relatively unperturbed. In the tunable
S/N/S junction shown in Figure 3d, we compare the LDoS in
the N region for island separations d = 115, 102, 69, and 52 nm
and find that it stays nearly constant despite varying d. Even for
separations below the reported &5 = 150 nm, rescaled to Ag
from ref 34, the proximity gap retains the same width A, as in
other regions. The confinement induces only a slight increase
in the LDoS near Ag, as is visible in the average spectra in
Figure 3e.

The robustness of A, upon island removal and its
homogeneity around the sample suggests that, on the Si-side,
the LDoS is not determined by individual island proximitiza-
tion but rather by a collective effect involving all Pb islands
over extended 0graphene regions, which stabilizes a global
proximity gap.”’ Unraveling the origin of such differences
requires extending the model to this configuration.

B MODELING THE COLLECTIVE PROXIMITY EFFECT

The one-dimensional model used above cannot capture the
collective proximity effect induced by multiple islands.
Therefore, we adopt an island array configuration, shown in
Figure 4a (see ref 43 for more details on the model), to solve
the quasiclassical equations. The system consists of an infinite
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Figure 4. Simulation of a periodic array of islands. (a) Sketch of
model used to simulate the proximity effect on the Si side, composed
of a slab of normal metal with an array of islands in contact with it,
extended with periodic boundary conditions. (b,c,d) LDoS along N
slab for different interface conductance values y = 6, 1.5, and 0.75,
using £ = 150 nm, L = d = 300 nm, / = 150 nm, and I" = 0.04 A;. (e)
The experimental LDoS on the Si-side from Figure 3b can be
reproduced with the array model using parameters £ = 150 nm, L =
300 nm, [ = 100 nm, and y = 3. (f) Calculated LDoS between two
islands with different spacings d = 115, 102, 69, and 52 nm, keeping
the remaining array in the unit cell with periodicity L = 106 nm and [
= 53 nm and using & = 150 nm, y = 1, and I’ = 0.04A, (g)
Calculated LDoS at the midpoint between the two central leads
spaced by d in (f), qualitatively reproducing the experimental spectra
presented in Figure 3d.

normal slab (N) proximitized by an array of superconducting
islands (S) placed on top, with interface conductance y and
dimensions extracted from the experiments: island size [ = 53
nm, spacing L = 106 nm, and superconducting coherence
length &5 = 150 nm.**

For interface conductance y = 6, the calculated LDoS along
the N-slab shows a proximity-induced gap with strong spatial
variations between the islands [Figure 4b], resembling the
behavior on the C-side. Reducing y yields smaller, more
uniform gaps [Figure 4c], ultimately forming a nearly
homogeneous minigap at y = 0.75, with LDoS features at E
~ Ag washed out. This scenario seemingly reproduces the
collective proximitization observed on the Si-side. As shown in
Figure 4e, the model captures the LDoS features of the
measured spectra in this multi-island regime.

The most striking feature of the Si-side proximity effect is
the stability of the gap against confinement in an S/N/S
junction [Figure 3d,e]. This behavior is not captured by the
1D model, which predicts the gap opening for any y, but it is
well explained by the array model. Simulating a tunable S/N/S
junction with N-region length d embedded in a periodic array
of Pb islands with spacing L, we reproduce the stability of the
LDoS on d [Figure 4f]. As in the experiment, the proximity gap
remains constant despite varying the d.

The array model also captures the enhanced spectral weight
at Ag, as seen in the simulated LDoS spectra in Figure 4g.
Furthermore, the collective nature of the superconducting state
on the Si-side is confirmed by selectively removing Pb islands
from the array, as demonstrated in the Figure S6 in SI.* This
perturbation produces only slight changes in the proximity gap
A, an effect accurately reproduced by the model.

B DISCUSSION

On the C-side, our results point to highly transparent
interfaces, leading to intense coherence peaks at Ag and a
large proximity-induced gap, which strongly depend on the size
of the normal region. This aligns with the inverse dependence
of the Thouless energy on the size of N, giving & ~ 200 nm at
E = Ag = 1.35 mV. In contrast, the Si-side shows a small,
uniform proximity gap A, ~ 0.2 meV, about one-sixth of Ay,
stable across the sample and in confined regions. The
difference is attributed to significantly less transparent Pb—
graphene interfaces.

The homogeneous LDoS on the Si-side reveals a collective
superconducting state proximitized in the graphene layer.

From the equation &(E) = \/AD/E, a smaller gap due to a
more opaque interface results in a longer coherence length &,
In fact, from the value &4, ~ 600 nm, rescaled to A, from ref
34—about six times larger than the average interisland distance
of 100 nm. Consequently, several tens of Pb islands can be
proximity-coupled for the formation of a collective super-
conducting state, even without a periodic arrangement.””®'
This results in a homogeneous spectral minigap across the
sample. Modeling graphene as a single object proximitized by
multiple islands captures the observed stability and uniformi
of A,—a hallmark of the collective proximity effect,*0>%3
which persists even when removing most of the islands from a
large graphene area [see Figure SS in SI*).

Our results show that the S/N interface conductance is a key
parameter that controls the proximity effect in graphene, which
depends on the degree of doping. In particular, graphene has a
similar work function as lead and, if electron-doped, results in
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larger interface dipoles and smaller tunneling rates compared
to neutral graphene.”* The graphene—metal separation also
tends to increase with the degree of electron doping®
contributing to reducing the interface transparency. Based on
this result, the uniformity of this superconducting state in
graphene can be gate-controlled.”*®*

B ASSOCIATED CONTENT
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