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Reduced dimensionality and interlayer coupling in van der 
Waals materials gives rise to fundamentally different elec-
tronic1, optical2 and many-body quantum3–5 properties in 
monolayers compared with the bulk. This layer-dependence 
permits the discovery of novel material properties in the 
monolayer regime. Ferromagnetic order in two-dimensional 
materials is a coveted property that would allow fundamental 
studies of spin behaviour in low dimensions and enable new 
spintronics applications6–8. Recent studies have shown that 
for the bulk-ferromagnetic layered materials CrI3 (ref. 9) and 
Cr2Ge2Te6 (ref. 10), ferromagnetic order is maintained down 
to the ultrathin limit at low temperatures. Contrary to these 
observations, we report the emergence of strong ferromag-
netic ordering for monolayer VSe2, a material that is paramag-
netic in the bulk11,12. Importantly, the ferromagnetic ordering 
with a large magnetic moment persists to above room temper-
ature, making VSe2 an attractive material for van der Waals 
spintronics applications.

Layered van der Waals materials have shown strong variations 
of their properties as they are thinned to a single molecular layer. 
These include: (1) transitions from an indirect to a direct bandgap 
material1,2, thus opening new opportunities for optoelectronic appli-
cations13; (2) variations of many-body quantum criticalities, such as 
charge density wave (CDW)3,4 or supercondcuting5 transitions; and 
(3) field tunability of many-body states10,14,15. The variety of physi-
cal properties in two-dimensional (2D) materials together with the 
potential to arbitrarily combine materials with atomically sharp 
interfaces makes them promising for designing heteromaterials that 
exhibit novel properties or enabling new device architectures16,17. 
Monolayer ferromagnetic materials would be an important addition 
to the family of 2D materials. Such materials have great potential for 
spintronics, that is, use of the spin degree of freedom of electrons 
rather than their charge, as such devices rely on nanomaterials with 
dimensions smaller than the spin relaxation length and controlled 
interface properties. This potential was realized soon after the isola-
tion of graphene, the first true 2D material, and attempts have been 
made to induce magnetism by proximity to ferromagnetic mate-
rials, adsorption, defects or doping of 2D materials18–20. However, 
such disordered systems have generally low magnetic moments and 
are not suitable for applications. Accordingly, layered materials with 
intrinsic magnetic ordering have been sought, mainly focusing on 
materials with ferromagnetic order in the bulk21–24. Recent advances 
in thinning such bulk-ferromagnetic materials to a single-9 or 
bilayer10 have demonstrated that ferromagnetic order can persist 
to this ultrathin limit, despite predictions by the Mermin–Wagner 
theorem25 that long-range magnetic order should be suppressed at 
finite temperatures in 2D materials.

The most versatile family of 2D materials is the transition metal 
dichalcogenides (TMDs), which mainly exhibit two polymorphs, 
that is, the trigonal prismatic (2H) or octahedral (1T) structure. 
While TMDs with semiconducting, metallic, superconducting and 
CDW properties are known, no TMD exhibits intrinsic ferromag-
netism in its bulk form. VSe2 with a high spin V 3d (ref. 1) state 
is paramagnetic11,12 in bulk form and commonly condenses in the 
1T structure. Some controversy exists in density functional theory 
(DFT) prediction of the stable structure of monolayer VSe2. Both of 
the 2H and 1T polymorphs have been invoked as the ground state 
and the correct answer may depend sensitively on taking the corre-
lations of the V d-shell electrons into account by choosing a correct 
Hubbard U parameter in DFT +​ U simulations26. While there is con-
troversy regarding the structure, there is an agreement that the 2H 
phase would be semiconducting while the 1T phase remains metal-
lic even in the monolayer form. DFT simulations also predict that 
the monolayer should exhibit ferromagnetic ordering with in-plane 
spin alignment for both the 1T and 2H phases27–29. Experimentally, 
the verification of magnetism in monolayer materials has been 
hampered by the chemical instability under ambient conditions, 
which has limited the study of exfoliation from bulk materials to 
a few layers30. Here we succeed in synthesizing single- and few-
layer VSe2 by molecular beam epitaxy and enable ex situ magnetic 
characterization by protecting the film with a Se capping layer. The 
studies reveal a significant enhancement of the magnetic moment 
in single layers compared with multi-layer samples. Astonishingly, 
the ferromagnetic ordering is very robust and persists above room 
temperature, thus making VSe2 a favourable material for van der 
Waals spintronics applications. Moreover, we show that a CDW 
transition, known for bulk VSe2 (ref. 31) and few-layer samples32

, 
is also observed for the single layer and that it couples with its  
magnetic properties.

