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ABSTRACT: Ferromagnetic ordering of monolayer vanadium
dichalcogenides (VSe, and VS,) has been predicted by density
functional theory (DFT), and suggestive experimental evidence
for magnetic ordering in VSe, monolayers has been reported.
However, such ferromagnetic ordering would be in stark
contradiction to the known paramagnetic nature of the bulk
VSe,. Herein, we investigate the electronic structure of VSe,
monolayers by angle-resolved photoemission spectroscopy
(ARPES) and first-principles DFT. The ARPES measurements
demonstrate the absence of spin-polarized bands for monolayers
in close correspondence to nonmagnetic nature of the bulk
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VSe,. We demonstrate that the stabilization of the nonmagnetic state occurs due to the appearance of a charge density wave
(CDW) state in VSe, monolayers. In contrast to well-established 4 X 4 X 3 periodicity of the CDW in bulk VSe,, we identify a
3 X \/ 7 unit cell for VSe, monolayers from both scanning tunneling microscopy imaging and first-principles calculations.

Moreover, DFT predicts that the

7 charge order state is energetically competitive with a ferromagnetic 1 X 1 state.

This suggests that the experimentally observed CDW state is the nonmagnetic ground state of a perfect VSe, monolayer,
consistent with the absence of spin-polarized bands in ARPES measurements. Therefore, monolayer VSe, is not an itinerant

magnet.

1. INTRODUCTION

Monolayer van der Waals materials exhibiting ferromagnetic
ordering are attractive candidates for novel van der Waals
heterostructure devices, where magnetic proximity effects
combined with weak chemical interactions may be exploited
to design new functionalities. Such heterostructures may be
fabricated either by mechanical exfoliation and stacking or by
direct growth methods."”” Recently, it has been shown that van
der Waals materials displaying ferromagnetic ordering in the
bulk can be reduced to a single ferromagnetic layer.”* It has
been also demonstrated that the magnetic properties of such
ultrathin materials can be tuned by external electric fields® and
van der Waals heterostructures can exhibit magnetoresist-
ance.”” As most of these materials possess low Curie
temperature below room temperature,”® they are not suitable
for practical applications. Therefore, there is an urgent need to
develop new van der Waals materials exhibiting ferromagnetic
ordering close to room temperature.”"’

Numerous density functional theory (DFT) calculations
have consistently predicted ferromagnetic ordering in the
family of simple vanadium dichalcogenides, i.e., VX, with X =
S, Se, or Te, with high Curie temperatures.u_22 These
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predictions are controversial as standard DFT often faces
challenges in reproducing the experimental lattice parameters
and predicts the H-structure to be favored over the
experimentally observed 1T-phase.® Importantly, DFT also
regularly fails to reproduce the paramagnetic nature of the bulk
phases of these materials observed in experiment,””** although
taking the presence of the charge density wave (CDW) in bulk
VSe, may resolve some discrepancy between experiments and
DFT for bulk VSe,.”> CDW order was also observed in misfit
layer compounds and ferecrystals, in which VSe, layers are
sandwiched in between rocksalt-type monochalcogenides;
however, no magnetism was reported for these materials.””*’
Nevertheless, experimental evidence of magnetism was found
in VSe, monolayer/few-layer materials either produced by
liquid exfoliation™® which
makes the issue of ferromagnetic ordering in single-layer VSe,
worth investigating further.

Here, we perform a combined angle-resolved photoemission
spectroscopy (ARPES) and DFT study of epitaxial VSe,

. 29
or grown in single-layer form,
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Figure 1. MBE grown VSe, monolayer samples. Large-scale STM images of monolayer islands of VSe, on (a) HOPG and (b) MoS,. In (c) the
moiré structure of VSe, on the MoS, substrate is visible while the inset shows the hexagonal atomic corrugation. The LEED pattern of
submonolayer VSe, on MoS, is shown in (d). The diffraction spots for VSe, align perfectly with those of the MoS, substrate, indicating the van der
Waals epitaxy (i.e., rotational alignment) of the VSe, layer with the substrate.

