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Multiband superconductivity in strongly hybridized 17’'-WTe, /NbSe, heterostructures
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The interplay of topology and superconductivity has become a subject of intense research in condensed-
matter physics for the pursuit of topologically nontrivial forms of superconducting pairing. An intrinsically
normal-conducting material can inherit superconductivity via electrical contact to a parent superconductor via
the proximity effect, usually understood as Andreev reflection at the interface between the distinct electronic
structures of two separate conductors. However, at high interface transparency, strong coupling inevitably leads
to changes in the band structure, locally, owing to hybridization of electronic states. Here, we investigate
such strongly proximity-coupled heterostructures of monolayer 17'-WTe,, grown on NbSe, by van der Waals
epitaxy. The superconducting local density of states, resolved in scanning tunneling spectroscopy down to
500 mK, reflects a hybrid electronic structure well described by a multiband framework based on the McMillan
equations which captures the multiband superconductivity inherent to the NbSe, substrate and that is induced
by proximity to WTe,, self-consistently. Our material-specific tight-binding model captures the hybridized
heterostructure quantitatively and confirms that strong interlayer hopping gives rise to a semimetallic density
of states in the two-dimensional WTe, bulk, even for nominally band-insulating crystals. The model further
accurately predicts the measured order parameter A >~ 0.6 meV induced in the WTe, monolayer bulk, stable
beyond a 2 T magnetic field. We believe that our detailed multiband analysis of the hybrid electronic structure
provides a useful tool for sensitive spatial mapping of induced order parameters in proximitized atomically thin
topological materials.

DOLI: 10.1103/PhysRevB.105.094512

I. INTRODUCTION

Inducing superconductivity by proximity in materials with
nontrivial band topology [1-3] has become a method of choice
in the search for unconventional forms of superconducting
pairing [4,5]. Prominent examples are demonstrations of un-
conventional superconductivity in semiconductor nanowires
with strong spin-orbit coupling [4], atomic chains and islands
[5,6], as well as at the surfaces and edges of three-dimensional
topological insulators [7] and semimetals [8]. At the one-
dimensional (1D) edges of two-dimensional (2D) topological
insulators [9,10], such as the quantum spin Hall (QSH) state
[11], the presence of non-Abelian parafermions has been
predicted [12].
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In any material system, topologically trivial or nontriv-
ial, the proximity effect can be understood in a microscopic
picture to result from Andreev reflection of quasiparticles at
the superconductor—normal-metal interface. The strength of
the induced superconducting pairing is directly linked to the
transparency of the interface, i.e., the tunneling coupling at
the contact between the proximity-coupled materials. While
strong induced pairing with a large order parameter may
often be desired, e.g., to mitigate disorder or the effects of
an applied magnetic field [4], it is often assumed that the
tunnel-coupling does not induce any fundamental changes to
the band structure. In stark contrast, exchange of charge, es-
pecially across atomically abrupt interfaces, can be expected
to give rise to atomic bonding or at least perturbations of the
electronic structure, which can lead to profound changes in
the electronic band dispersion [13].

©2022 American Physical Society
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Here, we investigate the hybrid electronic structure of
such strongly coupled heterostructures of the quantum spin
Hall (QSH) candidate 17'-WTe,, grown by in situ van
der Waals epitaxy on the type-II superconductor 2H-NbSe;.
Scanning tunneling spectroscopy down to 500 mK allows
us to resolve the superconducting local density of states
(LDOS), which we analyze within a self-consistent multi-
band framework based on the McMillan equations [14]. We
show that superconductivity is induced in a semimetallic
WTe, monolayer bulk, which we understand as a result of
a strong interlayer tunneling across the heterointerface, lead-
ing to hybridization of electronic states. A material-specific
mean-field tight-binding model is able to capture the hybrid
electronic structure in the normal state, allowing direct quan-
titative comparison with the measured LDOS. As a result, our
model is able to predict the magnitude of the induced su-
perconducting order parameter, quantitatively, robust against
magnetic fields beyond 2 T. Owing to strong hybridiza-
tion, we observe a significant weakening of the topological
edge state signature, measurable by an enhancement of the
LDOS in the normal state at the edge, concomitant with
a slight enhancement of the induced superconducting order
parameter.

Tungsten ditelluride (WTe;) and related members of the
transition-metal dichalcogenide family with 17’ crystal struc-
ture have attracted much attention as candidate material
systems to realize type-II Weyl [15] fermions and higher-order
topology [16] in its three-dimensional (3D) bulk. Evidence
of high-order semimetallic properties have recently been con-
firmed in superconducting Josephson junction measurements
[17,18], showing that induced supercurrents are well localized
to the materials’ 1D edges (‘“hinges”). In atomic monolayers,
a time-reversal-symmetry-protected 2D topologically insulat-
ing state [19] has been predicted, arising from inversion of
the transition metal d and the chalcogen p orbitals, highly
tunable by electric fields and strain [19]. While free-standing
17’-WTe; monolayers had initially been predicted to be
semimetallic with a negative fundamental band gap [19], a
positive gap was later confirmed by density-functional theory
and layer-dependent optical spectroscopy [20]. Quantum spin
Hall insulating behavior and the presence of highly confined
1D metallic states at the edge have since been confirmed
in electron transport [21,22], angle-resolved photoemission
spectroscopy (ARPES), and scanning probe measurements
[23,24] including microwave impedance microscopy [25].
However, the sensitivity of the WTe, band gap to strain [26]
and electric fields [27] remains a matter of intense debate
because significant variations in the magnitude and definition
of the measured QSH bulk have been observed [20-24,27,28].
Recent reports indicate that the bulk gap observed may indeed
arise from 2D electronic interactions [28], challenging the
band-insulating picture [29,30].

The study of superconductivity remains of fundamental
interest in both the QSH insulating [12,19,31] and semimetal-
lic [32,33] states of 17’'-WTe,, given theoretical predictions
of nontrivial pairing. Intrinsic low-density superconductivity
has recently been reported in the 2D bulk of electrostati-
cally doped semimetallic WTe, monolayers [34,35], and is
believed to be of nontrivial pairing [32,33]. Similarly, the 1D
helical edge of any quantum spin Hall insulating state has

been predicted as a potential host for parafermions in the
superconducting state [9,10,12,19,31].

