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ABSTRACT

Proximity effects in superconducting-normal material (SN) heterostructures with metals and
semiconductors have long been observed and theoretically described in terms of Cooper pair
wavefunctions and Andreev reflections. While the semiconducting N-layer materials in the
proximity experiments to date have been doped and tens of nanometers thick, we present here a
proximity tunneling study involving a pristine single-layer transition-metal dichalcogenide film of
MoS; placed on top of a Pb thin-film. Scanning-tunneling microscopy and spectroscopy
experiments together with parallel theoretical analysis based on electronic structure calculations
and Green’s function modeling allow us to unveil a two-step process to be at play in which MoS>
first becomes metallic and then it is induced into becoming a conventional s-wave Bardeen-
Cooper-Schrieffer type superconductor. The lattice mismatch between the MoSz overlayer and the
Pb substrate is found to give rise to a topographic moiré pattern. Even though the induced gap
appears uniform in location, the coherence-peak height of the tunneling spectra is modulated
spatially into a moiré pattern that is similar to but shifted with respect to the moiré pattern observed
in topography. The aforementioned modulation is shown to originate from the atomic-scale
structure of the SN-interface and the nature of local atomic orbitals that are involved in generating
the local pairing potential. Our study indicates that the local modulation of induced
superconductivity in MoS: could be controlled via geometrical tuning, and it thus shows promise
toward the integration of monolayer superconductors into next-generation functional electronic

devices by exploiting proximity-effect control of quantum phases.
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The possibility of tuning and controlling superconductivity or other symmetry-breaking
phenomena in functional materials is at the heart of many possible technological applications.
Different pathways can be used to achieve the control of electronic properties. Reducing the
dimensionality to engineer heterostructures of different materials has proven to be a successful
strategy that has already led to many discoveries in condensed matter physics as well as electronics
applications. Low dimensionality leads ultimately to electron confinement that drives changes in
material properties and provides opportunities to tune and optimize symmetry-broken-states.
Furthermore, heterostructures of different materials offer the capability to selectively tune the
coupling between different degree of freedom, where the resulting competition at the interface can
drive the appearance of other ground states, e.g., superconductivity between insulators, or
ferromagnetism between non-magnetic materials. A milestone in this direction has been the
demonstration that charge doping in a field-effect transistor can induce two-dimensional (2D)
superconductivity in an insulator (ZrNC).! This work inspired the scientific community to induce,
by gating, a 2D metallic or superconducting state in monolayer materials. Another milestone has
been achieved with misaligned stacks of graphene layers that can be tuned to exhibit extreme
electrical behaviors of being an insulator? or a superconductor.®

Molybdenum disulfide (MoS>) is a semiconductor with a layered crystal structure consisting
of stacked trigonal prismatic monolayers either in a hexagonal (2H) or a rhombohedral (3R)
polymorph, whose properties are highly tunable in the monolayer form.*° In the bulk form,
chemical intercalation of alkali metals between the adjacent van der Waals MoS: layers can be
easily achieved and superconductivity can be induced by charge carrier doping**~*2 or by high
pressure.* Furthermore, field-induced superconductivity at the surface of semiconducting MoS;

and WS, was recently demonstrated>® at low carrier densities. Once doped, the band structure of
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these systems presents a rich phenomenology with multiple inequivalent electron pockets at
various points of the Brillouin zone (BZ) and gives rise to spin-locking due to the inequivalence
of K and K’ momentum points in the BZ, and makes the resulting superconductor extremely robust
to parallel magnetic fields.!”8 This unusual superconductor presents a non-BCS like gap*® and it
has been suggested to host topologically non-trivial superconducting states.?°

Here we report the observation of proximity-induced superconductivity in monolayer MoS>
adjacent to a Pb film as a conventional s-wave Bardeen-Cooper-Schrieffer (BCS) superconductor.
The local superconducting density of states was probed by low-temperature scanning-tunneling
microscopy and spectroscopy. Superconductivity can be produced locally when two materials are
placed in direct contact.?! Such proximity-induced superconductivity has been established in
metals???® and semiconductors?*2?°® placed in contact with low-Tc superconductors. More recently,
there has been a renewed interest in semiconductor-superconductor interfaces in search of non-
Abelian Majorana fermions in solid-state systems.?

Interplay of spin-orbit coupling effects in a MoS, monolayer and the superconducting
pairing of the substrate can give rise, via the proximity effect, to unusual superconducting pairing
in MoS22” However, we find that the gapped density-of-states in the MoS, monolayer matches the
superconductivity in the underlying layer of Pb (s-wave), and the absence of unconventional
superconductivity is similar to what has been reported in the case of proximity-induced
superconductivity in graphene grown on Rhenium.?® In the latter case it has been argued that
conventional superconductivity can arise when there is significant charge transfer.?