monolayers to complement previous experimental studies of
ferromagnetism by looking for signatures of spin-polarized
effects in the band structure. In clear conflict with DFT
predictions, no spin split bands are observed in ARPES,*~**
thus questioning the existence of itinerant ferromagnetism in
monolayer VSe,. This apparent discrepancy is resolved by
predicting and observing the CDW state of monolayer VSe,.
Both low-temperature scanning tunneling microscopy (STM)
and DFT simulations show that VSe, exhibits a lattice
distortion induced by CDW resulting in a nonmagnetic
ground state for monolayer VSe, consistent with the absence
of spin split bands and recent X-ray magnetic circular
dichroism experiments.”"*> Consequently, rather than being
an intrinsic property of monolayer VSe,, the experimentally
observed ferromagnetism in MBE grown samples™ must
originate from other factors. Thus, the main contribution of
this work is to trace the origin of the numerous erroneous DFT
predictions of a ferromagnetic ground state to the fact that
these studies did not consider the actual CDW ground state.

2. METHODS

2.1. Experimental Methods. Monolayer samples were
grown by molecular beam epitaxy (MBE) on single crystalline
MoS,, MoTe,, HOPG, or hex-BN substrates. The substrates
were cleaved in air and immediately introduced in the UHV
chamber. Before growth the substrates were degassed for 6 h in

UHYV at 325 °C. Monolayer films were grown at a very low
growth rate of ~1 ML in 80 min by codeposition of V and Se
at substrate growth temperature of ~300 °C. Vanadium was
evaporated from a high-purity 2 mm diameter rod in a water-
cooled e-beam evaporator while atomic Se was supplied from a
hot wall Se-cracker source. After growth the samples were
transferred from the growth chamber into a surface analysis
chamber equipped for X-ray photoemission spectroscopy
(XPS), ultraviolet photoemission spectroscopy (UPS), and
STM. STM measurements were taken on selective samples at
room temperature and at 80 K with electrochemically etched
tungsten tips, cleaned in the STM by voltage pulsing.
Additional STM characterization was performed in a separate
STM cooled to ~20 K by a closed-cycle cryostat. The samples
were transferred from the growth chamber to the low-
temperature STM in a vacuum suitcase without exposure to
air. Other samples were protected with ~10 nm Se capping
layer by depositing Se in the MBE chamber at room
temperature. Such protected samples could be transported
through air for characterization with other instruments. VSe,
monolayers on MoS, substrates were packed in an argon-filled
container and shipped to the French synchrotron SOLEIL for
ARPES characterization at the ANTARES beamline. After
insertion into the preparation chambers the samples were
decapped by annealing in UHV to ~250 °C. The cleanliness of
the samples was evident from the absence of oxygen and only a
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Figure 2. ARPES and band structure calculations for monolayer and surface of bulk VSe,. The ARPES spectra for bulk VSe, surface along '-M
and 'K directions are shown in (a) and are compared to non-spin-polarized and spin-polarized DFT calculations shown in (b) and (c),
respectively. The corresponding ARPES for monolayer VSe, is shown in (d). The bands originating from the MoS, substrate are indicated as
dashed lines in (d). Non-spin-polarized and spin-polarized DFT simulations for monolayer VSe, are shown in (e) and (f), respectively. The
measured Fermi surface for the monolayer is shown in (g), and calculated non-spin-polarized and spin-polarized Fermi surfaces are shown in (h)
and (i). The experiment clearly displays a lack of spin-split bands, in apparent contradiction to spin-polarized calculations. In contrast, the
experimental results are in good agreement with non-spin-polarized calculations. All the experiments shown here are acquired with 53 eV photon

energy.

very small carbon peak in soft X-ray core-level spectra with hv
= 700 eV. The ANTARES beamline is optimized for ARPES
and nanospot ARPES. In this study we did not need
nanometric lateral resolution, and we just used regular
ARPES with a spot size of ~120 ym. This is possible because
of the excellent epitaxial relationship between the grown VSe,
films and the single crystalline MoS, substrate, as is also
evident from low-energy electron diffraction (LEED). The
angular and energy resolution of the ANTARES beamline are
~0.2° and ~10 meV, respectively. In addition to monolayer
samples we also investigated surfaces of bulk 1T-VSe, single
crystals, commercially available from Graphene HQ. These
single crystals were cleaved in UHV before measurements. All
ARPES measurements were taken with the sample temperature
around 100 K.

