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Monolayer transition metal dichalcogenides (TMDs) host two inequivalent valleys at the K and K′

points of the Brillouin zone, offering a binary degree of freedom that can encode information. Lifting
the degeneracy between these valleys is the central challenge of valleytronics. In this review, we
present the theoretical foundations and experimental progress of magnetic routes to valley polarization
in monolayer TMDs. We first develop the relevant theory, including the valley Zeeman effect, spin-
valley locking, and the valley Hall effect, before surveying four magnetic mechanisms: external
magnetic fields, magnetic proximity effects, magnetic doping, and intrinsic ferrovalley materials.
For each mechanism, we compare reported valley splitting energies and operating conditions across
a range of material systems. External fields applied to monolayer MX2 yield modest splittings,
while magnetic proximity coupling and doping can enhance the splitting by one to three orders of
magnitude. Intrinsic ferrovalley materials such as H-VSe2 bypass external magnetization entirely,
exhibiting spontaneous valley polarization with splittings reaching hundreds of meV and Curie
temperatures well above room temperature. We conclude with an outlook on the prospects and
remaining challenges for integrating valley polarization into practical information-encoding devices.

Keywords: valleytronics, valley polarization, transition metal dichalcogenides, valley Zeeman effect, magnetic
proximity effect, magnetic doping, ferrovalley materials, spin-valley locking

I. INTRODUCTION

Finding new quantum degrees of freedom of electrons
has been a widespread goal in condensed matter physics
research. Historically, applications of every new quantum
degree of freedom often lead to significant development
in the science and technology industries [1]. The devel-
opment of modern electronics and semiconductor devices
(such as the transistor) relied on the manipulation of the
charge degree of freedom of electrons. Later, the field
of spintronics focused on manipulating the spin degree
of freedom to encode information in electronic devices
such as magnetic random-access memory (MRAM) and
magnetic tunnel junctions (MTJs). The manipulation
of the charge and spin degrees of freedom kickstarted
a drive to miniaturize devices and improve processing
speeds by orders of magnitude, but in reaching the ther-
modynamic and quantum limitations of these approaches,
researchers have begun investigating a third degree of
freedom for the electron: the “valley” degree of freedom
[1]. In this paper, we discuss this third degree of freedom,
including reviewing the relevant theory and discussing
possible applications of it in valleytronic devices that
encode information.

In a crystalline solid, electrons do not have arbitrary
energies; instead, their allowed energies form bands that
depend on the electron’s crystal momentum k, giving rise
to the energy dispersion εn(k) in the Brillouin zone.

In general, valleys refer to local minima and maxima
in the crystal’s conduction and valence band structure.
Typically, the band extrema (valleys) occur at the in-
equivalent K and K ′ points of the Brillouin zone in two-
dimensional hexagonal transition metal dichalcogenides
(TMDs), shown in Fig. 1. Electrons occupying the K and
K ′ valleys form a two-state system known as the valley
degree of freedom, often called valley pseudospin. It is

termed a pseudospin because the valley index behaves
mathematically like a spin- 12 two-level system—it can
be described by the same Pauli-matrix formalism—even
though it originates from the two inequivalent valleys
rather than from intrinsic angular momentum. As one
might note, the K and K ′ points alternate around the
hexagonal lattice.

This review primarily discusses magnetic routes to val-
ley polarization in nonmagnetic monolayer TMDs (MX2,
where M = Mo,W and X = S, Se,Te), though we also ex-
amine how intrinsically magnetic 2D TMDs exploit their
own exchange interactions to spontaneously lift valley
degeneracy.

In monolayer TMDs, the two inequivalent valleys are
not only separated in momentum space, but also possess
distinct geometric properties associated with the elec-
tron’s wavefunction. The K and K ′ valleys hold opposite
Berry curvatures Ωn(k), and opposite electrical, magnetic,
and optical properties [1, 3].

More importantly, such monolayer materials exhibit
time-reversal symmetry (T ), enforcing

Ωn(−k) = −Ωn(k).

In comparison, spatial inversion symmetry (P) enforces

Ωn(k) = Ωn(−k),

which is broken in MX2.
Note that when a material possesses both time-reversal

and spatial inversion symmetry, Ωn(k) = 0. Monolayer
graphene is an example of a material possessing both
symmetries.

As a consequence of these valley-dependent properties,
electrons in the K and K ′ valleys interact differently with
light. Theory predicted, and experiments later confirmed,
that σ+ and σ− circularly polarized light excite carriers
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Figure 1. Electronic band structure of a 2D transition metal
dichalcogenide: the highest valence band and lowest conduc-
tion band of monolayer MoS2 over the k-plane, computed
from the three-band tight-binding model of Ref. [2] (GGA
parameters, without spin-orbit coupling). Direct gaps open at
the K and K′ corners of the hexagonal Brillouin zone. Blue
and orange mark the K and K′ valleys, and the conduction
band is cut off at 2.3 eV near Γ.

Figure 2. (a) Breaking of spatial inversion symmetry in
monolayer MoS2. (b) Bilayer of MoS2 with preserved spatial
inversion symmetry. Reproduced from Ref. [4] with permission
of the author.

in the K and K ′ valleys, respectively [5, 6]. This valley-
selective excitation enables the optical generation and
control of valley polarization in monolayer TMDs.

These valley-dependent optical properties are only one
manifestation of the unique electronic structure of mono-
layer TMDs. The interplay between Berry curvature, or-
bital magnetic moments, and spin-orbit coupling gives rise
to several phenomena including the valley Zeeman effect,
spin-valley locking, and the valley Hall effect. Understand-
ing and controlling these effects is essential for realizing
stable valley polarization and practical valleytronics de-
vices [6].

This review specifically focuses on magnetic mecha-

nisms that lift valley degeneracy and enable controllable
valley polarization in monolayer TMDs.

II. THEORETICAL FRAMEWORK FOR
MAGNETIC VALLEY POLARIZATION

The treatment developed throughout this section is
based on the reviews and foundational works of Refs. [1,
6, 7], and further detail may be found by consulting them.

II.A. Terminology

For a monolayer TMD, the two inequivalent valleys are
labeled by their valley index:

τ = +1 (K), τ = −1 (K ′).

Spin–orbit coupling (SOC) is the interaction between an
electron’s spin and its orbital motion within the crys-
tal potential. In monolayer TMDs, SOC splits the va-
lence bands by hundreds of meV and is responsible for
spin-valley locking. In monolayer MX2, strong spin–orbit
coupling pins the electron spin orientation to the valley
index: in the topmost valence band, spin-up states reside
predominantly at K and spin-down states at K ′, while
in the conduction band this ordering is reversed. This
coupling, known as spin-valley locking, is a direct conse-
quence of broken P-symmetry together with time-reversal
symmetry.

The valley splitting energy, ∆Evalley = EK−EK′ , quan-
tifies the energy difference between the K and K ′ valley
band edges. When ∆Evalley ̸= 0, valley degeneracy is
lifted. The primary mechanism for achieving this in MX2

is the breaking of T -symmetry, which enables EK ̸= EK′ .
Valley polarization measures how unevenly carriers oc-

cupy the two valleys. If nK and nK′ denote the carrier
populations in the K and K ′ valleys, respectively, then
the valley polarization Pv is defined as

Pv =
nK − nK′

nK + nK′
. (1)

When Pv = 0, both valleys are equally populated; when
Pv = ±1, all carriers reside in the K or K ′ valley, respec-
tively. Prolonged valley polarization is of great value be-
cause it enables the potential development of valleytronic
devices. However, Luo et al. report that the lifetime of
this unbalanced distribution is short, posing an obsta-
cle to utilizing the valley degree of freedom for stable
information processing [1].