Superconductivity up to relatively high critical temper-
atures and magnetic fields can be achieved by proximity
coupling to a stable intrinsic superconductor, such as the lay-
ered type-II superconductor 2H-NbSe, (Tr >~ 7.2 K, B¢y =~
5 T) [36-39]. Further to these studies, here we show that
strong coupling to the superconductor gives rise to a hybrid
multiband electronic structure, which needs to be taken into
account when interpreting the detailed functional form of the
induced superconducting local density of states.

II. RESULTS AND DISCUSSION

A. Crystal growth and atomic structure

Figure 1 shows scanning tunneling microscopy (STM) data
of 17'-WTe,;/2H-NbSe, heterostructures, grown by buffer-
less low-temperature van der Waals epitaxy. In agreement
with previous studies of WTe, on bilayer graphene (BLG)
[23,24], we observe Volmer-Weber growth of islands with
disordered boundaries [Figs. 1(a) and 1(b)] and sizes up to a
few tens of nanometer in diameter that are polycrystalline on
NbSe, substrates. For this work, we focus on the intermediate
coverage limit (*50%) in order to maximize the density of
QSH edges, although nearly complete monolayers with cov-
erage >95% can be achieved with reduced crystal quality.

Atomic-level detail of the WTe, lattice alignment with
the substrate is shown in Figs. 1(d)-1(g) where we find
that the respective chalcogen (Te and Se) sublattices align
along the atomic rows of 17'-WTe, (y direction). A 2D fast
Fourier transform [Fig. 1(f)] of an area with ~50% WTe,
monolayer coverage indeed confirms that the Bragg peaks of
the WTe, and NbSe, lattices coincide within the accuracy
of the measurement. We extract a ~a; =3.54+0.2 A, and
b~ 2a,c0s(30°) = 6.2 £ 0.3 A, in good agreement with the
lattice parameters of WTe; (a = 3.48 Aandb = 6.28 A) [20].
ay =a; =345 A are the lattice parameters of NbSe,, local
lattice matching would imply a 5% compressive lattice strain
along b, which has previously been shown to further stabilize
the WTe, bulk gap [26].

A first indication that we may expect strong hybridization
in WTe, /NbSe, heterostructures comes from a measurement
of the monolayer height # = 0.9 £0.1 nm, extracted from
z-height distributions of large-scale topographic STM images
(see Fig. 5, Appendix A), and is comparable to measure-
ments of van der Waals stacked WTe,/NbSe, (4 =~ 0.7 nm)
[39]. The significantly lower layer height compared with
WTe,/BLG (h >~ 1.2 nm) [24] and WTe,/HOPG (h = 1.2 +
0.1 nm) (this work) suggests a smaller van der Waals gap,
resulting in stronger interlayer coupling and hybridization of
electronic states.

We observe some variations in the electronic structure
across different monolayer crystals, reflecting varying doping
levels and the presence of in-gap impurity states around the
visible adatom disorder [Figs. 1(a) and 1(b)]. We therefore
focus on spectra obtained on clean monolayer regions which
display a clear suppression of the LDOS over an energy range
of several tens of meV around the Fermi energy, and with
signatures of an edge state in the normal state. As shown
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FIG. 1. Superconducting WTe,/NbSe, heterostructures. (a), (b) STM topography (1.6 V, 100 pA) of monolayer 17’-WTe, islands grown
on a single crystal of 2H-NbSe, by van der Waals epitaxy. (¢) STM measured height profile corresponding to the dashed white line in panel
(d), showing a monolayer height of 8.2 A. The inset shows the respective 17’-WTe, and 2H-NbSe, crystal structures. (d) Atomic-resolution
close-up (100 mV, 2.2 nA) of the 17’-WTe, edge, showing detail of the atomic alignment. The respective chalcogen sublattices are seen to align
along the y direction of the 17’-WTe, crystal (scale bar: 6.2 A). 2D fast Fourier transforms of (e) the 17’-WTe, lattice, (f) an area with 46%
WTe, monolayer coverage, and (g) the pristine NbSe, surface after cleaving (all scale bars: 2 nm~!). We estimate a >~ a; = 3.5+ 0.2 A, and
b~ 2a,c08(30°) = 6.2 £+ 0.3 A for the lattice constants. (h) Temperature dependence of the superconducting local density of states (LDOS)
measured in the WTe, /NbSe, two-dimensional bulk, comparing measurements at 7 = 4.5 K (black) and 500 mK (blue). Solid blue and black
lines are fits to a conventional single-band BCS model. (i) High-resolution tunneling spectra, comparing the WTe, /NbSe, bulk spectrum with
that measured on the bare NbSe, substrate. Solid red and blue lines are fits to our two-band (NbSe,) and three-band (WTe,) McMillan models,
respectively (see main text for detail). (j) Second derivative of tunnel current, corresponding to the data shown in panel (i). Dashed lines and

arrows indicate the positions of the respective superconducting energy gaps.

in the comparison of Fig. 2 below, such spectra agree well
with tight-binding calculations of the normal-state electronic
structure, as well as with those published on WTe,/BLG
[23,24,26,27]. Given the metallic nature of the two substrates
used in this work, we do not expect that excitonic insulating
effects [29,30] play a dominant role here because Coulomb
interactions would be expected to be strongly screened.

B. Multiband superconductivity

The clear signature of a superconducting energy gap,
measured in the 2D bulk of monolayer WTe,, is shown in
Figs. 1(h), comparing the superconducting LDOS at 4.5 K
with that measured at 500 mK. Fits to conventional BCS
theory (solid lines) describe the data well only at 4.5 K but fail
to describe the details of the energy gap resolved at 500 mK.
This becomes particularly apparent by an underestimation of
the width and height of the coherence peaks at 1 meV. A
comparison of high-resolution spectra measured, respectively,
on the WTe, and NbSe, surfaces, is shown in Fig. 1(i). We ob-
serve a slightly reduced gap size on NbSe, post-MBE growth,
compared with the pristine NbSe; surface, which is likely due

to a partial quenching of the 3Q charge-density wave (CDW)
order [40,41] leading to disorder averaging of the Fermi-
surface anisotropy and reduced interband coupling (see Fig. 7
and Appendix B for further detail). A further reduction of the
superconducting gap measured on WTe, /NbSe, corroborates
that superconductivity is induced into the monolayer via the
substrate.