MoS: is often treated theoretically as a freestanding two-dimensional sheet and it has been
used experimentally as a tunnel barrier.3>3! Although this appears to be a reasonable model for
describing the interface properties in Van der Waals heterostructures, in some experimental
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situations there is deviation from this behavior because of physical contact with the
environment.®23 The Fermi energy of chemical vapor deposition (CVD) grown MoS; films lies
in the gap but very close to the conduction band edge. Therefore, even weak interactions can shift
the Fermi energy into the conduction band.

We have performed theoretical modeling to assess whether or not the superconducting gap
and coherence peaks observed in our STS spectra from Pb/MoS> heterostructure are due to the
proximity effect. The necessary condition for the proximity effect to take place is the presence of
interaction-induced MoS; delocalized in-gap states. Previous theoretical studies of metallicity in
monolayer MoS; have been motivated by the need to improve electrical contact between the metal
electrodes and MoS; layers.® In Ref. [34], ab-initio calculations were reported for several metals
whose orbitals might favorably mix with the Mo-4d orbitals. We have analyzed the nature of in-
gap states using ab-initio and tight-binding calculations and we have determined that these states
are hybridized to confirm the metallicity of MoS,. Furthermore, we have modeled
superconductivity by deploying a Hamiltonian with a BCS-type mean field pairing potential for
Pb atoms only to confirm that superconductivity can indeed be induced via the proximity effect in
the MoS, monolayer.

The demonstration of transparent interfaces between a BCS superconductor and a MoS:
monolayer constitutes an important step for developing electronics applications where a metallic

contact will be key to improve energy efficiency of the devices.



RESULTS AND DISCUSSION

Moiré superstructure. Scanning tunneling microscopy and spectroscopy (STM/STS)
allows us to measure the intrinsic one-electron quasiparticle gap and to correlate it with the local
environment at the atomic scale. The heterostructure consisting of a monolayer MoS> and a 100
nm thick Pb film was fabricated ex-situ as described in the Supporting Information Section |
following the “flip-chip” technique®; it was back-cleaved in ultra-high vacuum and quickly
transferred to the STM scanner at low temperature. This allowed us to perform STM measurements
on a fresh surface of MoSz and, more importantly, prevent oxidation at the MoS,/Pb interface.
Details of the characterization of a reference Pb film and the Raman measurements confirming the
2H phase of Pb/MoS: twin samples can be found in Supporting Information Sections Il and IlI.
Figure 1a shows a schematic of the sample measured. In STM images the top S layer of the MoS>
appears with a typical lattice parameter of 3.2 A along with the hexagonal moiré superstructure of
about 3.3 nm periodicity (Figure 1b), which results from the lattice mismatch between the MoS:
layer and the Pb substrate. Black regions in this image are likely associated with subsurface defects
of the Pb layer since a continuous MoS: lattice can be observed, similar to what has been reported
for a MoSz/gold heterostructure.®® In Figure 1c, a semi-transparent STM topography image is
overlaid on the atomic lattice positions of S, Mo and Pb. Here, the S atoms of the simulated MoS;
lattice are aligned with the S atoms of the measured STM topography. The local environment for
each S atom depends on its position. The white trapezoid outlines the unit cell of the moiré pattern
where the S atoms overlap the underlying Pb atoms, while the purple trapezoid outlines the lattice
positions where the Mo atoms overlap the Pb atoms. Periodicity of the moiré structure is only
consistent with Pb(111) lattice parameter of 3.5 A. An angle of 1.5 degrees is calculated to be the

twist-angle between the two layers that produce the observed moiré pattern. A modified Lawer-
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Fujita algorithm (Supporting Information Section 1V)3"® has been used to deduce the lattice
distortion and the result shows that the MoS; lattice parameter is 3.22 A and the strain in the MoS;
monolayer is negligibly small on the order of 0.6%. Furthermore, from a strictly geometrical
perspective, the moiré pattern periodicity evolves with twist angle as a monotonic decrease

represented by the black curves in Figure 1d%:
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where L is the moiré lattice periodicity, ap, and amos> are the lattice parameter of the Pb(111) and
the MoS, respectively, and ¢ is the twist angle. Similarly, the angle between the moiré pattern

and the lattice of the MoS; is described by the monotonically increasing function:
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where 9 is the angle between the moiré pattern and the S-S direction of the MoS; lattice. This
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relationship is represented by the blue curve in Figure 1c. The black and blue curves in Figure 1d
show arange of L and 9 values for an unstrained Pb(111) lattice and one with a 2% strain, indicated
by the arrow. From geometrical considerations of the moiré structure, we thus adduce that the two
lattices have negligible strain (less than 1% for MoS; and less than 2% for Pb). Topography images
were found to be independent of energy (Supporting Information Section V).

