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epitaxial VSe, monolayers on superconducting

NbSe2
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Peter Liljeroth® 1™

There has been enormous recent interest in heterostructures of two-dimensional van der
Waals materials. Integrating materials with different quantum ground states in vertical het-
erostructures is predicted to lead to novel electronic properties that are not found in the
constituent layers. Here, we present direct synthesis of a superconductor-magnet hybrid
heterostructure by combining superconducting niobium diselenide (NbSe,) with the mono-
layer vanadium diselenide (VSe,). Molecular-beam epitaxy growth in ultra-high vacuum
yields clean and atomically sharp interfaces. Combining different characterization techniques
and density-functional theory calculations, we investigate the electronic and magnetic
properties of VSe, on NbSe,. Low temperature scanning tunneling microscopy measure-
ments show an absence of the typical charge density wave on VSe, and demonstrate a
reduction of the superconducting gap of NbSe, on the VSe, layer. This suggests magneti-
zation of the VSe, sheet, at least on the local scale. Our work demonstrates superconducting-
magnetic hybrid materials with potential applications in future electronics devices.
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would realize electronic responses not found in naturally

occurring materials. There are many routes toward this
goal and they are all being explored vigorously, e.g., artificial
atomic lattices!~>, atomically precise graphene nanoribbons®-8,
and controlled heterostructures of two-dimensional (2D) mate-
rials?~1>. The designer concept is well illustrated in systems
combining magnetism with superconductivity to realize topolo-
gical superconductivity!6-20. Individual magnetic impurity atoms
give rise to the so-called Yu-Shiba-Rusinov states?!, which can be
coupled in extended structures to give rise to bands (inside the
superconducting gap). Eventually, the system can be driven into a
topological phase in the presence of certain spin textures or
spin—orbit coupling!®22-2, Topological superconductors are a
distinct form of matter that is predicted to host boundary
Majorana fermions. Experimental realization of Majorana fer-
mions is exciting in its own right, but this is compounded by
the proposal that systems with non-abelian statistics can serve as
the basis for topological quantum computation?’-2%. Experi-
mentally, these systems have been realized in one-dimensional
chains of magnetic adatoms on the surface of s-wave
superconductors!82330, and this has been extended to 2D sys-
tems by using magnetic metal islands31:32. However, these types
of systems can be sensitive to disorder, and interface engineering
through, e.g., the use of an atomically thin separation layer, might
be required32.

Issues with interface inhomogeneities can potentially be avoi-
ded in van der Waals (vdW) heterostructures, where the different
layers interact only through vdW forces®!0. Layered materials
that remain magnetic down to the monolayer (ML) limit have
been recently demonstrated!>12. While the first report relied on
mechanical exfoliation for the sample preparation, related mate-
rials CrBr; and Fe;GeTe, have also been grown using molecular-
beam epitaxy (MBE) in ultrahigh vacuum (UHV)33:34. This is
essential for realizing clean edges and interfaces. Very recently,
monolayer magnetism was suggested in the transition-metal
dichalcogenide (TMD) vanadium diselenide (VSe,), which can be
readily grown using MBE on various layered materials!3. Later
reports have questioned the existence of magnetism in VSe, as no
magnetic signal was detected in X-ray magnetic circular

There has been a surge of interest in designer materials that

1ML VSe2

dichroism (XMCD) experiments3>3°. Angle-resolved photo-
emission spectroscopy revealed an enhanced charge-density wave
(CDW) transition at a higher temperature than in the bulk, and it
was suggested that the presence of CDW driven by Fermi-surface
nesting removes the usual mechanism for achieving a magnetic
ground state3>37-39 Tt has also been suggested that spin frus-
tration plays a role in VSe, samples grown by MBE3®. Support for
this comes from recent experiments on chemically exfoliated
VSe, flakes that show ferromagnetic behavior with a Curie tem-
perature of ca. 470 K and also nonzero XMCD signal?. While
there still is no consensus on the nature of the possible magnetic
ground state of VSe,, it is clear that there is a delicate balance
between different competing interacting states and phases in
monolayer transition-metal dichalcogenides, which may also
depend on the nature of the substrate3>36:39-43,

