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The seminal experimental discovery of remarkably stable MoSi2N4 monolayer has led to a handful
of predicted magnetic 2D materials in the MA2Z4 family (M = transition metals, A = Si, Ge, and Z =
N, P, As). These magnetic monolayers were predicted to be dynamically stable, but none of them has
been synthesized to date. In this work, from the first-principles thermodynamic stability analysis,
we demonstrate that only the nitrides are thermodynamically stable under N-rich conditions. Based
on this finding, we propose two new ferromagnetic, semiconducting Janus monolayers in the family:
VSiGeN4 and VSiSnN4. They are both dynamically and thermally stable but only the former
is further thermodynamically stable. Intriguingly, Janus VSiGeN4 and VSiSnN4 monolayers show
weak in-plane anisotropy as compared to the VSi2N4 monolayer. These two emerging Janus magnetic
semiconductors offer new opportunities for studying 2D magnetism and spin control for spintronics
applications.

Atomically thin magnetic monolayers provide the ideal
platform to study magnetism and spintronics device con-
cepts in the two-dimensional (2D) limit, where magnetic
properties can be effectively controlled or switched by
proximity effects and external perturbations such as mag-
netic field, electric field, defects, strain, and optical dop-
ing, etc.1–8 In the last few years, a large number of 2D in-
trinsic magnetic materials have been experimentally dis-
covered and theoretically proposed.9,10 The majority can
be classified into three broad groups, namely, transition
metal halides,11,12 transition metal chalcogenides,1,13

and MXenes and MXene analogues.14,15 These materi-
als have exhibited a wide spectrum of magnetic and elec-
tronic properties. However, they also carry various dis-
advantages for practical manufacturing applications. For
example, halides and MXenes mostly are vulnerable and
reactive in the presence of ambient air and water.16,17 Be-
sides, experimentally reported Curie temperatures (Tc)
are usually much lower than the room temperature.1,11,12

Hence, the search for new stable magnetic 2D materials
continues to be a major research direction in this field.

An emerging group of 2D materials are septuple-
atomic-layers of ternary transition metal pnictides in the
form of MA2Z4, where M is the transition metal, A
= Si or Ge, and Z = N, P, or As.18 The first mem-
ber of this group discovered is semiconductor MoSi2N4,
centimeter-scale monolayer, which was successfully syn-
thesized in 2020.19 This material exhibited exceptional
stability to air, water, acid, and heat. Following this
discovery, first-principles calculations found tens of dy-
namically stable MA2Z4 compounds18,20 with proper-
ties of interest for various applications such as spintron-
ics,21,22 superconductors,23 and catalysts.24,25 Of these,
nine were predicted magnetic, including five nitrides
(VSi2N4, NbSi2N4, NbGe2N4, TaGe2N4, and YSi2N4),
two phosphides (VSi2P4 and VGe2P4), and two arsenides
(VSi2As4 and VGe2As4).

18,20 Remarkably, they are all
determined to be ferromagnetic and semiconducting ex-
cept YSi2N4 which is also ferromagnetic but metallic.20

However, these 2D ferromagnetic MA2Z4 materials
have yet to be synthesized. They were mainly predicted
based on their dynamical stability, ab-initio molecular
dynamics, and negative heat formation energies (mean-
ing energetically more favorable than their constituent
elemental phases). The thermodynamic stability with
respect to their stable competing phases has yet to be
determined. It is well known that those dynamically sta-
ble compounds can often be thermodynamically unstable
and be easily decomposed into their competing phases.
Such thermodynamic instability can make their experi-
mental synthesis very challenging especially under ther-
modynamic (quasi-)equilibrium conditions.

