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ABSTRACT: Collective electronic states such as the charge 1H-NbS RAA

- e (KK
density wave (CDW) order and superconductivity (SC) respond 24NN :}
sensitively to external perturbations. Such sensitivity is

dramatically enhanced in two dimensions (2D), where 2D :‘iQC“\/}’QC“Q‘ \/ CDW :‘LQLOQ‘(}C(Q‘ Xcbw

materials hosting such electronic states are largely exposed to BLG sc XSC
the environment. In this regard, the ineludible presence of

supporting substrates triggers various proximity effects on 2D

materials that may ultimately compromise the stability and

properties of the electronic ground state. In this work, we :'*QQ“C"QIQ“Q‘ \/ CDW :«:QC«C-(}Q(} J cbw
investigate the impact of proximity effects on the CDW and h-BN \/ scC XSC
superconducting states in single-layer (SL) NbSe, on four =

substrates of diverse nature, namely, bilayer graphene (BLG),

SL-boron nitride (h-BN), Au(111), and bulk WSe,. By combining low-temperature (340 mK) scanning tunneling microscopy/
spectroscopy and angle-resolved photoemission spectroscopy, we compare the electronic structure of this prototypical 2D
superconductor on each substrate. We find that, even when the electronic band structure of SL-NbSe, remains largely
unaffected by the substrate except when placed on Au(111), where a charge transfer occurs, both the CDW and SC show
disparate behaviors. On the insulating h-BN/Ir(111) substrate and the metallic BLG/SiC(0001) substrate, both the 3 X 3
CDW and superconducting phases persist in SL-NbSe, with very similar properties, which reveals the negligible impact of
graphene on these electronic phases. In contrast, these collective electronic phases are severely weakened and even absent on
the bulk insulating WSe, substrate and the metallic single-crystal Au(111) substrate. Our results provide valuable insights into
the fragile stability of such electronic ground states in 2D materials.

KEYWORDS: transition-metal dichalcogenide, superconductivity, charge density wave, electronic structure,
angle-resolved photoemission spectroscopy, scanning tunneling microscopy, epitaxy

T he van der Waals layered materials are an ideal therefore affect their stability. Perhaps the most influential factor
playground for the investigation of exotic electronic on the properties of 2D materials is the presence of the substrate,
phases in two dimensions (2D) due to greatly enhanced

many-body interactions. In this regard, the metallic transition-
metal dichalcogenides (TMDs) deserve particular attention as

as it often triggers numerous “proximity effects” of various

. .16 17
nature on the 2D material such as screening, ° charge transfer,

they exhibit a rich variety of electronic phases such as charge hybridization, "™ strain,"*" etc. Although these previous
density wave (CDW) order,' ™ superconductivity (sC), 10 works have unveiled the effect of substrates, systematic and
quantum spin liquid,'" magnetism,'”'* and, even, topological

phases.'#'> Most of these electronic states rely on the strength of Received: July 185, 2021

electron—electron and electron—phonon correlations and, Accepted: November 5, 2021

therefore, are significantly sensitive to variations in the electronic Published: November 30, 2021

and phonon band structures. Such fragility becomes critical in

the 2D limit (single-layer, SL) since the entire crystal lattice is

exposed to the environment and many external factors can
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Figure 1. (a) Summary of the studied SL-NbSe,/substrate systems where the presence (absence) of the CDW and superconducting orders
according to our experimental results is indicated. (b) Calculated electronic band structure of SL-NbSe,.*>° Prominent electronic features (VH,,
C,, V}, V,) of the band structure are indicated. (c) Sketch of the NbSe, 2D BZ (solid hexagon) and the Fermi surface of SL-NbSe, on BLG/
Si(0001) measured at 55 eV photon energy. The solid red lines show the expected bands, and the high-symmetry directions are indicated by the
blue dashed lines. The dashed hexagon corresponds to the 2D BZ of the BLG, and the K points for BLG can be seen in the measured data.
Maximum intensity corresponds to black, and minimum intensity to white on the color scale. (b) Adapted with permission under a Creative
Commons Attribution 3.0 License from ref 30. Copyright 2016 IOP Publishing.

comparative studies of their properties and impact on the
collective electronic phases in 2D materials remain scarce.