As detailed below, we are able to accurately de-
scribe the measured superconducting LDOS within a self-
consistent multiband framework based on the McMillan
equations [14,41,42] (blue/red lines). In the presence of mul-
tiple noninteracting bands i, the superconducting density of
states can be expressed as a simple sum N(E) = ). Ni(E) of
two or more partial densities of states,

E — iyi] ] 0
VE =iy — MEP]

Ni(E) =1\7i(EF)Re[

Within conventional BCS theory, the order parameter A is
a constant. The prefactor Ni(Ep) denotes the partial state
density of states of band i in the normal state and, in the su-
perconducting state, takes the role [41] of an effective partial
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FIG. 2. Hybrid electronic structure of strongly coupled 17'-WTe, heterostructures. Spatial profiles of the measured normal-state local
density of states (LDOS) across the monolayer edge for (a) WTe, /HOPG and (b) WTe, /NbSe,, alongside corresponding STM height profiles.
(c), (d) individual point spectra of the local density of states (LDOS) in 2D bulk (black) and edge (red), measured at 7 = 4.2 K and compared
with tight-binding calculation (e), (f), respectively. (g)—(j) Tight-binding band structures of free-standing WTe, monolayers in I'-Y (g) and
I'-X (i) direction, respectively, and compared with the spin-resolved (blue/red) WTe, orbital weight of a WTe, /NbSe, heterostructure in (h)
I' -Y and (i) I"'-X. The measured LDOS in panels (a) and (b) was taken along the y direction, across the I'-X edge. Red dashed lines in panels
(a) and (b) indicate the positions at which the edge state point spectra in panels (c) and (d) were measured. Black arrows indicate spectral
features resolved on WTe, /NbSe,, only, arising from the NbSe, substrate. Red arrows indicate the enhanced LDOS at the crystal edges. (k)
Lattice model and first Brillouin zone of 17'-WTe,, indicating high-symmetry points and directions. (1)-(n) Spatial profiles of the integrated
edge-state LDOS (—50 meV to +20 meV) for (1) WTe, /HOPG and (m) WTe,/NbSe,, compared with (n) tight-binding calculations. We
define the edge position electronically, where the integrated LDOS peaks and exponentially decays into the 2D bulk gap. Red lines in panels
(1)—(n) are exponential fits to extract the edge state decay lengths, £ = (0.7 & 0.1) nm (WTe,/HOPG), & = (0.7 £ 0.2) nm (WTe,/NbSe,),
and £ = (1.0 £ 0.0) nm (theory).

density of states weight to the total density of states [Eq. (C3)].
An additional broadening parameter y; is usually included to

self-consistent equations that can be solved numerically to fit
our data.

account for energy broadening during the tunneling process
(Dynes parameter) [43].

Different from BCS theory, the McMillan model [14] con-
siders coupled bands with order parameters A;(E) that are
energy-dependent complex functions of the form

AY+ T AL(E)/ [ AE) — (E — iy

A(E) =
1+r,»,-/\/A§(E) — (E — iy,

(@)

Here, an interband Cooper pair tunneling across the van der
Waals gap at rate I';; renormalizes the intrinsic order pa-
rameters of the separate materials A?, leading to a set of

Although originally developed to describe the supercon-
ducting proximity effect in single-band metallic systems, the
McMillan model has more recently been successfully applied
to describe intrinsic multiband superconductivity in layered
two-band superconductors [42], including NbSe, [41,44]. For
this work, we further extend the McMillan model to describe
the hybrid electronic structure of 17’'-WTe,/NbSe, het-
erostructures, thus treating multiband superconductivity and
proximity coupling within the same theoretical framework. To
this end, we consider a third order parameter Awre,, coupled
to the NbSe; K band (see supporting information), assuming
AYr., = 0. Fits to both a two-band (NbSe,, red line) and a
three-band (WTe,/NbSe,, blue line) model describe the data
well [Fig. 1(1)] and reproduce the known NbSe, order param-
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TABLE 1. Multiband superconductivity and Fermi-surface
anisotropy. Summary of measured NbSe, order parameters published
in the literature.

Model Measured gap (meV)  Reference  Experiment
As = 0.50
T
Ap =1.05 [39] STS
Two band Ag =0.73 38] Specific
(BCS) Ap =1.26 heat
Ag = 0.85 Specific
A =1.50 1571 heat
Apin = 0.65 Specific
Anax = 1.62 (571 heat
Single band Anpin = 0.56 (58] Penetration
(anisotropic) Anax = 1.30 length
Anpin = 0.62 Electron
Anax = 1.30 561 transport
AS = 0
AL =13 [41] STS
Two band Ag=0-0.3 [44] Electron
McMillan AL =1.26 transport
A, = 1.10 This work STS

eters (see Tables I and II). Indeed, we find that simpler BCS-
based models are unable to represent the data well at 500 mK
(Appendix B), further confirming the multiband hybrid elec-
tronic structure. For the real part of the induced order
parameter, we find Awre, (Er) = (0.57 £ 0.02) meV, reflect-
ing induced pairing in the strongly coupled heterostructure,
in reasonable agreement with recent transport [38] and lo-
cal probe [39] spectroscopy of nonepitaxial WTe,/NbSe,
heterojunctions.

