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Transition Metal Dichalcogenides: Making Atomic-Level
Magnetism Tunable with Light at Room Temperature
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Vijaysankar Kalappattil, Tatiana Eggers, Khang Hoang, Dinh Loc Duong,
Mauricio Terrones,* Humberto Rodriguez Gutiérrez, and Manh-Huong Phan*

The capacity to manipulate magnetization in 2D dilute magnetic
semiconductors (2D-DMSs) using light, specifically in magnetically doped
transition metal dichalcogenide (TMD) monolayers (M-doped TX,, where M =
V, Fe, and Cr; T = W, Mo; X = S, Se, and Te), may lead to innovative
applications in spintronics, spin-caloritronics, valleytronics, and quantum
computation. This Perspective paper explores the mediation of magnetization
by light under ambient conditions in 2D-TMD DMSs and heterostructures. By
combining magneto-LC resonance (MLCR) experiments with density
functional theory (DFT) calculations, we show that the magnetization can be
enhanced using light in V-doped TMD monolayers (e.g., V-WS,, V-WSe,). This
phenomenon is attributed to excess holes in the conduction and valence
bands, and carriers trapped in magnetic doping states, mediating the
magnetization of the semiconducting layer. In 2D-TMD heterostructures
(VSe,/WS,, VSe,/MoS,), the significance of proximity, charge-transfer, and
confinement effects in amplifying light-mediated magnetism is demonstrated.
We attributed this to photon absorption at the TMD layer that generates
electron-hole pairs mediating the magnetization of the heterostructure. These
findings will encourage further research in the field of 2D magnetism and
establish a novel design of 2D-TMDs and heterostructures with optically
tunable magnetic functionalities, paving the way for next-generation
magneto-optic nanodevices.

1. Introduction

Introducing spin to semiconductors has
been a long sought-after goal in search of
supporting new semiconductor technolo-
gies beyond that of field effect transistors
(FETs), leading to the proposition by Datta
and Das of the spin field-effect transistors
(SFETs).'7] In contrast to FETs that rely on
electron charge, SFETS utilize electron spin
and its alignment (up or down) to encode
binary information, facilitating rapid infor-
mation transmission with minimal power
consumption.['*] Beyond SFETs, magnetic
semiconductors present an exceptional
platform for the development of a new
generation of highly efficient spintronic
devices, which would be compatible with
existing semiconductor technologies. The
ever-increasing demand for denser elec-
tronics makes it crucial to reduce the di-
mensions of semiconductor materials.!*7~]
As dimensions decrease, novel physical
properties emerge, and new potential ap-
plications arise. However, miniaturization
to the nanoscale might substantially impair
their performance due to current leakage,
rendering such devices inapplicable in ul-
trafast electronic nanodevices, particularly
in supercomputers or future quantum
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Figure 1. Perspectives of novel device applications of atomically thin magnetic transition metal dichalcogenides and their heterostructures.

computers.l'”] For most magnetic semiconductors, ferromag-
netic properties are largely weakened or even lost when their
thickness is reduced to the atomic level or 2D limit.["7]

Recent advances in the domain of 2D van der Waals (vdW)
magnetic materials have yielded unprecedented opportunities
for exploiting atomically thin magnets and heterostructures
with tunable magnetic, magnetoelectric, and magneto-optical
properties.'>?7l Among the identified 2D vdW magnets, the
atomically thin intrinsic magnetic semiconductors Crl, and
Cr,Ge, Te, have been extensively studied for their novel magne-
toelectric, magneto-optic, and spin transport properties.[10-11:28-371
Their magnetic functionalities can also be modulated by external
stimuli (electric gating, strain, light).[33-*’] Regrettably, these 2D
semiconductors exhibit magnetic ordering at low temperatures
(<50 K), limiting their practical implementation. Consequently,
there is a growing demand for the development of 2D magnetic
semiconductors that exhibit ferromagnetic ordering at ambient
temperatures, under which most electronic devices operate.

2D transition metal dichalcogenides (2D-TMDs) TX, (T = W,
Mo; X = S, Se, Te) are central to numerous vital device appli-
cations such as field-effect transistors, photodetectors, photon
emitters, valleytronics, and quantum computers.>*7844] With
the exception of certain 2D-TMDs such as VSe,,[’3] MnSe,,[*]
and CrSe,,>% which exhibit ferromagnetic ordering near room
temperature but are metallic, the majority of semiconducting 2D-
TMDs including WSe,, WS,, and MoS, monolayers are non-
magnetic or diamagnetic in nature.5!] Recent studies have shown
that introducing small quantities of magnetic transition metal
atoms (e.g., V, Fe, Co, Cr, and Mn) can induce long-range fer-
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romagnetic order in these 2D-TMDs at room temperature.l>*~73]
This approach presents a promising strategy to integrate ex-
trinsic magnetic properties into atomically thin TMD semi-
conductors, giving rise to a novel class of 2D dilute mag-
netic semiconductors (2D-DMSs). Due to their high-quality in-
terfaces and weakly coupled interlayer interactions, 2D-TMDs
with desirable properties can be easily stacked together, cre-
ating 2D vdW heterostructures with unique properties other-
wise absent in their individual components.l”*”77-%] Their po-
tential for next-generation spintronic, opto-spintronic, opto-spin-
caloritronic, and valleytronic device applications has been em-
phasized, owing to their atomically thin nature and integrated
opto-electro-magnetic properties.”#2%] Figure 1 illustrates the
potential applications of 2D-TMD DMSs and their heterostruc-
tures.

The true appeal of 2D-TMD DMSs for these applications
stems from their magnetic tunability in response to exter-
nal stimuli (electric gating, light, and strain). Magnetic state
tunability of a 2D-TMD can range from enhancing its mag-
netic moment, and tuning its Curie temperature to induc-
ing magnetism in non-magnetic materials through chemical
doping,[2-55:6386-88] defect engineering,[®®) phase change or struc-
ture engineering,!”>%>%! interface engineering,[*”77-8! or apply-
ing external stimuli.’®379! Various strategies for enhancing
magnetic functionalities in 2D-TMDs have been highlighted in
recent review articles.”>92 Among these approaches, the capac-
ity to modulate the magnetic moments of 2D-TMDs reversibly,
using external stimuli such as electric gating or light, appears to
accommodate the ever-increasing demands for multifunctional
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Figure 2. Approach 1: Introducing small amounts of magnetic atoms (e.g., V, Fe, Cr) into semiconducting van der Waals (vdW) TMD monolayers
(e.g., WS,, WSe,, MoS,) creates a novel class of 2D vdW dilute magnetic semiconductors (e.g., V-WS,, V-WSe,, V-MoS,). Approach 2: Interfacing
2D-TMD magnets (e.g., VSe,, VS,, MnSe,, CrSe,) with 2D-TMD semiconductors (e.g., WS,, WSe,, MoS,) create a novel class of magneto-optic 2D
vdW heterostructures (e.g., VSe,/WS,, VS,/MoS,, MnSe, /WSe,, CrSe, /WSe,). FM = Ferromagnetism; SM = Semiconductor.

sensing devices, information storage, and quantum computing
technologies. The recent discovery of tunable room temperature
ferromagnetism in atomically thin V-doped TMD (V-WS,, V-
WSe,, V-MoS,) semiconductors(>2*%1] has provided a new pos-
sibility for controlling their magnetic and magneto-electronic
properties through electrical and optical means.[>+°6:7:59:6293.94]
By combining the light-tunable magnetism of 2D-DMSs and the
spin Seebeck effect,>®9*] we have proposed an innovative strat-
egy for the optic control of thermally driven spin currents across
magnet/metal interfaces in spincaloritronic devices, potentially
establishing a new subfield dubbed “Opto-Spin-Caloritronics”.®*!
To fully exploit the optically tunable magnetic properties of 2D-
TMD DMSs and their heterostructures for spintronics, spin-
caloritronics, straintronics, and valleytronics (Figure 1), it is es-
sential to comprehend the underlying mechanisms of light-
mediated magnetism in these 2D systems.