Metallicity and Superconductivity of MoSz. In Figure 2 we present the tunneling spectra
at high energy on the MoS: layer that demonstrate the metallicity of the MoS: layer when it is in
contact with the Pb(111) substrate. The black curve shows a typical semiconducting spectrum with

a gap of 2 eV recorded with the same initial conditions on MoS, monolayer prepared in the same



way but not in contact with Pb. The Fermi level lies in the semiconducting gap but quite close to
the conduction band edge, typical of films fabricated by CVD.* The red curve shows a metallic
parabolic spectrum when MoS; is placed in contact with Pb(111), indicating an overall strong
coupling between the MoS: film and the Pb substrate. The tunneling spectrum acquired in the low
energy range reveals a superconducting spectrum with a very uniform superconducting gap
parameter E; (Figure 2b). Conductance in the entire gap region is seen to be very similar to that
of the reference Pb film, differing only at the coherence peak, where the intensity is always higher
than that of the Pb film (Supporting Information Section II). Metallic behavior of the high-bias
spectrum indicates that Pb superconductivity is being observed through the proximity effect in the
MoS; film. Two models of the proximity effect, McMillan*® and Arnold*'#?, are considered in
order to span the range from weak to strong N-S coupling. In the McMillan description of the
proximity effect® a diffusive barrier is assumed to exist between the normal (N) and
superconducting (S) layers. The pair potential A(r) is expected to jump at the NS interface with
the jump being reduced upon increasing the transparency of the barrier. Two features are typically
observed in this model including a gap-like feature due to the induced pair potential Ay < Ag.
Here, we observe only a single gap-like feature near the expected value for Pb and so we focus on
the Arnold model as outlined below, see Supporting Information Section V1 for details.

The conductance map acquired at the energy corresponding to the coherence peak in Figure
2b is shown in Figure 3 together with the topography acquired simultaneously (Figure 3a). The
conductance map shows a moiré modulated pattern with the same periodicity as that observed in
topography but shifted so that the maximum signal is obtained neither at a S location that overlaps
the Pb atoms of the substrate (maximum of the moiré pattern in topography) nor at a location where
Mo atoms overlap the Pb atoms, but somewhere in-between these two locations as indicated by
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the red trapezoid in Figure 3b, which has been obtained by superimposing the experimental
conductance map on the atomic layer structure. The contrast in the conductance map can be
understood by recording a full spectrum across a period of the moiré pattern. A line spectroscopy
profile consisting of 15 spectra acquired along the white line shown in Figure 3a is given in Figure
3c. The sequence of spectra shows that the energy gap is uniform with location (inset of Figure
3c), but that the coherence peak-height is modulated with the periodicity shown in Figure 3a.
Furthermore, no other feature of the tunneling spectrum changes as a function of location.

Given that the period-length of each moiré pattern (3.33 nm) is considerably less than the
bulk coherence length of Pb (83 nm), it is unlikely that the conductance peak variation is due to
local changes in Pb-superconductivity. Furthermore, it can be argued that the peak modulation is
not a consequence of any local variation in the tunneling matrix element. As noted above, Figure
2 shows a background-tunneling conductance at high bias suggestive of vacuum tunneling above
a metallic surface. Slight changes in tunneling probability would simply rescale the junction
current and would thus be easily compensated by adjusting the tip distance so that a fixed current
is obtained at a fixed bias voltage.

As shown in Figure 3 the peak variation is accompanied by a nearly identical above-gap
conductance. This suggests an identical normal state (or background) conductance, an effect that
is verified by direct measurements above the upper critical field Hco. Thus, the peak variation is a
property of the normalized conductance or the local superconducting density of states (DOS). As
discussed above, this cannot be coming from the Pb film itself and therefore must be related to the
Pb/MoS; structure and the associated interface. There is considerable literature available on
tunneling into the N side of N/S bilayers*#2 and it is understood that the surface tunneling density

of states, NT(E), is quite sensitive to the N-layer thickness as well as N/S interface properties such
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as quasiparticle transparency and scattering. Such interface properties will be local and related to
the atomic overlap of MoS; on Pb, which displays the moiré pattern. At a qualitative level, it is
therefore reasonable that the peak in Nt(E) would display a moiré pattern as well, and that there is
no inherent reason that it would have to be commensurate with the moiré pattern generated by the
atomic positions.