C. Hybrid electronic structure

As inferred from our three-band model, we understand
that superconductivity is induced in the WTe, bulk as a re-
sult of strong interband coupling to the substrate giving rise
to a WTe,/NbSe, hybrid electronic structure. We confirm
this notion in Fig. 2 by directly comparing spectra of the
normal-state LDOS with tight-binding band-structure calcu-
lations [45] (Appendix F). In Figs. 2(a) and 2(b) we show
the spatial evolution of the measured normal-state LDOS

across a monolayer edge, comparing the WTe,/HOPG and
the WTe, /NbSe, heterostructure, respectively, alongside cor-
responding height profiles. Individual point spectra of the 2D
bulk (black) and 1D edge (red) are furthermore shown in the
insets to Figs. 2(c) and 2(d). In both heterostructures, the
LDOS shows clear signs of a suppression over ~70 meV
around the Fermi energy, corresponding to a soft gap. This
gap is significantly more developed in WTe,/HOPG but
shows up with comparable magnitude and position also on
WTe,/NbSe;. A residual 2D bulk LDOS within the gap is
measurable on both substrates but is much more pronounced
in WTe,/NbSe,, attesting to strong hybridization in the
heterostructure.

Tight-binding band-structure calculations of a freestand-
ing WTe, monolayer are shown in Fig. 2(c) and compared
with the spin-resolved WTe, orbital weight of the hybridized
WTe,/NbSe, heterostructure [Fig. 2(d)]. We find the best
agreement for an interlayer hopping of 0.15 eV (see Ap-
pendix), similar in magnitude to the Nb-Nb hopping strength
within the 2H-NbSe, cell [46]. A slightly larger hopping
strength would be expected given the shorter Nb-Te sep-
aration. The direct comparison with our measured spectra
(insets) shows reasonable agreement with regard to the po-
sition of the band edges (horizontal dashed lines), the Fermi
energy (E = Ef), as well as edge state features (red ar-
rows). Indeed, the WTe,/HOPG spectra resemble closely
those previously reported for monolayer WTe, grown on
bilayer graphene [23,24], indicating that heterostructures
with graphitic substrates are only weakly hybridized. The
additional spectral features (black arrows), however, only
observed in the WTe,/NbSe, heterostructure, need to be
attributed the presence of a NbSe, partial DOS [reference
spectrum in the left-hand inset to Fig. 2(d)], confirming the
hybridization picture.

As a result of the strong hybridization in WTe,/NbSe,,
we further observe a substantial weakening of the topologi-
cal edge state signature compared with our observations on
WTe,/HOPG and WTe,/BLG [23,24,26,27]. This is illus-
trated in Figs. 2(e)-2(g) by plotting spatial profiles of the
integrated LDOS within the gap (—50 meV and 420 meV)
away from the edge position. We extract roughly consistent
exponential decay lengths of ~1 nm for both heterostruc-
tures. However, the ratio of the edge state LDOS to that in
the bulk is much lower for WTe, /NbSe, (~1.8) compared
with WTe,/HOPG (~10) given the large residual LDOS in
the bulk gap. Both edge state decay length and LDOS ratio
agree well with our tight-binding calculations of the hybrid
electronic structure for WTe, /NbSe,, as shown in Fig. 2(g).

TABLEII. Consistency across two-band and three-band McMillan models when describing NbSe, substrate and WTe, /NbSe, heterostruc-

tures, respectively.

Band i Model A? (meV) A;(Er) (meV) x—i MINV% Ni(EF)
i=L 3 band 1.13+0.05 0.87 £ 0.05 0.002 £ 0.001
(Nb K point) 2 band 1.11 £0.05 1.00 £ 0.05

i=S 3 band 0.43 £ 0.08 0.68 £+ 0.08 0.36 £ 0.03 0.30 £ 0.08
(Nb I point) 2 band 0.45 +0.09 0.73 £ 0.09 0.36 £0.01

i=3 3 band 0 0.58 £0.02 0.19 £0.01 0.69 £ 0.06
(WTe,) 2 band
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FIG. 3. Magnetic-field dependence of the WTe,/NbSe, super-
conducting local density of states (LDOS). (a) Calculated LDOS at
500 mK for an interlayer coupling of 0.15 eV with (red) and without
(blue) energy broadening (0.15 meV) included. (b) Magnetic-field
dependence of the measured superconducting LDOS up to B =
2.3 T, with magnetic field applied perpendicular to the heterostruc-
ture (¢ axis).

In Fig. 3, we plot the calculated superconducting LDOS
for the same interlayer hopping (0.15 eV) as used for both the
band-structure calculation in Fig. 2(d) and the LDOS profile in
Fig. 2(g). We extract A = 0.58 meV on the top-most tellurium
sublattice, which the STM is expected to be most sensitive
to, in remarkable agreement with experiment [Awre, (Er) =
(0.57 £0.02) meV], as extracted from our three-band fits.

The magnetic-field stability of superconducting pairing in
the WTe, monolayer bulk is investigated in Fig. 3(b), where
we plot the measured superconducting LDOS for magnetic
fields up to B =2.3 T applied perpendicular to the sample
plane (c axis).

D. Spatial profile at the monolayer edge

In Fig. 4, we investigate the spatial evolution of the su-
perconducting LDOS across the WTe, monolayer edge. An
atomic resolution STM image of a clean WTe, edge is shown
in Fig. 4(a), indicating position and direction of the STM
height profile. The spatial dependence of the superconduct-
ing energy gap, measured at 500 mK, is shown Fig. 4(b),
alongside the superconducting partial density of states weight
Ni(E, Er) of the WTe,/NbSe, heterostructure [Fig. 4(c)].
The latter has been extracted self-consistently, using Eqgs. (1)
and (D1). We observe a pronounced crossover in the partial
density of states at (xop ~ 5.3 nm), coinciding with the edge
position, beyond which the WTe, DOS drops to zero as the
STM tip leaves the monolayer crystal. In the monolayer bulk,
we find that WTe, dominates the total DOS with (63 &+ 5)%,
with a contribution of (37 £ 5)% by the NbSe, substrate par-
tial DOS. Interestingly, a more pronounced enhancement in
the superconducting partial DOS at the edge appears absent, at
least when compared with the normal-state DOS in Fig. 2(f).
This is likely due to the vanishing total LDOS at the edge
at E — Ep ~ 0 seen in the normal state [compare red curves
in Figs. 2(c) and 2(d)], possibly due to the presence of an
interaction-driven pseudogap [23,47-49].