Above or near room-temperature long-range magnetic
ordering is necessary to realize spintronics functionality
in 2D materials. Unfortunately, none of these proposed
2D ferromagnetic MA2Z4 compounds has been identified
to possess an intrinsic long-range magnetic order with a
Tc above the room temperature. For example, density
functional theory (DFT) and Monte Carlo calculations
suggested that monolayers VSi2N4 and VSi2P4 in the
same structure as MoSi2N4 have magnetic phase transi-
tion temperatures above room temperature, but they are
XY magnets.22,26 Nevertheless, VSi2P4 monolayer in a
different crystal structure is the only reported 2D mag-
net with an out-of-plane easy axis, but its predicted Tc

is merely about 90 K.18

In this work, from the first-principles thermodynamic
stability analysis (cf. supporting information S1) for
all the nine 2D magnetic MA2Z4 monolayers, we ex-
plain why they have not been synthesized so far and
suggest possible routes to grow them. 2D Janus crys-
tals and their superlattices are a new class of 2D ma-
terials that offer extraordinary physical, chemical, and
quantum properties.27,28 Although, electronic structures
and piezoelectric properties of two non-magnetic Janus
MSiGeN4 (M = Mo and W) monolayers were studied in
a recent work,29 no magnetic Janus monolayers within
the same family have been predicted to date. Therefore,
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FIG. 1. (a) Top and (b) side views of the crystal structures of
ternary layered VSiXN4 (X = Ge, Sn) Janus monolayers. V
atoms are depicted in pink, X atoms are in blue, Si atoms are
in green, and N atoms are in grey. For VSi2N4 monolayer,
X is replaced by Si. N-V-N bond angles (∼ 90◦) and V-N
bond lengths for top (bottom) layer are indicated as θ1 (θ2)
and d1 (d2), respectively. The crystal field environments: (c)
tetrahedral for Si/X and (d) trigonal prismatic for V atoms
are shown.

here we propose two new ferromagnetic Janus monolay-
ers, namely VSiGeN4 and VSiSnN4, which can be viewed
as replacing one of the Si layers in VSi2N4 monolayer
with Ge or Sn (Fig. 1). We demonstrate that ther-
modynamically stable VSiGeN4 and dynamically stable
VSiSnN4 monolayers are weak XY-type 2D ferromagnets
with transition temperatures above 300 K, and both of
them are small-gap semiconductors.

Thermodynamic stability is a key property that must
be addressed for new materials prediction and under-
standing their experimental synthesizability. It refers to
the relative stability with respect to all the possible com-
peting phases in thermodynamic equilibrium. For a ma-
terial to be thermodynamically stable during growth, the
chemical potentials of its constituent elements must sat-
isfy a set of conditions. Taking MoSi2N4 as an example,
one condition is that

∆µMo + 2∆µSi + 4∆µN = ∆Hf (MoSi2N4), (1)

where ∆Hf (MoSi2N4) is the enthalpy of formation,
which can be calculated from first-principles. ∆µMo,
∆µSi, and ∆µN are the relative chemical potentials of
elemental Mo, Si, and N with respect to their solid bulk
components (extreme rich limits), respectively. These
chemical potentials depend on the experimental growth
conditions and are regarded as variable in the formalism.
They are further bound by (i) the values that will cause
precipitation of solid elemental Mo, Si, and N, so that

∆µMo ≤ 0, ∆µSi ≤ 0, ∆µN ≤ 0, (2)

and (ii) by the values that will lead to the precipitation
of competing binary phases MoN and Si3N4, so that

∆µMo +∆µN < ∆Hf (MoN), (3)

3∆µSi + 4∆µN < ∆Hf (Si3N4). (4)
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FIG. 2. 2D/3D chemical potential regions (shaded in yellow)
where (a) MoSi2N4, (b) VSi2N4, and (c) VSiGeN4 monolay-
ers are thermodynamically stable against the formation of
constituent elements and competing binary compounds. The
shaded area behind the solid (dotted) blue line in the phase
diagram of MoSi2N4 is the chemical potential region, where
the monolayer can be synthesized using chemically rich (poor)
N. X (marked in red circle) represents the vertex of the chem-
ical potential region, up to which the respective compounds
can be synthesized using chemically poor N. (d) The differ-
ence in chemical potential of N at X and N2-gas (hlp-N) is
shown in the right (left) side. All the energies are in eV.