VSe2 was grown on graphite (highly oriented pyrolytic graph-
ite (HOPG)) or MoS2 by molecular beam epitaxy. The mono- to 
few-layer films were characterized by X-ray and ultraviolet pho-
toemission spectroscopy (XPS and UPS) as well as scanning tun-
nelling microscopy (STM) in an analysis chamber attached to the 
growth chamber. After capping the films with an ~10 nm Se layer, 
the samples were characterized ex situ by various magnetic probes 
described below. As a control sample, a commercial 1T VSe2 single 
crystal was cleaved in ultrahigh vacuum and also capped with Se 
to avoid spurious results from a surface oxidized sample. Figure 1 
shows characterization of submonolayer VSe2 films on HOPG and 
MoS2 substrates. On HOPG, VSe2 preferentially nucleates and grows 
at step edges while on MoS2 the growth is more uniform and gives 
rise to larger monolayer islands. In general, films on MoS2 gives bet-
ter layer-by-layer growth while on HOPG the VSe2 films roughen. 
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The monolayer VSe2 on MoS2 exhibits a moiré structure arising 
from the lattice mismatch between VSe2 and MoS2. XPS studies for 
estimation of the growth rates are shown in Supplementary Fig. 1. 
UPS shows a strong metallic edge, shown in Fig. 1c, which is consis-
tent with a 1T metallic structure of VSe2.

Importantly, to confirm a 1T metallic state, the samples were 
investigated for CDW transitions that can occur only in metallic 
samples. STM measurements at elevated (150 K) and low tempera-
ture (15 K), shown in Fig. 2a and 2b, respectively, revealed a CDW 
modulation at low temperature only. This demonstrates the exis-
tence of a CDW transition even for the monolayer VSe2. It has been 
shown that the Fermi-surface nesting vector has a 3D component in 

the bulk31 and thus the CDW in a strictly 2D single layer material 
will require a different nesting vector. This may explain the CDW 
periodicity observed in STM for the monolayer, which resembles 
the previously reported CDW for decoupled layers formed by inter-
calation of atoms33, but is different from a 4 ×​ 4 structure observed 
on bulk surfaces. Scanning tunnelling spectroscopy (STS) at 15 K 
also showed opening of an ~55 meV gap (Fig. 2c) compared with 
STS at 150 K, a temperature above the CDW transition.

The Se-capped VSe2 films were rapidly transferred to a physical 
property measurement system or longitudinal magneto-optic Kerr 
effect (L-MOKE) magnetometer. XPS analysis indicates that such 
protected VSe2 films are stable in air for days (see Supplementary 
Fig. 2). All magnetization measurements were done within the same 
day of exposure to air.