A further confirmation of three-band superconductivity is
given in Fig. 4(d) where we plot the spatial profile of the
second derivative of the tunneling current for energies close
to the coherence peak. We observe a sharp transition from

° sinéle gap 'BCS
0.65t . 3 band McMillan

i

(e) | | | ; HZ%M

= %
£0.60f { 1%

2 I{ﬂl ; i
~0.55 il

1 1 1 1 1l 1 1

X (nm)

FIG. 4. Multiband superconductivity at the WTe, monolayer
edge. (a) STM-height profile measured across a clean edge of a
WTe, monolayer crystal. The inset shows the corresponding STM
topograph indicating position and direction of the line profile (red
arrow). (b) A series of tunneling spectra measured 7 = 500 mK
for points across the edge. (c) The partial density of states weight
N;(Ep), extracted from our three-band analysis in panel (b), shows
a clear crossover at the edge xp ~ 5.3 nm (dashed line) beyond
which the WTe, partial density of states vanishes. (d) The second
derivative of the tunnel current close to the coherence peaks shows
clear signatures of three-band superconductivity. (¢) Extracted spatial
profile of the induced order parameter Awr,(x) (blue), compared
with a single-band BCS-Dynes model (black). Solid red lines are fits
to Eq. (3).

two-band to three-band signatures as soon as the probe tip
crosses the monolayer edge (dashed line). Arrows indicate the
gap energies for the WTe, induced gap (blue) and the intrinsic
NbSe, small gap (red). The NbSe, large gap at higher energy
is not seen here but is indicated in Figs. 8(a) and 8(b) of the
Appendix.

A spatial profile of the extracted order parameter Awre, (x)
is shown in Fig. 4(e) in which we observe spatial oscillations
with a period of ~2 nm. Oscillations of comparable period
are also observed in the order parameter extracted from a
simple single-band BCS model, and are visible in the energy-
integrated normal-state LDOS [Fig. 2(f)]. This suggests that
these arise from Friedel-like oscillations in the local density
of states due to scattering of 2D bulk states at the WTe, edge.
Indeed, we can fit the extracted order parameter with a simple
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empirical model,
_ A sin [2kg (x — xg)]

A0 @ —x0)

+ Bexp (%) +C, B

in which the first term reflects the oscillatory behavior in the
local order parameter due to quasiparticle-interference in the
2D bulk. The second term accounts for a residual enhance-
ment of the exponentially decaying 1D edge state, with decay
length £ = (1.1 £ 0.2) nm comparable to our measurements
of the normal-state LDOS [Fig. 2(g)]. The simple model thus
simultaneously confirms the edge position (xo = 5.3 nm) and
the Fermi wave vector [50] kg ~ 1.8 nm~!, and the edge
state decay length. Upon crossing the edge, Awre,(EF) in-
creases to approach the smaller of the two renormalized order
parameters of NbSe, [Ag(Er) = 0.68 £ 0.08 meV] as the
three-band model emulates the two-band superconductivity of
the substrate. This transition coincides with a vanishing WTe,
partial DOS, which confirms that the grayed-out data points
in Fig. 4(e) do not contribute any significant spectral weight
to the overall measured density of states.

III. CONCLUSIONS

In summary, we have reported signatures of multiband
superconductivity in strongly coupled 17’-WTe, /NbSe, het-
erostructures grown by van der Waals epitaxy. By analyzing
the superconducting density of states down to 500 mK in
scanning probe spectroscopy, we have shown that strong hy-
bridization of electronic states gives rise to a semimetallic
density of states in the 2D bulk even in nominally-band-
insulating crystals. Describing the detailed functional form of
the superconducting energy gap in a self-consistent multiband
framework based on the McMillan equations, we confirm the
strong interband coupling. Our quantitative comparison of
the measured local density of states with a material-specific
tight-binding model ultimately confirms the hybrid electronic
structure, in both normal and superconducting states for the
same interlayer hopping, thus accurately predicting the mag-
nitude of the induced WTe, order parameter, Awre, (B = 0) =~
0.55 meV, stable beyond a 2 T magnetic field. Despite the
strong hybridization, we find that a measurable enhancement
of the measured local density of states persists at the crystal
edges, detectable in both the normal state and in a slight
enhancement of the order parameter in the superconducting
state. We believe that our multiband treatment of strongly hy-
bridized van der Waals heterostructures will form a useful tool
to mapping spatial variation of the induced superconducting
order parameter in a wider range of proximitized atomically
thin topological materials [51].
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APPENDIX A: 17’-WTe, CRYSTAL GROWTH

van der Waals molecular-beam epitaxy (MBE) was per-
formed in an Omicron Labl0 MBE (base pressure 2 x
10~ mBar) on bulk crystals of 2H-NbSe, (HQ graphene,
Netherlands) and highly oriented pyrolytic graphite (HOPG).
The substrates were mechanically cleaved in ultrahigh vac-
uum (UHV) after degassing overnight (300° C), following
co-deposition of W (99.998%) and Te (99.999%) for ap-
proximately 1 h at a Te: W flux ratio of roughly 260 :
1. We use slightly different substrate temperatures for the
two heterostructures with 145° C for 17’'-WTe;/NbSe;,
and 230° C for 17'-WTe,/HOPG. Typical STM images
of the WTe,/HOPG and WTe,/NbSe, heterostructures, re-
spectively, are shown in Figs. 5(a) and 5(b), alongside
measurements of the respective WTe, monolayer height, ex-
tracted from z-height histograms 5(c) and 5(d).

APPENDIX B: ELECTRONIC STRUCTURE AND
SUPERCONDUCTIVITY OF NbSe,

NbSe, is a type-II superconductor [52,53] with a crit-
ical temperature To = 7.2 K and field Bc, ~ 5 T [54,55].
The microscopic detail of its superconductivity has been in-
vestigated intensively, both theoretically and experimentally
[36,40,41,56].