2.2, Computational Methods. The DFT calculations of
electronic and atomic structure were performed using the
Vienna Ab-initio Simulation Package (VASP)** employing
projector augmented wave (PAW)*® potentials; the plane wave
energy cutoff was 500 eV, and very dense k-point grids of 11 X
11 X 1 for 1T structures and for S X 7 X 1 for CDW structures
and 0.001 eV/ A force tolerance during optimization of the
atomic positions were used. Although various functionals have
been investigated, the local density approximation (LDA)*®
was chosen for production calculations based on the best
agreement with available experimental data (see the Support-
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ing Information for more details). The Fermi surface
calculations of the normal state-1T structure were done
using superdense k-point grid of 41 X 41 X 5. The Fermi
surfaces are visualized using Xcrysden®’” software. Phonon
calculations are performed using the linear response method
implemented in Quantum Espresso®® (QE) code. QE phonon
calculations employed energy cutoff of 50 Ry, while the
phonon Brillouin zone was sampled with 11 X 11 X 1 g-points
in the case of 1T structure. The evolutionary crystal structure
prediction of monolayer VSe, was performed vy using USPEX
code* ™" interfaced with VASP using up to 36 atoms/unitcell.

3. RESULTS AND DISCUSSION

VSe, (sub)monolayer samples were grown on HOPG or
synthetically grown MoS, single crystals. Figure 1 shows STM
images of VSe, grown on HOPG and MoS,. VSe, grows more
uniformly on MoS, while on HOPG it preferentially grows
along step edges. On MoS,, good monolayer growth can be
achieved. Monolayer VSe, on MoS, exhibits a pronounced
moiré structure while on graphite the moiré structure is much
weaker. This may indicate stronger interactions of VSe, with
MoS, than HOPG. Only hexagonal structures are observed in
atomic resolution images at room temperature. LEED patterns
of VSe, on single crystalline MoS, substrates are shown in
Figure 1d for VSe,. Both the MoS, substrate diffraction spots
and those of the monolayer are seen, illustrating the alignment
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Figure 3. Band dispersion in the I'—A direction for the bulk VSe, surface measured by varying the photon energy between SS and 95 eV. The
Fermi surface of the bulk sample in the ['—A direction is shown in (a). The photoemission intensity at the I'-point is dominated by the Se-4p band
that just touches the Fermi level. The V-3d band of the bulk sample shows a dispersion with photon energy, which is indicated with blue crosses.
This is also seen in (b) which shows spectra along the '—M (A—L) direction. The intersection of the V-3d band with the Fermi level is indicated
by blue crosses in (b), and it has the same dispersion as shown in (a). In contrast, for monolayer samples the intersection of the V-3d band with the
Fermi level is independent of the photon energy, indicated by red crosses in (c) and illustrating the 2D nature of the monolayer. This difference in
the dispersion along the k, direction is the only discernible difference in the electronic structure of the monolayer compared to bulk VSe,.

of the monolayer with the substrate, which makes it suitable for
ARPES measurements. Surprisingly, as we have reported
previously, all these samples show well-pronounced ferromag-
netic response with a large magnetization in a magnetometer.29
A similar strong magnetic response was also reported for VSe,
grown on graphene/SiC samples.’® Importantly, the measured
magnetization appears to result in unphysically large magnetic
moments per atom if assumed they originate from VSe, alone.

3.1. Electronic Structure Measurements of VSe, by
ARPES. The electronic structure of VSe, has been measured
by ARPES at the ANTARES beamline of the SOLEIL
synchrotron. Both epitaxial monolayer VSe, on MoS,
substrates and in situ cleaved VSe, single crystal samples
were studied to allow direct comparison between monolayer
samples and bulk surfaces.