First, we discuss the magnetization measurements for VSe2 films 
on HOPG. For a sample that consists of only monolayer height 
VSe2 islands with coverage of approximately half a monolayer, 
the well-defined magnetization–magnetic field (M–H) hysteresis 
loops, observed at 10 and 330 K with vibrating sample magnetom-
etry (VSM; Fig. 3a), show clear evidence for ferromagnetic order-
ing. The room-temperature ferromagnetism is also independently 
probed by L-MOKE (see inset of Fig. 3a). Control experiments on 
a HOPG substrate with a Se capping layer but without a VSe2 film 
only show a diamagnetic background (see Supplementary Fig. 3). 
Consequently, the ferromagnetic signal is assigned to the single 
layer of VSe2. This is an important finding considering that bulk 
VSe2 is paramagnetic (see Supplementary Fig. 4). We also confirmed 
that the surface of VSe2 has no ferromagnetic ordering by cleaving 
a VSe2 single crystal in UHV and capping it with Se (also shown 
in Supplementary Fig. 4). Comparative in-plane and out-of-plane 
M–H loop VSM measurements of the monolayer sample are shown 
in Fig. 3b and indicate in-plane spin alignment, which is consistent 
with DFT predictions for monolayer magnetism of VSe2 (refs 26–28).  
The temperature dependences of the coercive field (Hc) and satura-
tion magnetization (Ms) up to 330 K (Fig. 3c) verify strong ferromag-
netic ordering above room temperature for monolayer VSe2/HOPG.  
Both the temperature dependence of Hc and Ms as well as the large 
value of Ms, which is estimated to be ~15 μB per formula unit, sug-
gest that the magnetization is intrinsic to the VSe2 monolayer/
HOPG sample. DFT calculations have suggested through-bond spin 
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Fig. 2 | Evidence for CDW transition in monolayer VSe2. a,b, STM images 
showing atomic corrugation above the CDW transition (150 K) (a) and 
CDW modulation of atomic corrugation below TCDW (b). In b the CDW unit 
cell is indicated in yellow together with the approximate periodicities λ1 
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parameters: Vbias =​ 700 mV and It =​ 0.6 nA. c, STS shows the opening of 
an energy gap at low temperatures, which is extracted by the tangential 
approximation of the differential conductance shown by the pink lines in c.
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polarization between V and Se to be the origin for intrinsic ferro-
magnetic ordering in monolayer VSe2 (ref. 27). Such a mechanism 
may also explain the observed large magnetic moment in the sam-
ples presented here. The temperature dependence of MS indicates 
the persistence of ferromagnetic order above room temperature for 
all monolayer VSe2 samples studied, which show very reproducible 
values for magnetic properties of the film (see inset of Fig. 3b). It 
is interesting to point out that the monolayer VSe2 sample exhib-
its a non-monotonic behaviour in Ms and Hc in a range around 
110–130 K. This non-monotonic behaviour is ascribed to the CDW 
transition observed in STM and is expected in this temperature 
range32. Coupling of the magnetic properties to the CDW in VSe2 
further confirms that the observed magnetism is a property of VSe2. 
A noticeable shift in the CDW transition temperature (TCDW) to a 
higher temperature for the monolayer (TCDW ~121 K) relative to bi- 
(~114 K) and multi- (~108 K) layers is consistent with recent reports 
on the thickness-dependence of the TCDW in exfoliated VSe2 flakes32. 
The TCDW is also independently determined from the slope change 
in magnetization under zero-field-cooled and field-cooled regimes 
(see Supplementary Fig. 5). Increasing the number of layers is found 
to drastically decrease MS (see inset of Fig. 3d).

To further study the magnetic properties of single-layer VSe2 and 
to exclude a special influence of the HOPG substrate on the magnetic 
properties, we also investigated VSe2 grown on MoS2. The previously 
reported weak defect-induced ferromagnetism in MoS2 single crys-
tals34 is confirmed (Supplementary Fig. 4c), but is much weaker than 
the magnetism of monolayer VSe2 and thus cannot explain the mag-
netization measured in monolayer VSe2. Figure 4a shows the VSM 
measurement of a mostly monolayer VSe2 sample at room tempera-
ture and at 100 K. It is apparent that the temperature dependence for 
VSe2 on MoS2 is strongly enhanced compared with HOPG substrate, 
which is also illustrated in Fig. 4b. Such difference in the tempera-
ture dependence suggests enhanced magnetic coupling between the 
MoS2 substrate and the ferromagnetic VSe2 film. Importantly, like 
on HOPG, a strong variation of Hc is observed close to the expected 
CDW temperature. Figure 4c and its inset show measurements of the 
magnetic properties as a function of film thickness. Similar to the 
VSe2 films on HOPG, a strong enhancement of Ms is observed when 
the film thickness is reduced to a single monolayer. Interestingly, only 
the monolayer sample exhibits very strong temperature dependence 
of Ms and Hc, further supporting the special magnetic properties of 
the monolayer and indicating strong magnetic interlayer coupling 
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between VSe2 and MoS2. Such interlayer couplings in magnetic van 
der Waals heterostructures illustrates the exciting prospects of these 
systems, which require further experimental and theoretical studies. 
Although the magnetization is drastically reduced with number of lay-
ers (Fig. 4c or 3d), it remains measureable to the thickest samples, tens 
of layers thick. This residual magnetization may be related to defects 
in the grown films or an interface polarization or Stark effect35 that 
induces weak ferromagnetism in VSe2 interfaces with dissimilar van 
der Waals materials. Finally, using a poorly conducting semiconduct-
ing van der Waals substrate, such as MoS2, enables Hall measurements 
and thus an independent verification that the magnetism originates 
from the VSe2 films. Using a shadow mask for VSe2 deposition, we 
fabricated a Hall bar. The sample was mono- to bilayer thick to ensure 
a contiguous film. Figure 4d shows the hysteresis loops in this anom-
alous Hall-effect measurement at 100 K and 200 K, reproducing the 
temperature dependence of Ms and Hc measured by VSM. Thus the 
magnetization of monolayer VSe2 on van der Waals substrates can be 
consistently probed by various complementary magnetic probes.