The ranges of ∆µMo, ∆µSi, and ∆µN that satisfy Eqs.1-4
define the thermodynamic stability region, where possi-
ble equilibrium experimental growth conditions are sug-
gested. No solution to these equations means that the
material investigated is thermodynamically unstable and
its equilibrium experimental synthesis would be quite
challenging or impossible as kinetic barriers between dif-
ferent phases at high temperatures are often ignorable or
small.

As a test, we first perform the above thermody-
namic stability analysis for two nonmagnetic monolay-
ers MoSi2N4 and WSi2N4, which have been experimen-
tally synthesized.19 Consistent with experiment, our cal-
culated results shown in Fig. 2a and supporting informa-
tion S2(a) demonstrate that these two compounds are in-
deed thermodynamically stable. Their stability regions
are highlighted in color yellow in the plots. Mention-
ably, this is defined relative to the chemical potential of
hexagonal layered polymeric nitrogen (hlp-N), based on
which ∆Hf are calculated. This hlp-N phase represents
the extreme N-rich growth condition and was experimen-
tally synthesized near 250 GPa.30 The N2 gas under nor-
mal condition is about 3.05 eV lower in chemical poten-
tial (poorer) than hlp-N; In between, there are another
two metastable phases, cubic gauche polymeric nitrogen
(cg-N)31 and polymeric nitrogen allotrope with the black
phosphorus structure (bp-N),32 which were also experi-
mentally synthesized. As displayed in Fig. 2a and sup-
porting information S2(a), the thermodynamic stability
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regions of MoSi2N4 and WSi2N4 both cover from extreme
N-rich conditions to the conditions that are much poorer
than the N2 gas.

We now perform the same thermodynamic stability
analysis for all nine magnetic MA2Z4 monolayers. Com-
putational details are given in supporting information S1.
Our calculated results are shown in Fig. 2b and sup-
porting information S2(b-d). Although these monolay-
ers were all predicted to be dynamical stable and have
a negative formation enthalpy, our calculations reveal
that only nitrides, except YSi2N4 are thermodynami-
cally stable only under some conditions for N that are
richer than N2 gas. Their stability regions are all much
narrower than MoSi2N4 and WSi2N4. Further, to un-
derstand the relative stability of magnetic MA2N4, the
distance between the vertex of each chemical potential
region (marked as X) and N2 gas has been calculated.
∆µN (X)-∆µN (N2) increases in the order: VSi2N4 →
TaGe2N4 → NbGe2N4 → NbSi2N4, along which the re-
spective regions are far from the chemical potential of N2

gas (Fig. 2d). It means that VSi2N4 is most stable among
these magnetic nitrides. These results suggest that the
experimental growth of these nitrides under thermody-
namic equilibrium conditions will be difficult as extreme
N-rich conditions are necessary. For VSi2N4, it may be
grown via reaction

2Si3N4 + 3VN+N (solid) −→ 3VSi2N4. (5)

where solid N reactant can be hlp-N, cg-N, or bp-N.
For phosphides (VSi2P4 and VGe2P4) and arsenides
(VSi2As4 and VGe2As4), we cannot find any thermody-
namically stable region. Thus, under equilibrium growth
conditions, the competing binary phases (e.g., V3P, VP,
SiP2, GeP3, etc., for phosphides and V3As, VAs, SiAs2,
GeAs2, etc., for arsenides) of these materials would form
rather than these materials themselves.

To identify more stable intrinsic ferromagnetic 2D
MA2Z4 compounds, we extend our first-principles ther-
modynamic stability analysis to two novel Janus com-
pounds, VSiGeN4 and VSiSnN4. They are derived from
the VSi2N4 monolayer, which has been demonstrated
thermodynmaically stable. Janus monolayers VSiXN4

(X = Ge, Sn) can be viewed as a VN2 layer sandwiched
between Si-N and X-N layers (Fig. 1). Due to the pres-
ence of different group-IV elements in the top and bot-
tom layers, such Janus monolayers lack both inversion
and out-of-plane mirror symmetries in contrast to the
VSi2N4 monolayer.