In this Perspective article, we demonstrate how light modu-
lates the magnetization in 2D-TMD DMSs (V-WS,, V-WSe,, V-
MoS,) and associated heterostructures (VSe,/MoS,, VSe,/WS,),
using an ultrasensitive magneto-LC resonance (MLCR) magne-
tometer. Supplemented by DFT calculations, these findings en-
able us to propose innovative design strategies for novel 2D-
TMD DMSs and heterostructures with enhanced light-tunable
magnetic functionalities suitable for modern nanodevice appli-
cations. Figure 2 presents two promising approaches for creating
such 2D-TMDs and heterostructures, with their optically tunable
magnetic properties discussed herein.

The paper is structured as follows: we first introduce the MLCR
magnetometry technique and then present the results obtained
using this technique to demonstrate the light-mediated mag-
netism effects in the 2D-TMD DMSs and related heterostruc-
tures. We will also discuss emerging opportunities and chal-
lenges in the field of study.

Adv. Sci. 2024, 11,2304792

2. Magneto-LC Resonance Magnetometry for
Probing Light-Mediated Magnetism

As ferromagnetic signals become exceedingly weak in atomically
thinned magnetic systems, probing small changes in magneti-
zation of the material subject to external stimuli, such as light,
presents a considerable challenge.[3%4143:9-107] Superconducting
quantum interference devices (SQUID) can measure the mag-
netization of 2D materials,>>3] but they are not well-suited for
real-time measurements while simultaneously illuminating the
samples with light.”’] Transport measurements on 2D materials
also pose difficulties, as the size of the electrical contacts is
often larger compared to the surface area of the sample.l”] 1D
edge contacts may be used instead, but obtaining reliable low-
resistance ohmic contacts on TMDs remains a challenge.[1%81%]
Optical methods based on the magneto-optic Kerr effect (MOKE),
time-resolved Faraday rotation, and reflectance magneto-circular
dichroism (RMCD) have been successfully employed to charac-
terize the light-mediated magnetic properties of 2D materials
such as Fe,GeTe,,*®! Cr,Ge,Te,,*! and Crl,.*") However, the
use of high laser powers in these methods may cause local
heating and consequently thermal instability — a significant
source of noise. The limitations of these techniques necessitate
the development of a new approach to measure 2D magne-
tization in real time as external stimuli, such as light, are
applied.

To probe the light-induced magnetization of an atomically thin
magnetic film, we have developed a novel magneto-LC resonance
(MLCR) magnetometer with ultrahigh magnetic field sensitivity
(pT regime).>6%4]

Figure 3a presents a schematic of the light-mediated
magnetization measurement system using the principle
of MLCR.IM%!I The MLCR design draws inspiration from
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Figure 3. a) Schematic of the MLCR measurement setup. Changes in the coil’s reactance corresponding to changes in the magnetic permeability or
magnetization of a magnetic sample due to light irradiation are monitored in real-time by a soft magnetic coil. The coil is mounted on a test fixture
composed of a copper-clad dielectric material, with its two ends soldered into the inner pin of SMA ports, as depicted in (b). c) Schematic of the photon-
induced magnetism effect when light illuminates a 2D-TMD; d) Reactance as a function of time when the laser is off and on; The projected magnetic
moment along the c-axis of the V-WS, monolayer upon a single hole injection (e) relative to no charge injection (f). d) Both MLCR experiments and ef,)

DFT calculations confirm that the magnetization of the V-WS, monolayer increases upon light illumination.

conventional magneto-inductive coils and the sensitivity of the
giant magneto-impedance (GMI) effect,!?) which has proven
useful for detecting ultra-small magnetic fields in biosensing
applications and for structural health monitoring.[''*114] The
sensor is constructed from a Co-rich soft magnetic microwire ex-
hibiting very high GMI ratios and magnetic field sensitivity. The
melt-extracted amorphous microwire, with a nominal composi-
tion of Cogg ,5Fe, ,5S1;3B1,sNb; and diameter of approximately
60 pm, is wound into a 15-turn, 10-mm-long coil with a 5 mm
internal diameter. The coil is mounted on a test fixture made
of a copper-clad dielectric material (Figure 3b). The two ends of
the coil are soldered onto the inner pin of SMA ports, which are
connected to a coaxial cable and terminated with a 50-Q cap. The
coil is then driven by a frequency in the MHz range (=118 MHz,
near the coil’s LC resonance, hence the name MLCR), and the
impedance (Z), resistance (R), and reactance (X) are measured
using an HP 4191A impedance analyzer.

The operating principle of the magnetic microwire coil (MMC)
can be described using lumped element circuit theory. A simple
model for a coil sensor is a lumped element representation of a
non-ideal inductor. Winding cylindrical conductors close to each
other introduces parasitic elements R, and Cpar, such that the
non-ideal inductor can be represented as a series combination of
anideal inductor L and R,,,, in parallel with C,,,. The impedance
of the coil Z_; can then be written as

C

Zeoit = 2y, + Zc,, (1)

Ady. Sci. 2024, 11, 2304792

Zcoil = 1 (2)
RpartjoL —j/@Cay
Rpar +jw [ (1 @ char par par]
Zcoil = (3)
(1= 0 LCpu)" + (@CpurRyar)”

where w is the angular frequency, and j is the imaginary unit.
Resonance occurs when the inductive reactance (X;) and the ca-
pacitive reactance (X.) have equal magnitudes but differ in phase
by 180 degrees. In this case, minimal current flows through the
wire, the impedance of the coil becomes very large, and self-
resonance is achieved. This resonance frequency is given by:

1- (R, Cpu/L
fr= (et )

27 /LCPar

The reactance of the coil is of particular interest to utilize the
coil for detecting changes in the magnetic permeability within its
core. The impedance of the coil has the general form:

V4

coil —

=R+jX (5)
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Therefore, we can extract the reactance from the imaginary
component of Equation (3):

o[L(1-0"1C,) - CuRl, |

par="par

Xoi] =

C

7 2 (©)
(1-w’LC,,) + (0C,yR,,,)