For a quantitative analysis, we first define the extrema of the conductance peaks in Figure
3 as “high” and “low”. As shown in the inset of Figure 4, the high peak displays a normalized
conductance that is higher than the thermally smeared BCS conductance. We note that the low
peak is slightly above, but very close to the BCS value. While there are numerous processes that
can lead to tunneling conductance peaks that are lower than BCS (e.g. inhomogeneities,
pairbreaking, McMillan-type proximity effects®°), there is only one phenomenon we are aware of
that can produce a conductance peak that is higher. These are the proximity-effect related
structures in the Arnold limit, i.e. the specular interface***? can exhibit Andreev bound states at
energy E, < Ag to produce very sharp conductance peaks in Nt(E), so that the generated
normalized conductance exceeds that of BCS. As detailed in Supporting Information Section VI,
for ultra-thin N layers, the bound state energy is very close to Ag.*3

There are three main parameters in the Arnold N;(E)*. The first, d/I, is the ratio of N
layer thickness d and the bulk electron mean free path [ at low temperature. Given that the MoS>
layer is a single monolayer in our case, this parameter will be quite small and we fix it at a value
of 0.001, which has minimal effect on N;(E). The remaining parameters are contained in the
expression:

R(1+1)

Rerr =Ta—n
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Here R = 2d/hvr where v is the Fermi velocity in the MoS; film, a quantity that can be
compared to the literature for states near the conduction band valley.** The difference in Refs
values for the high and low peaks in Figure 3 is thus attributed to differences in the reflection
coefficient, r, at the NS interface. Assuming r = 0 for the low peak, the larger R, s which gives
rise to the bound state pulled down from the continuum, and thus the high peak, has the maximum
value of = 0.5. The assumption of the Arnold model is that 72 <« 1, which is generally satisfied
in the fitting of all the conductance spectra, although the maximum value of r only modestly
satisfies this condition. Nevertheless, the conductance peaks are seen to fit reasonably well.
Deviations of the data from the fit at bias values eV’ > E can be attributed to the strong coupling
effects from Pb phonons® which are at relatively low energies and are not included in the model.
The analysis above thus presents a very plausible explanation of the moiré pattern that
originates from the conductance peaks. The hexagonal structures of the underlying Pb (111)
surface and the MoS: plane are not perfectly matched, which leads to the moiré pattern associated
with atomic positions. This pattern means that there are regions with distinct interface properties,
originating in the overlap of atomic orbitals. A local property of the interface, namely the electron
reflection coefficient, would thus be expected to vary as well and exhibit its own moiré pattern.
Within the Arnold theory, such a variation in r leads to the observed variation in the conductance-
peak height. The analysis is consistent with the earlier experimental observations, which conclude
that the MoS: layer appears to be metallic. Metallicity is also confirmed by the detailed DFT-based
calculations of the MoS, monolayer on Pb as detailed below.
Theoretical Modeling and Analysis: Metallicity of MoSz. Theoretical calculations were
performed to assess the metallicity of the MoS: layer and charge transfer using both ab-initio and

tight-binding methods. Moreover, we analyzed the proximity-induced superconductivity in the
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MoS: overlayer using a material-specific tight-binding model including superconducting (SC)
pairing. The horizontal lattice structure of MoS: was left intact in the computations, while the Pb
substrate is allowed to relax in the presence of the MoS; overlayer. The justification for this
approach is that our experiments suggest that the MoS: overlayer is practically unstrained. Since
variations of local overlap between orbitals of the interfacial Pb and S atoms are present due to
moiré periodicity, we also tested the emergence of in-gap states for a few different relaxation
conditions of the substrate and the overlayer.

Our ab-initio calculations reveal the emergence of dispersive in-gap bands with a significant
contribution from MoS», which suggests induced metallicity. This is further supported by our
partial-DOS (PDOS) results showing that Mo-4d orbitals contribute substantially to the in-gap
states. Figure 5a shows the PDOS of the orbitals of MoS; obtained on a first-principles basis using
the VASP* code. The black curve for an artificially free-hanging overlayer (MoS.) exhibits a clear
gap between the valence and conductance bands, while the red curve for the interacting system
reveals substantial formation of in-gap states at the Fermi-energy. In Figure 5b, the corresponding
band structure is shown in order to check whether the in-gap states are localized or itinerant. The
projection of Mo-4d orbitals (green markers), indicates that the overlayer related in-gap states
crossing the Fermi-level are quite dispersive, which is a signature of itinerant states.

Figure 5c discusses charge-transfer effects by considering the differential charge distribution
in the interacting system over the energy range of -0.5 to +0.5eV along the lines of Popov et al.**
A visible differential charge accumulation at the lower part of the MoS2 overlayer is seen to emerge
(see Figure 5d) with a moderate tunneling barrier between the substrate and the overlayer (see
Figure 5e). Nevertheless, the supporting tight-binding calculations indicate hybridization between
the orbitals of the interfacial Pb and the MoS; atoms, and the corresponding PDOS spectra of the
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orbitals of the overlayer more or less follow the ab-initio results. We also performed comparative
tight-binding calculations of differential charge transfer between a non-interacting and interacting
system. As shown in Figure 5f-g, a clear accumulation of charge especially in the lower part of the
overlayer is observed.