The NbSe, Fermi surface [46,59,60] is composed of at
least two bands at the Fermi energy. Tight-binding calcula-
tions of the NbSe, low-energy band structure are shown in
Fig. 6, where the black and red lines are bands due to the
d;2_,2 orbitals centered on the two Nb atoms within the unit
cell (Nb bands). These form bonding and antibonding orbitals,
giving rise to cylinders at the six K points of the hexagonal
Brillouin zone. A third band (predominantly Se) [40] has
been neglected in our model because it is not believed to
contribute to multiband superconductivity in NbSe, [40]. As
a result of the two-band nature, two distinct superconducting
energy gaps, A, and Ag, are usually observed at very low
temperatures (T < T¢) [38,41,57] (see Table I), each hosted
within the two Nb bands [40,41,44]. Superconducting pairing
is significantly stronger in the Nb K bands [36,40,41], giving
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WTe,/NbSe,

Density (a. u.)

0 0.5 1.0 15 0 0.5 1.0 1.5
height (nm) height (nm)

FIG. 5. Height estimates for monolayer WTe, islands on dif-
ferent substrates. Large-scale STM topography images, showing
a number of 17'-WTe, islands, respectively, on (a) HOPG and
on (b) NbSe, substrates. (c), (d) Corresponding histograms of the
z-height information extracted. Fits to a normal distribution (red
lines) allow us to estimate the monolayer height (1.2 4+0.1) nm
(WTe,/HOPG) and (0.9 &+ 0.1) nm (WTe,/NbSe,), respectively.

rise to the larger of the two gaps A; ~ 1.3 meV. At I, the
pairing is weaker with order parameter Ag and is usually
found to range between zero and 0.3 meV [36,41].

CDW order on the pristine NbSe, surface also plays an
important role in scanning tunneling microscopy measure-
ments of the superconducting gap. In pristine NbSe,, the
30 charge-density wave (CDW) gives rise to an anisotropic
Fermi surface and a reduced Brillouin zone with hexagonal
symmetry [41]. Possible mechanism for a suppression of T¢
have been argued to result from a reduction of the highly
anisotropic superconducting gap due to disorder averaging
and/or from the suppression of assistive short-range CDW
correlations [61]. From a multiband perspective, the CDW

r M K r

FIG. 6. Tight-binding calculation of the low-energy NbSe, band
structure. The black and red lines show bands arising from the d;>_ -
orbitals centered on the two Nb atoms within the unit cell.

after epitaxy

FIG. 7. Quenching of charge-density wave (CDW) order on
the NbSe, surface postepitaxy. STM images of (a) pristine NbSe,
surface after cleaving in UHV, and (b) following epitaxy of a sub-
monolayer coverage of WTe,. Corresponding fast Fourier transforms
show that clear signatures of the (c) 3Q CDW wave vector cannot be
discerned (d) postepitaxy. Corresponding measured local density of
states, measured (e) before and (f) after epitaxy, showing a slight
reduction and rounding of the superconducting energy gap.

wave vectors g; cpow = 1/3G; link states at the I" point (as-
sociated with the NbSe, small gap) to the Nb cylinders at K
(associated with the large gap). This allows for the observation
of the large gap on pristine NbSe; surfaces in scanning tunnel-
ing experiments [40,41], which are most sensitive to states at
I' (tunnelling of electrons with finite transverse momentum
is strongly suppressed in STM due to the vertical tunneling
path). Once CDW order is suppressed, STM will predomi-
nantly probe states at I', which would explain the reduced gap
observed [41]. Figure 7 shows a comparison of the measured
gap on both the pristine and the postgrowth NbSe, surface,
with a reduction in gap size clearly visible.

APPENDIX C: COMPARISON OF DIFFERENT MODELS
FOR THE SUPERCONDUCTING DENSITY OF STATES

Low-temperature  scanning tunneling spectroscopy
(STM/STS) measurements were carried out in an Omicron
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low-temperature STM (junction temperature 7 ~ 4.5 K)
and a Unisoku USM1300 He-3 STM (junction temperature
T ~ 500 mK), respectively. Spectroscopic measurements
were obtained by using standard lock-in techniques, with
an AC excitation of amplitude of 1.5 mV at 831 Hz for
measurements of the normal-state electronic structure, and
60 uV at 931 Hz for measurements in the superconducting
state. In all measurements, we fix the current set point
200 pA at 10 mV, ahead of spectroscopy. All spectra of
superconducting states through the paper have been spatially
averaged, symmetrized about zero bias, and normalized with
respect to the normal-state conductance, unless otherwise
specified.

In the limit of low bias and low temperature (kg7 =~ eV),
the tunneling differential conductance, measured by scanning
probe spectroscopy, is usually expressed as a convolution of
the tunneling density of states N(E') and the derivative of the
Fermi-Dirac distribution,

N(E)dE.

+00 _
dl/dV o / dYE —eV) 1

. dE

For a bulk superconductor with a single isotropic band, a
Bardeen-Cooper-Schrieffer (BCS) density of states N(E) =
E/(E* — A?)!/? is often assumed and can result in acceptable
fits at moderate temperature T < T¢. However, as the deriva-
tive of the Fermi-Dirac distribution is a peaked function with
half width ~3.5kgT , it is responsible for thermal smearing of
the measured superconducting tunneling density of states. An
additional phenomenological broadening parameter y (Dynes
parameter [43]) is often considered for tunneling experiments,

(a) T T T (c) T T

1.5

1.0

0.5

0.5

1.0
E-E, (meV)

accounting for additional pair-breaking mechanisms:
(E —iy) }
VIE —iy)* — A?

At low temperature (T < T¢), fine detail of the functional
form of the superconducting energy gap can be observed
[40,44,56]. Indeed, in Fig. 1(h) we see that a BCS-Dynes
model provides a good fit only at 7 ~ 4.5 K but fails to
describe the detail of the measured superconducting density of
states at lower temperature. A more detailed model is needed
to describe the low-temperature data, taking the multiband
nature of superconductivity in NbSe; into account.

In the presence of multiple (noninteracting) bands i at the
Fermi energy, the total tunneling density of states may be
expressed as a sum over two or more partial densities of states,

N(E) =) Ni(E)

N(E) = Re [ (C2)

(C3)

The partial densities of states can further be expressed as
|E — iyl }
VE =iy — A(E, 07 ]
(C4)
where it is assumed that the order parameter A(E, ) may not
be constant, but itself be a complex energy-dependent and (po-
tentially anisotropic [56]) function. The prefactor, Ni(Ep) =
N;(EF)T;, can be interpreted [41] as an effective partial density
of states weight, renormalized from the true density of states
N;(Er) by the tunneling probability 7; into band i.