In metallic TMDs (MX, with M = Nb, Ta, Ti, V,Snand X = S,
Se, Te), CDW order and superconductivity are frequently
present from the bulk form down to the single-layer limit,
although with rather disparate properties in many cases. In the
2D limit, however, these electronic phases are likely influenced
by the presence of the substrate; therefore, its role on the
electronic structure must be carefully evaluated. So far, CDW
and superconducting orders have been studied in epitaxial TMD
layers on substrates that do not necessarily minimize their
potential impact on the properties of the TMD layer but instead
are suitable for ease and high quality growth of the TMD. These
are mainly noble metals such as Au(111)"7**7*° and doped
graphene surfaces,”™”"~""*"*® (graphite, graphene/SiC(0001)
and graphene/Ir(111)). In this work, we provide a comparative
assessment of the impact of different substrates on the CDW and
SC phases as well as the electronic structure of a model
correlated 2D material. In particular, we study the electronic
ground state of high-quality SL-NbSe, grown by molecular
beam epitaxy (MBE) on four substrates with markedly distinct
structural and electronic nature: bilayer graphene (BLG)/
SiC(0001), SL-boron nitride (h-BN)/Ir(111), Au(111), and
bulk WSe,. (Details regarding the growth of SL-NbSe, on each
substrate can be found in the Supporting Information (SI).)
Surprisingly, while both CDW and SC persist with nearly
identical properties on BLG/SiC(0001) and h-BN/Ir(111),
they are absent or, at least, severely weakened on Au(111) and
bulk WSe,, as summarized in Figure 1a. However, the electronic
structure of SL-NbSe, remains largely unaffected in all cases
except for a nonuniform shift of the band structure on Au(111).
The fate of these collective phases is compared and discussed in
the framework of the electronic structure in each case.

RESULTS AND DISCUSSION

The 2H polymorph of NbSe, is a layered correlated material that
hosts both CDW order and SC at low temperatures. Below 33 K,
bulk 2H-NbSe, develops a CDW transition showing a quasi-
commensurate 3 X 3 electronic modulation. Below 7.2 K, this
material undergoes a superconducting transition and both
collective orders coexist. In the SL limit, CDW and SC have been
previously detected in exfoliated layers”® and epitaxial layers on
BLG/SiC(0001).” The electronic band structure of undistorted
SL-NbSe, (1 X 1) is dominated by a Nb-derived 4d band at the
Fermi level (Eg) that sustains both the CDW and SC (see Figure
1b).>”*° This band is separated from the fully occupied Se p,
bands, whose onset is located at —0.8 eV, by a bandgap of ~0.4
eV (yellow region in Figure 1b). The band structure shows
several characteristic features such as van Hove singularities
(VH,) as well as flat regions near " above (C,) and below (V,
V,) Eg that can be identified and tracked in scanning tunneling
spectroscopy (STS) and angle-resolved photoemission spec-
troscopy (ARPES) data.’ The Nb 44 states crossing the Eg form
two hole pockets around the I" and K points (see Figure Ic).
Specifically, at the center of the 2D Brillouin zone (BZ) for SL-
NbSe,, marked by the solid black line, there is a hexagonal-like
contour, while at the corners of the BZ there are two concentric
rings corresponding to the spin-split bands at K. The
photoemission intensity measured at Ex was acquired with 55
eV photons and is shown on the right-hand side of the BZ, while
the left-hand side shows a sketch of the expected bands (we were
unable to resolve the spin-split bands at K). This ARPES
spectrum was acquired for SL-NbSe, on BLG/SiC(0001),
whose 2D BZ is also marked (dashed line). The point-like
electronic structure of BLG near its K point is clearly visible in
the shown data.
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Figure 2. Structural and electronic properties of SL-NbSe, grown on BLG/SiC(0001) and h-BN/Ir(111). (a) High-resolution STM topograph
of SL-NbSe, on BLG/SiC(0001), where the 3 X 3 CDW ordering is visible at T = 340 mK (Vs = +50 mV; I, = 0.86 nA). The corresponding FFT is
shown in the inset. (b) Low-bias and (c) high-bias STM dI/dV spectra acquired on SL-NbSe,/BLG at T = 340 mK. The superconducting gap
(Agc), the position of collective modes (vertical arrows), and several band structure features are indicated in (b). Equivalent STM/STS
measurements on SL-NbSe, on h-BN/Ir(111) are presented in (d—f) (parameters for (d): Vg = —50 mV; I, = 4 nA). ARPES measurements
acquired with 55 eV photons, along '~K and I'—M high-symmetry direction of (g, j) SL-NbSe, on BLG and (h, k) h-BN. Dashed lines point out
the band minimum. (i, 1) EDCs taken at the conduction band minimum along =K and I'—M, correspondingly. Blue color is used to represent
data acquired from a SL-NbSe,/BLG sample, whereas orange is used for the SL-NbSe,/h-BN. The color scale used for the ARPES data is the

same for all panels (g, h, j, k).