Figure 2 shows the band dispersions along the '=X and I'-
M directions for the VSe, bulk crystal (Figure 2a) and the VSe,
monolayer grown on a MoS, single crystal substrate (Figure
2d). The MoS, substrate contributes a weak feature (indicated
in Figure 2d by dashed lines) which must not be attributed to
VSe, bands. Careful direct comparison of the spectra for
monolayer and bulk shows that there are only very small
differences in the case of the monolayer samples. Any
difference between the bulk and monolayer can, in fact, be
explained by the previously reported weak interlayer
interactions in the bulk VSe,, which cause a dispersion in
the normal k, direction’ of the Brillouin zone. Such dispersion
is naturally absent in the case of a perfect 2D monolayer.
Specifically, for this particular photon energy, there is a small
difference in the k;; at which the V d-band intersects the Fermi
surface in the I'=M direction, with the monolayer intersecting
the Fermi level at slightly larger ky than that for the bulk
sample. Such variations are, however, expected for bands that

disperse in the k, direction. In fact, measuring the dispersion of
the bulk material along k,, by varying the photon energy, we
observe the variation of the k; intersection of the V d-band
with the Fermi surface (see Figure 3). As expected, only the
bulk sample shows a dispersion normal to the surface.
Consequently, the only differences in the band structure of
bulk and monolayer VSe, arise from a weak k, dispersion of the
bands in bulk samples. Otherwise, their band structures are
almost identical. This fact specifically indicates that the
monolayer does not exhibit any itinerant magnetic state,
since bulk VSe, is known to be paramagnetic.

To provide a more detailed interpretation of the ARPES
results, we perform DFT band structure calculations of single
layer and bulk VSe,. The experimental measurements are
reasonably well described by non-spin-polarized DFT band
structure shown in Figures 2b and 2e for bulk and monolayer
samples, respectively. In contrast, the spin-polarized DFT
calculation indicates the formation of additional spin-split
minority and majority bands as shown in Figures 2c¢ and 2f.
The minority band would give rise to a hole pocket at the
Fermi surface around the M-point, which is clearly absent in
the experimental Fermi surface (additional constant energy
surfaces are shown in Figure S1). Therefore, there exists no
evidence for the existence of such split bands in the
experimental ARPES studies. Moreover, the non-spin-polarized
DFT band structure calculations for bulk and monolayers are
in good agreement with experiment, thus confirming that the
monolayer VSe, is nonmagnetic.

It is also noteworthy that standard DFT (at both LDA and
GGA levels) also predicts a ferromagnetic state of the bulk
VSe,. The spin-polarized bands for the bulk samples display,
however, a much smaller splitting compared to that of the
single layer (see Figure 2c). The prediction of ferromagnetism
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Figure 4. Low-temperature STM images of CDW order in monolayer VSe,. On the MoS, substrate the CDW is superimposed on the moiré

structures (a, b). Different rotational domains are observed (c), and the unit cell can be identified as a 1/3R30 X

7R19.1 superstructure with

respect to the VSe, unit cell. The same structure can be described by two mirrored unit cells as illustrated in (e). An alternative unit cell is that
described by the unit-cell diagonals of the two mirrored primitive unit cells as illustrated in (g). Often antiphase domain boundaries are observed in

the CDW structure as shown in (f), giving rise to only small domains.

of VSe, is in apparent contradiction with well-established
experimental observation of the paramagnetic nature of bulk
VSe, even at very low temperatures. In addition, DFT faces a
difficulty in predicting relative stability of two possible phases
of a single layer of VSe,. Depending on the specific density
functional employed in calculations, either the 1T or 2H phase
is stable. However, the ARPES data clearly show that 1T is the
phase observed in experiment because these two phases have
very different electronic properties. Specifically, the semi-
metallic nature of the 2H phase predicted by DFT*’ is not
observed in our ARPES experiments on MBE grown
monolayer samples. This apparent disagreement of DFT
results with experiment prompts more thorough DFT
investigation (see section 3.3).

