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Short-range magnetic interaction in a monolayer 17-VSe, film revealed by element-specific x-ray
magnetic circular dichroism
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We investigated the intrinsic magnetic properties of the two-dimensional ferromagnetic candidate monolayer
1T-VSe, films using x-ray magnetic circular dichroism (XMCD), an element-specific magnetic probe. By
performing high-resolution measurements, we succeeded in detecting a clear XMCD signal from the atomically
thin 17-VSe, films under an external magnetic field. Through manipulation of the x-ray incidence angle, we were
able to disentangle the in-plane and out-of-plane magnetic properties and found a strong magnetic anisotropy.
Moreover, magnetic-field- and temperature-dependent XMCD revealed that there is no long-range ferromagnetic
ordering even at 6 K, but short-range ferromagnetic and antiferromagnetic interactions between neighboring
vanadium ions exist. Such low-temperature magnetic behavior signifies that the monolayer 17-VSe, is on the
verge of ferromagnetism, and this fact accounts for the reported ferromagnetism in VSe,-based heterostructures.
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I. INTRODUCTION

Since the discovery of graphene, atomically thin
two-dimensional van der Waals (2D vDW) materials have
attracted a great deal of attention due to their electric,
thermal, mechanical, and optical properties [I-5]. Until
recently, the vDW family lacked a member exhibiting
magnetism. However, recent experimental investigations
eventually discovered 2D magnets in several vDW materials
in both metallic and insulating phases [6—12]. Such 2D vDW
magnets would be a good platform as magnetic extended
materials into topological insulators or superconductors by
forming heterostructures [13—15].

Monolayer 17-VSe; is a candidate of the metallic 2D vDW
ferromagnet. The first-principles calculations predicted that
the monolayer VSe, exhibits itinerant ferromagnetism by the
effect of through-bond interactions between V and Se atoms,
while its bulk form is known to show a paramagnetic behavior
[16]. In 2018, Bonilla et al. reported the layer-dependent
magnetic properties of 17-VSe, films [17]. They experi-
mentally found the presence of the long-range ferromagnetic
ordering in the monolayer limit and the absence of ferro-
magnetism at thicker films by magnetometry measurements.
Remarkably, the recorded Curie temperature of the mono-
layer film exceeded the room temperature. However, soon
after the discovery of strong ferromagnetism in the monolayer
1T-VSe,, a number of controversial results emerged. For
example, although the theory predicted a sizable exchange
splitting (~0.5 eV at T' point) in the ferromagnetic state,
the absence of the splitting was observed by angle-resolved
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photoemission spectroscopy (ARPES) even at low tempera-
tures [18-20]. In addition, the ARPES and scanning tunneling
microscopy confirmed the occurrence of the charge density
wave (CDW) transition spectroscopically, and it was proposed
that such CDW causes the quenching of ferromagnetism
[21,22]. Besides, based on the macroscopic magnetometry
measurements, the spin-frustrated behavior [23] and the weak
ferromagnetism [24] were reported. Also, the ferromagnetic
signatures were observed in Se-defective monolayer VSe,
[25] and semiconducting multilayer 2H-VSe; films [26], re-
cently. Hence, the presence or absence of the ferromagnetic
order in the monolayer VSe; is still debated.

X-ray magnetic circular dichroism (XMCD) utilizing syn-
chrotron radiation is a very powerful experimental technique
to probe the intrinsic magnetic property of the selected con-
stituent atoms. In principle, the XMCD signal can be obtained
not only from ferromagnetic materials, but also from nonmag-
netic materials because the external magnetic field induces
some magnetic moments [27,28]. Thus, the XMCD experi-
ment possesses the potential to elucidate the above-mentioned
controversies, in contrast to macroscopic magnetometry de-
tecting the integrated signal from both the film and substrate.
Nevertheless, negligible XMCD signals (within the experi-
mental error) were observed in the monolayer 17-VSe, even
at a high magnetic field and low temperature [18,22,23], ex-
cept for the chemically exfoliated specimens [29]. This is
because the atomically thin-film form makes it difficult to de-
tect a very small XMCD signal, and extremely high accuracy
is requested for the experiments.