Combining 2D magnetic and superconducting TMDs would
create a promising material platform for investigating the coex-
istence of superconductivity, magnetism, and the resulting
emergent quantum phases of matter. The inherent lack of
surface-bonding sites due to the layered nature of these materials
prevents chemical bonding between the layers and results in a
better control of the interfaces. We report the growth of single-
layer vanadium diselenide (VSe,) by molecular-beam epitaxy on
superconducting niobium diselenide (NbSe,) substrate and study
the magnetic and electrical properties of these heterostructures.
MBE growth under UHV conditions facilitates the formation of
clean edges and interfaces, and we characterize the electronic
structure of the resulting hybrid materials down to the atomic
scale using low-temperature scanning tunneling microscopy
(STM) and spectroscopy (STS). Our results give further experi-
mental information on the magnetic properties of VSe, and
demonstrate a clean and controllable platform for creating
superconducting-magnetic hybrid TMD materials with great
potential of integrating TMDs into future electronic devices.

Results

Growth and characterization of VSe,. VSe, was grown on NbSe,
by MBE, and the results are illustrated in Fig. 1 (see “Methods”
for details). Briefly, vanadium was evaporated under excess flux of
selenium onto a NbSe;, crystal cleaved in situ in UHV and held at

0 10 20 30 40 50 60 70
Distance (nm)

Fig. 1 Growth of VSe, on NbSe,. a Large-scale scanning tunneling microscopy (STM) image of submonolayer VSe, on NbSe,. Scale bar: 25 nm. b Line
profile along the blue line shown in panel a. ¢, d Atomically resolved images on VSe, (¢) and NbSe; (d). Scale bars: 1nm. e Line profiles along the lines in
panels ¢ and d (VSe; (black), NbSe, (red)) showing the atomic periodicities and the charge-density wave modulation on the NbSe, substrate. f Computed

structure of VSe, on NbSe,.
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T = 520-540 K during the growth. The samples were character-
ized in situ by STM and X-ray photoelectron spectroscopy (XPS).
In addition, after capping the films with a thick Se layer, the
samples were characterized ex situ by temperature-dependent
magnetization measurements. Figure la shows STM character-
ization of submonolayer VSe, films on NbSe, substrate. VSe,
grows atomically smooth, large uniform ML islands. Higher
coverages result in the formation of a second layer. The profile
along the blue line in Fig. 1a shows that the apparent height of the
VSe, film is 6.5 A (Fig. 1b) consistent with the unit-cell height?4,
Atomically resolved STM images of the VSe, monolayer and
NbSe, crystal surface are shown in Fig. 1c, d, respectively. While
NbSe, shows the well-known 3 x 3 charge-density wave mod-
ulation in the atomic contrast, we do not detect a charge-density
wave on VSe, (even at temperature of T=4.2K). This is in
contrast to reports on HOPG and bilayer graphene
substrates!33%37, The lattice constants can be measured from the
atomically resolved images, as depicted in Fig. le. This yields
values of 3.5+0.1A and 34+0.1A for VSe, and NbSe,,
respectively. These values match well with previous experimental
results384445 The lattice mismatch is roughly 3%; this together
with the fact that we observe several different orientations of VSe,
w.r.t. the underlying NbSe, suggests that there is no lattice match
between VSe, and NbSe,.

XPS was used to study the chemical composition of the as-
grown VSe, films on NbSe,. Characteristic peaks of V, Se, and Nb
are found in the XPS spectra (see Supplementary Note 1). The
binding energies of the V 2p;,, peak at 513.7 ¢V and the Se 3ds,
peak at 53.4 eV are similar to those previously observed for VSe,
on HOPG!34> The Nb 3ds,, peak is found at 203.5 eV, which is
typical for NbSe,. Both VSe, and NbSe, have similar selenium-
binding energies and thus they cannot be resolved from the Se 3d
spectrum?®. The V:Se:Nb stoichiometry for a 0.6 ML VSe, film
was found to be roughly 1:5:2 (estimated from integrated peak
areas, which were normalized to the elements’ atomic sensitivity
factors). No other elements, such as possible magnetic impurities,
were detected above the detection limit of ~1 atomic percent.