3.2. Charge Density Wave State of Monolayer VSe,.
One possible source of contradictory DFT prediction of a
ferromagnetic ground state for both bulk and single layer VSe,
is the existence of competing states, e.g., the CDW state which
is known to exist in the case of the bulk VSe, at temperatures
below ~110 K. Therefore, it seems plausible that the similar
CDW lattice distortion of perfect 1T structure of single layer
VSe, may lower the energy of the system, resulting in
stabilization of thus possibly stabilizing the nonmagnetic phase.
Therefore, the important question is whether CDW state also
exists for monolayers of VSe,, and if it does, could it suppress a
ferromagnetic ordering?

STM studies at low temperatures (20—80 K) display a
superstructure (see Figure 4), which we interpret as a CDW
order. It is known that the bulk and few-layer VSe, undergo a
CDW transition displaying a 4 X 4 periodicity in the basal
plane,”” which has been explained by Fermi surface nesting, In
the bulk the nesting vector was suggested to be three-
dimensional, requiring the warping of the Fermi surface in the
k, direction normal to the basal planes.*”*" In the case of the
monolayer, no dispersion in the k, direction exists.
Consequently, a different nesting condition should exist,

resulting in a different charge order state compared to the
bulk. Recently, a variation of the charge order transition
temperature has been observed for VSe, upon reduction of its
thickness;”**> however, its reported nonmonotonic depend-
ence is puzzling.”” In the bulk, the transition temperature is
around 110 K. Our STM data do not allow us to determine
accurately the transition temperature for the monolayer
samples, but measurements at up to 80 K suggest that the
CDW does exist at least up to this temperature. We also
observe the same periodicities of CDW structures of VSe,
monolayer on both HOPG and MoS, substrates, indicating
that the kind of van der Waals substrate does not influence
significantly the charge order state. As pointed out above, the
monolayer VSe, on MoS, substrate exhibits an additional
moiré structure even at room temperature; therefore, the
atomic configuration of the charge order state is superimposed
on that of the moiré pattern. Importantly, while bulk VSe,
exhibits a 4 X 4 CDW, the CDW observed for the monolayer is
more complex and has a lower symmetry, giving rise to
rotational domains in STM.** The primitive unit cell identified
in STM images is /3R30 X 1/7R19.1 (see Figure 4e). The
long diagonal of this unit cell has a length of 1/13ay,.,, which
is rotated by 13.9° with respect to the low index direction. It is
noteworthy that this unit cell has two mirror-symmetric
variations, with their corresponding diagonals rotated by 92.2°,
resulting in a nonprimitive unit cell with \/ 13ay,,, cell vectors
as illustrated in Figure 4g. The identification of the unit cell is
complicated by the fact that even at 20 K only small domains
are observed, which are interrupted by antiphase domain
boundaries as shown in Figure 4f. This may indicate that
slightly different charge order states compete or that the
system is close to an incommensurate CDW.

To investigate whether the observed real space charge order
state can be explained by a Fermi surface nesting condition, we
use the Fermi surface measured for the monolayer sample (see
Figure S). The d-electrons of vanadium form pockets around
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Figure S. Fermi surface nesting condition. The Fermi surface of VSe, consists of parallel sheets of the V-3d pockets at the Brillouin zone boundary
with a separation of 0.56 A™" shown in (c). The reciprocal vector of the diagonal of the primitive CDW unit cell describes a nesting vector that can
translate one Fermi sheet onto the other as shown in (b). Thus, the observed CDW fulfills a Fermi nesting condition.

the M-points with extended parallel Fermi sheets. This
suggests excellent nesting condition: one Fermi sheet can be
translated onto the other with a single translation vector. At
the BZ boundary we measure a separation of the intersect of
the V d-band with the Fermi level of k = 0.56 A™" across the
M-point as illustrated in Figure Sc. The corresponding real
space vector (oriented in the R30 direction) does not match
the lattice periodicity and thus cannot form a commensurate
CDW. Consequently, slightly rotated nesting conditions need
to be explored. Assuming a commensurate CDW, only a few
discrete reciprocal lattice vectors are allowed to describe a
nesting vector for our Fermi surface. A list of allowed
reciprocal vectors corresponding to a commensurate real
space vector and their nesting conditions are given in the
Supporting Information (see Figure S2). The closest
commensurate nesting vector is indeed the \/ 13R13.9°,
consistent with the observed real space unit cell as indicated
in Figure S. Consequently, Fermi surface nesting appears to
describe the CDW order surprisingly well despite the
deficiencies of the Fermi nesting model.** A more solid
interpretation of a CDW instability comes from ab initio
calculations, which is discussed next.