An exciton is a bound electron–hole pair created by
optical excitation. In magneto-photoluminescence ex-
periments, shifts in exciton emission energies under σ+

and σ− circular polarization are used to measure valley
splitting.

Many magnetic substrates used in valleytronic het-
erostructures are ferromagnetic materials. In ferromag-
nets, the magnetic moments of electrons align parallel
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to each other due to exchange interactions, producing
a net magnetization even in the absence of an external
magnetic field. The Curie temperature, TC , is the critical
temperature above which a ferromagnetic material loses
its spontaneous magnetization and becomes paramag-
netic. For valleytronic applications, a high TC is desirable
because it ensures that spontaneous valley polarization
persists at or near room temperature—an important prac-
tical consideration, since electronic components generate
substantial heat during operation.

II.B. Theory of the Valley Hall Effect

We begin with the concept of the Berry curvature,
Ωn(k), which plays a key role in understanding the valley
Hall effect.

To understand the Berry curvature, we must start with
the Berry connection. In a crystal, electron wavefunctions
ψnk are Bloch states that can be written in the form

ψnk(r) = eik·runk(r)

where unk(r) is the periodic part of the Bloch wavefunc-
tion.

The Berry connection An(k) is defined as

An(k) = i ⟨unk|∇kunk⟩ .

The inner product ⟨unk|∇kunk⟩ measures how the Bloch
state changes as the crystal momentum k varies, while the
factor i corresponds to the phase change of the wavefunc-
tion as k changes. Therefore, the Berry connection de-
scribes the geometric phase acquired by the wavefunction
under an infinitesimal displacement in crystal momentum.

The total accumulated Berry phase γ is then given by

γ =

∫︂
An(k) · dk.

The Berry curvature is defined as the curl of the Berry
connection. Therefore

Ωn(k) = ∇k ×An(k).

For a two-dimensional system, k lies in the (kx, ky) plane,
so the curl points entirely in the z-direction. The only
persistent component is therefore

Ωn,z(k) = i

(︃⟨︃
∂unk
∂kx

⃓⃓⃓⃓
∂unk
∂ky

⟩︃
−
⟨︃
∂unk
∂ky

⃓⃓⃓⃓
∂unk
∂kx

⟩︃)︃
.

Because it arises as the curl of a vector potential, the Berry
curvature can be interpreted as an effective magnetic field
in momentum space.

In the semiclassical description of electron dynamics in
crystals, the velocity of the Bloch electron in band n is
determined by the band dispersion εn(k) as [3, 8]

vn(k) =
1

h̄
∇kεn(k).

However, once the Berry curvature is introduced, we
obtain a new term regarded as the “anomalous velocity”:

vn(k) =
1

h̄
∇kεn(k)−

e

h̄
E×Ωn(k).

This additional term gives rise to the valley Hall effect.
In monolayer MX2, K and K ′ valleys are correlated

by time reversal symmetry. Therefore, under an applied
electric field E, carriers at the K and K ′ points acquire
transverse velocities of equal magnitude but opposite
direction [8].

The sideways deflection of the carriers is consistent
with our interpretation of the Berry curvature, as seen
from the cross product E×Ωn(k). If an electric field is
applied in the x-direction and the Berry curvature points
out of the plane, then the cross product points in the
y-direction, resulting in the sideways deflection. Refer to
Fig. 3(b).

The valley Hall effect generates a transverse voltage,
enabling electrical detection of valley polarization [3, 10],
which is critical for the development of valleytronic de-
vices.

Because valley polarization is imperative to valleytronic
applications, a major focus of current research is the
development of methods to achieve it. These methods
include optical pumping, electric fields, mechanical strain,
electrical injection, geometric engineering, and magnetic
approaches [5, 8, 11–14].

In the following sections, we discuss magnetic mech-
anisms that can induce band splitting and lift valley
degeneracy, thereby enabling valley polarization.

II.C. Orbital Magnetic Moment

Along with Berry curvature, K and K ′ valley states
can be distinguished by the orbital magnetic moment [6].

As mentioned above, electrons in a crystal are described
by Bloch states ψnk. However, a single Bloch state may
extend over the entire crystal, with a precise momentum
k. From the uncertainty principle ∆r∆k > 1, we cannot
localize an electron in both momentum and position [6].
Therefore, electron dynamics in crystals are described by
the motion of wave packets [6, 15]:

Ψ(r) =
∑︂
k

a(k)ψnk.

In other words, we have a superposition of nearby k-states.
The motion of a wave packet is characterized through

the motion of its center of mass rc. Since the packet is
not perfectly localized but instead has a finite spread, it
also may exhibit a self-rotational motion around its center
rc, shown in Fig. 4 [6, 7].

This self-rotation induces an orbital magnetic moment
of the wave packet, morbital (along with the spin moment),
exactly the same way a current loop in electromagnetism
produces a magnetic dipole.
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Figure 3. (a) Valley-dependent optical selection rules at K and K′ valleys possessing opposite Berry curvatures. The orange
arrows indicate clockwise and counterclockwise motion of the K and K′ electrons. (b) An applied electric field E induces a
transverse anomalous velocity, leading to opposite deflection of carriers from K and K′ valleys. Reproduced from Ref. [9] with
permission of K. F. Mak; peer-reviewed version in Ref. [3].

W(r; rc, kc)

rc

rc(t)

morbital

Figure 4. Depiction of a wave packet W (r; rc,kc) moving
along the trajectory of its center of mass rc while rotating
about rc. The red loop shows the self-rotation, with its arrow
giving the sense of the circulating current, so the orbital
magnetic moment morbital points out of the monolayer plane.
Redrawn after Ref. [7].

The total magnetic moment of the electron is then
mtotal = mspin + morbital. It should be noted that the
orbital component arises entirely from the band structure,
a novel property in monolayer MX2.

As mentioned briefly in the introduction, the orbital
magnetic moment shows exactly the same symmetry trans-
formation as the Berry curvature—that is to say, it exists
only in T -broken or P-broken symmetry systems [6, 16].

Focusing henceforth on the orbital contribution, we find
that in TMDs mK = −mK′ , providing a natural means
of distinguishing the K and K ′ valleys.

II.D. Valley Zeeman Effect

In general, the magnetic-field-induced energy difference
between the K and K ′ valleys is known as valley Zeeman
splitting [17]. We first consider the case of an external
magnetic field.

II.D.1. External Magnetic Fields

For a particle with a magnetic dipole moment m in an
external magnetic field B, the potential energy is given
by E = −m ·B.

In monolayer TMDs, the orbital motion of our electrons
is confined in-plane. As a result, their orbital magnetic
moment points out-of-plane and couples to the out-of-
plane magnetic field, Bz [6].

Therefore, for an out-of-plane field, the energy shift

∆E = −mzBz.

In a valley system, the magnetic moment depends on the
valley index:

mz = τmv

where mv is the magnitude of the valley magnetic moment.
So the energy shift of a band state is

∆Eτ = −τmvBz.

Using τ = ±1 for the K or K ′ valleys, the corresponding
energies become

EK = E0 −mvBz

EK′ = E0 +mvBz.

Because we are ultimately interested in the magnitude
of the valley splitting, we find that the valley splitting
energy

|∆Evalley| = |EK − EK′ |
= |(E0 −mvBz)− (E0 +mvBz)|
= 2mvBz.

Defining an effective Landé geff -factor by

mv =
geffµB

2

gives

|∆Evalley| = |geff |µBBz

where µB is the Bohr magneton. In monolayer MX2 it has
been shown theoretically and confirmed experimentally
that g ≈ −4 [17, 18].
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Because the orbital magnetic moments in the K and K ′

valleys are opposite in sign, our external magnetic field
causes opposite energy shifts in the bands of inequivalent
valleys, and hence, lifts valley degeneracy [19].

This splitting enables selective population of valleys
under magnetic field, offering a mechanism for valley
polarization.