Although the magnetic properties of the monolayer VSe,
are not completely understood, remarkable extension effects
were experimentally discovered by forming heterostructures.
For example, proximity-induced ferromagnetism was ob-
served in Co- or Fe-deposited monolayer VSe, [30,31].
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FIG. 1. (a) Top (upper) and side (lower) views of the crystal structure of a monolayer 17-VSe; film. (b) RHEED pattern after the sample
growth. (c) Azimuthally rotated two-dimensional Brillouin zones of VSe, (red) and HOPG (gray). (d), (e) Observed band dispersions of the
HOPG (d) and the monolayer VSe, on HOPG (e) recorded at room temperature. ARPES images are symmetrized with respect to the I" point.
(f) Angle-integrated EDCs of the ARPES images shown in (d) and (e). (g) Calculated band dispersion of the free-standing monolayer VSe, at
the nonmagnetic state. The band dispersions along I'-M and T'-K directions are superimposed.

Despite the negligibly small XMCD in pristine VSe,, the
V atom magnetic moments were markedly enhanced and
showed the remanence magnetization in Co- or Fe-deposited
cases. Moreover, very recently, the coexistence of the massless
topological surface state and the flat band was reported in
VSe,/Bi;Ses [32]. Such heterostructures are very promising
for realizing the atomically thin magnetic device applications
and discovery of the novel quantum effects. Therefore, re-
vealing the intrinsic magnetic properties of pristine monolayer
VSe, films is essential from a fundamental and practical point
of view.

In this work, we investigated the intrinsic magnetic
properties of the monolayer 17-VSe, films by means of
ARPES, first-principles calculations, and magnetic-field-,
temperature-, and incidence-angle-dependent XMCD mea-
surements implementing 1-Hz helicity switching operation.
We succeeded in detecting a clear XMCD signal at V
L, 3 edges from the atomically thin 17-VSe, films under
a magnetic field, while negligible XMCD signals were ob-
served at Se L3 edges. By manipulating the incidence
angle of the x-ray, we were able to disentangle the in-
plane and out-of-plane magnetic properties and found a
strong magnetic anisotropy. Moreover, magnetic-field- and
temperature-dependent XMCD revealed that there is no long-
range ferromagnetic ordering even at 6 K, but short-range
ferromagnetic and antiferromagnetic interactions between
vanadium ions exist.

II. METHODS

Monolayer 17-VSe, films were fabricated on highly ori-
ented pyrolytic graphite (HOPG) substrates by molecular

beam epitaxy in ultrahigh vacuum (UHV) chamber equipped
with a reflection high-energy electron diffraction (RHEED)
system. A clean surface of HOPG substrate (ZYA grade,
99.99%) was prepared by ex situ exfoliation and in sifu an-
nealing at >400 °C for >5 h. High-purity V (99.7%) and Se
(99.999%) were evaporated from an electron beam evaporator
and a standard Knudsen cell, respectively. The flux ratio be-
tween V and Se was set to be ~1:15. The growth rate was
adjusted to ~1 monolayer/12 min. During the growth, the
substrate temperature was kept at 250 °C. The as-grown film
was annealed at 250 °C for 10 min to improve the crystallinity.
For the x-ray absorption spectroscopy (XAS) and XMCD
measurements, the samples were capped with amorphous Se
before taking them out of the UHV chamber.

After the sample preparation, the in situ ARPES was imme-
diately performed at room temperature using a hemispherical
electron analyzer (Gammadata Scienta SES-100) and unpo-
larized He discharge lamp (hv = 21.22 eV). The energy and
angular resolutions were 35 meV and 0.2°, respectively.