In conclusion, we have demonstrated ferromagnetism with a 
large magnetic moment in monolayer VSe2/van der Waals hetero-
structures. A Curie temperature above room temperature makes 
these systems potentially attractive materials for van der Waals 
spintronics applications. Finally, the approach of molecular beam 
epitaxy growth and encapsulation provides an alternative to exfolia-
tion methods for screening of theoretically predicted29 monolayer 
TMDs, even if chemically unstable.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0063-9.
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Methods
Molecular beam epitaxy growth. Mono- to few-layer VSe2 was grown on HOPG 
or MoS2 substrates by e-beam evaporation of V and simultaneous deposition of 
atomic Se from a hot wall Se-cracker source. The HOPG substrates were cleaved 
in air and immediately introduced into the vacuum chamber. The substrates were 
subsequently annealed in ultra-high vacuum at 300 °C for 5 h before film growth. 
VSe2 was grown at a substrate temperature of 300 °C and at a slow growth rate of 
~0.06 ml min−1. After characterization of the grown films by UPS and STM, the 
samples were transferred back into the molecular beam epitaxy growth chamber 
and capped with ~10 nm of Se by deposition of Se at room temperature.

Photoemission characterization. For XPS and UPS measurements, the samples 
were transferred from the growth chamber with a magnetically coupled transfer 
arm to a surface analysis chamber without breaking vacuum. The mu-metal 
analysis chamber was equipped with an Omicron Sphera-II electrostatic analyser 
for UPS. For XPS, an Mg/Al dual anode X-ray source was used and for UPS,  
a vacuum ultraviolet He-discharge lamp was used. All measurements were acquired 
at normal emission. Mean free path lengths for photoelectrons were estimated 
based on the National Institute of Standards and Technology standards database. 
As a consequence of the varying mean free path lengths for V 3d and Se 2p 
photoelectrons, the probing depths of the two components varies and therefore the 
peak ratio changes for thinner films. After compensating for the different mean 
free path lengths, XPS shows the growth of stoichiometric VSe2 films for all film 
thicknesses studied. For UPS measurements, the Fermi edge was calibrated with a 
gold sample.

Scanning tunnelling microscopy and spectroscopy. An Omicron room 
temperature STM-1 was also housed in the same surface characterization chamber 
used for UPS characterization. Electrochemically etched tungsten tips were used 

for all the room temperature STM measurements. In addition, the sample was 
transferred in a vacuum suitcase that maintained a pressure of ~10−8 torr to a 
variable temperature STM. This STM is a commercial Pan-style RHK STM.  
A closed-cycle cryostat allowed cooling of the sample to a minimum of 15 K and the 
sample could be heated in the cryostat to various target temperatures. STM and 
STS was taken with a cut PtIr tip. For dI/dV spectroscopy, a lock-in amplifier with 
a modulation voltage of 7 mV and reference frequency of 995 Hz was used.

Physical property measurement system. Temperature- and magnetic field-
dependent magnetization measurements were carried out in a physical 
property measurement system from Quantum Design with a vibrating sample 
magnetometer over a temperature range of 5–350 K and fields up to 7 T. 
Magnetic moment per formula unit for the monolayer was determined from the 
magnetization measurement (converted to Bohr magnetons) and divided by the 
number of formula units calculated from the sample size times the percentage of 
surface covered by a single layer and divided by unit cell size of VSe2.

Magneto-optic Kerr effect. L-MOKE hysteresis loops were taken at room 
temperature using a homemade set-up with a 5 mW (655 nm) laser source with a 
spot size of ~1.5 ×​ 1.5 mm2.

Anomalous Hall effect. VSe2 was deposited on a MoS2 substrate through a 
shadow mask creating a Hall bar with four contacts. The grown VSe2 film was 
subsequently capped with Se. After removal from the growth chamber, wires were 
glued with silver conducting paste onto the contact patches. The anomalous Hall 
measurements were performed in the physical property measurement system.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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