Note that T -symmetry requires EK = EK′ . Because
the applied magnetic field lifts valley degeneracy, we ob-
tain EK ̸= EK′ , and therefore T -symmetry is broken.

Although this derivation was presented for an external
magnetic field, the same Zeeman-like splitting framework
also applies for the following magnetic mechanisms.

II.D.2. Magnetic Proximity Effects

In very recent years, the use of magnetic substrates has
attracted significant interest from researchers aiming to
lift valley degeneracy.

A magnetic substrate is simply a magnetic material
placed beneath a TMD. In Sec. II.D.1, we discussed the
use of an external magnetic field; conversely, a magnetic
substrate makes use of proximity effects, effectively in-
ducing an exchange magnetic field inside the monolayer.
Similar to an applied external magnetic field, exchange
fields constitute effective Zeeman-like splitting, lifting
valley degeneracy in the TMD.

Magnetic proximity effects are commonly realized in
van der Waals heterostructures, where a TMD layer is
stacked on a magnetic material and held together by weak
van der Waals forces [20]. An important characteristic of
van der Waals materials is their ability to form vertical
heterostructures with an ideal, atomically sharp interface
[6].

The origin of this effect can be understood from the
exchange interaction at the interface. In a magnetic ma-
terial, the electrons have aligned spins due to exchange
interactions, generating a net magnetization M. When
a monolayer TMD is placed directly on top, the elec-
trons’ wavefunctions marginally overlap across the inter-
face. These interactions shift the energies of the valley
states in a manner analogous to Zeeman splitting pro-
duced by an external magnetic field.

More precisely, the low-energy physics at the K and
K ′ points of a TMD/magnetic substrate heterostructure
is captured by the effective Hamiltonian [21]

H = H0 +HSOC +Hex +HR.

The first term

H0 = at(τkxσx + kyσy) +
∆

2
σz

is the massive Dirac fermion Hamiltonian that produces
the gapped band structure at each valley, where a is the
lattice constant, t is the nearest-neighbor hopping energy,
τ = ±1 is the valley index, σi are Pauli matrices acting
on the orbital pseudospin, and ∆ is the band gap.

Figure 5. Structure model of twisted WSe2/CrI3 heterostruc-
ture [24]. Reproduced from Ref. [24] under a CC BY 4.0
license.

The second term,

HSOC =
τλSOC

2
sz(σz − 1)

describes the spin–orbit coupling, which produces op-
posite spin splitting in opposite valleys and establishes
spin-valley locking; however, because HSOC preserves T -
symmetry, it cannot by itself lift valley degeneracy.

The third term, Hex, is the proximity-induced exchange
interaction between the localized spins of the magnetic
substrate and the carriers in the monolayer. Developed
from the Kondo model [22], this interaction takes the
form

Hex = −JM · s

where M is the magnetization vector of the substrate, s is
the electron spin, and J is the exchange coupling constant.
This term breaks T -symmetry by shifting spin-up and
spin-down states uniformly regardless of the valley index.
Because spin-valley locking pins opposite spins to opposite
valleys, this uniform spin shift translates into a valley-
dependent energy shift, thereby lifting valley degeneracy.

The final term, HR, is the Rashba contribution arising
from the broken inversion symmetry at the heterostruc-
ture interface; it is typically small and acts as a correction.

Crucially, valley polarization requires both terms acting
together: HSOC locks spin to valley, while Hex breaks T -
symmetry, so the resulting valley splitting grows with the
strength of the exchange field.

The use of magnetic substrates carries an important
advantage, in that the magnitude of valley splitting can
be tuned by controlling the magnetization of the substrate
[23]. One of the more experimentally popular heterostruc-
tures is monolayer WSe2 coupled with CrI3, shown in
Fig. 5.

II.D.3. Magnetic Doping

Magnetic doping can be broken into two subcategories:
substitutional doping and adsorption. Substitutional dop-
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Figure 6. Spin density distribution for a single transition
metal dopant atom (Mn,Fe,Co,Ni) substituted in monolayer
WSe2, depicting localized magnetic moments introduced by
dopants [25]. Reproduced with permission of the authors.

ing inserts magnetic impurities directly into the crystal
lattice. For example,

MoS2 → Mo1−xMnxS2.

Generally, the dopant atoms contain unpaired d-electrons,
giving them a localized magnetic moment. At sufficient
concentration, they can produce a net magnetization M
inside the material, breaking T -symmetry.

Adsorption, by contrast, places the dopant atom on top
of the surface rather than inside the lattice. The atom
sits at a preferred surface site (often above a hollow site
or directly above a host atom) and bonds to the TMD
through weaker surface interactions.

In both cases, the exchange interaction discussed in the
previous section applies, where the localized spin of the
magnetic dopant interacts with the carriers in the mono-
layer. However, because a dopant does not introduce the
global vertical asymmetry of a heterostructure interface,
the Rashba term is absent and the effective Hamiltonian
reduces to

H = H0 +HSOC +Hex.

As before, valley polarization arises from the exchange
term acting together with spin-valley locking. Because the
magnetic dopant creates a preferred spin direction, Hex

shifts the valley energies differently through spin-valley
locking, thereby lifting valley degeneracy. An example of
substitutional doping is shown in Fig. 6.

II.D.4. Intrinsic Ferrovalley Materials

Intrinsic ferrovalley materials are two-dimensional ferro-
magnetic semiconductors whose spontaneous magnetiza-
tion lifts valley degeneracy without the need for external
fields or substrates. In the presence of magnetization, an

exchange interaction shifts the spin-resolved bands. Be-
cause the spin and valley degrees of freedom are strongly
coupled in monolayer TMDs, this exchange field produces
opposite energy shifts at the K and K ′ valleys. There-
fore, this ultimately boils down to Zeeman-like splitting,
∆E = geffµBBeff (Beff is the induced effective magnetic
field), lifting valley degeneracy.

Ferrovalley behavior requires a specific crystal symme-
try. Monolayer TMDs can crystallize in two principal
phases: the H-phase (trigonal prismatic coordination), in
which the metal atom sits at the center of a trigonal prism
formed by the chalcogen atoms, and the T-phase (octa-
hedral coordination), in which the chalcogen atoms form
an octahedron around the metal [1]. The H-phase pos-
sesses the same broken inversion symmetry and hexagonal
structure as the conventional MX2 compounds discussed
throughout this work, and therefore supports inequivalent
K and K ′ valleys with spin-valley locking. The T-phase,
by contrast, has higher point-group symmetry that gen-
erally does not produce the same valley contrast. For
this reason, ferrovalley materials are predominantly found
in the H-phase. Common examples of intrinsic H-phase
ferrovalley TMDs include the vanadium dichalcogenides
VSe2, VS2, and VTe2, which we examine in detail in
Sec. III.

As in the previous magnetic mechanisms, the effective
Hamiltonian at the valley points is H = H0+HSOC+Hex,
with the Rashba term again absent since there is no het-
erostructure interface. The crucial distinction is that Hex

now arises from the material’s own spontaneous magne-
tization rather than from an external field, a magnetic
substrate, or a dopant. Because the exchange interaction
is intrinsic, valley degeneracy is lifted as an equilibrium
property of the ground state, requiring no external inter-
vention.