Our thermodynamic stability study reveals that both
VSiGeN4 and VSiSnN4 monolayers have negative forma-
tion enthalpies (using hlp-N), −4.329 eV and −2.132 eV,
respectively. However, only monolayer VSiGeN4 is found
to be thermodynamically stable. Fig. 2c shows our cal-
culated stability region for VSiGeN4 and its competing
phases Si3N4, Ge3N4, and VN. As expected, this thermo-
dynamic stability region is smaller than that of VSi2N4

and stays 1 eV farther from the chemical potential of N2

gas (Fig. 2d). However, goodly, this stability region also
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FIG. 3. (a-b) Phonon band structures, (c-d) temperatures
and total energy fluctuations after 5 ps of ab-initio molecular
dynamics simulations at 500 K of VSiGeN4 (top panel) and
VSiSnN4 (bottom panel) Janus monolayers.

covers the chemical potentials of both cg-N and bp-N
phases. The VSiGeN4 monolayer may thus be synthe-
sized via

Si3N4 +Ge3N4 + 3VN+ cg-N −→ 3VSiGeN4. (6)

For the VSiSnN4 monolayer, no thermodynamic stability
region is found in this study.
Both Janus monolayers VSiGeN4 and VSiSnN4 are also

found to be dynamically and thermally stable. Fig. 3a-
b show our calculated phonon spectra along the high-
symmetry directions of the hexagonal Brillouin zone
(BZ). No negative frequencies are found in both cases.
Fig. 3c-d show our ab − initio molecular dynamics sim-
ulation results for both Janus monolayers at 500 K. No
indication of bond breaking or significant structural dis-
tortions is seen after 5 ps of simulation time (1 fs time
step). Such stability features render these Janus materi-
als also synthesizable using non-equilibrium techniques.
33,34

Now, we turn to study the magnetic properties of
VSiGeN4 and VSiSnN4 monolayers. To identify the mag-
netic ground state, we calculate the total energy dif-
ference between the ferromagetic (FM) and stripe an-
tiferromagnetic (AFM) spin configurations as depicted
in Fig. 4a-d using generalized gradient approximation
(GGA)+U method.35 To include correlation effects in V
3d orbitals, we choose U = 3.2 eV, at which the GGA+U
calculated energy difference between the AFM and FM
states matches with the HSE0636 calculated one. (cf.
supporting information S3.) The U value determined
in this way has successfully predicted correct magnetic,
structural properties in numerous systems.37,38

Our GGA+U calcualtions find that both Janus mono-
layers stabilize into a FM ground state, like VSi2N4

monolayer. As one can see from Table I, the FM states in
VSiGeN4 and VSiSnN4 are 65.5 meV and 44.8 meV lower



4

a a
b

bc

c

a b

c d

f
d

dz2      

dx2-y
2 

dxz + dyz

+ dxy

e

FIG. 4. Side and top views of the effective triangular lattice
formed by V ions in VSi2N4 and VSiXN4 Janus monolay-
ers showing (a,b) FM and (c,d) stripe AFM states. V ions
are shown as pink spheres. Up and down spins are indicated
by blue and golden arrows. (e) A schematic of the energy
levels of d orbitals in a trigonal prismatic crystal field envi-
ronment. Here, only the middle layer containing V ions is
displayed since the non-magnetic top and bottom layers of
these monolayers do not contribute to the spin density dis-
tribution. Single valence electron of V4+ ion predominately
occupies dz2 orbital and corresponding (f) spin density dis-
tribution is shown.

in energy than their AFM states, respectively. Magnetic
moments (mV ) obtained from our GGA+U calculations
agree qualitatively with the ionic description that gives a
V4+: 3d1 electronic configuration. In a trigonal prismatic
crystal field environment, V d orbitals split into low-lying
dz2 orbital followed by (dxy+dx2−y2), and (dxz+dyz) or-
bitals (Fig. 4e), respectively. Our calculated spin-density
distribution of occupied V d orbital (Fig. 4f) show that
the top valence band in the majority-spin channel is pre-
dominantly dz2 orbital character. Here, the V-N-V angle
is close to 90◦, and within this orthogonal setup, superex-
change interaction between the V atoms mediated by the
neighboring N atoms is the dominating exchange mecha-
nism for ferromagnetism. This is in agreement with the
Goodenough-Kanamori rules.39,40 As a result, VSi2N4

and VSiXN4 monolayers adopt a FM ordered ground
state.