Figure 8 shows a comparison of different models to fit
our data, based on Eq. (1), including a single-band BCS-
Dynes model (i = L, Ap), atwo-band BCS-Dynes model (i =
L, S, Ay ), and an anisotropic single-band model (i = 1). The

N > do
Ni(E):M(EF)[ ERG[

(f) ' '

1.5

1.0

0.5+ E

1 1
0.5 1.0
E - E_(meV)

FIG. 8. High-resolution STS spectra of the NbSe, and WTe, superconducting gaps at 500 mK, comparing different models. (a) Supercon-
ducting energy gap of NbSe,. Solid lines are fits, comparing a single-band BCS-Dynes model (green line), a single anisotropic band model
(cyan line), a two-band BCS-Dynes model (magenta line), and a two-band McMillan model (solid blue line). (b), (c) Corresponding second
derivative of the tunneling current (dI/dV?) and detail of the coherence peaks. (d)~(f) Superconducting energy gap of WTe,, comparing a
two-band McMillan model (solid blue line) and a three-band McMillan model (solid red line). Panels (e) and (f) are the same as panels (b) and
(c). We observe that a two-band McMillan model is insufficient to describe induced superconductivity in WTe, /NbSe,. All spectra shown have
been spatially averaged, symmetrized about zero bias and normalized with respect to the normal-state conductance. Vertical arrows and dashed
lines indicate the renormalized and induced gaps, as determined from the two-band and three-band McMillan models, respectively. Across all

models, we find Dynes parameters ranging from 0.02 to 0.1 meV.
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second derivative of the tunneling current and close-ups of the
coherence peaks are shown alongside to clarify differences
in the models. For the anisotropic model we have assumed
an empirical anisotropy function, as previously employed for
NbSe, [56], reflecting the sixfold symmetry of the NbSe,
Fermi surface,

A(A, ) = AglA cos(68) + (1 — A)]. (C5)

Among the different models, only the two-band BCS and
the anisotropic band model provide a somewhat satisfying fit
to the measured NbSe, data [56]. All models, including the
anisotropic band fit underestimate the width of the coherence
peaks [Fig. 8(c)].

APPENDIX D: MCMILLAN MODEL

Taking the multiband nature of superconductivity in NbSe,
into account, a compelling model to describe the supercon-
ducting density of states was employed by Noat er al. [41]
based on the McMillan equations [14]. The McMillan model
was originally developed to describe superconductivity be-
tween two proximity-coupled materials i = 1, 2 in which the
intrinsic order parameters A? are renormalized by an inter-
layer electronic coupling of strength I';;. In the context of
multiband superconductivity [40—42], the interlayer coupling
has since been interpreted as an interband scattering rate from
band i to band j (“proximity-effect in reciprocal space”).
Different from the other models discussed above, the order
parameter A;(E) in the McMillan model is a complex, energy-
dependent gap function:

A+ Ty A B/ AJEY — (E — iy;)
L Ty DB = (B = iy,

Inclusion of these order parameters in Eq. (1) gives rise
to a set of self-consistent equations to describe the multiband
system, which can be solved numerically to fit the measured
tunneling spectra.

As highlighted in Ref. [41], in addition to the directly
measured partial density of states [Eq. (1)], and independent
estimate of the partial densities of states ratio at the Fermi
energy, ]1\\17/((3)) = %’ can be obtained from a ratio of the in-
terband coupling parameters. Simultaneous extraction of both
during the self-consistent numerical fits thus allows for an
accurate extraction.

To describe multiband superconductivity in the hybrid
WTe, /NbSe; heterostructure, we consider a third order pa-
rameter i =3 in Eq. (1). To limit the number of free
parameters, we consider coupling I'j3(31) only between WTe,
and the Nb K band (large gap AY), which is expected to
have the strongest contribution to the proximity coupling [41],
and fix I'y332) = 0. We further assume that WTe, does not
carry any intrinsic superconductivity, such that AQVTCZ =0.
Finally, all NbSe, related parameters—determined indepen-
dently from two-band fits to the substrate—can be fixed in the
three-band model, in particular, Ag ¢ and I'1221), leaving only
three independent fitting parameters in the three-band model.

Figures 8(d)-8(f) show a comparison our three-band
McMillan model (solid red line) and the previous two-

A(E) = (DD

(@) 1.2~ (b)

S A <

310.\\;\/- 3
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2 A E
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FIG. 9. Energy-dependent order parameters of NbSe, and mono-
layer 17'-WTe,. (a) Real and (b) imaginary parts of the renormalized
NbSe, order parameters, extracted from a two-band McMillan
model. (c), (d) Order parameters of 17’'-WTe,/NbSe,, extracted
from our three-band McMillan model. Awr., denotes the induced
order parameter.

band model (solid blue line), applied to the WTe,/NbSe,
heterostructure. Importantly, a two-band model cannot rep-
resent the data well. From the three band model of the
heterostructure, we are able to extract the intrinsic NbSe,
order parameters AY = 1.13 +0.05 meV and A = 0.43 +
0.08 meV, in excellent agreement those extracted from the
two-band model of NbSe, [41,44]. Consistency of the NbSe;
order parameter, extracted separately from two-band and
three-band models, confirm that the properties of the NbSe,
parent superconductor remain unaffected by the presence of
the WTe, epilayer. The renormalized complex order parame-
ters extracted from the three-band fits are plotted in Figs. 9(c)
and 9(d). Here, we observe only a minor rebalancing of the in-
terband tunneling rates I';; with a concomitant small decrease
in the Re[A s(EF)] as a result of the additional coupling
to the third band. The value of the induced order parameter,
Awre,(Ep) = 0.58 £ 0.02 meV agrees well with recent local
probe [39] and transport spectroscopy [38] of nonepitaxial
heterostructures.