The distance between the substrate and the overlayer controls the overlap between the
substrate and overlayer orbitals, and strongly determines the degree of hybridization between these
orbitals, which is the key factor responsible for the metallicity of the MoS> film. Our conclusion
is that in-gap states in MoS; overlayer induced via its interaction with the normal-state Pb substrate
are itinerant, which makes MoS, metallic, and makes proximity-induced superconductivity
possible. We have carried out computations with different relaxation conditions for the substrate
and the overlayer and find that the emergence of in-gap states is a robust feature of our results.

Theoretical Modeling and Analysis: Proximity induced Superconductivity. In our
simulations of the SC state, we used a supercell 2x2 times the original cell, but with only three Pb
layers in order to help visualize the proximity effect more clearly. We solve the Bogoliubov-
deGennes (BdG) equations in a tight-binding basis in terms of a Nambu-Gorkov Green’s
function.*”® Its regular matrix elements, G(E), give the quasiparticle spectrum, which can be
compared with the experimental dl/dV spectrum; its anomalous part, F(E), stands for the
condensation amplitude, and it can be used to study, e.g., the symmetry and the coherence length
of superconductivity. Because of the presence of in-gap states within the MoS; layer, the system
forms a superconducting-normal (SN) interface. We invoke a pairing potential matrix 4g as an
input parameter with nonzero elements for only the orbitals of the superconducting subsystem.
Solving the Nambu-Gorkov Green’s function shows that the spectroscopic gap E; remains
essentially unchanged from the Pb substrate up to the top Sulphur layer since orbital hybridization
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across the SN interface is rather strong. As discussed in the Supporting Information Section VI, an
induced pair-potential 4, is expected to emerge on the normal side due to the proximity effect.*
Within the present model, 4y = 0 except at the interface, where Ay = —HysF&(E)H]y, F&%(E)
is the anomalous Green’s function for the non-interacting Pb substrate, and Hy ¢ denotes the block
of normal-state matrix elements of the Hamiltonian across the SN interface. Our theoretical
modeling indicates that the value of Ay in the MoS; layer vanishes above the interfacial Sulphur
layer, implying that the resulting potential well (Ag — Ay) will support the presence of an Andreev
bound state “>*3 and our use of the Arnold model to explain variations in the intensity of the
conductance peak. A limitation of the present model, however, is that the pair potentials Ag and
Ay are not calculated self-consistently from the anomalous Green’s function F, and hence the
model is not expected to fully capture interference effects between the BCS-type states and the
possible Andreev bound states. Nevertheless, the present model convincingly shows the onset of
proximity-induced superconductivity by accounting for the superconducting gap and the
coherence peaks in terms of the atomic orbitals of the overlayer.

In Figure 6, the most important results related to the superconducting state are shown. The
main signature of the proximity effect is shown in Figure 6a, where we give the contributions to
the LDOS spectrum from different layers of the substrate and various atoms of the MoS; film.
Contributions from different layers are scaled to the positive energy dip in the spectrum. A striking
evidence for the proximity effect is provided by the fact that both the energy gap and the height of
the coherence peaks for the interfacial Pb and S are quite similar to the corresponding results for
the middle-layer Mo and surface-layer S, with the coherence peaks being at their highest at the
interfacial layers for both Pb and S. Although it is not practical to model the moiré patterns within

the framework of our present model, the form of the induced order parameter (off-diagonal self-
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energy term) YV, (E) = —HysF&(E)H], reveals that the local pair potential 4 at the interface is
laterally inhomogenous, since the interfacial matrix elements of the Hamiltonian are dependent on
the distance and bond orientation between the interfacial S and Pb atoms. This indicates that the
variation in the gap features against the moiré variation are governed by the local interactions
across the SN-interface. In the Supporting Information Section VI, we further discuss how the
regular and anomalous self-energies differ from each other and how this leads to different
dependencies of the condensation amplitude and the regular LDOS on the local geometry of the
interface.

The contribution of different orbitals to the proximity effect can be further characterized by
considering the anomalous matrix elements @, of the density-matrix between the orbital o of
superconducting Pb and the orbital g of an atom in the overlayer. In a more coarse-grained
approach, the coherence length & would be a measure of the decay of superconducting pairing
across the interface between the S and N subsystems. However, in our tight-binding basis, we do
not necessarily see a monotonic decay of this correlation in condensation, but this decay will in
general be orbital dependent. In Figure 6b, we see that the off-diagonal elements between the p;
orbital of interfacial Pb and both the dz2 and dx2-y2 orbitals of Mo are as high as the matrix element
between the Pb and the p; orbital of the interfacial S. This indicates that there is a significant
correlation between the d-orbitals of Mo and the orbitals of the substrate Pb, and hence these
overlayer orbitals have a dominant role in the proximity effect. The superconducting pairing is still
significant up to the surface Sulphur atoms, but the corresponding pz-p. matrix elements are
relatively small compared to those of Molybdenum d-orbitals. The importance of the d-orbitals of
Mo is also seen in the real-space cross-sectional projections of the anomalous density matrix .