We have complemented the experiments by density-functional
theory (DFT) calculations. According to previous DFT calcula-
tions, the lowest energy phase of VSe, can be H or T phase, in the
FM or AFM configuration, with or without CDW, depending on
the choice of adopted functional, strain, and doping3>3%:42:43:4748,
Despite the theoretical prediction of the existence of the 2H-VSe,,
all of the recent experimental results using MBE report the
formation of the 1T phase with no evidence of a successful growth
of 2H phase. We also tested several different functionals, as shown
in Supplementary Note 2, and have chosen vdw-DF functional
revB86b with +U parameter of 2 eV, since it reproduces the larger
lattice constant and the lowest energy phase being ferromagnetic
1T-VSe,. In contrast, LDA would lead to CDW phase and PBE to
H phase, as in the previous reports3>3%424347 Figure 1f shows the
fully relaxed geometry of VSe,/NbSe, heterostructure from the
side and top views. The energetically most favorable stacking has
the lower-layer Se atoms of VSe, on top of the hollow site of the
NbSe, (2.94 A from Se in NbSe, to Se in VSe,) and V on top of
Nb, with a distance of 6.16 A from Nb to V.

Electronic properties of VSe,. We have probed the electronic
structure of single-layer VSe,/NbSe, heterostructure by both
scanning tunneling spectroscopy (STS) and DFT. Figure 2a shows
typical differential conductance (dI/dV) spectra taken on the ML
VSe, and on the bulk NbSe, substrate over a large bias range. We
will first focus on the NbSe, response. At positive bias (empty
states) region, the most pronounced features on bulk NbSe, are
the broad resonances at ~0.3V and ~1.8V, while at negative
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Fig. 2 Electronic properties of VSe, on NbSe,. a Typical long-range
experimental di/dV spectra on a monolayer (ML) VSe, and on the NbSe,
substrate as a function of the sample bias. b Simulated scanning tunneling
spectroscopy (STS) obtained by integrating the local density of states
(LDOS) at a constant height on top of the NbSe, surface. The solid and
dashed lines show different values of the energy broadening. ¢ Calculated
density of states (DOS) of bulk NbSe, as a function of energy. Density-of-
states plots show both the total DOS and the DOS projected to the metal
and Se atoms.

bias, the dI/dV signal is broad and rising. The measured dI/dV
spectrum on NbSe, is in agreement with earlier STS studies on
bulk NbSe,*°. The features in our dI/dV spectroscopy also match
the simulated local density-of-states (LDOS) spectra on a three-
layer slab of NbSe, (Fig. 2b), and can be compared with the bulk
density of states (DOS) (Fig. 2c). The first resonance at positive
bias arises from the Nb-derived band, while the broad feature at
negative bias overlaps with mostly selenium-derived bands below
Eg. On VSe,, at positive bias, there are pronounced features close
to the Fermi level and also at 0.9 V and 1.45 V. At negative bias,
we observe a peak at -0.5 V, and a shallow feature at ~—1V.
These VSe, features are discussed in more detail below.

The electronic structure and the simulated and experimental
STS are shown in Fig. 3a-f. First focusing on the experimental
spectra for monolayer and bilayer VSe, in Fig. 3d, we observe
peaks close to the Fermi level at both positive and negative bias,
and they are more pronounced for the bilayer compared with the
monolayer. Their energy spacing (gap) is ~0.2 eV with an abrupt
edge at positive energy (peak pl) and smoother edge at negative
energy that develops into peaks labeled with nl/n2. At larger
positive or negative bias, several peaks can be distinguished with
the peak positions shifting between the mono- and bilayer
spectra. The spectra are not noticeably position-dependent in the
middle of the VSe, islands.