We first focus on the electronic structure of SL-NbSe, on
BLG/SiC(0001) and SL-h-BN/Ir(111). BLG/SiC(0001) is the
most common substrate used to investigate the properties of 2D
TMD metals because it is amenable to the growth
process. 7' Yet, the influence of the BLG/SiC(0001)
substrate on the electronic ground state of SL-TMDs remains
largely unexplored. BLG is degenerately n-doped on SiC(0001);
therefore, it behaves as a metallic substrate. To assess the
influence of the metallic nature of the substrate, we
quantitatively compare the properties of SL-NbSe, on BLG/
SiC(0001) and SL-h-BN/Ir(111), the latter a ~6 eV bandgap
insulator’" that acts as an effective decoupling layer.**** Figure
2a—c and 2d,f summarize the scanning tunneling microscopy
(STM)/STS results obtained for SL-NbSe, on BLG/SiC(0001)
and h-BN/Ir(111), respectively. As previously reported, SL-
NbSe, on BLG/SiC(0001) exhibits an unchanged 3 X 3 CDW
with T¢ ~ 33 K with respect to bulk,” as seen in the blue colored
STM topograph measured at 340 mK (Figure 2a). Furthermore,
SL-NbSe, on BLG/SiC(0001) develops superconductivity
below 2 K,*”* which is reflected in the opening of an absolute
gap of Agc = 0.40 + 0.02 meV in the density of states (DOS)
around Ej, as seen in the dI/dV curve of (Figure 2b) (the SC gap
values (Agc) were extracted from a fit to the Dynes formula with
abroadening parameter I' = 10 yeV). In addition to this gap, the
DOS also exhibits several peak features (vertical arrows)
attributed to collective modes in the 2D superconductor.”

19432

Low-temperature (340 mK) STM/STS experiments carried out
on SL-NbSe, on h-BN/Ir(111), color-coded in orange, reveal a
nearly identical electronic ground state of the SL-NbSe, to that
on the BLG/SiC(0001) substrate. We have confirmed that the
gap feature in the SL-NbSe, on h-BN/Ir(111) case corresponds
to the superconducting gap by studying its magnetic-field
dependence (see SI). High-resolution STM imaging of SL-
NbSe, on h-BN/Ir(111) (Figure 2d) reveals that the CDW is
fully developed on this substrate with a 3 X 3 periodicity.
Similarly, the superconducting state is also preserved on SL-
NbSe, on h-BN/Ir(111), as seen in the low-bias (i.e., mV range)
dI/dV spectrum shown in Figure 2e. This spectrum exhibits a
superconducting gap (Agc = 0.37 = 0.03 meV) as well as the
features related to collective excitations similar to the case of SL-
NbSe, on BLG/SiC(0001). Unlike the BLG case, however, the
DOS here shows finite conductance within the superconducting
gap, which is caused by a direct tunneling channel to the
supporting Ir(111) substrate; compare Figure 2b and Figure 2e.
This is consistent with previous STS experiments carried out on
h-BN/Ir(111), where dI/dV spectra contain traces of the
electronic structure of the metal support.*®

In order to get a detailed picture of the electronic properties of
SL-NbSe, on BLG/SiC(0001) and h-BN/Ir(111) substrates, we
measured its electronic structure by STS and ARPES. Figure 2¢,f
shows two typical dI/dV spectra of SL-NbSe, taken over a large-
bias voltage range on BLG/Si(0001) and h-BN/Ir(111),

https://doi.org/10.1021/acsnano.1c06012
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Table 1. Energies of the Main Features of the Electronic Structure As Measured by STS and ARPES”

substrate C, (eV) VH, (eV) VH, (eV) VH, (eV) V; (eV) V, (eV)
BLG/SiC 0.46 + 0.05 —0.27 + 0.05 ~021 + 0.05 —0.81 +0.16 —1.02 + 0.04 ~1.30 + 0.07
h-BN/Ir(111) 0.43 + 0.06 ~0.29 + 0.05 ~023 +0.05 —0.80 + 0.02 ~1.03 + 0.03 ~1.30 + 001
Au(111) 0.16 + 0.05 ~0.37 + 0.05 ~0.22 + 0.05 - ~1.10 + 0.05 -
WSe, 0.49 + 0.0S —0.30 + 0.05 —0.24 + 0.05 —0.65 + 0.16 —0.87 + 0.04 —

“C,, Vy, V,, and VH, values were extracted from the STS data, while VH, and VH; were extracted from the ARPES spectra. Cy, V;, and V, values
were taken as the maxima of the STS peaks and VH, as the onset of the Se-derived band extracted following the procedure described in ref 16. STS
uncertainties were determined through a statistical analysis of individual STS curves obtained in multiple locations with different STM tips.