III. COMPUTATIONAL STUDIES AND
EXPERIMENTAL RESULTS IN MAGNETIC

MECHANISMS

While the previous section discusses theoretical mech-
anisms of lifting valley degeneracy, experimental inves-
tigations are necessary to confirm these predictions and
quantify resulting valley polarization in a number of mono-
layer TMDs. Recently, a variety of experiments have ex-
plored magnetic routes to valley polarization including the
application of an external magnetic field, the use of mag-
netic proximity effects, the realization of magnetic doping,
and the utilization of intrinsic ferrovalley materials. In
this section, we review key studies that demonstrate val-
ley splitting and polarization under the techniques intro-
duced in Sec. II. However, working with monolayer TMDs
presents several experimental challenges—among them
the difficulty of preparing high-quality samples, achieving
atomically clean interfaces, and operating at cryogenic
temperatures. When direct experimental investigation is
prohibitive, computational studies, most often based on
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density functional theory (DFT), become invaluable for
advancing our understanding of the magnetic mechanisms
described above. As shown below, computational results
largely agree with experimental findings when both are
available, demonstrating the reliability of DFT in predict-
ing valley polarization.

In a majority of studies, valley polarization is measured
using magneto-photoluminescence spectroscopy, where a
monolayer TMD or heterostructure is optically excited by
a laser. The emitted photoluminescence is then analyzed
in a circular polarization basis where σ+ (σ−) selectively
excites electron-hole pairs in the K (K ′) valleys. The
spectra are then recorded to measure the degree of valley
polarization.

III.A. External Magnetic Field

The most straightforward route to lifting valley de-
generacy is the application of an out-of-plane magnetic
field, which directly breaks time-reversal symmetry and
induces Zeeman-like splitting between the K and K ′ val-
leys. We first examine results from monolayer TMDs
before turning to van der Waals heterostructures, which
exhibit substantially larger splittings.

MacNeill et al. directly experimented with a monolayer
TMD, MoSe2 [17]. They report polarization-resolved
luminescence spectra for back-gated MoSe2 at 4.2 K in
magnetic fields up to 6.7 T.

Fig. 7(a) illustrates the opposite optical and magnetic
responses of the K and K ′ valleys. At B = 0 T, the
two circular polarizations (σ+ and σ−) exhibit nearly
identical energy and intensity. At B = ±6.7 T, however,
the degeneracy is lifted, and the relative positions of the
σ+ and σ− spectra reverse with the sign of the magnetic
field.

Fig. 7(b) then shows a linear dependence of the valley
splitting energy on the applied magnetic field, confirming
the valley Zeeman relationship covered in Sec. II.D:

∆E = gµBBz.

The fitted slope of −0.22 ± 0.01 meV/T [17] yields the
effective Landé g-factor upon division by the Bohr mag-
neton. For monolayer MoSe2, the effective Landé g-factor
was found to be geff = −3.80 ± 0.17 ≈ −4, as discussed
in Sec. II.D.1.

Additional findings on related TMDs report similar
relationships between the applied magnetic field and the
lifting of valley degeneracy. Srivastava et al. studied
monolayer WSe2 at 4.2 K under magnetic fields up to
±8.4 T using polarization-resolved photoluminescence.
After the addition of a magnetic field to WSe2, an exciton
splitting of 0.21 meV/T was exhibited, corresponding to
an effective g-factor of geff ≈ −3.63—a similar result to
the experiment conducted by MacNeill et al. [18]. Using
DFT, Liu et al. computed a comparable valley splitting
of 0.21 meV/T for fields up to ±10 T, in agreement with

these measurements [13]. This is shown by their first-
principles DFT calculations in Fig. 8.

Numerous experiments have demonstrated the ability
of monolayer TMDs to lift valley degeneracy under the
application of an external magnetic field. However, one
limitation of the applied-field scheme is the resulting rela-
tively low valley splitting, ranging from 0.11–0.25 meV/T
in MX2 systems such as MoSe2 and WSe2 [1, 13, 17–19].
Additionally, the magnitude of the valley splitting reaches
only 1–5 meV as a whole. As such, it has become evi-
dent that the application of an external magnetic field
to bare monolayer TMDs is neither practical nor broadly
applicable for the development of valleytronic devices.

However, the utilization of van der Waals heterostruc-
tures composed of monolayer TMDs under an applied
magnetic field has been much more effective in lifting
valley degeneracy. Nagler et al. investigated a nearly 60◦

stacked WSe2/MoSe2 heterostructure, exfoliated onto a
SiO2/Si substrate, at 4 K [27]. An out-of-plane mag-
netic field ranging from 0 to 30 T was applied while
polarization-resolved spectra were recorded. The valley
splitting exhibited an approximately linear dependence
on the magnetic field, establishing Zeeman-like splitting
in the heterostructure. More specifically, the splitting
reached 26 meV (much higher than the 1–5 meV splitting
exhibited by a monolayer MX2) at B = 30 T, indicat-
ing a strong magnetic response of about 0.87 meV/T.
The graph of Fig. 9(b) suggests an effective g-factor of
−15.1 ± 0.1, much higher than reported for monolayer
MoSe2 or WSe2.

Thus, the WSe2/MoSe2 heterostructure exhibits a sub-
stantially larger valley splitting, and hence a much greater
effective Landé g-factor, than those typically reported for
monolayer TMDs. Heterostructures provide a stronger
mechanism than monolayer TMDs for lifting valley de-
generacy, enabling greater promise for valleytronic device
applications.

In this sense, while external magnetic fields provide
a direct and highly tunable route to valley polarization,
the magnitude of the resulting splitting depends strongly
on the material system under study. Bare monolayer
TMDs proved the least promising, yielding only 1–5 meV
of splitting; the TMD-based heterostructures discussed
above performed markedly better, yet the large fields
and cryogenic conditions they still require motivate the
alternative magnetic mechanisms explored below.

III.B. Magnetic Proximity Effects

Experimentally, magnetic proximity effects are com-
monly realized by vertically stacking a monolayer TMD
on a 2D magnetic substrate to form a van der Waals
heterostructure. Several theoretical studies using first-
principles DFT have predicted that magnetic substrates
can induce large valley splitting in monolayer TMDs
through interfacial exchange coupling [19, 24, 27, 29].
The limited feasibility of such experiments largely stems
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Figure 7. (a) Polarization-resolved luminescence spectra from monolayer MoSe2 at 4.2 K for σ+ and σ− detection. Spectra
taken (top-to-bottom) from out-of-plane magnetic fields of 0 T, 6.7 T, and −6.7 T. Polarization and splitting change with the
reversed sign of the magnetic field. (b) Linear splitting of −0.22± 0.01 meV/T in both excitons (blue triangles) and trion (red
circles). Reproduced from Ref. [26] with permission of the authors; peer-reviewed version in Ref. [17].

Figure 8. DFT calculations, demonstrating a valley splitting
of 0.21 meV/T in monolayer WSe2 [13]. Reproduced from
Ref. [13] under a CC BY 4.0 license.

from the difficulty of achieving atomically flat interfaces,
integrating two-dimensional magnetic semiconductor in-
sulators, maintaining extremely low disorder, and op-
erating at cryogenic temperatures. Many experiments
involving the use of magnetic proximity effects are often
accompanied by an external magnetic field to bolster the
magnitude of valley splitting.

Qi et al. investigated magnetic proximity effects in a
computationally modeled MoTe2/EuO heterostructure us-
ing first-principles DFT and a low-energy effective Hamil-
tonian [21]. Fig. 10 depicts the schematic.

The EuO substrate was chosen because it is a ferromag-

netic semiconductor with a band gap of 1 eV, an exchange
moment of approximately 7µB per Eu ion, and a lattice
mismatch of only 2.7% with monolayer MoTe2.

The group utilized the low-energy Hamiltonian

H = H0 +HSOC +Hex +HR

where the proximity-induced exchange term Hex,

Hex = −sz(Bcσ+ +Bvσ−),

lifts valley degeneracy together with the Rashba term,
producing valley-dependent band shifts. Here, sz is a
Pauli matrix eigenvalue (±1), σ± = 1

2 (σ0 ± σz) project
onto the conduction and valence orbitals, and Bc and
Bv are “effective Zeeman fields” in the conduction and
valence bands, respectively.