Starting from the nonmagnetic (NM) phase, the calculated
band structure shows the partially filled d band (Fig. 3a). There is
a flat region between I' and K points, which also happens to
coincide with the Fermi level. This leads to a strong peak at the
Fermi level in the DOS and also in the simulated STS, which
obviously contrasts the experimental spectra. NM phase is also
unstable in calculations and may either develop CDW or
ferromagnetism, depending on conditions (strain, doping, and
defects) and on computational parameters (see Supplementary
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Fig. 3 Comparison of experimental scanning tunneling spectroscopy (STS) data and calculated density of states (DOS) for VSe, on NbSe,.

a Calculated band structure of VSe, (nonmagnetic state). The color of the symbols reflects the character of the states with blue corresponding to vanadium
and orange to selenium. b, ¢ Calculated projected density of states (PDOS) as a function of energy (b) and simulated di/dV spectra (with two different
broadenings, panel ¢) for the nonmagnetic and charge-density wave states. d Typical long-range experimental d//dV spectra on 1 and 2 monolayer (ML)
VSe, on NbSe; as a function of sample bias. e, f Simulated dI/dV spectra (with two different broadenings, panel e) and calculated PDOS (panel f) for the
ferromagnetic ground state. All the calculations correspond to unstrained monolayer VSe,.

Note 2). In the CDW phase, DOS exhibits a clear pseudogap
formation, although not at the Fermi level, but just above it.
While the simulated STS would be relatively consistent with the
experimental one, we do not detect CDW in the STM topography
and also do not observe a hard gap at the Fermi level as reported
by M. Bonilla et al.13,

In the ferromagnetic (FM) phase, the spin-up and -down band
structures are only shifted in energy as in itinerant FM. The
calculated magnetic moment depends moderately on strain and
the computational parameters (e.g., the Hubbard U), see
Supplementary Note 2 for details?”. Consequently, also the
DOS and simulated STS show splitting of the peaks w.r.t. NM
phase. Due to the splitting of the DOS peak at Fermi level, the
lower branch could explain the peaks nl/n2 with the higher
branch falling slightly above Fermi level (feature pl in the
experimental spectra). The FM phase also seems to yield better
agreement between the simulated and experimental STS for the
peaks p2 and p3 in the monolayer sample. Note that while some
experiments show nonuniform sampling of the states with
different in-plane momenta®®°!, the most prominent features
on the VSe, spectra close to the Fermi level are predicted to arise
from the high density of states from bands close to the I' point,
and we do not observe strong variations in the dI/dV spectra
depending on the microscopic tip apex. Even though the
magnetic response of VSe, is rather complex, taken together
with the lack of CDW in the STM images, our STM and STS
results are the most consistent with simulated response of the
FM phase.

Magnetic properties of VSe,. After the electronic characteriza-
tion of the samples, we will next focus on their magnetic prop-
erties. To explore the magnetic properties of ML VSe, on NbSe,,
we carried out magnetization measurements at various sample
temperatures (see “Methods” for details). All the VSe, samples
measured showed an in-plane magnetic response similar to that
shown in Fig. 4a, where the loops have a small coercivity and
remanence, but show saturation ~200-300 mT38, apart from a
linear background. As shown in Fig. 4b, the coercive field (H,) is
very small and the saturation magnetization (M) is practically
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Fig. 4 Magnetic measurements on monolayer (ML) VSe, on NbSe,.

a Magnetization curves (sample magnetization M as a function of external
field H) taken at T=10-300 K along with a Brillouin fit to the 10-K data.

b The temperature dependencies of the saturation magnetization M, and

the coercive field H..

independent of temperature in the range of T'=10-300 K. Sup-
plementary Fig. 17 from Supplementary Note 3 shows a direct
comparison between the substrate and VSe, responses. We fit a
Brillouin function to the T = 10 K data in Fig. 4a, similarly to
previous literature®?, which assumes the presence of a para-
magnetic background signal. The goodness of fit suggests that
such a background contributes significantly to the measured
magnetisation. In the inset to Fig. 4b, the difference between the
data and fit is plotted, which suggests that a small ferromagnetic
signal is also present in the sample. However, due to the
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paramagnetic contribution, we cannot quantitatively assess the
possible underlying ferromagnetic response with bulk magneti-
zation measurements. Further discussion and details of the fitting
are presented in Supplementary Note 4.