To measure the magnetic permeability or magnetization of a
magnetic thin film, such as a 2D-TMD DMS, subjected to an
external stimulus such as light, the magnetic film is positioned
within the core of the coil, and the reactance of the coil is mea-
sured during light irradiation. According to Equation (6), the re-
actance (X) of the coil is strongly dependent on the induction (L)
through the coil’s core. Since the film is ferromagnetic, it will al-
ter the relative permeability of the space within the coil, thereby
changing the magnetic flux through the coil and consequently
the reactance of the coil. As the microwire itself is ferromag-
netic, the magnetization of the film will also lead to a change in
the effective permeability of the microwire. Thus, the reactance
of the sensor depends on this effective permeability, X = X(u.¢).
Changes in the permeability of the film upon light illumination
(i-e., the presence of additional holes mediating the magnetism
in 2D-TMDs) will influence the effective permeability of the coil,
which can be accessed through the change in its reactance: AX =
X(Uog> laser on) — X(u g, laser off). This change in reactance (AX)
is proportional to the change in magnetization AM of the film
upon light illumination, as illustrated in Figure 3c—f for the case
of a V-doped WS, monolayer. Using the MLCR method, we in-
vestigate the optically tunable magnetic properties of selected 2D-
TMD DMSs and their heterostructures, with some of the results
presented and discussed below.

While this method proved successful in characterizing these
2D-TMD DMSs, it is not without its limitations. Commercial
availability of magnetic microwires with a suitable composition
that exhibits the ultra-high sensitivity we reported is limited. Al-
ternatives may be available, but each MMC sensor requires car-
ful characterization, even when made with wires with the same
nominal compositions. While MMC sensors operate with high
sensitivity at room temperature, their temperature dependence is
yet to be studied. Another limitation of this measurement is the
difficulty to calibrate AXto a specific value of AM since each indi-
vidual sample will modify the coil’s transfer function due to the
microwire’s magnetic properties. In summary, the MLCR tech-
nique provides a new tool to characterize 2D magnetic materials
and is an excellent complement to other established magnetom-

etry.

3. Light-Tunable 2D Magnetism

3.1. Magnetically Doped Transition Metal Dichalcogenide
Monolayers

Among 2D vdW materials, 2D-TMDs are a fertile ground for
novel quantum phenomena including nontrivial electronic topol-
ogy, non-saturating giant magnetoresistance, and topological
field-effect transistors.'3*7] Recently, TMD monolayers (e.g.,
WS,, WSe,, and MoS,) doped with magnetic transition metal
atoms (e.g., V, Fe, Co, and Cr) have been reported to exhibit room-
temperature ferromagnetic order, emerging as a novel class of

Adv. Sci. 2024, 11,2304792
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2D-DMSs.1P271 We have discovered tunable room-temperature
ferromagnetism in V-WS, and V-WSe, monolayers by varying
the V-doping concentration.[233] The origin of long-range mag-
netic order in 2D DMSs has been previously studied by multiple
groups.[!’>17] Two possible mechanisms have been proposed:
i) direct exchange interactions between magnetic dopants which
are shortly spaced, and ii) an indirect exchange interaction me-
diated by itinerant carriers, also known as the Ruderman—Kittel-
Kasuya-Yosida (RKKY) or the Zerner model. In the V-WS, and
V-WSe, monolayers we present, the V-doping concentration is
low (~1—4 at.%) and the spacing between dopants is large, lead-
ing us to conclude that the RKKY interaction is mainly responsi-
ble for the observed magnetic ordering. This is in line with the
work of Song et al. that shows evidence of the long-range mag-
netic order in the V-WSe, monolayer due to the presence of itiner-
ant spin-polarized holes that mediate ferromagnetic interactions
between the magnetic moments of V-dopants.['1®] In TMDs, the
spin—orbit coupling from the heavy transition metals also plays a
significant role in the spin polarization of the carriers near their
sites, further contributing to the magnetic ordering introduced
by the dopants.['?*] Figure 4 highlights some notable features of
these 2D magnets.

By varying V-doping concentrations, we have demonstrated
an enhanced magnetization and achieved the highest doping
levels ever attained for atomically thin vanadium-doped TMDs
(~2 at.% for V-doped WS, monolayers,5?] and ~4 at.% for V-
doped WSe, monolayers).l>3] Unlike the case of V-WS, monolay-
ers (Figure 4b,c), we have observed the thermally induced spin
flipping (TISF) phenomenon in V-WSe, monolayers (Figure 4e)
due to the presence of antiferromagnetic coupling between spins
at V-sites and their nearest W sites (Figure 4f). Interestingly, the
TISF phenomenon can be achieved at low magnetic fields (less
than 100 mT) and manipulated by modifying the vanadium con-
centration within the WSe, monolayer. These 2D DMSs can thus
be used as novel 2D spin filters to enhance the spin-to-charge con-
version efficiency of spin-caloritronic devices.!®3118] It has been
reported that after magnetic transition metal (e.g., V or Fe) dop-
ing, the photoluminescence signal is strongly suppressed in 2D-
TMDs, 2535561 which has been attributed to the formation of
impurity energy bands caused by p-type doping at the valence
band maximum.>1-5372] Therefore, it is crucial to select appropri-
ate doping concentrations at which 2D-TMDs exhibit optimized
magnetic and optical properties.

Duong et al. studied the effect of electric gating on the mag-
netization of V-doped WSe, monolayers and found that hole in-
jection enhances the magnetization, while electron injection sig-
nificantly decreases it.>*>’] Complementing experimental find-
ings, DFT calculations reveal the dominant hole-mediated long-
range ferromagnetic interactions between V-spins in atomically
thin V-doped TMD systems.>”] Our previous studies have shown
that, after vanadium doping, significant photoluminescence is
still present in 2 at.% V-doped WS, and 4 at.% V-doped WSe,
monolayers,?2°3) which both exhibit the largest saturation mag-
netization (M;) values among the compositions investigated.
These observations have led us to propose that the ferromag-
netism in the V-WS, or V-WSe, monolayer can be mediated
by illumination with a laser of appropriate energy, specifically,
above the optical gap (Figure 3c). Electrons from photogener-
ated electron-hole pairs may be captured by the V atoms, thus
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Figure 4. HRTEM images, magnetic hysteresis loops M(H), and spin configurations of a,b,c) 2 at.% V-doped WS, and d,e,f) 4 at.% V-doped WSe,
monolayers, respectively. Within the V-WS, monolayer, the magnetic moment of V (replacing one W) is ferromagnetically coupled to the magnetic
moments induced at the neighboring W sites (all red, see panel c). In the V-WSe, monolayer, the magnetic moment of V is antiferromagnetically coupled
to the magnetic moments at the nearest W sites (blue vs red, see panel f) but ferromagnetically coupled to those at the further distance W sites (red, see
panel f). It is the antiferromagnetic (AFM) coupling between the V and W spins at the nearest distance that leads to the thermally induced spin-flipping
phenomenon manifested as a crossover of magnetization in the M(H) loop. Panels (a,b) are reproduced with permission.[32 Copyright 2020, Wiley-VCH;

Panels (d,e) are reproduced with permission.[>3] Copyright 2020, Wiley-VCH.

creating an imbalance in the carrier population (i.e., the genera-
tion of excess holes) such that the ferromagnetism of the mono-
layer is modified (Figure 3d-f).