In their model, the effective Zeeman fields were gar-
gantuan: using Bc = 206 meV and Bv = 170 meV, they
find a translated magnetic field of over 2937 T. This is
far larger than the bare dipolar field of only ∼ 0.007 T
from the Eu moments at the MoTe2 layer, demonstrating
that the valley splitting arises from exchange fields.

Their calculations predict enormous valley splitting
ranging from 321 to 419 meV, far greater than the 1–5
meV splitting typically achieved with external fields.

Zhao et al. observed enhanced valley splitting in WSe2
in van der Waals WSe2/EuS heterostructures [30]. Ex-
perimentally, it was found that the valley splitting energy
increased by nearly an order of magnitude, from 0.21
meV/T to 2.5 meV/T, with the addition of the magnetic
substrate EuS.

In 2017, Zhong et al. similarly investigated valley split-
ting in WSe2 [23]. However, they employed a CrI3 mag-
netic substrate, which enabled unprecedented control of
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Figure 9. (a) Comparison of photoluminescence spectra of the interlayer for 0 T and 30 T. At B = 0 T, both circular
polarizations show the same energy and intensity. At B = 30 T, valley degeneracy is lifted at the σ+ transition. (b)
Corresponding valley-selective splitting of the interlayer exciton. Red line represents a linear fit in the strength of the magnetic
field and the valley splitting energy, with geff = −15.1 ± 0.1. Reproduced from Ref. [28] with permission of the authors;
peer-reviewed version in Ref. [27].

(a) (b)

4.4 Å

z x

x

Mo
Te
Eu
O
H

Figure 10. (a) Side view and (b) top view of a MoTe2 mono-
layer on an EuO(111) substrate, drawn from a structural model
based on Ref. [21]. The Mo plane sits 4.4 Å above the top Eu
plane.

spin and valley pseudospin in monolayer WSe2. Their
study is particularly compelling because it reports a direct
experimental demonstration rather than a first-principles
DFT calculation.

Ultrathin CrI3 with a thickness of 9–12 nm is an es-
pecially appealing substrate, as it is a newly discovered
2D ferromagnetic semiconductor [32]. It also exhibits
an out-of-plane easy axis—the energetically preferred di-
rection of its magnetization—which is imperative to its
ability to induce a valley-splitting exchange field, since
the valley Zeeman coupling responds to the out-of-plane
component of the magnetization. Additionally, an h-BN
encapsulation was implemented to prevent degradation.
The stack was assembled as h-BN / CrI3 / monolayer

Valley splitting
(meV) ∆v,+

val ∆c,+
val ∆v,−

val ∆c,−
val

MoTe2
† (DFT & LEH) 0 0 0 0

MoTe2/EuO (DFT) -342 -386 -321 -419
MoTe2/EuO (LEH) -319 -412 -340 -391
Spin splitting
(meV) ∆v,+

spin ∆c,+
spin ∆v,−

spin ∆c,−
spin

MoTe2
† (DFT & LEH) 214 -27 -214 27

MoTe2/EuO (DFT) -168 -449 -496 -356
MoTe2/EuO (LEH) -142 -455 -517 -348
† For free-standing MoTe2, DFT and LEH give the same results.

Table I. Valley splitting and spin splitting for free-standing
monolayer MoTe2 and the MoTe2/EuO heterostructure, com-
paring density functional theory (DFT) and low-energy effec-
tive Hamiltonian (LEH) results. Magnetic proximity to EuO
induces large valley and spin splittings in monolayer MoTe2.
Data from Ref. [21].

WSe2 / h-BN / SiO2. A schematic of the experiment is
shown in Fig. 11.

At 5 K, the valley splitting energy was measured to
be 3.5 meV, which the authors converted to an effective
magnetic field of approximately 13 T. The authors further
noted that the magnitude is independent of the excitation
power, helping rule out carrier-density effects as the main
cause of the lifted valley degeneracy.

Near an applied external magnetic field of −0.85 T, the
valley splitting changes from −1.3 meV to 3.4 meV over
only about 30 mT, corresponding to a valley splitting
rate of more than 150 meV/T. The authors note that
this is nearly three orders of magnitude larger than can
be achieved by the Zeeman effect in bare WSe2, thereby
highlighting the practicality and enhanced tunability of
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Figure 11. Schematic of the van der Waals heterostructure
formed by monolayer WSe2 and ultrathin ferromagnetic semi-
conductor CrI3, encapsulated by h-BN. Reproduced from
Ref. [31] with permission of the authors; peer-reviewed version
in Ref. [23].

Figure 12. Valley splitting in WSe2 versus applied magnetic
field, showing hysteretic step-like switching due to reversal
of the CrI3 substrate magnetization; the large splitting is
dominated by the proximity-induced exchange field rather
than the external field alone. Reproduced from Ref. [31] with
permission of the authors; peer-reviewed version in Ref. [23].

magnetic proximity effects, even under a comparatively
small applied magnetic field.

Fig. 12 shows the valley splitting in WSe2 as a function
of the out-of-plane magnetic field. Rather than vary-
ing linearly with field, the splitting exhibits abrupt, hys-
teretic jumps, indicating that it is controlled primarily
by the magnetization state of the CrI3 substrate. The
external field mainly acts to switch the CrI3 magnetiza-
tion, whereas the large measured splitting arises from the
proximity-induced exchange field in WSe2. The step-like
behavior therefore provides strong evidence that the lifted
valley degeneracy is dominated by magnetic proximity
coupling rather than by the direct Zeeman effect of the
applied field alone.

To further verify that the valley splitting arises from
the exchange field, the authors measured the photolumi-
nescence spectra of the valleys above the Curie tempera-
ture of CrI3, at 65 K. They found an equal distribution
of right-circularly polarized and left-circularly polarized

light, further demonstrating the central role of the CrI3
substrate in lifting the valley degeneracy of WSe2. This
comparison is shown in Fig. 13(a) and (b).

The experiment of Zhong et al. ultimately demonstrates
the practicality of magnetic heterostructures for lifting
valley degeneracy in prospective valleytronic devices.

Finally, we turn to a recent theoretical study of mag-
netic proximity effects. In 2025, Zhang et al. investigated
CrGeTe3/MTe2 (M = Mo,W) van der Waals heterostruc-
tures using first-principles DFT and a low-energy k · p
model, showing that magnetic proximity to monolayer
CrGeTe3 lifts the K/K ′ valley degeneracy in the TMD
layer [29].

The respective H1, H2, and H3 heterostructures are
shown in Fig. 14(a), (b), and (c).

At equilibrium, they found that the strongest valley
splitting arises from the H1 stacking, with a splitting
of 5.90 meV in the Mo-based heterostructure and 19.74
meV in the W-based heterostructure. Naturally, the W-
based system exhibits the larger valley splitting because
of its stronger SOC. Their findings demonstrate that the
stacking registry matters in great detail; it is not a minor
structural feature, but instead directly determines the
scale of the valley splitting.

The tunability results are arguably the most valuable
part of the paper. Rotating the substrate magnetization
causes the splitting to follow an approximate cosine law:

∆Es(θ) = ∆Es(0) cos(θ).

This relationship is consistent with our current under-
standing, as the valley splitting goes to zero for an in-plane
magnetic field at 90◦.

Additionally, they introduced a normal strain that re-
duces the interlayer spacing by 0.5 Å, which increases the
splitting to 21.97 meV in the Mo-based heterostructure
and 38.09 meV in the W-based heterostructure.

While these results exceed the ∼ 1–5 meV values shown
in monolayer WSe2, they do not surpass the valley split-
ting of 321 to 419 meV shown by Qi et al. [21] in the
MoTe2/EuO heterostructure discussed above.