2
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Figure 3. Structural and electronic properties of SL-NbSe, on Au(111). (a) Atomically resolved STM image of SL-NbSe, on Au(111) showing
the 1 X 1 atomic lattice and a 5§ X § superlattice that corresponds to a commensurate moiré pattern of 17.3 A (Vg = +0.3 V; I, = 1.5 nA). The
corresponding FFT of the STM image is shown in the inset. (b) Low-bias and (c) large-bias STM dI/dV spectra acquired on SL-NbSe, on
Au(111) at T = 340 mK (yellow curves). In (c), the STM dI/dV spectrum of SL-NbSe, on BLG (blue curve) is included as a reference. ARPES
measurements along ['—K and T'—M high-symmetry directions of SL-NbSe, grown (d, g) on BLG and (e, h) on Au(111). Dashed lines point out
the band minimum. (f, j) EDCs taken at the Nb-derived band minimum along 'K and T'—M, correspondingly. The color scale is the same for

all panels (d, e, g, h).

respectively. The observed electronic structure is nearly
identical in both cases and fairly coincident with several band
structure features sketched in Figure 1b: (a) a pronounced peak
at sample bias Vg = +0.43 V (empty states) that corresponds to
the flat region at the top of the Nb-derived band at I' (C, in
Figure 1b); (b) a shallow peak near Vg = —0.20 V contributed by
the van Hove singularities below E; (VH;, VH,, and VH;) (see
SI); (c) a region of low and flat DOS attributed to the bandgap
of 0.4 €V; (d) a sharp increase of the DOS whose onset is at Vg =
—0.82 V and is consistent with the top of the Se-derived band at
the M-point (VH,) according to recent theory reports;*”*" and
(e) two peaks at Vg = —1.03 V and Vg = —1.30 V that can be
attributed to the V; and V, features in the band structure. All
these STS features are coincident in energy in the two systems
within uncertainties (see Table 1).

To further clarify the electronic structure in these two
systems, we performed ARPES measurements at room temper-
ature (RT). The band dispersion along the =K and '—M high-
symmetry directions, indicated by the blue dashed lines in
Figure lc, are respectively presented for the cases of SL-NbSe,
on BLG/SiC(0001) and h-BN/Ir(111) in Figure 2g,j and 2h/k.
The position of the band minimum was determined by fitting
energy distribution curves (EDCs). The band minimum in the
'K direction (VH;) for SL-NbSe, on BLG/SiC(0001) is at
~210 meV, while it is ~230 meV for the case of SL-NbSe, on h-
BN/Ir(111). A similar shift of the Nb 4d band to lower binding
energy is observed in the =M direction (VH, ), as shown in the
EDCs of Figure 2il. We do not observe any detectable
hybridization (i.e., avoided crossing) between the SL-NbSe,

bands and the h-BN and BLG bands, which indicates a weak
interaction between the SL-NbSe, and the substrate; however
given the resolution of our acquired data, we cannot fully rule
out this possibility. In light of the STS and ARPES comparative
measurements, we conclude that the electronic structure
remains unaltered by replacing BLG/SiC(0001) with h-BN/
Ir(111) as the substrate, which is consistent with the observation
of CDW order and SC in both cases. The metallicity of the
graphene (i.e., finite DOS at E;;) does not noticeably impact the
superconducting state of the SL-NbSe,. This is relevant as
graphene is a common substrate for the growth and further
investigation of TMD metals.' 77?7 In the following, we will
use the SL-NbSe, on BLG/SiC(0001) system as a reference, as it
represents to good approximation the freestanding electronic
structure of SL-NbSe,.