According to the Mermin-Wagner theorem,41 long-
range magnetic order should be absent in the 2D isotropic
spin systems at any finite temperature. However, mag-
netic anisotropy removes this restriction and stabilizes
magnetic order in 2D materials.11,42–44 To determine the
nature of magnetic anisotropy, we first calculate mag-
netocrystalline anisotropy (MCA) using the GGA+U
method including spin-orbit coupling (SOC). MCA is de-
fined as the energy difference between two FM spin con-
figurations, where magnetic moments are directed along
the x and z directions, respectively. For the VSiGeN4

monolayer, we obtain a negative MCA (−4 µeV) and
a positive MCA (4.0 µeV) for the VSiSnN4 monolayer.
Since MCA is significantly small here, magnetic shape

Monolayer a Eg mV ∆Em MAE TBKT

(Å) (eV) (µB) (meV) (µeV) (K)
VSi2N4 2.90 0.50 (D) 1.10 88.7 -59 687
VSiGeN4 2.97 0.48 (D) 1.11 65.5 -20 507
VSiSnN4 3.07 0.85 (ID) 1.14 44.8 -10 347

TABLE I. Lattice constants (a), band gap (Eg), V magnetic
moments (mV ), energy differences between the AFM and
FM spin configurations (∆Em = (EAFM -EFM )/f.u.), mag-
netic anisotropy energy (MAE), and transition temperatures
(TBKT ) of VSi2N4 and VSiXN4 monolayers are listed here.
The band gap (Eg) values mentioned in the third column
are obtained using HSE06, which agree qualitatively with the
band gap values obtained within GGA+U method - VSi2N4:
0.3 eV (D), VSiGeN4: 0.15 eV (D), VSiSnN4: 0.28 eV (ID).
Note, ID = Indirect and D = Direct semiconductor.

anisotropy (MSA), which originated from dipole-dipole
interactions may become relevant and contribute to the
magnetic anisotropy energy (MAE). The calculated MSA
values −17 µeV, −16 µeV, and −14 µeV for VSi2N4,
VSiGeN4, and VSiSnN4 monolayers (c.f. supporting in-
formation S5 for details) are greater than the magnitude
of MCA for both Janus monolayers. As a result, after the
inclusion of MSA, the total MAE becomes negative (easy-
plane anisotropy), and owing to its small magnitude (Ta-
ble I), VSiXN4 monolayers can be regarded as weak 2D-
XY magnets like CrCl3 monolayer.42,45 A quasi-long-
range order with a divergent correlation length could
be observed below the Berezinskii-Kosterlitz-Thouless
(BKT)46 transition temperature for these planar mag-
nets. However, due to the weak anisotropy, in-plane
magnetization in both Janus monolayers could easily be
tuned to out-of-plane long-range order by perturbations
such as strains and defects.

The magnetic transition temperature TBKT = 1.335
J/KB is obtained from the results of the Monte Carlo
simulation for 2D-XY magnets on a triangular lattice47

(c.f. supporting information S4). We find that the transi-
tion temperature of VSiGeN4 (507 K) and VSiSnN4 (347
K) are lower than that of VSi2N4 (687 K), but they are
still higher than the room temperature.