From the collection of studies utilizing magnetic prox-
imity effects, we observe a variety of methods and valley
splitting energies. However, as both theoretical calcula-
tions and experiments continue to become more prevalent,
it is apparent that researchers are focused not only on the
magnitude of the valley splitting achieved, but also on
the precise stacking structures through which the same
substrate and monolayer may be van der Waals coupled.
Furthermore, tunability is of even greater value in the
context of valleytronic applications, and the 2025 study
of Zhang et al. demonstrates the importance and practi-
cal promise of such tunability. This therefore represents
one further step toward the improvement of valleytronic
applications through magnetic proximity effects.

Overall, magnetic substrates have proven to be one of
the strongest options for valleytronic devices. The com-
bination of practicality, as no external field is required,
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Figure 13. Circularly polarized photoluminescence spectra above Tc of CrI3 (65 K) and below Tc (5 K) in the absence of an
external magnetic field. Reproduced from Ref. [31] with permission of the authors; peer-reviewed version in Ref. [23].

Figure 14. Top and side views of 2D CrGeTe3/MTe2 (M =
Mo,W) with three different stacking patterns: (a) H1 model,
(b) H2 model, and (c) H3 model [29]. Reproduced with per-
mission of the authors.

and usability, as such systems can be realistically imple-
mented, makes them especially promising in comparison
with external-field approaches.

III.C. Magnetic Doping

Magnetic dopants can be incorporated into TMD
monolayers through substitutional replacement of host
atoms (substitutional doping) or surface adsorption during
growth. Substitutional doping typically produces stronger
exchange interactions but can introduce lattice distortion
and defect states, whereas adsorbed magnetic atoms pre-
serve the lattice at the expense of weaker coupling. The
resulting magnetic response depends sensitively on dopant
concentration: isolated dopants act as localized moments,
while higher densities may lead to collective magnetic
ordering. In addition to inducing magnetism, doping
modifies the electronic structure by introducing impurity

states, shifting the Fermi level, and altering carrier mo-
bility and optical properties. However, the presence of
dopants inevitably introduces disorder and carrier scat-
tering, which can broaden spectral features and degrade
device performance.

Theoretical studies have shown that the adsorption of
transition metals such as Sc, Fe, Mn, and Cu on MoS2
produces a valley splitting of 16–41 meV [1, 33].

Recently, Sahoo et al. investigated enhanced room-
temperature spin-valley coupling in V-doped (vanadium-
doped) MoS2. In their study, they combined experimental
measurements with DFT calculations in order to compare
the observed valley response with its theoretical origin
[34].

To probe the valley-selective optical response, the au-
thors used chirality-resolved photoluminescence under op-
posite circular polarizations of light (σ+ and σ−). They
also carried out weak-value-amplification-based spin Hall
effect of light (SHEL) measurements as an additional op-
tical probe, while first-principles DFT calculations were
used for theoretical comparison.

A computer-generated schematic of the V-doped MoS2
system is shown in Fig. 15.

Sahoo et al. calculate the polarization degree, also
known as the valley polarization, as

ρ =
I(σ+)− I(σ−)

I(σ+) + I(σ−)
, (2)

where I(σ±) is the emitted photoluminescence intensity in
each circular polarization. This is the optical analogue of
the valley polarization defined in Eq. (1): whereas Eq. (1)
counts the carrier populations directly, this expression
captures the same valley imbalance through the intensities
of the emitted light. Using this relation, they obtain
about 12% for pristine MoS2 and 42% for V-doped MoS2,
demonstrating the strong role of the dopant in lifting
valley degeneracy. More importantly, for the V-doped
MoS2, the photoluminescence spectra they report show a
splitting of about 35 meV between opposite chiralities.

The SHEL measurements further support this result.
Because SHEL detects very small polarization-dependent
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Figure 15. Atomic model of the V-doped MoS2 system
with local density of states [34]. Reprinted figure with
permission from K. R. Sahoo, J. J. Panda, S. Bawari,
R. Sharma, D. Maity, A. Lal, R. Arenal, G. Rajalaksmi, and
T. N. Narayanan, Phys. Rev. Materials 6, 085202 (2022),
doi:10.1103/PhysRevMaterials.6.085202. Copyright (2022) by
the American Physical Society. Also reproduced with permis-
sion of the authors.

Figure 16. Photoluminescence spectra under excitation, ex-
tracting the two circular polarizations of light (right σ+ and left
σ− circular) for V-doped MoS2 at room temperature, illustrat-
ing a valley splitting energy of ∼ 35 meV [34]. Reprinted figure
with permission from K. R. Sahoo, J. J. Panda, S. Bawari,
R. Sharma, D. Maity, A. Lal, R. Arenal, G. Rajalaksmi, and
T. N. Narayanan, Phys. Rev. Materials 6, 085202 (2022),
doi:10.1103/PhysRevMaterials.6.085202. Copyright (2022) by
the American Physical Society. Also reproduced with permis-
sion of the authors.

shifts of reflected light, it allows the authors to show
that V-doped MoS2 absorbs σ+ and σ− differently, pro-
viding additional evidence for room-temperature valley
polarization.

The DFT calculations are consistent with this overall
picture. For V-doped MoS2, they recover a valley splitting
energy of about 120 meV between the K and K ′ points at
the valence band. This value is noticeably larger than the

a1

a2

4a1

4a2
Mo
S

Figure 17. A 4 × 4 supercell of monolayer MoS2 with the
adsorption sites TS, H, and TMo, drawn from a structural
model based on Ref. [33].

experimentally measured splitting of 35 meV, which the
authors attribute to the fact that temperature and lattice
quality were not incorporated into the calculations.

Because the experiment was conducted at room tem-
perature, these results open the possibility of developing
atomically ultrathin optoelectronic spintronic as well as
valleytronic devices [1, 34].

While Sahoo et al. provide a promising route to valley
polarization through substitutional doping, we now turn
to adsorption-based approaches, which may offer greater
tunability and control.

In 2016, Chen et al. theoretically explored the vari-
ability of valley splitting in MoS2 across many different
transition metals such as Sc,Ti,V,Cr,Mn,Fe,Co,Ni, and
Cu [33].

In their paper, adsorption means that a metal atom
binds on the TMD surface, specifically at a pre-existing
chalcogen vacancy, rather than replacing a lattice atom;
this is surface-bound defect formation, not substitutional
doping. This preference arises because the vacancy cre-
ates an under-coordinated local environment with altered
charge density, allowing strong hybridization between the
adatom orbitals and the surrounding TMD atoms.

Strong hybridization, that is, the mixing of the elec-
tronic orbitals of the adatom and MoS2, can lead to
indistinguishable valleys. Adsorption energy tells us how
energetically favorable it is for the atom to stick to the
surface at a given site; in this case, it tells us how strongly
the adatom binds to MoS2. The evidence suggests that
a larger adsorption energy corresponds to stronger hy-
bridization, which can prevent the lifting of valley degen-
eracy.

From the adsorption-site analysis, the authors find that
the most stable site for all 3d adatoms they study is
the top of the Mo atom, labeled TMo. This is shown in
Fig. 17 [33]. Additionally, it is determined that for Sc,
Mn, Fe, and Cu, the valley character remains identifiable
and valley degeneracy is lifted. By contrast, for Ti, V, Cr,
and Co, the impurity bands hybridize too strongly with
the MoS2 highest valence bands, so the valleys become
indistinguishable.

Computational results for the adatoms whose structures

https://doi.org/10.1103/PhysRevMaterials.6.085202
https://doi.org/10.1103/PhysRevMaterials.6.085202
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Table II. Adsorption energy, magnetic moment, and valley
splitting for selected dopants. Data from Ref. [33].