Next, we focus on the electronic structure of SL-NbSe, on
Au(111) following the same procedure. Figure 3a shows an
atomically resolved STM image of SL-NbSe, on the Au(111)
surface, where, in addition to the atomic registry, a rotationally
aligned superstructure is clearly observed. This superlattice has a
commensurate 5 X S periodicity with respect to SL-NbSe,
whose origin is a moiré pattern formed between the TMD and
the Au atomic lattice.”® Fast Fourier transform (FFT) analysis of
STM topographs (inset in Figure 3a) shows that the S X §
superlattice is the only existing periodicity in SL-NbSe, on
Au(111) beyond the atomic lattice; therefore, there is no trace of
3 X 3 CDW ordering. The low-energy electronic structure near
Ey probed by STS at 340 mK in Figure 3b shows a flat DOS,
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Figure 4. Morphology of SL-NbSe, on bulk WSe,. (a) Large-scale STM image of a nearly complete monolayer of NbSe, grown on bulk WSe, (V;
=+0.93 V; I,= 30 pA, T = 4.2 K). (b) Height profile taken along the orange line in (a) that illustrates the apparent heights of the monolayer and
the bilayer. (c) Close-up STM image of SL-NbSe,/WSe, showing a moiré superlattice with a length of ~7.8 nm arising from the lattice mismatch
between SL-NbSe, (3.44 A) and WSe, (3.29 A) at zero angle between them (Vg = +1.8 V; I, = 3 nA; T = 4.2K).4.2 K).
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Figure 5. Structural and electronic properties of SL-NbSe, grown on bulk WSe,. (a) Atomically resolved STM image showing a barely visible 3 x
3 CDW modulation that leads to a blurred 3 X 3 points in the FFT (this has been observed systematically with different tip apexes, see SI) (V=
—0.5V; I,=0.15nA) . (b) Low-bias STM dI/dV spectrum showing the absence of the SC gap but a shallow dip feature attributed to the CDW
order. (c) Wide-range STM dI/dV spectrum where only C, is distinguished. ARPES measurements along [—K and I'—M high-symmetry
directions of SL NbSe, grown on (d, g) BLG/SiC(0001) and (e, h) bulk WSe,. The black dashed lines point to the band minimum in (£, i) where
EDCs acquired at the conduction band minimum along the corresponding I—K and ['—M directions. Comparison of the V;, V,, and VH;
features for SL-NbSe, on BLG/SiC(0001), and bulk WSe,; they all appear to similar position in energy. The color scale is the same for all panels
(dl €8 h)-

which demonstrates the quenching of SC by the proximity of the unaltered with respect to the BLG system (see Table 1 and SI).
normal metal. For unoccupied states, we find C; for SL-NbSe, on Au(111) to

Figure 3c shows two typical wide-bias dI/dV spectra be located at Vs = + 0.16 V. This value represents a surprisingly
measured for SL-NbSe, on Au(111) (yellow) and, for large shift of C; of 300 meV toward Eg, with respect to the SL-
comparison, on BLG/SiC(0001). For occupied states, the NbSe,/BLG system. This shift along with the simultaneous

DOS of SL-NbSe, on Au(111) shows a featureless monotonic disappearance of the Au(111) surface state suggests charge
increase of the DOS that we attribute to the dominant weight of transfer from the substrate to the 2D layer. This scenario is
the direct tunnelling channel to the bulk bands of Au(111). consistent with the ARPES data shown in Figure 3d— i, where
Importantly, we do not observe any STS feature compatible with the Nb 4d band moves further below Ex compared to the weakly
the surface state of Au(111). Lastly, although the V; and V, interacting SL-NbSe,/BLG case. However, this band does not
features from the Se p, bands are not observed in ST'S in contrast show a rigid shift as it would be expected for a bare charge
to the BLG case, the dispersion and position of the former is transfer. While the band position in the ['—K direction (VH,)
detected in our ARPES measurements and found to be nearly for Au(111) and BLG does not reveal any qualitative difference,
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there is a clear shift of the band in the =M direction (VH,) of
~100 meV. Regarding the Au(111) surface state, our ARPES
data cannot resolve it due to the nearly full coverage of SL-NbSe,
(partial TMD coverages enable its observation).””

The disappearance of the Au(111) surface state, the large shift
of the C, feature toward Ep, and the nonuniform shift of the Nb-
derived band are fully compatible with pseudodoping effects
similar to those observed in SL-TaS,/Au(111)** and arising
from charge transfer and, more importantly, hybridization
between the d-band of the TMD and the Au(111) surface state.
First-principles calculations have shown for SL-TaS, that the d-
band can shift unequally in energy in different points in k-
space.'” Since the pseudodoping-induced shifts of the bands can
be k-dependent within the BZ, the states above and below Ej can
be affected by different amounts, which is consistent with the
measured larger shift of the unoccupied C; STS feature (~ 300
meV) than that detected in the occupied region by ARPES (~
100 meV) as seen in Figure 3c,i. Therefore, the hybridization of
the Nb 4d band with the Au surface state leads to nonuniform
(k-dependent) band shifts that reshape the electronic structure
of the 2D layer. Pseudodoping impacts the CDW and
superconducting states in SL-NbSe, likely through a reduction
of the DOS as a result of the hybridization that leads to a
decrease of the effective coupling constants upon deposition on
Au(111), which contribute toward their disappearance. In the
case of the SC, the Cooper pair leakage to the Au(111) substrate
due to boundary effects is also expected to play a large role in its
quenching.*”