The combination of magnetic and semiconducting proper-
ties in 2D-TMD DMSs has indeed enabled light modulation
and tunability of magnetization, as demonstrated for V-WS, and
V-WSe, monolayers (Figure 5). As can be clearly seen from
Figure 5a,d, both V-WS, and V-WSe, systems exhibit a simi-
lar light intensity-dependent magnetization trend. Note that un-
doped TMD samples (pristine WS, and WSe, monolayers) do not
exhibit light-mediated magnetism, and the observed enhance-
ment of the magnetization in illuminated V-doped TMD mono-
layers is not due to a laser/sample heating effect but originates
from carrier-mediated ferromagnetism, similar to the case of
a p-type (In,Mn)As/GaSb semiconductor."®] DFT calculations
demonstrate that hole injection shifts the Fermi level deeper in-
side the valence band, while electron injection shifts it toward
the conduction band edge.**>’] As a result, the magnetic mo-
ment becomes larger with increasing hole concentration, while
an opposite trend is observed for electron injection (Figure 5b,e).
Increasing the concentration of holes results in a more robust
magnetic moment across the lattice, where W atoms far from
the V site exhibit an enhanced magnetic moment. Since long-
range ferromagnetic interactions are mediated by free holes in
V-WS, and V-WSe, systems it is unsurprising that optically in-
jecting hole-carriers leads to enhanced ferromagnetism. The the-
oretical calculations fully support the experimental findings. It

Ady. Sci. 2024, 11, 2304792

is worth noting that at large hole concentrations, the magnetic
moment saturates, confirming the feature observed experimen-
tally (Figure 5a,d). This has been attributed to the screening of
charge carriers at high hole concentrations. The experimental re-
sults presented in Figure 5 were obtained from MLCR experi-
ments conducted using a 650 nm laser. We also performed MLCR
measurements on the same samples using a 520 nm laser and ob-
served enhanced magnetization, confirming that light-enhanced
magnetization can be achieved with any wavelength above the
optical gap.

Although the V-WS, and V-W Se, systems share a similar light-
mediated magnetization effect (Figure 5a,d), a noticeable differ-
ence in magnetic coupling between spins at a V-site and its near-
est W-sites (namely, the nearest V-W spins) is evident.’>>”] DFT
calculations reveal that interactions between the nearest V-W
spins are ferromagnetic in V-WS, monolayers but antiferromag-
netic in V-WSe, monolayers at the same V-doping level.[5253:56.57]
In the case of V-WS, monolayers, the ferromagnetic interaction
between the nearest V-W spins becomes stronger with increas-
ing hole concentration (or increase of light intensity), giving rise
to an enhanced magnetic moment (Figure 5c). However, the sit-
uation is rather different for V-WSe, monolayers (Figure 5f), in
which the V atom couples antiferromagnetically to the nearest
W sites, and ferromagnetically to the distant W-sites. The in-
troduction of charge carriers mediates this interaction, where
increasing hole carriers results in an enhanced magnetic mo-
ment at the V site. Additionally, the magnetic moment at the

2304792 (6 of 16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. The laser intensity dependence of the change in reactance (AX) of a) V-WS, and d) V-WSe, monolayers. Insets show the change in reactance
upon light illumination with a 650 nm laser for a) V-WS, and d) V-WSe, monolayers; The net magnetic moments of b) V-WS, and e) V-WSe, monolayers
with different carrier doping densities; c) The projected magnetic moment along the c-axis of the V-WS, monolayer upon one hole and one electron
injection relative to no charge injection; f) The projected magnetic moment along the c-axis of the V-WSe, monolayer upon a single hole injection. Hole
injection increases the magnetization of the V-WS, or V-WSe, monolayer. Panels (a,b,c) are produced with permission.[] Copyright 2021, Wiley-VCH;

Panel (f) are produced with permission.[3”] Copyright 2020, APS.

near W sites, flips from antiferromagnetic to weakly ferromag-
netic, which combined with the increasing magnetic moment at
the V site, results in the enhanced long-range ferromagnetism
(Figure 5f). What is particularly striking in the V-WSe, system,
is the antiferromagnetic coupling between V and near W sites,
which appears to be responsible for the lack of saturation of the
magnetic moment at higher laser intensities (Figure 5d).

These findings suggest that the light-mediated magnetism ef-
fect is universal to the class of 2D-TMD DMS and should be
fully exploited for applications in opto-spintronics, opto-spin-
caloritronics, spin-valleytronics, and quantum communications.

3.2. 2D Transition Metal Dichalcogenide Heterostructures

Typical vdW TMD monolayers offer extensive flexibility and inte-
gration with one another.”3151751] Stacking different 2D-TMDs
can create novel heterostructures with atomically sharp interfaces
and properties that would otherwise be absent in their individual
components.!'>1751] Recent studies have demonstrated that the
magnetic or magneto-optical properties of a non-magnetic TMD
(e.g., WS,, MoS,) can be induced or enhanced by stacking it with
another magnetic TMD (VS,, VSe,, CrSe,, MnSe,).[13:50:120-122]
This occurs as a result of combined charge transfer and mag-
netic proximity (PM) effects.[3°07122] By forming MoS, /VS, and
WS, /VS, interfaces, DFT calculations indicate that charge trans-
fer occurs across the interface from MoS, or WS, to VS,, as

Adv. Sci. 2024, 11,2304792

both MoS, and WS, have smaller work functions compared to
VS, [122] Electrons accumulate in the VS, layer, while holes oc-
cupy the MoS, or WS, layer. Consequently, both MoS,/VS, and
WS, /VS, heterostructures exhibit enhanced magnetic proper-
ties, with Curie temperatures exceeding 300 K.['?2] By forming
CrSe, /WSe, interfaces, DFT calculations by Li et al. also show
that charge transfer from the WSe, to the CrSe, layer and inter-
layer coupling within CrSe, play crucial roles in the magnetic
properties of the heterostructure.>®! A similar situation is an-
ticipated in VSe,/MoS, and MnSe, /MoTe, systems,!13121] where
both VSe, and MnSe, monolayers have been reported to dis-
play ferromagnetism above room temperature.l>*] The com-
bined semiconducting and ferromagnetic properties make these
heterostructures appealing for opto-spintronics and opto-spin-
caloritronics, as the application of external stimuli such as electric
gating and light is likely to promote the charge transfer process
and hence alter the magnetic and magneto-optic properties of the
heterostructures.[®]

As demonstrated above for V-WS, and V-WSe, monolayers,
the magnetic and semiconducting properties coexist, giving rise
to their magneto-optical properties and granting access to the
rich electronic properties of 2D semiconductors, enabling the
light tunability of magnetization. These findings suggest a simi-
lar phenomenon in VSe, /WS, and VSe,/MoS, heterostructures.
An intriguing feature of these heterostructures is the presence of
strong interfacial magnetic coupling and the potential for charge
transfer between the two layers, which may play a key role in

2304792 (7 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Magnetic hysteresis loops (M(H)) taken at 300 K for a) 1L-VSe,/
illumination with a 650-nm laser with various intensities for b) 1L-VSe,/

1L-WS, and d) 1L-VSe,/2L-MoS, films. The reactance (X) versus time upon
1L-WS, and e) 1L-VSe,/2L-MoS, films. Laser intensity dependence of the

reactance change (AX) for ¢) 1L-VSe,/1L-WS, and f) 1L-VSe,/2L-MoS, films.

mediating the magnetization of the film. Bilayer MoS, shows a
strong photon absorption peak ~#600-700 nm, and by illuminat-
ing the VSe,/MoS, film with energy close to the peak, we expect
considerable photogeneration of electron-hole pairs. These pairs
may be separated through the electric field at the heterointerface,
which could lead to light-tunable magnetism in the film.