To understand the nature of MAE variations in Janus
monolayers, we also calculated the MAE for strained
VSi2N4 monolayers. Due to the presence of larger-
size atoms, VSiGeN4 and VSiSnN4 Janus structures
have their lattice constants being 2.4% and 5.8% larger
than monolayer VSi2N4 (Table I), respectively. Fig. 5a
shows the comparison of MAE values between strained
monolayers VSi2N4 and Janus monolayers. Clearly, one
can observe that the MAE values of Janus monolay-
ers (marked as red squares) are almost identical to the
MAE values of VSi2N4 monolayers at the same lattice
constants of corresponding Janus monolayers. It means
that the key factor that drives the transition from the
in-plane anisotropy in VSi2N4 and VSiGeN4 to the out-
of-plane anisotropy in VSiSnN4 monolayer is the biax-
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FIG. 5. (a) Comparison of magnetocrystalline anisotropy
(MCA) values between strained monolayers VSi2N4 and
Janus monolayers VSiXN4 (X = Ge, Sn). ϵ is the uniform bi-
axial strain with respect to the VSi2N4 optimized lattice con-
stant. Band structures of (b) VSi2N4, (c) VSiGeN4, and (d)
VSiSnN4 monolayers within HSE method in the FM ground
state. Red and blue lines in the band structures represent the
majority and minority spin channels, respectively.

ial in-plane tensile strain. The strain effects of MAE in
VSi2N4 has already been theoretically studied in past.21

These reported results, agreeing well with ours, indicate
that switching the spin anisotropy from in-plane to out-
of-plane in VSi2N4 needs more than 4% of biaxial strains,
which would be very challenging for experimental realiza-
tion and disadvantageous for device applications. Here
our results demonstrate that Janus engineering is an use-
ful (and probably more viable) method to tune MAE and
other properties of interest.

In addition to remarkable stability and magnetic prop-
erties, these two Janus monolayers exhibit excellent elec-
tronic properties. Fig. 5b-d depict the electronic band
structures of VSi2N4 and VSiXN4 monolayers as ob-
tained from HSE06. VSi2N4 and VSiGeN4 monolayers
are direct-gap semiconductors with band gap (Eg) ∼ 0.5
eV. Interestingly, the nature of the band gap changes
from direct to indirect with Eg increases to 0.85 eV for
VSiSnN4. This band gap switching and different Eg val-
ues make VSiXN4 monolayers suitable candidates to op-
erate at variable voltages, frequencies, and temperature

range for device applications. Note that, these band
structures are consistent with GGA+U method (support-
ing information S7).
Finally, we shed light on the valley polarization, which

is the measure of spin-valley coupling. This quantity
can be estimated from the energy difference (∆Esv) be-
tween valance band maxima at −K and +K points. For
this purpose, we calculate the band structures within
GGA+U+SOC (see supporting information S8) with the
magnetization direction along +x and +z directions, re-
spectively. A relatively large valley polarization of 64
meV can be induced in for VSi2N4 monolayer by chang-
ing the spin directions from +x to +z, consistent with
the previous report.21 However, VSiXN4 monolayers have
less significant contribution to the spin-valley coupling
because of their very small MAE values, and thus, the
valley degeneracy remains preserved.
In conclusion, through the first-principles analysis, we

have shown that among all dynamically stable magnetic
MA2Z4 monolayers, only four magnetic nitrides are ther-
modynamically stable under some experimentally chal-
lenging growth conditions. In the group of 2D magnetic
nitrides, VSi2N4 has been found to be the most stable
monolayer, and from which, two novel Janus ferromag-
netic monolayers namely VSiGeN4 and VSiSnN4 have
been designed. Dynamical and thermal stability of these
Janus monolayers ensure their non-equilibrium growth.
Alternatively, thermodynamically stable VSiGeN4 mono-
layer, can be synthesized in an equilibrium conditions.
The electronic structures reveal that they are narrow
band gap semiconductors. However, the most exciting
features of VSiGeN4 and VSiSnN4 monolayers are their
weak easy-plane magnetic anisotropy, which is primarily
associated with the MSA and the contrasting semicon-
ducting nature (direct vs indirect). The novel magnetic
properties of these 2D ternary layered vanadium-based
Janus semiconductors make them emerging candidates
for spintronics and optoelectronics applications. Besides,
there is a possibility that they can host skyrmions like
other Janus monolayers as reported in the contemporary
literature.48,49 These results will provide a guidance for
new experimental as well as theoretical explorations on
the magnetic monolayers of the MA2Z4 family and two
novel Janus VSiXN4 monolayers.
This work has been supported by the U.S. DOE, Office

of Science, Office of Basic Energy Sciences, under Award
Number DE-SC0021127. D.D. thanks Harrison LaBol-
lita for the useful discussion on MSA calculations. D.D.
and L.Y. gratefully acknowledge the assistance of the Ad-
vanced Computing Group of the University of Maine Sys-
tem for providing computational resources for this work.