The ex situ XAS /XMCD measurements were catried out at
the twin helical undulator beam line BL23SU of SPring-8 with
the total-electron-yield method for V and Se L, 3 edges. The
Se-capped samples were annealed at ~250°C for 1 h in the
UHYV to remove the capping layers prior to the measurements.
To collect the small XMCD signals from the atomically thin
samples, we adopted the 1-Hz helicity switching mode at each
photon energy [33]. The external magnetic field up to 10 T
was applied to perpendicular and 55° tilted directions to the
sample surface using a superconducting magnet [Fig. 2(a)].
The measurement temperature was controlled between 6 to
40 K using a liquid-helium cryostat.
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FIG. 2. (a) Schematics of the experimental geometries. Upper: grazing-incidence (GI) geometry. Lower: normal-incidence (NI) geometry.
(b) XAS spectra at V L, 3 edges acquired at GI geometry. (c), (d) XMCD spectra at V L, 3 edges with various magnetic fields at GI (c) and NI

(d) geometries. (e)—(g) Same as (b)—(d) but at Se L, 5 edges.

The first-principles calculations for the free-standing
monolayer 17-VSe, were carried out within the density func-
tional theory using the projector augmented-wave method
as implemented in the VASP code [34,35]. The exchange-
correlation energy was treated using the generalized gradient
approximation [36]. The structural parameters were based on
Ref. [37]. The crystal structure of the free-standing monolayer
1T-VSe; is depicted in Fig. 1(a).

III. RESULTS AND DISCUSSION

Figure 1(b) shows the RHEED pattern of the fabri-
cated sample. We can separately see sharp 1 x 1 RHEED
streaks originating from VSe, and HOPG [see the arrows
in Fig. 1(b)]. The estimated in-plane lattice constant of our
VSe; film is ~0.334 nm, which is in good agreement with
the previous studies. To characterize the electronic structure
of the fabricated film, we have performed in situ ARPES mea-
surements at room temperature. Figures 1(d) and 1(e) show
the band dispersions recorded before and after deposition
of the monolayer VSe, film on HOPG. Here, we note that
since the HOPG substrate contains azimuthally disordered do-
mains, the band dispersions of the VSe, are also azimuthally
averaged [38]. The azimuthally rotated two-dimensional Bril-
louin zones of VSe, and HOPG are illustrated in Fig. 1(c). For
the VSe,/HOPG, we confirmed weakly dispersive metallic
band and strongly dispersive holelike bands around the T

point in the vicinity of the Fermi energy (Ep) [Fig. 1(e)]. At
the higher energy, we also found M-shaped band dispersions
at the T point. For the HOPG substrate, on the other hand,
we only found the band dispersions around the Brillouin zone
boundary [Fig. 1(d)]. Thus, the observed bands in Fig. 1(e)
around the [ point are attributed to the VSe, film. Specifically,
the weakly and strongly dispersive bands near Er are mainly
composed of the V 3d and Se 4p orbitals, respectively [20].
Figure 1(f) shows the angle-integrated energy distribution
curves (EDCs) of the HOPG substrate and the monolayer
VSe,/HOPG shown in Figs. 1(d) and 1(e). The spectrum
of the VSe,/HOPG indicates a sharp metallic edge at Ep
and prominent peaks at E — Er = —1.7 and —2.5 eV. These
spectral features are very similar to the previous reports on the
monolayer VSe, /HOPG and VSe;/MoS,, which claimed the
emergence of ferromagnetism at room temperature [17]. To
compare the ARPES results, we carried out the first-principles
calculations for the free-standing 17-VSe, [Fig. 1(a)].
Figure 1(g) shows the calculated band dispersion along I"-K
and [-M directions at the nonmagnetic state. Although the
theory predicts that the ferromagnetic state is energetically
stable rather than the nonmagnetic state [16], the ARPES
results are well reproduced by the nonmagnetic state. Namely,
the ferromagneticlike signatures (e.g., exchange splittings)
were not observed by present ARPES experiment.

To investigate the magnetic properties of the monolayer
VSe,/HOPG, we performed the element-resolved XAS and
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FIG. 3. (a), (b) Magnetic-field dependence of the XMCD intensities (M-H curves) at the V L3 edge in the NI and GI geometries recorded at
several temperatures. Due to zero remanence, the M-H curves obtained for decreasing- and increasing-field sweeps were added. (c) Extracted
in-plane (parallel) component of M-H curves from (a) and (b). (d) Comparison of in-plane and out-of-plane M-H curves at 6 K.