To investigate this hypothesis, we conducted MLCR experi-
ments on both VSe,/WS, and VSe,/MoS, heterostructure sam-
ples upon light illumination using a diode laser with a wave-
length of ~650 nm (hv ~1.91 eV). In this case, the VSe,/WS,
or VSe,/MoS, heterostructure consists of a vertically stacked
monolayer (1L) VSe, and monolayer (1L) WS, or bilayer (2L)
MoS, grown on an SiO, substrate by combining molecular beam
epitaxy (MBE) and chemical vapor deposition (CVD), respec-
tively. Representative results of the VSe,/WS, and VSe,/MoS,
samples are displayed in Figure 6. It is noteworthy to observe
that both the 1L-VSe, /1L-WS, and 1L-VSe, /2L-MoS, samples ex-
hibit a pronounced ferromagnetic signal at room temperature
(Figure 6a,d), as well as light-tunable ferromagnetism at room
temperature (Figure 6b,e). For both heterostructures, the mag-
netization significantly increases with increasing laser intensity
and tends to saturate at high laser intensities (Figure 6¢,f). The
light intensity dependence of magnetization for the VSe,/WS,
and VSe,/MoS, heterostructures (Figure 6¢,f) is similar to that
observed for V-doped TMD monolayers (Figure 5a,d) and for a
CH,;NH,PbI,/LSMO heterostructure.['%] The enhancement and
tunability of light-mediated ferromagnetism in the 1L-VSe,/2L-
MoS, film were also independently confirmed by the pump-
probe MOKE technique.l®! It is important to note that this light-

Ady. Sci. 2024, 11, 2304792

mediated magnetism effect is not observed in the individual lay-
ers (WS,, MoS,, VSe,); only when they are stacked together do we
observe light-dependent magnetization. These results demon-
strate the universality of the light-mediated magnetism effect and
pave a new pathway for the design and fabrication of novel van
der Waals heterostructures for use in 2D van der Waals spintron-
ics, opto-spin-caloritronics, and opto-valleytronics.

Comparison of the light-mediated magnetization results of 1L-
VSe,/2L/MoS, and 1L-VSe,/BSC MoS, (BSC: Bulk single crys-
tal) samples has shown that the change in magnetization in 1L-
VSe,/2L-MoS, is approximately 4 times greater than that of 1L-
VSe, /BSC-MoS, (Figure 7a) and this result is reproducible (inset
of Figure 7a). This observation leads us to believe that electron
confinement effects on the 2L-MoS, might play a significant role
in the mechanism behind light mediated magnetism in this het-
erostructure (Figure 7b), as compared to the case of BSC MoS,
(Figure 7c).

To elucidate the mechanism of light-enhanced magnetism in
the 1L-VSe,/2L-MoS, system, we conducted first-principles de-
fect calculations based on the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional (with the mixing parameter set to 0.15),!123124]
as implemented in VASP with the van de Waals correction and
finite-supercell size effects included.!'-'?7] The calculations sug-
gest that this enhancement can be tentatively attributed to the
presence of sulfur vacancies (Vg) in 2L-MoS, (Figure 7d-f).
Vg are found to be stable in their negative charge states (V)
within the range of Fermi-level values closer to the conduction-
band minimum (CBM). Under n-type conditions, Vg~ represents
the lowest-energy magnetic native point defect (lup per V)

2304792 (8 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. a) Comparison of the reactance change (AX) due to light irradiation at the same wavelength (1 = 650 nm) and intensity (4.2 mW cm™2)
between the 1L-VSe,/2L-MoS, film and the 1L-VSe,/BSC-MoS, film. Upon light irradiation, the enhancement of the magnetization is approximately
4 times greater in the 1L-VSe,/2L-MoS, film than in the 1L-VSe,/BSC-MoS, film. Inset of a) shows values of the reactance change (AX) measured at
different times demonstrating the reproducibility of the observed effect. Schematics show a possible charge transfer via b) the 2L-MoS,/VSe, and c)
BSC-MoS, /VSe, interface upon light irradiation; d) Formation energies of sulfur vacancies (Vs) and interstitials (S;) in a 2H-MoS, bilayer under extreme
Mo-rich and S-rich conditions and plotted as a function of the Fermi level from the VBM to the CBM. The slope of energy-line segments indicates
the charge state. The vacancy (interstitial) is found to be the dominant native point defect under the Mo-rich (S-rich) condition. Vs is stable as the
neutral (and nonmagnetic) vacancy Vs° in a wide range of Fermi-level values and as the negatively charged vacancy V<~ near the CBM (i.e., under n-type
conditions). The (0/-) transition level of Vs is at 0.31 eV below the CBM. V™ has a calculated magnetic moment of 1ug. S; is, on the other hand, stable
as the neutral and nonmagnetic vacancy S;° in the entire range of Fermi-level values; e) Top-view of spin density associated with a single negatively
charged defect Vs~; (f) top-view of the spin density associated with a pair of V™. Large (purple) spheres are Mo, and small (yellow) spheres are S. The
lattice site of the vacancy is marked by a small (white) sphere. The isosurface level is set to 0.014 e/A® and the green (purple) isosurfaces correspond to

up (down) spin.

(Figure 7e). The magnetic interaction between the two Vi~ de-
fects is weakly ferromagnetic. In the VSe, /MoS, system, the pres-
ence of the VSe, layer with a larger work function of ~4.5 eV
(compared to ~4.1 eV for the MoS, layer) results in an accumu-
lation of electrons in the VSe, layer, creating a depleted region in
the MoS$, side of the hetero-interface and subsequent formation
of a Schottky barrier. The mechanism for ferromagnetism in the
VSe, /MoS, system remains under debate; however, the accumu-
lation of electrons in the VSe, layer could give rise to enhanced
ferromagnetism in this layer and thus contribute to the change
in net magnetization of the VSe, /MoS, heterostructure when the
material is not exposed to light. It should be noted that 1L-VSe,
has a more dominant magnetic contribution to the net magneti-
zation of the 1L-VSe, /2L-MoS, film.