Figure 6¢ shows the horizontal ball-and-stick geometry of the system, and Figure 6d shows the
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corresponding cross section of the condensation amplitude @(r, E) at the positive coherence peak
0.2A above the surface layer of S. The condensation amplitude does not change sign anywhere,
which supports the conclusion that superconductivity possesses s-wave symmetry. The vertical
cross-sectional visualization of @(r, E) in Figures 6e-g shows the layer-wise evolution of induced
superconductivity within the heterostucture. Figure 6e indicates the enhanced nature of the
condensation amplitude at the interfacial layers of Pb and S, as the cross-sectional plane is chosen
to be at almost equal distance from Pb, S and Mo atoms. On the other hand, as the cross-sectional
plane includes the Mo atoms of the overlayer, the strong contribution of the d-orbitals at Mo layer
is observed in a consistent manner to the off-diagonal matrix elements of the anomalous density
matrix in Figure 6b. In addition to giving strong evidence of proximity-induced superconductivity,
these results also show the strong local heterogeneity of the condensation amplitude at the atomic

scale.
CONCLUSIONS

In this high-resolution STM/STS study, we have investigated Pb(111)/MoS; heterostructure
and demonstrated proximity-induced superconductivity in the MoS2 monolayer. Ab-initio and
material-specific tight-binding calculations show the presence of substantial coupling between the
MoS; overlayer and the Pb substrate, which induces itinerant in-gap states in MoS; and makes it
metallic. The induced superconductivity in the MoS> overlayer is very similar to the s-wave BCS
superconductivity of Pb, with a tunneling spectrum that shows higher coherence peaks compared
to the expected BCS value. We find that the modulation of the coherence peak-height of the
tunneling spectrum forms a moiré pattern that does not coincide with the moiré pattern observed
in topography. We show how this intriguing result could be explained in terms of the local

transparency of the interface, which is controlled by orbital overlaps that vary across the interface
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and affect the Andreev bound state energy and the tunneling spectrum. These experimental
findings coupled with our parallel theoretical modeling show that the coupling between the MoS>
and Pb layers can potentially be tuned in a controllable way and that the details of interactions

between the MoS; and Pb orbitals at an atomic-level scale control the proximity effect.

METHODS

Film Growth. Single-layer MoS, films were grown on single-side polished, sapphire
substrates (University Wafer - C-M plane 0.2°) using the ambient pressure chemical vapor
deposition technique described previously.* Prior to the deposition, the substrates were cleaned for
5 minutes in both isopropyl alcohol and acetone using an ultrasonic bath. After the CVD
deposition the samples were transferred to a thermal evaporator chamber where Pb pellets (Kurt
Lesker — 99.999%) were used to evaporate a 100nm film on top of the MoS: in high vacuum (10
"mbar) at an average rate of 1.5 A/s. Following the “flip-chip” technique described in Ref. [35], a
conducting epoxy (Ted Pella H20E) was then applied to the top of the Pb film which was adhered
to a Cu sample holding plate used for STM experiments. Similarly, a post was glued to the back
side of the sapphire substrate and this structure was placed in the UHV chamber attached to the
STM chamber. The sample was cleaved in UHV along the plane in between the sapphire and the
MoS: film, thus revealing the monolayer MoS; film on top of the Pb film. The details of the
cleavage are illustrated in Supporting Information Section I.

STMI/STS. Scanning-tunneling microscopy and spectroscopy measurements were carried
out using a Unisoku STM with PtIr tip in an ultra-high vacuum (< 10 Torr) at T = 1.5 K. The
exposed, post-cleavage, MoS; surface was never exposed to air and therefore did not need

additional cleaning treatment prior to STM measurement. After cleaving, the sample was
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immediately transferred to the cold STM scanner in the adjacent UHV chamber without breaking
the vacuum. The Ptlr tip used in this experiment was previously prepared on Au single crystal and
checked on the surface of a NbSe: single crystal, cleaved in-situ. The STM images were recorded
in constant-current mode with tunneling current of 100pA. The dI/dV spectra were recorded using
a lock-in technique with a modulation voltage of 10 or 20 mV for the high-energy spectra and 0.2
mV for the low-energy spectra. The modulation frequency used for all spectroscopy was 373.1Hz.
I-V curves were acquired simultaneously. An average of 10 spectra per location were acquired.
Conductance maps were acquired using the same lock-in parameters used for the point
spectroscopy. The conductance values at energies of 0 mV (Fermi energy), 1.6 mV (coherence-
peak energy) and 10 mV (above the gap) were recorded at 128 x 128 points over the 15.6 x 15.6
nm? area. The set-points parameters used were: V=10 mV, 1=100 pA. Note that conductance
maps at low energy show no contrast except for the map acquired at the coherence peak energy.
We have used the average value of the conductance map at 10 mV to rescale the conductance map
at the coherence peak. This procedure assures that the contrast of the image in not influenced by
the single-value rescaling and that the level of noise is the same as the raw data.