Experiments on chemically exfoliated VSe, flakes exhibit a
ferromagnetic response with a Curie temperature of ca. 470 K40.
As there is no strict alignment between the substrate and the VSe,
layer, MBE growth results in a polycrystalline 2D layer, which
also may be affected by substrate interactions. Furthermore, as
indicated by the DFT calculations, the energy differences between
the different ground states (CDW and magnetism) of the VSe,
monolayer are small. Minor perturbations due to the substrate,
capping, sample quality, and adsorbates, could cause variations in
the observed behavior. However, local measurements (such as
STM) should still probe the ferromagnetic phase suggested in the
data above that corresponds to the DFT calculations.

It has been argued that there is no conventional ferromagnet-
ism in VSe, on graphite and graphene substrates3>~3843.53_ Here,
one potentially important difference between our samples and
those on graphite and graphene is the absence of a charge-density
wave: we find no evidence of CDW in either the STM images or
the dI/dV spectroscopy. Based on the recent experimental
works>+>>, the absence of the CDW in our system might also
be related to the underlying NbSe, substrate. Our DEFT
calculations also suggest that the stability of the CDW is sensitive
to the strain, doping, and amount of the defects in the system as
discussed extensively in Supplementary Information. Further-
more, in previous studies!3, monolayer VSe, sample exhibits a
maximum in M; and H, in a range around T'=100K and this
nonmonotonic behavior is ascribed to the CDW transition. This
is in contrast to our data on M, and H. as a function of
temperature. The absence of CDW transition is also indepen-
dently determined from the magnetization measurement under
zero-field-cooled (ZFC) and field-cooled (FC) regimes, where we
do not observe noticeable changes in the slope of the ZFC and FC
curves due to the CDW (see Supplementary Note 5).

The magnetic response of the sample below the super-
conducting transition temperature (T, = 7.2 K) is dominated by
the superconducting NbSe, substrate. Magnetization M(H) curves
measured at 2K for bulk NbSe, and VSe,/NbSe, (see also
Supplementary Note 5) show superconducting diamagnetic
behavior as reported previously>®>’. Moreover, there is no
obvious difference between these magnetization curves, which
indicates that the signal is mostly dominated by the bulk NbSe,.
This conclusion is further supported by the temperature-
dependent magnetization curves for the zero-field cooling
(ZFC) of a bulk NbSe, and VSe,/NbSe, heterostructure (see
Supplementary Note 5). They show a rapid decrease at the onset
of the diamagnetic signal below the critical temperature T, for
both samples and, again, there is no obvious change in T, which
further indicates the dominance of the bulk signals. It is worth to
mention that T is very sensitive to the magnetic doping, with
studies suggesting that T. drops rapidly upon metal atom
doping®8°°. This suggests that we do not lose any vanadium
due to intercalation at the normal growth temperatures.
Increasing the growth temperature to T>300°C results in
intercalation of vanadium, which is clearly seen in atomically
resolved images of the NbSe, surface, and results in the loss of the
long-range order of the NbSe, CDW®’ (see Supplementary
Note 6 for details).

Proximity-induced superconductivity in monolayer VSe,.
There is a particular interest in the interaction between the
superconducting substrate and the magnetic layer, both in terms
of the proximity effect induced in the single-layer VSe, and