Upon light illumination, electron—hole pairs are generated
and subsequently separated by the interfacial electric field at the
Schottky barrier between the two materials. Consequently, an ac-
cumulation of excited electrons builds up in the conduction band
of MoS,. This 2D electron gas can increase the negative charge

Adv. Sci. 2024, 11,2304792

of the sulfur vacancies in the MoS, layer, which, in turn, in-
creases the net magnetic moment (Figure 7f). For instance, the
nonmagnetic Vs° becomes V-, for a certain duration (during
laser irradiation). Our calculations indicate that a portion of the
extra electrons will localize on the vacancy. At higher laser pow-
ers, more photo-generated electrons in the conduction band of
MoS, will completely fill the available confined-states and even-
tually leak to the VSe, layer, which could explain the saturation
of magnetization enhancement. Due to the 2D nature of 2L-
MoS,, both photo-generated electrons and sulfur vacancies are
confined to the vicinity of the heterostructure interface. This fa-
cilitates the ferromagnetic interaction between nearby neighbor-
ing vacancies, which not only leads to a larger magnetic moment
in the film but also enhances light-controlled magnetism com-
pared to magnetically doped TMD monolayers discussed previ-
ously. This suggests that besides the interfacial coupling of the
heterostructure, the electron confinement and the concentration
of sulfur vacancies also mediate the change in magnetization
of the film under illumination (see, Figure 7a—c). This effect is

2304792 (9 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85UB01 7 SUOWILLOD dA1I1D) 3[cedldde 8Ly Ag peusenob a1e sajolie YO ‘9sn JO Sa|ni o} Akeidi18UlIUO AB]IA UO (SUOTPUOD-PUe-SUB)W0 A8 |1 Ale.ql U [Uo//Sdiiy) SUOHIPUOD pue WS 1 84} 89S *[202/c0/7T] uo AkeqiTauliuo 48] ‘Plepuels JO aimisu| feuolieN Ad 26/70€202 SAPR/Z00T 0T/I0p/L0d A8 im Afe.d1jBul Uo//Sdiy Wwo. pepeojumoa 'L ‘vZ0zZ ‘78e86T2


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

significantly reduced when the thickness of the MoS, layer is
increased, as demonstrated by the change in magnetization of
the BSC-MoS,/VSe, being four times smaller than that of 2L-
MosS,/VSe, (Figure 7a). We attribute this to the lack of con-
finement near the MoS,/VSe, interface. In the case of BSC-
MoS,/VSe, (Figure 7c), photogenerated electrons are no longer
confined to the interface but can move deeper into the MoS$, layer,
significantly reducing the concentration of electrons near the in-
terface. Nevertheless, further studies are required to fully under-
stand the mechanism of light-mediated ferromagnetism in the
VSe,/MoS, system. It should also be noted that sulfur vacancies
in 2L-MoS, are likely not the sole source of magnetism; other
point defects and extended defects in the samples may play a
role. Our theoretical argument regarding light-enhanced ferro-
magnetism is applicable to any defect whose electrical and mag-
netic properties resemble those of sulfur vacancies.

4. Opportunities and Challenges

Our findings have established that the light-modulated mag-
netism effect is universal to 2D-TMD DMSs, including V-doped
TMD monolayers (V-WS,, V-WSe,, and V-MoS,). In addition to
their electrically tunable magnetic functionalities, the optically
tunable atomic-level magnetism at room temperature makes 2D-
TMD DMSs even more attractive for applications in spintronics,
spin-caloritronics, and valleytronics. The coexistence of magnetic
and semiconducting properties is necessary; therefore, higher
doping concentrations are unlikely to exhibit this effect, as their
semiconducting qualities are strongly suppressed. On the other
hand, lower V-doping concentrations are interesting to study,
since excellent semiconducting properties are preserved while
the magnetic moment is slightly smaller compared to optimally
V-doped TMD samples. Investigating the influence of differ-
ent V-doping concentrations on 2D-TMDs’ light-mediated mag-
netism effect is an intriguing direction for future research. Fur-
ther studies are necessary to understand the relationship between
doping concentration and light-enhanced magnetism.

In addition, we have demonstrated the universality of
the light-mediated magnetism effect in 2D-TMD ferromag-
net/semiconductor heterostructures, including VSe,/WS, and
VSe,/MoS, systems. Charge transfer, proximity, and confine-
ment effects play a crucial role in enhancing light-mediated mag-
netization in these 2D systems. However, other effects such
as interdiffusion, intercalation, twisting, and moiré patterns,
which could occur during heterostructure formation remain
largely unexplored.[3145:51.78.103.128] Recently, Wang et al. revealed
the novel possibility of tuning spin-spin interactions between
moiré-trapped holes using optical means, inducing a ferromag-
netic order in WS,/WSe, moiré superlattices.'®’] In the case
of VSe,/MoS, heterostructures, effects of the moiré pattern has
been observed at low temperatures (below the charge density
wave transition temperature, Tcpy ), leading to enhanced magne-
tization, strong interfacial magnetic coupling, and the exchange
bias (EB) effect within this temperature range.l'>84 To fully un-
derstand the moiré effect, and to exploit the light tunability of
the EB effect, it would be interesting to investigate the light-
mediated magnetism effect in VSe,/MoS, and VSe,/WS, het-
erostructures at T < Ty DFT calculations suggest that charge
transfer from the ferromagnetic metal VSe, (CrSe,) to the semi-
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conductor MoS, (WSe,) gives rise to the magnetic moment of
the MoS, (WSe,) layer. A fundamental question emerges: Will
a similar effect occur when the 2D semiconducting TMD (MoS,,
WS,, etc.) layer interfaces with a non-magnetic metal like graphene?
Exploring magnetism and light effects in semiconducting 2D-
TMDs (both pristine and magnetically doped TMDs) interfaced
with graphene will not only address this important question but
also provide new insights into charge transfer-mediated mag-
netism in light-illuminated van der Waals heterostructures com-
posed of 2D-TMD DMSs and other 2D materials. Depending on
the work function difference between the two component ma-
terials, holes/electrons can be transferred into 2D-TMD DMSs,
resulting in enhanced or reduced magnetization. This repre-
sents a promising, innovative approach for designing novel 2D-
TMD heterostructures with enhanced magnetic and magneto-
optic properties through a combined chemical doping and in-
terface engineering (via the light-modulated directional charge
transfer mechanism) strategy.