3.3. First-Principles Calculations of Charge Density
Wave Structure of Monolayer VSe,. To gain insight into
the nature of the CDW state, we perform a DFT investigation
of its atomic structure. First, the stability analysis of perfect
monolayer VSe, is performed by calculating its phonon
spectrum and examining whether there are modes with
imaginary phonon frequencies. We then use first-principles
evolutionary crystal structure prediction to uncover its atomic
structure. The spin-restricted DFT calculations of the phonon
spectrum do find phonon modes with imaginary frequencies
(see Figure 6a), including the one close to the middle point
along the I'=M direction of the BZ and two others along the
I'—K direction. We find that the wavevector q; ~ (—0.2, 0.4)
3R30 X /7R19
superstructure observed in the experiment. Interestingly, the
phonon dispersion from spin-polarized calculations does not
exhibit imaginary phonon modes, as shown in Figure 6b, thus

at the minimum is commensurate with the

(a) (b)

Frequency (THz)
Frequency (THz)

Figure 6. Calculated phonon band structure of 1T monolayer
structure of VSe, (a) using spin-restricted DFT and (b) using spin-
polarized DFT. The phonon soft modes with imaginary frequencies
are highlighted by red color.

demonstrating a competition between the CDW state and
magnetism.

To determine the positions of the atoms in the lowest
energy CDW structure of monolayer VSe,, we displace atoms
along the q; wave vector and then relax their positions. We
find that the energy of the resultant \/ 3R30 X 4/7R19.1 CDW
modulated structure is ~8 meV/atom lower than that of the
initial 1 X 1 unit cell of the perfect VSe,. Importantly, this
nonmagnetic CDW structure is ~4 meV/atom lower than that
of the undistorted lattice in ferromagnetic state, displaying a
substantial preference for the CDW lattice.

To independently verify this finding, we search for lowest
energy structure of the VSe, monolayer using the first-
principles evolutionary crystal structure prediction method
USPEX**~* with no prior input other than the stoichiometry
and the shape of 2D unit cell. The search easily finds the
\/ 3R30 X \/ 7R19.1 CDW crystal, thus clearly demonstrating
the energetic preference of the CDW state. As illustrated in
Figure 7, the simulated STM image of the CDW modulated
structure is in a good agreement with experiment, thus
providing further validation of the theoretical predictions. The
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Figure 7. Comparison between experimental STM images of the
CDW state in monolayer VSe, (top) with simulated STM image of
the predicted CDW structure (bottom). The agreement, apart from a
broadening of the structure in the experiment, is excellent, confirming
the correct simulated CDW structure.

crystal structure of the CDW unit cell is reported in a cif file
included in the Supporting Information.

4. CONCLUSIONS

This work demonstrates that the previous DFT predictions of
band magnetism in monolayer VSe, are erroneous. The
comparative ARPES studies of monolayer and bulk samples
show similar electronic properties for both systems, thus
displaying no evidence of spin splitting of bands. Moreover, we
find that while a 4 X 4 CDW modulation of the basal planes is
observed in bulk samples, the monolayer exhibits a more
complex \/ 3R30 X \/ 7R19.1 unit cell. This CDW structure is
also predicted by first-principles crystal structure searching.
The difference between monolayer and bulk might originate
from the lack of a third dimension of the Fermi surface in the
case of the monolayer samples, and thus it can be attributed to
the effect of dimensionality. Our DFT calculations indicate a
competition between the CDW state and ferromagnetic
ordering in VSe,. They also confirm that nonmagnetic charge
ordered state is the ground state of the VSe, monolayer, in
agreement with ARPES measurements which display the lack
of spin splitting of the band structure. This apparent absence of
itinerant magnetism in VSe, monolayers may also caution
other DFT predictions of magnetism in metallic 2D materials
and illustrates the importance of competing ground states,
particularly CDW states, for determining the properties of this
class of materials.
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