Lastly, we investigate the case of SL-NbSe, on a large-gap (>1
eV) semiconductor, that is, bulk WSe,. The morphology of SL-
NbSe, grown on WSe, is shown in Figure 4a. The high quality of
the crystal structure is revealed by the uniform shape of the layer
and straight edges of the domains. The SL-NbSe, grows with
both atomic lattices rotationally aligned. This alignment is
confirmed by constant energy maps acquired by ARPES (not
shown). However, due to the lattice mismatch between SL-
NbSe, (3.44 A) and WSe, (3.29 A), a large moiré pattern with a
periodicity of 7.8 nm is formed in the heterostructure, which is
clearly visible in STM images (Figure 4c). Regarding the
existence of CDW and SC, we proceed as we did with previous
substrates. High-resolution STM imaging of SL-NbSe, on bulk
WSe, (Figure Sa) reveals a superlattice compatible with the
existence of CDW order with a ratio between the Bragg (b;y;)
and superlattice (bg) reciprocal vectors of byy;/bg = 3.10 +
0.53. However, the spots of the superlattice in the corresponding
FFT (inset) are rather blurred and poorly defined. This
situation, and even the absence of CDW, is systematically
observed in our STM images acquired in this system (see SI),
which indicates an intrinsic weakening of the CDW on bulk
WSe, as compared to the BLG and h-BN cases. Concerning the
superconducting state, the DOS near Eg usually exhibits a V-
shape (see SI), whose relation with the SC state has to be
considered. To do so, we consecutively acquired STM dI/dV
spectra of SL-NbSe, on bulk WSe, below (0 T) and above (5 T)
the upper critical magnetic field (2.2 T) at 340 mK (see SI),
which show a nearly identical shape. The normalized dI/dV
spectrum (dI/dV(0 T)/dI/dV(S T)) is shown in Figure Sb. The
normalized DOS shows a shallow dip of ~6 meV that can only
be related to the CDW gap. Therefore, we rule out the presence
of SC in SL-NbSe, on the bulk WSe, substrate.

To gain knowledge about the weakening of the CDW and the
disappearance of SC in SL-NbSe, grown on the semiconducting
bulk WSe, substrate, we study its electronic structure via STS

and ARPES. Figure 5c shows a typical dI/dV spectrum of this
system along with the SL-NbSe,/BLG reference spectrum. For
unoccupied states, the only feature is the broad C, peak centered
at Vg = +0.49 eV, nearly coincident in energy with that for SL-
NbSe, on BLG/SiC(0001). For occupied states, the DOS shows
a continuous and large increase from Ep that dominates over
other ST features such as VH; or V ,, thus rendering them not
visible. We attribute the large increase of DOS to tunneling from
the bulk valence bands of WSe,, whose onset in SL-NbSe, on
WSe, is located very close to E (see ARPES spectra in Figure
5e,h). The bulk WSe, valence band maximum is located at the I'-
point and has high intensity (red) with noticeable dispersion in
the k, direction,” which maximizes the tunneling probability to
these states and, therefore, their weight in the measured dI/dV
spectra. Figure 5d,e and 5g,h compares the dispersion of the SL-
NbSe, states on BLG and bulk WSe, along the =K and '-M
directions, respectively. ARPES data do not reveal a significant
shift of the band minimum in the =K high-symmetry direction
as compared to the reference spectra for SL-NbSe, on BLG/
SiC(0001) and h-BN/Ir(111) substrates. The shift of the pocket
in the =M direction is equal with the SL-NbSe, on BLG/
SiC(0001) and h-BN/Ir(111) samples (compare EDCs in
Figures 21 and 5i). In summary, from the STS and ARPES data,
we conclude that the electronic structure of SL-NbSe, remains
unaffected within our experimental resolution by the presence of
the bulk WSe, substrate with respect to the reference substrates
of BLG/SiC(0001) and h-BN/Ir(111) .