Dopant Eads (eV) Mµ (µB) ∆KK′ (meV)
Sc 0.90 3.0 41
Mn 0.41 5.0 -16
Fe 0.91 4.0 -28
Cu 1.12 1.0 21

lift valley degeneracy are shown in Table II. Here the
valley splitting ∆KK′ is the energy difference between the
highest valence band at the K and K ′ points.

Surprisingly, the findings demonstrate that the ad-
sorption energy does not track valley splitting directly.
Stronger binding does not simply mean larger valley split-
ting. The binding stabilizes the adatom, but the splitting
depends on the resulting exchange coupling and hybridiza-
tion.

Table II also reports the total magnetic moments of the
selected adatoms. Similarly, we find that a large moment
alone is not enough to significantly lift valley degeneracy.
Therefore, magnetism is needed without excessive band
mixing [33]. Adsorption-based valley polarization requires
not only local magnetism, but also sufficiently weak band
hybridization so that the intrinsic valley structure of MoS2
remains intact.

The authors also compute the tunability of valley split-
ting ∆KK′ for Mn adsorbed on MoS2. They do this by
applying an external magnetic field that rotates the mag-
netic moment of Mn, thereby changing the valley splitting.
As the direction of magnetization rotates from the +x
direction (in-plane) to the +z direction (perpendicular
to the monolayer plane), they find an approximate sine
relation between the angle and the magnitude of valley
splitting, as demonstrated by Fig. 18 [33]. From the graph,
the valley splitting energy varies roughly from about −16
meV to +15 meV, crossing through zero as the magne-
tization direction changes. As they describe, the valley
splitting can thus be controlled by an external magnetic
field, a readily accessible experimental knob.

Magnetic doping can be realized through two ap-
proaches: substitutional doping and adsorption. As
shown, substitutional doping generally provides larger
valley-splitting energies, whereas adsorption offers greater
tunability. For now, however, substitutional doping may
remain the more promising route because of its demon-
strated experimental results, including operation at room
temperature, which suggests stronger practicality for val-
leytronic devices.

III.D. Intrinsic Ferrovalley Materials

Typically studied monolayer TMDs, MX2 (M = Mo,W;
X = S,Se,Te), are intrinsically nonmagnetic and therefore
cannot exhibit spontaneous valley polarization without
external magnetization. In contrast, intrinsic ferrovalley
materials possess valley polarization as an equilibrium
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Figure 18. Valley splitting ∆KK′ for Mn adsorbed on a
4× 4 MoS2 supercell as a function of the magnetization direc-
tion θ, the angle between the magnetic quantization axis and
the monolayer plane. Points are DFT values digitized from
Ref. [33]; the dashed line is a fit ∆0 sin θ with ∆0 ≈ 16 meV.
Insets sketch the anomalous valley Hall effect at θ = ±π/2:
the circled + denotes a hole, M is the magnetization, and E is
the applied in-plane electric field. For θ = π/2, spin-up holes
from the K valley dominate; for θ = −π/2, spin-down holes
from the K′ valley dominate, and they deflect in opposite
directions.

property of the crystal itself. Since they do not rely on
an additional mechanism to induce valley polarization,
they are regarded as especially promising for valleytronic
applications because of their greater practicality in device
implementation. We now look beyond the most commonly
studied TMDs to a broader family of compounds that
gives rise to many ferrovalley materials.

In Sec. II.B, we introduced the valley Hall effect and
discussed how the transverse voltage it generates can be
useful for valleytronic applications. In ferrovalley ma-
terials, this response acquires an additional charge Hall
contribution arising from spontaneous valley polarization,
which is referred to as the anomalous valley Hall effect.

Among the proposed intrinsic ferrovalley TMDs, mono-
layer VSe2 has received particular attention in recent
years. Monolayer VSe2 exists in two main phases, the T-
and H-phases [1]. In 2016, Tong et al. identified mono-
layer 2H-VSe2 as a promising ferromagnetic valleytronic
material using a two-band k · p model together with first-
principles calculations [10]. They predicted an intrinsic
magnetic moment of about 1.01µB on the V-3d orbitals
and an estimated Curie temperature of about 590 K, sug-
gesting that 2H-VSe2 could serve as a room-temperature
ferrovalley material.

To understand the origin of the ferrovalley state, Tong
et al. individually examined the roles of spin–orbit cou-
pling (SOC) and ferromagnetism. When SOC is included
without ferromagnetism, the system exhibits spin split-
ting of about 0.01 eV near one band edge and 0.08 eV
near the other, as shown in Fig. 19 [10]. This indicates
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Figure 19. Band structure of monolayer 2H-VSe2. (a) With SOC but without ferromagnetism. (b) With ferromagnetism but
without SOC. Reproduced from Ref. [35] with permission of the authors; peer-reviewed version in Ref. [10].

that SOC alone modifies the spin-resolved band structure,
but is insufficient to produce the full ferrovalley state.

By contrast, when ferromagnetism is included without
SOC, the spin-up and spin-down bands become strongly
separated, producing exchange splittings of about 0.93 eV
and 1.11 eV, also shown in Fig. 19 [10]. These values
are much larger than the SOC-only splittings, showing
that intrinsic magnetism is the dominant T -symmetry-
breaking ingredient. When both SOC and ferromagnetism
are taken into account, the K and K ′ valleys become
energetically inequivalent, and the direct band gaps at the
two valleys differ by about 0.09 eV, indicating spontaneous
valley polarization.

This valley asymmetry is further reflected in the Berry
curvature. As shown in Fig. 20 [10], the Berry curva-
ture retains opposite signs in the K and K ′ valleys, but
its magnitude becomes unequal once spontaneous val-
ley polarization appears. This imbalance underlies the
anomalous valley Hall effect introduced prior. Tong et al.
predicted a measurable transverse Hall voltage whose sign
reverses when the valley polarization is reversed. On this
basis, they further proposed a memory-device concept
based on magnetic writing and electrical readout, shown
in Fig. 21 [10].

Later in 2022, You et al. reported salt-assisted CVD
growth of monolayer H-phase VSe2 on mica [36]. Using
aberration-corrected scanning transmission electron mi-
croscopy (STEM) and second-harmonic generation (SHG),
they identified the broken-symmetry honeycomb structure
characteristic of the H-phase, and transport measurements
indicated apparent p-type behavior. The honeycomb crys-
tal structure was directly observed by STEM, as suggested
by the analysis of selected area electron diffraction [1].
Fig. 22 [36] shows the experimental preparation of H-phase
monolayer VSe2 and its corresponding transmission elec-
tron microscopy image. This work is important because
it provides experimental progress toward realizing the
H-phase VSe2 TMD previously proposed as a ferrovalley
candidate.

Furthermore, H-phase VS2 and VTe2 are structurally

similar to VSe2, and have been likewise deemed ferrovalley
materials [37, 38].

Shen et al. theoretically studied how spin orientation
and strain influence the magnetic anisotropy, valley po-
larization, and magneto-optical Kerr effect in monolayer
H-VS2 [1, 38]. When the spin was aligned in the +z direc-
tion, a valley splitting of 123 meV was determined. When
the spin polarization, instead, was turned to the −z direc-
tion, the valley splitting remained constant in magnitude
but opposite in sign; therefore, the spin orientation can
modulate the valley polarization.

Monolayer VTe2 has a Curie temperature of 377 K and
an enhanced valley splitting of 156.6 meV, making it, like
VSe2, favorable for room-temperature applications. Thus,
the H-phase V-based TMDs, VS2, VSe2, and VTe2, are
reasonable candidates for valleytronic uses [1].