XMCD measurements. Figure 2(b) shows the XAS spectra at
the V L, 3 edges, which corresponds to a transition from the
spin-orbit splitted 2p to the unoccupied 3d states, at 6 K in the
grazing-incidence (GI) geometry [upper panel of Fig. 2(a)].
Here, w4 (n—) refers to the x-ray absorption coefficient for
the photon helicity parallel (antiparallel) to the V 3d majority
spin. The main peaks of L, and L3 edges are located at ~517
and ~524 eV, respectively. Also, the shoulder structures were
observed at slightly lower photon energies with respect to the
main peaks. The spectral shape of the XAS is similar to those
of vanadium sulfides and oxides with the 3d' configuration
[39,40]. Figure 2(c) shows the XMCD (w4 — pu—) spectra
acquired at various magnetic fields in the GI geometry. The
XMCD intensity was normalized by the energy-integrated
XAS spectrum from 510 to 530 eV, fL}JrLz(,uAr + p_)dE.
In sharp contrast to the previous studies, a clear XMCD signal
from the V 3d electrons was observed at the finite magnetic
field. Furthermore, we found that the XMCD signals were
observed not only at the main peaks, but also at the shoulder
structures originating from the atomic multiplets. We have
estimated the spin and orbital magnetic moments of vanadium
ions using the magneto-optical sum rule [41-44] to be ~0.367
and ~0.002 ug/V, respectively (see Supplemental Material
[45] for details). The spectral shapes taken at 10 and 2 T
are identical even though the intensities are different, but the
XMCD signal disappears at 0 T. This indicates the absence
of the remanent magnetization. Namely, the system does not
show the long-range ferromagnetic order even at 6 K. Since
the XMCD signals obtained in the GI geometry contain both
in-plane and out-of-plane magnetic components, we next per-
formed the XMCD measurement in the normal-incidence (NI)
geometry [lower panel of Fig. 2(a)]. Figure 2(d) shows the
XMCD spectra acquired at the NI geometry at 10, 2, and
0 T. Similar to the case of the GI geometry, the absence of
long-range ferromagnetic order has also been confirmed for
the out-of-plane component of magnetization although a clear
XMCD signal was detected under finite fields.

If the Se band magnetically couples with the localized
V 3d bands, a finite magnetic moment of the Se atoms is
expected [16]. To reveal the role of Se ions for the mag-
netic properties in the monolayer VSe,, we also performed

the XAS and XMCD measurements at the Se L, 3 edges.
Figures 2(e) and 2(f) show the XAS and XMCD spectra for
the Se L, 3 edges acquired at the GI geometry at 6 K. In
the XAS spectrum, a step-function-like line shape can be
seen. Such a characteristic XAS spectral shape is similar
to those observed in the BiySes-based topological insulator
heterostructures [46]. However, we could not find any sig-
natures of the XMCD at the Se L, 3 edges even at the high
magnetic field and low temperature, while the XMCD signals
at the V L, 3 edges are sizable. As shown in Fig. 2(g), the
XMCD signals at the NI geometry are also negligible. These
results indicate that the contribution of Se ions for the mag-
netic moment is more than two orders of magnitude smaller
than that of V ions. Hence, the magnetism of the monolayer
VSe, is mainly contributed by the direct interaction between
V ions rather than the through-bond interactions between V
and Se ions. This paper reports on the direct exchange in-
teraction between V ions in vanadium compounds revealed
by XMCD.