APPENDIX E: MEAN-FIELD THEORETICAL
MODELLING OF THE HYBRID BAND STRUCTURE

The 1T'-WTe,/2H-NbSe, heterostructure was modeled
using a real-space mean-field tight-binding Hamiltonian that
is solved using a Bogoliubov-De Gennes (BdG) formalism.
The Hamiltonian contains four separate parts given by

H = HY) + Hsc_y + Hy), + Hy _y. (E1)
The individual terms of the Hamiltonian are given by
Hév = Z tiljzlcjlacj:l’a + H'C"
iljl's

N _ Nt
Hge = Z Ajcypcy, +He,
il

094512-10



MULTIBAND SUPERCONDUCTIVITY IN STRONGLY ...

PHYSICAL REVIEW B 105, 094512 (2022)

Hy_ny=1, Z Cjzadjlg + H.c.,

ijo
wo_ ij t )
Hy = E tﬂqug’a,dm’adjwf + H.c.
n.vijo,o’

In Hév , operators (cjlg, Cilo ) represent the creation and an-
nihilation operators, respectively, at the site i with a single
Nb d,» orbital contributing per site (see below for details).
The layer index [ = (1, 2) corresponds to the two layers of
2H-NbSe,, respectively, taking spin o = (%, | ) into account.
The individual real-space tight-binding hopping matrix ele-
ments for 2H-NbSe, are generated by a basis transformation
to orbital basis from a two-band Hamiltonian that has been
studied previously to match ARPES [46] and STM experi-
ments [62] on 2H-NbSe,.

At temperatures below T ~ 7.2 K, pristine NbSe, un-
dergoes a transition to a superconducting state. Assuming
a dominant conventional s-wave superconducting instability,
we calculate the superconducting gap AN =V (cjqciy) self-
consistently at each lattice site by solving the BdG equations.
The dominant on-site pairing term V is tuned to generate a
superconducting gap of A ~ 1.1 eV, in agreement with the
experimental results on pristine 2H-NbSe, (see Table I and
references therein).

The electronic structure of 17’-WTe, is modeled by gen-
erating a real-space version of an eight-band Hamiltonian,
containing two Te and two W atoms in a rectangular unit
cell. As discussed in Refs. [45,63,64], this Hamiltonian cor-
responds to a dominant contribution from Te p, orbitals,
and W d,>_,» orbitals, which dominate the low-energy band
structure owing to the distorted lattice structure in monolayer
IT/-WTCQ.

In Hgv , the indices i, j refer to the unit cell, and u,v =
(1,2, 3,4) represent the atoms or orbitals within each unit
cell. The model provides reasonable agreement with the
low-energy electronic structure including the QSH insula-
tor observed in ARPES and STM experiments [23]. In
the enclosed additional supplementary files, we provide the
real-space hopping matrix elements including the Rashba
spin-orbit-coupling terms included in the real-space Hamilto-
nian for 17’-WTe;. The monolayer edge was modeled using
an open boundary condition and has been studied for vari-
ous terminations for directions perpendicular and parallel to
the direction of the atomic chains. We find that, although
the modeling of the edge with open boundary conditions is
simplistic (the edge in as as-grown real material is rough with
no consistent termination), the obtained local density of states
shows reasonable agreement with the experiments (see Fig. 2
of the main text).

To represent a finite electronic interlayer coupling in the
heterostructure, we assume a nearest-neighbor hopping ?¢;
leading to an effective hybridization between the Nb d,» or-
bitals and Te p, orbitals. This gives rise to a residual metallic
density of states within the WTe, bulk band gap, in reasonable
agreement with our experimental observations in both the
normal state (see Fig. 2 of the main text) and the supercon-
ducting state (see Fig. 3 of the main text). We find the best

agreement with experiments—simultaneously for normal and
superconducting state—for f; &~ 0.15 eV.

The induced superconducting gap on the Te and W
atoms has been evaluated self-consistently by calculating the
anomalous averages AIYZ ~ (d,%d;w), where u = (1,2, 3,4)
represents the two Te and two W atoms in the unit cell and i
is the unit-cell index. The calculations involve a Hamiltonian
where the electron operators are considered in momentum
space for a direction perpendicular to the edge. For an edge
along the y direction, the Bogoliubov-de Gennes transforma-
tions involve quasi-article operators,

— n nx T
dixkvlw - z : (ui_tky;w Vo — O—vi,rky;w yn(r)’ (E2)
n

T _ * T
dixk,;m = Z (ulr'lxky/w Vo — U”Zky;w Vno ) (E3)

n

Here, y,, are the quasiparticle operators corresponding to
state n and u, v are the corresponding amplitudes. Similar
transformations also hold for the ¢ operators for NbSe,.

Diagonalizing the above BdG Hamiltonian, we self-
consistently calculate the electron density n(i,) and super-
conducting gap at each lattice site for the multi-orbital
Hamiltonian. The mean-fields for the electron density would
in general be given by

1
Mo = 3= D 2 o | FCE). (E4)

Y ky,n

Here, f(E,) is the Fermi function.

As discussed above, the superconducting gap on NbSe; has
been introduced with a pairing interaction term V. The self-
consistent procedure leads to an induced even-parity (A} ; )
order parameter on 17’-WTe,. The induced superconducting
gaps are obtained from the self-consistent solutions by calcu-

lating the following anomalous averages,

2w
1
s _ n n* n nx
Aiin = No 2 [ ¥y g Vi 11 B
Y n,ky=0

Here, N, is the number of &, divisions which is typically
taken to be 30 000 to 60 000 points to achieve high resolution
for the small gaps observed in the system.

We see our model as a generalization from the approxi-
mation of a superconducting heterostructure by considering
pristine WTe, with no effect of the proximal superconductor
on the WTe, band structure, i.e., a heterostructure in which
the only effect of the superconductor is to induce a gap on
the QSH edges. Instead, our modeling accounts for a realistic
finite interlayer coupling between NbSe, and WTe, through a
self-consistent procedure, allowing for minor changes in the
electronic structure such as hybridization and charge transfer.
Our model is thus able to explain, simultaneously, a small but
finite metallic density of states within the QSH gap, which
leaves the edge state intact, and an induced superconducting
order parameter of the same magnitude as resolved in the
experiments.
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