AFM. Atomic-force microscopy images were acquired in tapping mode using a Veeco Dimension
Icon SPM with an Antimony (n) doped Si tip having a nominal tip radius of 10 nm (Veeco,
NCHYV). In this mode, the cantilever is driven to oscillate at its resonance frequency of 320 Hz by
applying an AC voltage to the z-piezo. A feedback loop is used to fix the tip-sample separation
point-by-point in order to keep the amplitude constant. The adjustments in tip-sample distance,
driven by the feedback loop, are thus a measure of sample topography. AFM measurements were

carried out under ambient conditions.
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Ab-initio Calculations. First-principles calculations were performed in the framework of density
functional theory (DFT) by using the VASP package.*® The exchange-correlation functional within
the generalized-gradient approximation parameterized by Perdew, Burke and Ernzerhof*® was
used. The slab used to describe the system contained 6-layers of Pb atoms in (111) orientation to
model the substrate, one monolayer MoS,, and a 20A thick vacuum layer on the top of the
heterostructure. The vacuum layer was added to eliminate the interaction with its images. A

supercell was constructed by aligning the zigzag direction of MoS» and Pb(111) surface. A 2x2

supercell of MoS, was set to match +/3x v/3 supercell in the substrate. A force criterion of
0.01eV/A was used in the relaxation procedure of the substrate and the heterostructure. The
Brillouin zone of the periodic array of MoS»/Pb slab was sampled by a 11x11x1 k-point grid in the
relaxation process, while a denser 19 x 19 x 1 k-point grid was used to calculate the density of
states.

Tight Binding Calculations: Following references®®®!, we express our model Hamiltonian as
follows.

H = Zapo(€aCaoCar + VapCaotps) + Hic (1)

Here CLU(CM) is the real-space creation (annihilation) operator, o is a composite index that
encodes both the site and orbital information, and o is the spin index. The on-site orbital energy
(€0) and the hopping integral between orbitals o and B (Vg ) are obtained within the Slater-Koster
formalism®2°3, Superconductivity is modeled using a BCS-type Hamiltonian in a parametrized
form by applying an s-wave-symmetric singlet order parameter Aacs—o. Accordingly, we write

the SC part of the Hamiltonian as:

Hge = Zaﬁa(AaaB—aclaC;—a + h.c. ) (T2)
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The order parameter 4,453 is non-zero only for the onsite matrix elements (3 = @) of the s- and
p-orbitals of Pb atoms. We have artificially enhanced the amplitudes of the matrix elements, since
modeling a narrow energy range would also require a dense k-point mesh. Nevertheless, the trends
in gap-width and coherence peak-heights are not sensitive to the absolute value of the order
parameter.

This Hamiltonian effectively leads to Bogoliubov- deGennes equations, which can be used to

derive the Nambu-Gorkov tensor Green’s function®’*®

e~ (i g)

which consists of the regular Green’s functions G, and G, for electrons and holes along the
diagonal, and the anomalous Green’s functions FT and FTtas off-diagonal blocks. The regular

quasiparticle spectrum is derived from the regular part of the Green’s function

Pap=——(G -GN (T4)

2mi

The electron-hole pairing amplitudes between orbitals o and 3 can be extracted from the anomalous

terms of the density matrix
1
¢aﬂ =—-——(F - FT)aﬂ (TS)

2mi

Furthermore, matrix @ can be transformed into real space cross-sections to visualize the symmetry

of pairing as is done in Figure 6 by using Slater orbitals as a real-space presentation of the basis.
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Supporting Information on sample fabrication, characterization and modified real-space Lawler-
Fujita Algorithm as well as the relationship between the present theoretical model and the