This result allows us to draw some conclusions about the
behavior of CDW and SC in this system. First, the nearly equal
electronic structure of SL-NbSe, on bulk WSe,, BLG/
SiC(0001), and h-BN/Ir(111) substrates rules out significant
charge transfers and/or changes in the Fermi surface that could
critically affect the stability of these collective states. Similarly,
hybridization between Nb 4d states and substrate states can also
be discarded due to the absence of overlap. Furthermore, in
none of the cases we observe the emergence of defect states due
to a significantly high density of defects, which would be
detrimental to the SC phase but not necessarily the CDW phase,
as we have observed CDW and SC in heavily doped SL-
Nb,_sMoj Se, alloys for large Mo concentrations up to 15%."'

Weakening of the CDW order and complete suppression of
SC for SL-NbSe, could be due to minute but measurable energy
shifts of the van Hove singularities. For bulk 2H-NbSe,, the
energy difference between the band minima along the 'K and
I'—M directions is ~0.1 eV. In the SL case, comparison of the
EDCs displayed in Figure Si reveals a plausible smaller energy
difference and, therefore, a closer position of VH, to Ep with
respect to the bulk case. Similar shifts with strong impact in the
CDW and superconducting orders have been previously
reported in bulk TMDs.** Furthermore, the presence of long-
wavelength moiré pattern (7.8 nm) in SL-NbSe, on bulk WSe, is
a distinctive feature with respect to the reference substrates
(where both CDW and SC are seen) that could be affecting the
stability of the CDW and SC. Although long moiré patterns are
present in all the heterostructures studied here, the induced
structural/electronic corrugation in the NbSe, layer is only
noticeable via STM on the bulk WSe, substrate. Further work to
assess the potential impact of moirés in 2D TMD super-
conductors as well as other plausible factors is required to reveal
the microscopic mechanisms that lead to the weakening and
disappearance of the CDW and SC, respectively, in SL-NbSe, on
bulk WSe,.
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CONCLUSION

In conclusion, high-resolution STM/STS and ARPES measure-
ments allowed us to interrogate the impact of the substrate on
the electronic structure and collective ground states (CDW and
SC) in SL-NbSe,, a model correlated 2D material. A key insight
gained in this study is the significance of the fact that the BLG/
SiC(0001) substrate plays a negligible role in the electronic
properties of the 2D TMD metal, as demonstrated by direct
comparison with SL-NbSe, on h-BN/Ir(111). Our measure-
ments also reveal a nearly identical electronic structure of SL-
NbSe, on BLG/SiC(0001), h-BN/Ir(111), and bulk WSe,
substrates, which can be considered close to the free-standing
case. However, while both CDW and SC in SL-NbSe, are
present on BLG/SiC(0001) and h-BN/Ir(111), they are both
critically impacted in the case of bulk WSe,. Lastly, the Au(111)
substrate is not suitable for fundamental studies of the intrinsic
electronic structure of 2D TMD metals. Our study presents a
model case with valuable insights that we expect will contribute
toward a better understanding of relevant substrate-induced
proximity effects in 2D materials.

METHODS

In this section, we outline the preparation of the substrates themselves
as well as the subsequent growth of SL-NbSe, on each of them. Details
regarding the STM/STS and ARPES measurements are also provided.

Substrates Preparation. Bilayer Graphene. BLG was epitaxially
grown on SiC(0001) wafers with resistivities p &~ 120 €2-cm. First, the
SiC(0001) wafers (previously rinsed with an isopropyl solution) were
inserted into an UHV-MBE chamber (base pressure of 5 X 107! mbar)
and outgassed at 650 °C for 30 min. Next, the BLG was grown by
heating the sample to 1400 °C for another 35 min. During the growth,
we monitored the emergence and quality of the BLG via reflection high-
energy electron diffraction (RHEED).

Bulk WSe,. WSe, crystals were exfoliated in air and immediately
introduced into the UHV-MBE system. The bulk WSe, substrates were
subsequently outgassed at 650 °C for 10 min prior to the SL-NbSe,
growth.

Au(111). Au(111) single crystals were cleaned by carrying out
multiple cycles of Ar* sputtering (V = 0.5 keV) and annealing (T = 550
°C) in the UHV-MBE chamber.