Proximity effects in 2D van der Waals materials benefit from
ultraclean interfaces that are not accessible to 3D materials, and
how they manifest is strongly dependent in the electronic prop-
erties at the interface. The magnetic proximity effect can mani-
fest in a myriad of ways, most commonly by a magnetic mate-
rial inducing magnetic ordering in a nearby non-magnetic layer.
Another important manifestation of the proximity effect is the
induction and enhancement of spin-orbit coupling from the
atomically heavy TMDs, onto a nearby layer with non-existent or
weak spin—orbit coupling.['?>13°] During fabrication or stacking,
the joint properties of the interface may change due to charge
transfer,[131132] wave function hybridization,[**] changes in the
band structure,3*1°] and lattice symmetry breaking,'3*! which
has led to the discovery of new physics such as valleytronics, and
has opened the door to a wide range of possible combinations
waiting to be discovered. Several 2D TMD heterostructures have
been studied to date and have been reviewed in previous publi-
cations, but continuing efforts in their discovery and characteri-
zation will lead to important technological advances in the semi-
conductor industry and beyond.[715:137-140]

From an application perspective, the optically tunable mag-
netic properties of 2D-TMD DMSs and heterostructures are
desirable for opto-spintronics, opto-spin-caloritronics, and val-
leytronic. Ghiasi et al. demonstrated charge-to-spin conversion
across a monolayer WS, /graphene interface due to the Rashba-
Edelstein effect (REE).*! B. Zhao et al. similarly showed charge-
spin conversion in (20nm-70 nm) WTe,/graphene heterostruc-
ture at room temperature, unconventionally mediated by a com-
bined spin Hall effect and REE.['*?] Alternatively, using 2D-TMD
DMSs such as V-WS, and V-WSe, monolayers may not only
boost spin-charge conversion efficiency but also enable optical
manipulation of the spin-charge conversion process in a truly
atomically thin spintronic device, that is compatible with existing
Si-based technology. To achieve this, it is imperative that research
groups continue developing synthesis methods to increase yield
and attain consistent doping uniformity across batches. A com-
prehensive review by Sierra et al. highlighted the novel applica-
tion perspectives of opto-spintronics.’!

Thermally induced spin currents based on the spin Seebeck
effect (SSE), a phenomenon discovered by Uchida et al.,[143144]
laid the foundation for a new generation of spin-caloritronic

2304792 (10 O‘F]G) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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devices. A pure spin current can be generated in a ferromag-
netic (FM) material (like YIG: Y;Fe;O,,) due to a built-up elec-
tric potential across a temperature gradient upon the application
of a magnetic field. This spin current can be converted into a
technologically useful voltage via the inverse spin Hall effect of
a heavy metal (HM) with strong spin-orbit coupling (like Pt) in
an FM/HM structure. Recently, Kalappattil et al. showed that in-
serting a thin (x5 nm) organic semiconducting layer of C, can
significantly reduce the conductivity mismatch between YIG and
Pt and the surface perpendicular magnetic anisotropy of YIG,
resulting in a giant enhancement (600%) in the longitudinal
SSE.I] Following this approach, Lee et al. inserted a semiconduct-
ing WSe, monolayer between Pt and YIG and observed the giant
SSE in Pt/WSe,/YIG.['**] DFT calculations indicate that insert-
ing a 2D-TMD DMS (e.g., V-WSe,) in an FM/HM bilayer system
not only reduces the conductivity mismatch but also enhances
the spin mixing conductance and hence the spin-to-charge con-
version efficiency via the SSE.I'¥] By taking advantage of the
light-tunable magnetization of 2D-TMD DMSs,>***] Phan et al.
recently proposed a new route for the optical control of ther-
mally induced spin currents through 2D-TMD DMS interfaces
in FM/HM systems, establishing the new subfield named “Opto-
spin-caloritronics”,!®3 which can harness “light as the new heat”.
Further studies are needed to fully exploit this potential.
Semiconducting 2D-TMDs (e.g., WSe,, WS,, MoS,) are ex-
cellent candidates for use in valleytronic devices.[***] Control-
ling and manipulating the valley polarization states in these 2D-
TMDs using external stimuli (optic, electric, and magnetic fields)
is essential.l””146-1%] Doping magnetic atoms (Fe, V) into a MoS,
monolayer to form Fe-MoS, or V-MoS, DMSs has been reported
to enhance valley splitting in MoS, monolayers.[°¢’] Since 2D-
TMD DMSs exhibit strong magnetic responses to both electric
fields and lasers,[°®57] their valleytronic properties can be ma-
nipulated by these external stimuli. Seyler et al. experimentally
exploited light to control Crl; magnetization in a Crl;/WSe,
heterostructure, demonstrating the optical modulation of val-
ley polarization and valley Zeeman splitting within the WSe,
monolayer.*!l However, the Crl; monolayer exhibits ferromag-
netic ordering below 50 K, rendering the CrI,/WSe, heterostruc-
ture impractical for use in valleytronic devices that operate at
ambient temperatures. In this context, the optical modulation of
magnetic and valleytronic properties of VSe,(MnSe,)/MoS, and
VSe,(MnSe,)/WS, heterostructures appears more compelling,
as the VSe, or MnSe, layer exhibits ferromagnetic order above
room temperature.['>!*l Based on DFT calculations, He et al.
showed that an ultrafast laser pulse can induce a ferromag-
netic state in a nonmagnetic MoSe, monolayer when interfaced
with the MnSe, monolayer, which orders ferromagnetically above
room temperature.['>%! Such ultrafast optical control of 2D mag-
netism is highly compelling for applications in ultrafast spintron-
ics and magnetic storage information technology.l'>!l It is worth
noting that the magnetic properties of 2D-TMDs have contribu-
tions from defect- and dopant-induced magnetic moments and
their couplings.’1%%] Therefore, it would be of significant inter-
est to investigate the effects of transition metal or chalcogen va-
cancies and magnetic dopant concentrations on the magnetic,
magneto-optic, and valleytronic properties of free-standing TMD
monolayers, as well as those placed on magnetic substrates in
heterostructures. Scheme 1 highlights opportunities and chal-
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lenges in exploiting 2D-TMD DMSs and heterostructures for use
in modern nanodevices.

5. Concluding Remarks and Outlook

We have established the universality of the light-modulated mag-
netization effect in 2D-TMD DMSs, including V-doped TMD
monolayers (V-WS,, V-WSe,, V-MoS,). This effect is attributed
to the presence of excess holes in the conduction and valence
bands, as well as carriers trapped in the magnetic doping states,
which mediate the magnetization of the TMD layer. Addition-
ally, we have demonstrated the universality of the light-mediated
magnetism effect in 2D-TMD ferromagnet/semiconductor het-
erostructures such as VSe, /WS, and VSe, /MoS,. This effect is at-
tributed to photon absorption at the TMD layer (e.g., WS,, WSe,,
MoS,), generating electron-hole pairs that mediate the magneti-
zation of the heterostructure. These findings pave a new pathway
for the design of novel 2D-TMD van der Waals heterostructures
that exhibit unique magneto-optical coupling functionalities that
enable the next generation of high-performance optoelectronics,
ultrafast opto-spintronics, opto-spin-caloritronics, valleytronics,
and quantum technologies.

We have demonstrated the importance of proximity, charge-
transfer, and confinement effects in enhancing light-mediated
magnetization in 2D-TMD heterostructures, but other effects
such as interdiffusion, intercalation, twisting, and moiré pat-
terns may also be significant.3145178103.128] Fyrther studies
are thus needed to fully understand these effects. It appears
that 2D-TMD magnetism arises from multiple contributions
of vacancy- and dopant-induced magnetic moments, as well as
their magnetic couplings, whose strengths vary depending on
their complex vacancy-dopant configurations.>®°! Understand-
ing how light mediates magnetization in 2D-TMDs with con-
trolled dopant/vacancy concentrations is critical. The “twisting”
effect has been reported to significantly alter the magnetic and
valleytronic properties of 2D-TMDs.[12%152-1¢] Twisting graphene
from a 2D-TMD in a 2D-TMD/graphene heterostructure can en-
hance the valley Zeeman and Rashba effects,!12%152] as well as
the charge-to-spin conversion efficiency.'>*1>4 By tailoring the
atomic interface between twisted bilayer graphene and WSe,, Lin
et al. showed strong electron correlation within the moiré flat
band, which stabilizes insulating states at both quarter and half
filling, and the spin-orbit coupling drives the Mott-like insulator
into ferromagnetism.['°] In addition to the magnetic proximity
and charge transfer effects, twisting adds an interesting experi-
mental knob to tune the magnetic and magneto-optic functional-
ities of 2D-TMDs for spintronics and valleytronics applications.
Continuing efforts in discovering new combinations of TMD het-
erostructures, as well as improved growth and device fabrication
processes are imperative to push the field forward.