McMillan and Arnold formalisms is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. Moiré pattern of MoS2 on Pb(111) a, A 3D schematic of the STM measurement
on one monolayer of MoS2 on a Pb(111) surface. b, STM topography of the monolayer MoS: film
on Pb (V =50 mV, I =100 pA). The scale-bar represents 5nm. ¢, A model depicting the atomic
positions of S, Mo and Pb atoms with a semi-transparent STM topography overlaid (V = 10 mV,
I =100 pA). The atoms in the STM topography are aligned with the S atoms in the model. The
white (purple) trapezoid outlines the unit cell of the moiré pattern where the S (Mo) atoms overlap
the Pb atoms. The scale-bar represents 2nm. d, The dependence of the moiré periodicity (black
lines) and of the angle between the moiré pattern and MoS; (blue lines) as a function of rotation
between the MoS; and Pb lattices. The black and the blue highlighted regions represent the range
of values of L and ¥ from an unstrained Pb film (topmost curves) up to a 2% strain of the Pb film
(bottom-most curves). The red crosses represent the measured values where the MoS2/Pb angle of
1.5° was obtained by the model in Figure 1c.
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Figure 2. Metallicity and superconductivity of MoS2 monolayer on Pb(111). A
comparison between the metallic spectrum measured on the topography of Fig.1la with a typical
spectrum measured on MoS; displaying semiconducting behavior acquired with the same
stabilization voltage (Vset= 1.0 V, 1 =100 pA). b, A low-energy spectrum acquired on MoS,/Pb
(black) is compared with a typical spectrum acquired on the reference Pb film (blue) (Vset = 10
mV, | =100 pA, Vmod=0.2 mV, T=1.5 K). The spectra have been normalized by their value of

conductance at V=10 mV.
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Figure 3. Modulation of superconductivity with the topographical moiré pattern. a, Left
panel shows the STM topography and the right panel shows the conductance map recorded at the
energy corresponding to the coherence peak in the tunneling spectrum (V=1.6 mV). The
conductance map at the coherence peak energy (1.6 mV) was normalized to the average value of
the distribution of the normal state conductance map (10 mV). The conductance signal shows
modulations that form a moiré pattern with the same periodicity as that measured in topography.
b, The model from Fig. 1b with a semi-transparent conductance map at the energy of the coherence
peak overlaid showing the positions of the maxima in the map relative to the atomic positions.
The red trapezoid represents the unit cell of the modulation of the conductance map. ¢, A series
of 15 spectra acquired over the white lines in Fig. 3a (Vset = 10 mV, | = 100 pA). The tunneling
spectra were normalized by their value of conductance at V=10 mV. The inset gives the top view

of the tunneling spectra and shows the uniformity of the gap across the moiré period.
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Figure 4. Proximity analysis of the low-energy tunneling spectra. Tunneling conductance data
exhibiting the high peak (red dots) and low peak (blue dots) at the extrema of Figure 3c. The
tunneling conductance spectra have been normalized to the normal-state conductance spectrum.
Theoretical fits using the Arnold theory are shown as solid-black lines with R values indicated.
Inset shows the high-peak data compared to an ideal BCS conductance for A= 1.38 meV at the
measured temperature T=1.5K. Inset shows the high-peak data compared to an ideal BCS

conductance for A= 1.38 meV at the measured temperature T=1.5K.
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Figure 5. Induced metallicity of the MoS: overlayer. a, PDOS projected onto the orbitals
of MoS; for non-interacting (black curve) and interacting (red curve) MoS2/Pb system; b, The
band structure of MoS> with projection of the d-orbitals of Mo atoms; c, The partial charge density
(between -0.5 and +0.5eV) of MoSz on Pb(111); d, the z-dependence of the partial charge density
of ¢; and e, the corresponding potential energy of electrons; f, a ball-and-stick model for tight-

binding calculations; g, the differential charge compared to a non-interacting system.
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Figure 6. Spatial variation of the density of states and the pairing amplitude. a, Scaled
PDOS of (s + 3p)-orbitals of the bottom (black, scaling factor x1.0), middle (blue, x2.03) and
interfacial Pb (green, x1.14), interfacial S (cyan, x14.8), (s+5d)-orbitals of Mo (red, x9.54) and p-
orbitals of surface S (magenta, x35.6). A magnified plot around the positive energy peak is shown
in the insert; b, The off-diagonal elements of @,z between the p.-orbital of a top-layer Pb atom,
and the selected orbitals of MoS; overlayer: p; of an interfacial S (cyan), dx..y2 of Mo (green), dz2
of Mo (black) and p; of the top layer S (magenta). ¢, Geometric structure of the system in tight-
binding calculations. S, Mo, and Pb atoms are denoted by gray, beige and blue spheres,
respectively. The red circles indicate the horizontal position of the interface layer Pb atoms. d,
The horizontal cross section of the pairing amplitude maps &(r,E) at the positive energy
coherence peak at 0.2 A above the surface S layer. e, and f, The vertical cross-section of the pairing
amplitude maps @ (7, E) at the positive energy coherence peak. The cross-sectional planes follow
the dashed line and the dash-dotted line of (c), respectively. g, The side view of the simulation cell

corresponding to e and f.
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