In order to get a deeper insight into the magnetic prop-
erties of the monolayer VSe,/HOPG, we conducted the
magnetic-field- and temperature-dependent XMCD measure-
ments at the V L3 edge (516.4 eV). Figures 3(a) and 3(b)
show the magnetic-field dependence of the XMCD intensities
(M-H curves) in the NI and GI geometries recorded at various
temperatures. Also, by assuming axial symmetry about the
surface normal [47], we extracted the in-plane component of
the XMCD signals at the parallel incidence (PI) geometry
as shown in Fig. 3(c) (see Supplemental Material [45] for
details). The results for the three geometries showed com-
mon tendencies. For example, all the M-H curves were not
saturated even at 10 T, and the remanent magnetization that
characterizes ferromagnetism was not observed. Furthermore,
the nonlinear behaviors were confirmed at low-temperature
regions, but the shape of the M-H curves evolved to linear
with increasing temperature. The main difference depending
on the geometry is that the XMCD intensities are enhanced
as the incidence angle 6 is increased. Figure 3(d) compares
the M-H curves showing the in-plane and out-of-plane mag-
netic components at 6 K. The pronounced XMCD intensity
difference indicated by the gray arrows signifies that there is
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FIG. 4. (a)—(c) Temperature dependence of the XMCD intensities (M-T curves) at 10, 8, 6, 4, and 2 T in the NI, GI, and PI geometries.
The XMCD intensities are symmetrized with respect to the origin. The error bars were evaluated from the difference between the M-H curves
and their fitting results shown in the Supplemental Material [45]. (d)—(f) Temperature dependence of the H/XMCD intensities in the NI, GI,
and PI geometries. The inset of (d) shows the estimated Weiss temperatures, which were evaluated by linear fitting in two different temperature
ranges: 6—40 K (yellow markers) and 6-20 K (gray markers), in the NI geometry. The inset of (f) shows the H/XMCD intensities at 10 and
2 T in the PI geometry. The gray lines indicate the linear fitting results of the H/XMCD intensities from 20 to 40 K.

a strong magnetic anisotropy in the monolayer VSe,, and the
magnetization easy axis is in plane.

Next, to emphasize the geometry-dependent temperature
evolution, we plot the XMCD intensities as a function of
temperature (M-T curves) at 10, 8, 6, 4, and 2 T for the NI
[Fig. 4(a)], GI [Fig. 4(b)], and PI geometries [Fig. 4(c)]. To
improve statistical accuracy, the XMCD intensities shown in
Figs. 4(a)-4(c) are symmetrized with respect to the origin.
For the NI geometry, the XMCD intensities are inversely
proportional to the temperature in the range of 6 to 40 K for all
magnetic field. On the other hand, one can see that the XMCD
intensities linearly decrease with increasing temperature in the
GI and PI geometries. Figures 4(d)-4(f) show the H/XMCD
intensities, which are proportional to the reciprocal magnetic
susceptibilities, for the three geometries. The H/XMCD in-
tensities at the NI geometry converge on straight lines for
all temperatures and magnetic fields [Fig. 4(d)], indicating
that they obey the Curie-Weiss law. The inset of Fig. 4(d)
shows the estimated Weiss temperatures. Due to the relatively
large error bars at 30 and 40 K, the Weiss temperatures were
estimated by linear fitting in two different temperature ranges:
6—40 K (yellow markers) and 6-20 K (gray markers). In both
ways, the Weiss temperatures were found to be negative, im-

plying that the presence of the short-range antiferromagnetic
interaction between the V ions along the direction normal
to the sample surface. Intriguingly, we also found that the
Weiss temperatures strongly depend on the magnetic field
and systematically decrease with increasing magnetic field.
Such features in the NI geometry are similar to the previously
reported magnetic susceptibility measurement [23]. On the
other hand, we realize that the H/XMCD intensities do not
follow the straight lines in the GI and PI geometries [Figs. 4(e)
and 4(f)]. Significant deviations of the H/XMCD intensities
at low-temperature regions can be seen in the PI geometry.
The observed deviations resemble the reciprocal suscepti-
bility behavior seen near the ferromagnetic transition (see
Supplemental Material, Fig. S4 [45]). The inset of Fig. 4(f)
compares the H/XMCD intensities at 10 and 2 T in the PI
geometry. The gray lines indicate the linear fitting results
of the H/XMCD intensities from 20 to 40 K, where the
deviations are less pronounced region. Although it is dif-
ficult to estimate the Weiss temperature accurately due to
limited number of data points in the PI geometry, there is
no doubt that the Weiss temperature systematically increases
with decreasing magnetic field as same as NI geome-
try [Fig. 4(d) inset]. Such behavior cannot be explained
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without ferromagnetic interactions inducing positive Weiss
temperature.