conversely, the effect of the magnetic layer on the underlying
superconductor. The superconducting proximity effect can be
used to spontaneously drive a nonsuperconducting material
(normal metal) into superconductivity; however, this picture is
altered when the superconductor makes contact with a magnetic
layer. In the case of a ferromagnet, the superconducting
order parameter is expected to decay exponentially with a
very short coherence length (r (typically some nm) at the
superconductor—ferromagnet (SF) interface. Moreover, the pair-
ing potential A, inside the ferromagnet shows a strong oscillatory
and damped behavior due to the internal exchange field of the
ferromagnet®1-62, This type of phenomena could also occur in our
hybrid VSe,/NbSe, layers, and it will allow us to shed some light
on the nature of the magnetism in VSe, on the atomic scale.
Figure 5a shows the dI/dV spectra measured on the NbSe,
substrate as well as VSe, layers with different thicknesses. On
NbSe,, we observe a typical superconducting gap: a pronounced
dip in the DOS at the Fermi level and coherence peaks on both
sides of the gap®394, The spectra measured on the VSe, films with
thicknesses of 1 ML and 2 ML also show a superconducting gap,
but the gap width is significantly reduced compared with the bare
NbSe, substrate. We do not observe oscillatory behavior of the
pairing potential as bilayer VSe, is not sufficiently thick for this.
To further quantify the reduction of the SC gap width, we use a
simple analytical relation between a superconducting gap A and
decay length A95-67: A & Ayys, e%/4, where the d is the VSe, film
thickness and Ay, is the gap of bare NbSe,, respectively. We
extract the apparent gap widths from the spectra shown in Fig. 5a
by fitting them (see Supplementary Note 7 for details) and plot
the results in Fig. 5b (error bars show the confidence interval of
the fit). The decrease in the energy gap follows an exponential
dependence with a decay length of A=13+0.1nm (1 ML
thickness is roughly 0.65nm). This is a measure of the quasi-
particle coherence length associated with Andreev reflections.
However, this decay length is much shorter than recent
experimental results on Bi,Se; on NbSe,%8: they observe a decay
length of A =4.3 + 0.3 nm, which is shown as a dashed blue line
in Fig. 5b. In the case of Bi,Se; on Nb, an even much higher value
of A=8.4nm was reported®”. A possible explanation for the
faster decay we observe in VSe, would be given by magnetism of
the VSe, layer. In this case, one would expect a shorter coherence
length (i governed by the magnetization in the VSe, layer and not
by the diffusion (which is a case in Bi,Se;/NbSe,). The reduced
gap is very uniform within the VSe, islands and also between
different islands. This shows that the observed response is not
affected by the orientation of the VSe, islands w.r.t. the
underlying NbSe,, and that it is related to bulk properties of
ML VSe, and not simply an effect arising from impurities,
vacancies, and structural imperfections (e.g., layer edges).

Spectroscopy on the edges of the VSe, islands. We have also
probed the spatially dependent spectroscopic response over the
edges of the VSe, islands, and typical spectra are shown in Fig. 5¢
(more results in Supplementary Note 8). The spectra evolve from
the typical gapped structure over the NbSe, into a sharp peak at
zero bias at the edge of the VSe, island. This feature is very
localized at the edge of the VSe, layer. Furthermore, it is inho-
mogeneously distributed along the edges of VSe, islands, and
there are strong intensity variations as illustrated in Fig. 5d. In
addition to the spatial distribution of the zero-bias peak, its width
is also strongly position-dependent. We observe both zero-bias
peaks that are confined within the superconducting gap (e.g.,
Fig. 5¢), but on some other locations (see Supplementary Note 9),
its width can be a couple of times larger than the superconducting
gap width. Features inside the superconducting gap could arise
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from Yu-Shiba-Rusinov bands or topological edge modes, but
the broader peaks suggest the presence of free unpaired spins
giving rise to the Kondo effect?!°. In any case, the reason is
likely related to the changes of the gap structure of the underlying
superconductor due to local magnetic fields arising from the
edges of the VSe, layer.

Discussion

In conclusion, we have demonstrated high-quality epitaxial
growth of VSe,-NbSe, hybrid structures using MBE. We have
observed significant and spatially uniform reduction of the
superconducting gap of the NbSe, substrate on the VSe, islands
with the reduction being thickness-dependent and stronger on
bilayer VSe,. This would be most naturally explained to result
from magnetization of the VSe, layer. The other electronic and
magnetic characterization results are also more consistent with
magnetization than with charge-density waves. Finally, we
observe strongly position-dependent, enhanced dI/dV intensity at
the Fermi level around the edges of the VSe; layer likely related to
the changes of the gap structure of the underlying superconductor
due to local magnetic fields arising from the edges of the
VSe, layer.