∗ Both authors contributed equally.;
dibyendu.dey@maine.edu

† Both authors contributed equally.
‡ liping.yu@maine.edu

1 Y. Deng, Y. Yu, Y. Song, J. Zhang, N. Z. Wang, Z. Sun,
Y. Yi, Y. Z. Wu, S. Wu, J. Zhu, J. Wang, X. H. Chen, and
Y. Zhang, Nature 563, 94 (2018).

2 M. Gibertini, M. Koperski, A. F. Morpurgo, and K. S.

mailto:dibyendu.dey@maine.edu
mailto:liping.yu@maine.edu
http://dx.doi.org/10.1038/s41586-018-0626-9


6

Novoselov, Nature Nanotechnology 14, 408 (2019).
3 B. Huang, G. Clark, D. R. Klein, D. MacNeill, E. Navarro-
Moratalla, K. L. Seyler, N. Wilson, M. A. McGuire, D. H.
Cobden, D. Xiao, W. Yao, P. Jarillo-Herrero, and X. Xu,
Nature Nanotechnology 13, 544 (2018).

4 K. S. Burch, Nature Nanotechnology 13, 532 (2018).
5 R. Chua, J. Yang, X. He, X. Yu, W. Yu, F. Bussolotti,
P. K. J. Wong, K. P. Loh, M. B. H. Breese, K. E. J. Goh,
Y. L. Huang, and A. T. S. Wee, Advanced Materials 32,
2000693 (2020).

6 Y. Zhao, L. Lin, Q. Zhou, Y. Li, S. Yuan, Q. Chen,
S. Dong, and J. Wang, Nano Letters 18, 2943 (2018).

7 S. Jiang, H. Xie, J. Shan, and K. F. Mak, Nature Materials
19, 1295 (2020).

8 Y. Tian, W. Gao, E. A. Henriksen, J. R. Chelikowsky, and
L. Yang, Nano Letters 19, 7673 (2019).

9 M. Blei, J. L. Lado, Q. Song, D. Dey, O. Erten, V. Pardo,
R. Comin, S. Tongay, and A. S. Botana, Applied Physics
Reviews 8, 021301 (2021).

10 X. Jiang, Q. Liu, J. Xing, N. Liu, Y. Guo, Z. Liu, and
J. Zhao, Applied Physics Reviews 8, 031305 (2021).

11 B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein,
R. Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A.
McGuire, D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-
Herrero, and X. Xu, Nature 546, 270 (2017).

12 Z. Zhang, J. Shang, C. Jiang, A. Rasmita, W. Gao, and
T. Yu, Nano Letters 19, 3138 (2019).

13 J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim, P. Kim,
C.-H. Park, J.-G. Park, and H. Cheong, Nano Letters 16,
7433 (2016).

14 B. Anasori, Y. Xie, M. Beidaghi, J. Lu, B. C. Hosler,
L. Hultman, P. R. C. Kent, Y. Gogotsi, and M. W. Bar-
soum, ACS Nano 9, 9507 (2015).

15 N. C. Frey, H. Kumar, B. Anasori, Y. Gogotsi, and V. B.
Shenoy, ACS Nano 12, 6319 (2018).

16 D. Shcherbakov, P. Stepanov, D. Weber, Y. Wang, J. Hu,
Y. Zhu, K. Watanabe, T. Taniguchi, Z. Mao, W. Windl,
J. Goldberger, M. Bockrath, and C. N. Lau, Nano Letters
18, 4214 (2018).