From an application standpoint, the room-temperature elec-
trically and optically tunable magnetic properties make 2D-TMD
DMSs excellent candidates for use in spin transistors, logic, and
magnetic memory devices.’**$5] In opto-spintronics, ultrafast
optical control of 2D magnetization may yield the fastest in-
formation recording and processing with minimal dissipative
power.[”155] Experimental studies are needed to verify these theo-
retical predictions.l”>122] Additionally, 2D-TMD DMSs can serve
as novel 2D spin filters to boost the spin-to-charge conversion
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Two-dimensional van der Waals Dilute Magnetic Semiconductors

Opportunities

Challenges

o Electrically and optically tunable magnetism
in 2D-TMD DMSs (e.g., V-doped WSe,) for
spin transistors, sensors, and spin-logic

device applications
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o Optically tunable twisted and moiré
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Exploring light-tunable exchange bias or
exchange anisotropy in 2D vdW
heterostructures (e.g., VSe2/MoS,, VS/WSy)
for opto-spintronics

e Optically tunable magnetism and spin-
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Weak ferromagnetism

Difficulty controlling magnetic
dopants/defects in 2D-TMDs to achieve
reproducible magnetic properties (e.g., Ms,
Hc)

Strong suppression of ferromagnetism and
photoluminescence in heavily doped 2D-
TMDs

Air instability (magnetic signals are
degradable when exposed to air)

Difficulty with integration and fabrication of
2D-TMD-based devices

Air instability (magnetic degradation causes
the SSE voltage to reduce)

Gaps in understanding spin-charge-phonon
coupling mechanisms that govern spin
transport across 2D vdW interfaces

Large discrepancy between the theoretical
and experimental values of SSE voltage for

the reported 2D magnets and heterostructures
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Surface and interface oxidization (magnetic
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Undesired effects of intercalation,
interdiffusion at vdW magnet/metal
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and interfaces of materials used; nonlocal
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Complex device structures and short lifetime
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Scheme 1. Opportunities and challenges in the research of 2D-TMD magnets.
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Table 1. 2D-TMD magnets and heterostructures with optically tunable magnetic functionalities for spintronics, spin-caloritronics, and valleytronics.
Legend for remarks: # Unexplored optical control of magnetism and valleytronic states; <> Charge transfer; ® Less air stability; & Less sensitive to air;

¥ Air stability.
Materials Ordering temperature T¢ (K) Remarks Ref.
Metals
VSe, (1L, 2L) ~270-350 K Strong magnetism; Sensitive to defects; [13]
MnSe, (1L, 2L) ~266-350 K Intrinsic magnetism; Less sensitive to defects; ® [14]
CrSe, (1L) 50-300 K Intrinsic magnetism; Less sensitive to defects; ¥ [50, 157]
FeSe, (1L) ~300 K Intrinsic magnetism; @ [156]
Semiconductors
V-WS, (1L) optimal ~2 at.% ~300-400 K e [52]
V-WSe, (1L) optimal ~4 at.% ~300-400 K *e [53]
V-MoSe, (1L) optimal 2 at.% ~300-400 K * e [63]
V-MoS, (1L) ~300-400 K .8 [61, 67]
V-MoTe, (1L) ~300-400 K * e [70]
Fe-MoS, (1L) ~300-400 K e [55, 66]
Co-MoS, (1L) ~300 K e [58]
(Co,Cr)-MosS, (1L) ~300 K *a 7]
Co-SnS, (SC) ~120 K .8 [159]
Fe-SnS, (1L) ~30K *v [160]
Mn-SnS, (SC) ~150 K *v [167]
Heterostructures
CrSe, /WSe, (1L/1L) ~50-120 K B [50]
VSe,/MoTe, (1L/1L) ~300-350 K 08 [120]
VSe,/MosS, (1L/2L) ~300-350 K o0 & [13, 85]
Observed EB effect;
MnSe,/MoSe, (1L/1L) ~300-350 K o0 8 21
VS,/MoS, (1L/1L) ~300-350 K 0 8 [158]

efficiency via the SSE in FM/2D-DMS/HM systems.[#*18] A com-
prehensive understanding of the spin-charge-phonon coupling
mechanisms in such 2D spin filters is currently lacking but
crucial for unlocking the potential of “Opto-Spin-Caloritronics,”
which warrants further study.

Compared to their 2D-TMD counterparts, 2D-TMD DMSs ap-
pear more promising for use in valleytronic devices.[®*%’] To
further enhance the valley splitting in these 2D DMSs, it is
possible to interface them with other 2D materials such as
graphene. Combining chemical doping and interface engineer-
ing (charge transfer and/or strain) approaches can create 2D-
TMD DMS/graphene or 2D-TMD DMS/2D-TMD heterostruc-
tures with enhanced magnetic, magneto-optic, and valleytronic
properties that can be tuned by external stimuli (electric gating,
light, and strain). All these exciting possibilities will facilitate fur-
ther research.

To provide insightful guidance on the development of 2D-
TMD-based devices, we present in Table 1 a list of promising 2D-
TMD magnets and heterostructures. While most of the 2D-TMD
DMSs are synthesized using chemical vapor deposition (CVD),
some of their heterostructures are grown by molecular beam epi-
taxy (MBE) or a combination of both techniques.”®! CVD typi-
cally produces 2D films with uniformity, low porosity, high pu-
rity, and stability, but generates toxic gases during the reaction.
MBE enables in-situ preparation of atomically clean substrates
with specific surface reconstructions, facilitating the growth of

Adv. Sci. 2024, 11,2304792

highly epitaxial 2D films, but it can result in more defects dur-
ing film growth.[7*7¢] It is essential to advance these techniques
for growing defect-free or defect-controllable 2D-TMD DMSs and
heterostructures.

As noted earlier, the high concentrations of magnetic dopants
or the presence of abundant defects (transition metal/chalcogen
vacancies) in 2D-TMD semiconductors lead to the strong sup-
pression of photoluminescence.[>'~3] However, co-doping with
different metals such as, Co and Cr, in a MoS, monolayer
has been reported to enhance both photoluminescence inten-
sity and saturation magnetization.[”!! Combining chemical co-
doping and interface engineering represents a promising strat-
egy for the design of 2D-TMD DMSs with enhanced magnetic
and magneto-optic properties for spintronics, opto-spintronics,
opto-spin-caloritronics, valleytronics, and quantum communica-
tions.
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