On a broad scale, our work contributes to the efforts in
designer materials that would realize electronic responses not
found in naturally occurring materials, but arising from engi-
neered interactions between the different components. Van der
Waals heterostructures are ideally suited for this purpose as the
different layers interact only through vdW forces and hence
retain their intrinsic properties. This results in very high-quality
interfaces and allows for a rational design of the emergent
properties of the heterostructure. Our work suggests that it will be

possible to combine 2D TMDs with different quantum ground
states to stimulate new work in the field of 2D-TMD hybrids.

Methods

Sample preparation. Monolayer VSe, was grown on NbSe, substrates by e-beam
evaporation of V (99.8%, Goodfellow Cambridge Ltd.) and simultaneous deposi-
tion of atomic Se (99.99%, Sigma-Aldrich) from a Knudsen cell under ultra-high-
vacuum conditions (UHV, base pressure ~10~10 mbar). The NbSe, substrate (HQ
Graphene) was cleaved in vacuum and subsequently annealed in ultrahigh vacuum
at T= 600K for 1 h before film growth, which did not adversely affect the substrate
quality. VSe, was grown at a substrate temperature of T'=520-540 K. During
growth, the V flux (10 nA) is maintained at a beam-equivalent pressure (BEP) of
~1010 mbar, whereas approximately an order of magnitude greater Se flux (under
Se-rich conditions, pressure ~10~8 mbar) is used. Our growth rate of 1 ML per
hour is dictated by the V flux due to the near-unity sticking coefficient of V at the
growth temperature. The excess selenium desorbs from the substrate since the
substrate temperature was higher than the evaporation temperature of selenium
atoms (T = 393 K). The samples were either characterized in situ by XPS and STM
or capped with Se by deposition of Se at room temperature before transferring
them out of the UHV system.

Sample characterization. XPS measurements (Surface Science Instruments SSX-
100 spectrometer) were performed using monochromated Al K-alpha radiation
with X-ray power of 200 W, a pass energy of 100 eV, and a measurement spot size
of 1 mm.

Magnetic characterization was carried out using a Quantum Design Dynacool
PPMS operating as a vibrating sample magnetometer (VSM). For magnetization
measurements, the sample is attached to a quartz rod. The magnetization
measurements were done on the samples with mixed mono- and bilayer VSe,
coverage. In the experiments shown in Fig. 4, the coverage of VSe, was 0.57
(consisting of 0.44 monolayer and 0.13 bilayer).

The STM experiments (Unisoku USM-1300) of the samples were performed at
T'=4K. STM images were taken in the constant current mode. dI/dV spectra were
recorded by standard lock-in detection while sweeping the sample bias in an open-
feedback loop configuration, with a peak-to-peak bias modulation of 5mV (long-
range spectra) or 0.1 mV (short-range spectra of the superconducting gap) at a
frequency of 709 Hz.
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DFT calculations. All density-functional theory calculations are carried out in the
plane-wave basis in the projector-augmented wave framework as implemented in
VASP70-72, In all calculations, we use 500 eV cut-off and k-point sampling cor-
responding to 24 x 24 mesh in the primitive cell. High k-point mesh is required to
correctly describe, e.g., the CDW phases.

Vanadium tends to exhibit strong Coulomb correlations, which usually
necessitate using hybrid functionals, LDA+U or DMFT. We benchmarked several
exchange-correlations functionals, and the results are collected in the SI. For the
results shown in the main paper, we have adopted to use revB86b vdw-DF
functional’? augmented with +U correction of 2 eV (on Mn-d orbitals). Further
computational details are given in Supplementary Information.

Data availability
The datasets generated and/or analyzed during the current study are available from the
corresponding author upon reasonable request.
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