17 C. J. Zhang, S. Pinilla, N. McEvoy, C. P. Cullen, B. Ana-
sori, E. Long, S.-H. Park, A. Seral-Ascaso, A. Shme-
liov, D. Krishnan, C. Morant, X. Liu, G. S. Duesberg,
Y. Gogotsi, and V. Nicolosi, Chemistry of Materials 29,
4848 (2017).

18 L. Wang, Y. Shi, M. Liu, A. Zhang, Y.-L. Hong, R. Li,
Q. Gao, M. Chen, W. Ren, H.-M. Cheng, Y. Li, and X.-
Q. Chen, Nature Communications 12, 2361 (2021).

19 Y.-L. Hong, Z. Liu, L. Wang, T. Zhou, W. Ma, C. Xu,
S. Feng, L. Chen, M.-L. Chen, D.-M. Sun, X.-Q. Chen,
H.-M. Cheng, and W. Ren, Science 369, 670 (2020).

20 Y. Ding and Y. Wang, The Journal of Physical Chemistry
C 125, 19580 (2021).

21 Q. Cui, Y. Zhu, J. Liang, P. Cui, and H. Yang, Phys. Rev.
B 103, 085421 (2021).

22 X. Feng, X. Xu, Z. He, R. Peng, Y. Dai, B. Huang, and
Y. Ma, Phys. Rev. B 104, 075421 (2021).

23 L. Yan, B.-T. Wang, X. Huang, Q. Li, K. Xue, J. Zhang,
W. Ren, and L. Zhou, Nanoscale 13, 18947 (2021).

24 Y. Liu, Y. Ji, and Y. Li, The Journal of Physical Chem-
istry Letters 12, 9149 (2021).

25 Y. Chen, S. Tian, and Q. Tang, The Journal of Physical
Chemistry C 125, 22581 (2021).

26 M. R. K. Akanda and R. K. Lake, Applied Physics Letters

119, 052402 (2021).
27 M. Yagmurcukardes, Y. Qin, S. Ozen, M. Sayyad, F. M.

Peeters, S. Tongay, and H. Sahin, Applied Physics Reviews
7, 011311 (2020).

28 M. J. Varjovi, M. Yagmurcukardes, F. M. Peeters, and
E. Durgun, Phys. Rev. B 103, 195438 (2021).

29 S.-D. Guo, W.-Q. Mu, Y.-T. Zhu, R.-Y. Han, and W.-C.
Ren, J. Mater. Chem. C 9, 2464 (2021).

30 D. Laniel, G. Geneste, G. Weck, M. Mezouar, and
P. Loubeyre, Phys. Rev. Lett. 122, 066001 (2019).

31 E. M. Benchafia, Z. Yao, G. Yuan, T. Chou, H. Piao,
X. Wang, and Z. Iqbal, Nature Communications 8, 930
(2017).

32 D. Laniel, B. Winkler, T. Fedotenko, A. Pakhomova,
S. Chariton, V. Milman, V. Prakapenka, L. Dubrovin-
sky, and N. Dubrovinskaia, Phys. Rev. Lett. 124, 216001
(2020).

33 A.-Y. Lu, H. Zhu, J. Xiao, C.-P. Chuu, Y. Han, M.-H.
Chiu, C.-C. Cheng, C.-W. Yang, K.-H. Wei, Y. Yang,
Y. Wang, D. Sokaras, D. Nordlund, P. Yang, D. A. Muller,
M.-Y. Chou, X. Zhang, and L.-J. Li, Nature Nanotech-
nology 12, 744 (2017).

34 Y. Qin, M. Sayyad, A. R.-P. Montblanch, M. S. G. Feuer,
D. Dey, M. Blei, R. Sailus, D. M. Kara, Y. Shen, S. Yang,
A. S. Botana, M. Atature, and S. Tongay, Advanced Ma-
terials 34, 2106222 (2022).

35 S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J.
Humphreys, and A. P. Sutton, Phys. Rev. B 57, 1505
(1998).

36 J. Heyd, G. E. Scuseria, and M. Ernzerhof, The Journal
of Chemical Physics 118, 8207 (2003).
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