SL-h-BN on Ir(111). SL-h-BN on a Ir(111) surface was prepared in an
UHYV system (base pressure: <3 X 107'% mbar) that is equipped with a
variable-temperature (VT)-STM and standard surface preparation
facilities. The single crystal Ir(111) was cleaned by Ar* sputtering while
maintaining the substrate at 850 °C for 60 min, followed by annealing at
850 °C in an oxygen atmosphere at a partial pressure of 2.7 X 107 mbar
during 40 min and finishing with a short annealing at 900 °C and
subsequent flash-anneal at 1050 °C under UHV conditions. SL-h-BN
was grown via chemical vapor deposition employing borazine
(BsHgN;) as the precursor molecule. Specifically, the as-cleaned
Ir(111) surface, kept at 950 °C, was exposed to 75 Langmuir of
borazine at a partial pressure of 3.3 X 107® mbar. This procedure yields
fully covered, well-aligned, and single domain of SL-h-BN on Ir(111)
(see SI). Once the surface quality and cleanliness were examined by
STM at RT, the sample was air-transferred to the MBE system for the
growth of SL-NbSe,. To avoid degradation due to air exposure during
transfer between systems, the h-BN/Ir(111) surface was coated with
~5—6 ML of PTCDA molecules as a capping layer. In the MBE
chamber, the PTCDA molecules were thermally desorbed from the
substrate by annealing at 850 °C for 30 min before the growth of SL-
NbSe,.

Epitaxial Growth of SL-NbSe,. Single layers of NbSe, were grown
by MBE on epitaxial BLG on 6H SiC(0001), h-BN on Ir(111),
Au(111), and bulk WSe,. The base pressure of the MBE chamber was S
X 107! mbar. High-purity Nb(99.99%) and Se (99.999%) were
evaporated from an e-beam evaporator and a standard Knudsen cell,
respectively. The Nb:Se flux rate was kept at 1:30 for all the substrates.
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The table below shows the optimized growth parameters (substrate
temperature and time) to obtain a NbSe, coverage of ~0.9 ML for each
substrate. The growth of the NbSe, was monitored by in situ RHEED
measurements. Atomic force microscopy at ambient conditions was
routinely used to optimize the morphology of the NbSe, layers. In order
to transfer the samples from our UHV-MBE system to the STM (San
Sebastian, Spain) or ARPES (Aarhus, Denmark), the films were capped
with a ~10 nm film of Se to protect them against oxidation and
moisture. The Se-capping layer was easily removed under UHV
conditions by annealing the sample to ~280 °C (Table 2).

Table 2. Optimized Growth Parameters of Single-Layer
NbSe, on Various Substrates

substrate temperature (°C) growth time (min)
BLG/SiC(0001) 580 30
WSe, 550 25
Au(111) 560 20
h-BN/Ir(111) 590 45

STM/STS Measurements. STM/STS experiments were carried
out in a commercial UHV, low-temperature, and high-magnetic field
STM USM-1300 from Unisoku operating at T = 0.34 K unless
otherwise stated. STS measurements (using Pt/Ir tips) were performed
using the lock-in technique with typical a.c. modulations of 20—50 yV
at 833 Hz for the low-bias spectra and 2—6 mV at 833 Hz for the large-
bias spectra. STM/STS data were analyzed and rendered using WSxM
software.*’ To avoid tip artifacts in our STS measurements, the STM
tips we used for our experiments were previously calibrated using a
Cu(111) surface as reference. A tip was considered calibrated only
when STS performed on Cu(111) showed a sharp surface state onset at
—0.44 eV followed by a clean, monotonic decay of the dI/dV signal.*®
In addition to this, we also inspected the DOS within 10 mV to avoid
the inadvertent use of functionalized tips with strong variations in the
DOS around Eg.

ARPES Measurements. ARPES data were taken using p-polarized
light at a photon energy of S5 eV at the SGM3 beamline of the
ASTRID? synchrotron light source in Aarhus, Denmark.** Energy and
angular resolution were ~40 meV and 0.2°, respectively. The sample
was fixed at room temperature during the measurements, which is
above Tcpw and Te.
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The structural properties of the h-BN substrate grown on
Ir(111) are presented in Figure S1. Additional ARPES
measurements of the Se-derive p, states are shown in
Figure S2. Figure S3 presents an overview of EDCs at the
band minimum along =K and I'—=M directions. The
CDW in SL-NbSe, grown on WSe, is discussed by
comparing the topography and FFT patterns of various
different domains in Figure S4. The Van Hove
singularities below Ep are discussed for SL-NbSe, on
BLG/SiC(0001) and for SL-NbSe, on h-BN/Ir(111) in
Figure SS. In Figure S6, we present further STS
characterization with an applied magnetic field up to 5
T, which confirms the superconducting character of the
low-scale STS gap in SL-NbSe, on h-BN/Ir(111). The
same experiment has been conducted for NbSe, on WSe,,
which confirms the absence of SC in this system. By
combining ARPES experiments with LEED measure-
ments, the orientations of the SL-NbSe, domains were
studied and are presented in Figure S8 (PDF)
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