Beyond H-VSe2, H-VS2, and H-VTe2, theoretical stud-
ies have proposed a broader family of H-MX2 ferroval-
ley materials. These include NbX2 (X = S, Se), FeCl2,
RuBr2, OsBr2, ScX2 (X = Br,Cl, I), YX2 (X = I,Br,Cl),
LaX2 (X = H, I,Br), GdX2 (X = F,Cl,Br, I), LuX2

(X = Cl,Br, I), and RI2 (R = Sc,Y,La–Lu). These com-
pounds share the same H-phase crystal structure and ex-
hibit similar symmetry properties [1]. Adapted from Luo
et al., Table III summarizes key properties of representa-
tive ferrovalley TMDs, including magnetic moment, valley
splitting, magnetic anisotropy, and Curie temperature [1].
Here, magnetic anisotropy describes the dependence of
a material’s magnetic behavior on the orientation of its
magnetization relative to the crystal axes, while “Method”
denotes the theoretical computational approach used to
obtain the reported values, typically based on density
functional theory (DFT).

Nearly all of the values in Table III come from DFT cal-
culations; apart from the recent growth of H-phase VSe2,
few of these materials have been synthesized as monolay-
ers, so experimental realization of 2D ferrovalley materials
remains difficult. As of now, we therefore rely mainly
on theoretical investigations to indicate what ferrovalley
materials could offer in the field of valleytronics.
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Figure 20. Berry-curvature distribution in ferrovalley monolayer 2H-VSe2. (a) Contour map of the Berry curvature in k-space
for the dx2−y2 - and dxy-dominated bands. (b) Ω(k) + Ω(−k) for positive valley polarization. (c) Ω(k) + Ω(−k) for negative
valley polarization. The reversal from (b) to (c) reflects the reversal of valley polarization and the associated Berry-curvature
imbalance. Reproduced from Ref. [35] with permission of the authors; peer-reviewed version in Ref. [10].

Figure 21. Schematic of data storage in hole-doped ferrovalley materials based on the anomalous valley Hall effect. The
carriers denoted by white ‘+’ symbols are holes. Upward arrows in red and downward arrows in blue represent spin-up and
spin-down carriers, respectively. Reproduced from Ref. [35] with permission of the authors; peer-reviewed version in Ref. [10].

IV. OUTLOOK

The field of valleytronics provides new possibilities
for the development of emerging nanoelectronic devices.
TMDs allow the valley degree of freedom to be accessed
and controlled through electromagnetic radiation, electric
fields, and magnetic fields.

The overarching goal of valleytronics is to enable new
ways of encoding and processing information—functions
traditionally handled by charge-based electronics. Valley
polarization is the key enabling step: it gives rise to the
valley Hall effect, generating a transverse voltage that can
serve as an electrical readout of the valley state. As we
have seen, the most accessible route to valley polarization
between the K and K ′ valleys is optical, with σ+ and σ−

circularly polarized light selectively exciting the K and K ′

states, respectively; the magnetic mechanisms surveyed
here—and intrinsic ferrovalley materials in particular—
offer complementary routes, though some have yet to be
realized experimentally.

In intrinsically non-magnetic materials, valley polariza-
tion requires the K and K ′ states to occupy two different
energy levels, breaking T -symmetry and providing a route
to distinguishing the two inequivalent valleys. The valley
index of these unequal valleys could represent “0” and

“1,” thereby integrating valleytronics into everyday elec-
tronic devices. To achieve this in non-magnetic materials,
we have discussed three routes: external magnetic fields,
magnetic proximity effects, and magnetic doping. Exter-
nal magnetic fields offer a readily available way to break
valley degeneracy, but often provide only 0.1–0.2 meV/T
of splitting [13, 17, 18]. Magnetic proximity effects utiliz-
ing magnetized heterostructures yield considerably larger
valley splitting with promising tunability, though they
are interface-sensitive and generally practical only at low
temperatures [21, 23]. Combining an external field with
a heterostructure has proven especially effective in am-
plifying and tuning the splitting [27]. Magnetic doping
likewise produces significant exchange-driven splitting,
but the impurities introduced through substitutional dop-
ing or adsorption can be disruptive [33, 34]. A common
limitation across all three approaches is that the result-
ing energy imbalance is short-lived; thermal relaxation
drives the system back to equilibrium, equally populating
both valleys. Intrinsic ferrovalley materials circumvent
this problem by exhibiting spontaneous valley polariza-
tion that maintains broken T -symmetry without external
stimulus. Although such materials have been experimen-
tally difficult to synthesize and identify, they remain a
promising frontier for stable “0” and “1” encoding in val-
leytronic applications. The idea of encoding through
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Table III. Magnetic moment, valley splitting, magnetic anisotropy, and Curie temperature reported for representative 2D
ferrovalley materials. Data adapted from Ref. [1] (CC BY 4.0).

Ferrovalley materials Method Magnetic
moment (µB)

Valley
splitting (meV)

Magnetic
anisotropy

Curie
temperature (K)

VSe2 [10] PBE 1 90 – 590a

VSe2 [39] HSE06 1 78 – 588
VSe2 [40] HSE06 1 78 in-plane 590a

VS2 [38] HSE06 1 123 in-plane 292
NbX2 (X = S, Se) [41] HSE06 1 156, 219 out-of-plane –
MBr2 (M = Ru,Os) [42] HSE06 4 354, 530 out-of-plane –
FeCl2 [43] HSE06 4 100 out-of-plane 96
RuBr2 [44] PBE+U 4 – U-dependent U-dependent
RuCl2 [45] HSE06 4 240 out-of-plane 260
RuCl2 [46] HSE06 4 223 out-of-plane 294
OsBr2 [47] PBE+U 1 – U-dependent U-dependent
LaBr2 [48] HSE06 1 33 in-plane –
GdX2 (X = Cl,F) [49] PBE+U 8 42, 47 out-of-plane 220
GdI2 [50] HSE06 8 149 in-planeb 241
GdX2 (X = Br,Cl) [51] PBE+U 8 79, 35 in-plane –
GdX2 (X = F,Cl,Br) [52] HSE06 8 55, 38, 82 out-of-plane 300, 245, 225
CeI2 [53] HSE06 2 208 in-plane 374
LaH2 [54] PBE 1 166 out-of-plane 334
LaI2, PrI2 [55] PBE 1 28, 35 – 843, 77
LuX2 (X = Cl,Br, I) [56] PBE 1 55, 93, 148 out-of-plane 89, 78, 124
RI2 (R = Sc,Y,La−Lu) [57] SCAN meta-GGA 0–8 0–143 – –
XI2 (X = Sc,Y) [58] PBE+U 1 97, 108 – 138, 58
ScX2 (X = Br,Cl, I) [59] PBE+U 1 50, 12, 93 in-plane –
YI2 [60] PBE+U 1 105 – –
YX2 (X = I,Br,Cl) [61] HSE06 1 108, 57, 22 in-plane 220, 210, 200

a Curie temperature quoted in the review table from Ref. [62].
b Anisotropy as attributed in the review table to Ref. [63].

Figure 22. (a) Hexagonal crystal structure of monolayer
H-phase VSe2. (b) Schematic of the experimental prepara-
tion process for H-phase VSe2 nanosheets. (c) Transmission
electron microscopy (TEM) image of the synthesized VSe2
nanosheets. (d) High-resolution transmission electron mi-
croscopy (HRTEM) image of monolayer VSe2 [36]. Adapted
from Ref. [1] under a CC BY 4.0 license.

Figure 23. Schematic of encoding by valley polarization in
(a) nonmagnetic materials and (b) magnetic valleytronic ma-
terials [64]. Adapted from Ref. [1] under a CC BY 4.0 license.
Reproduced with permission of the authors of Ref. [64].

valley polarization is illustrated in Fig. 23.
Tong et al. proposed a schematic valleytronic device in

which a transverse voltage generated by the valley Hall
effect serves as the electrical signature of the valley state,
as shown in Fig. 21 [10]. Although such devices remain
largely conceptual, they highlight the broader techno-
logical promise of valley polarization for next-generation
information processing.
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