Finally, to elucidate the origin of the magnetic-field depen-
dence of the Weiss temperature in the NI and PI geometries
and the low-temperature deviation in the PI geometry, we
have fitted the temperature-dependent M-H curves shown
in Figs. 3(a) and 3(c) by adopting the nonlinear Langevin
and H-linear functions (see Supplemental Material [45] for
details). The fitting results show good agreement with the ex-
perimental results (see Supplemental Material, Fig. S2 [45]),
which means that two magnetic components coexist in the
monolayer VSe,. Figure 5 summarizes the fitting results of
nonlinear and linear components at various temperatures in
the NI and PI geometries. For the nonlinear component,
the XMCD intensities systematically decreased with increas-
ing temperature and almost disappeared at 40 K in the NI
geometry [Fig. 5(a)], while they persisted even at 40 K in
the PI geometry [Fig. 5(c)]. On the other hand, for the linear
component, although there was a large temperature depen-
dence of the slope in the NI geometry [Fig. 5(b)], only a small
temperature dependence was observed in the PI geometry
[Fig. 5(d)].

Considering all the findings, the nonlinear and linear
components are most likely to be ferromagnetic and antifer-
romagnetic components. For the NI geometry (out-of-plane
magnetic component), since the Langevin nonlinear compo-
nent is mostly saturated above H =5 T and its intensity is
small, the contribution of the linear component dominates at
a high magnetic field. Thus, the Weiss temperatures decrease
with increasing the magnetic field [inset of Fig. 4(d)]. On the
other hand, in the case of the PI geometry (in-plane magnetic
component), the nonlinear component is obviously larger than
the linear component at low temperatures, and this situation
would lead to the ferromagneticlike low-temperature devia-
tion seen in the H/XMCD intensities [Fig. 4(f)]. In addition,
as same as the NI geometry, the Weiss temperature is shifted
to negative values at high magnetic fields because the con-
tribution of the linear component is relatively larger at high
magnetic fields than at low magnetic fields in the PI geometry.
If there is no ferromagnetic interaction in the sample, the
Langevin function in the high magnetic field region should
converge to a saturation value irrespective of the measurement
temperature, which is clearly in contradiction to our analysis

shown in Figs. 5(a) and 5(c). Therefore, we conclude that the
ferromagnetic (antiferromagnetic) interactions between the
V ions dominate in the PI (NI) geometry.

Let us also discuss the possible magnetic structure
of the monolayer VSe,. Through the magnetic-field- and
incidence-angle-dependent XMCD measurements, we have
experimentally demonstrated the absence of remanent mag-
netization and the presence of strong magnetic anisotropy in
the monolayer VSe, film. These characteristic features are
different from the near-ideal 2D Heisenberg-type magnetic
structure reported for Cr,Ge,Teg and VsSeg [7,12]. Alter-
natively, a uniaxially anisotropic Heisenberg-type magnetic
structure in a magnetic field along the easy axis (XXZ model)
may be probable, although further study is needed.

IV. CONCLUSION

In summary, we have investigated the electronic struc-
ture and the intrinsic magnetic properties of the mono-
layer 17-VSe,/HOPG. We conclude that the long-range
ferromagnetic ordering does not exist in the monolayer
1T-VSe,/HOPG films even at 6 K, but the short-range fer-
romagnetic and antiferromagnetic interactions are present
in the two-dimensional plane. In other words, since the
monolayer 17-VSe,/HOPG films are on the verge of ferro-
magnetism, the long-range ordering can be easily formed by a
small perturbation. The emergence of the proximity-induced
in-plane long-range ferromagnetism reported in the Fe- or
Co-deposited VSe; films [30,31] would be attributed to this
fragile and anisotropic paramagnetism. Our findings provide
the fundamental properties of the monolayer VSe, and pave
the way for the research field utilizing the magnetism of van
der Waals heterostructures.
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