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Manipulation of spin-polarized electronic states of two-dimensional (2D) materials under ambient
conditions is necessary for developing new quantum devices with small physical dimensions. Here, we
explore spin-dependent electronic structures of ultra-thin films of recently introduced 2D synthetic
materials MSisZs (M = Mo or W and Z = N or As) using first-principles modeling. Stacking
of MSizZ4 monolayers is found to generate dynamically stable bilayer and bulk materials with
thickness-dependent properties. When spin-orbit coupling (SOC) is included in the computations,
MSi2Ny4 monolayers display indirect bandgaps and large spin-split states at the K and K’ symmetry
points at the corners of the Brillouin zone with nearly 100% spin-polarization. The spins are locked in
opposite directions along an out-of-the-plane direction at K and K’, leading to spin-valley coupling
effects. As expected, spin-polarization is absent in the pristine bilayers due to the presence of
inversion symmetry, but it can be induced via an external out-of-plane electric field much like the
case of Mo(W)S, bilayers. A transition from an indirect to a direct bandgap can be driven by
replacing N by As in MSiz(N, As)4 monolayers. Our study indicates that the MSisZ4 materials can
provide a viable alternative to the MoS2 class of 2D materials for valleytronics and optoelectronics

applications.

Introduction. Since the isolation of two-dimensional
(2D) graphene from its parent graphite in 2004 [1-3],
a variety of atomically-thin materials have been ex-
foliated from bulk layered compounds with electronic
states that encompass insulators to semiconductors to
semimetals/metals. Prominent examples include hexago-
nal boron nitride [4], 2D transition-metal dichalcogenides
(TMDs) [5-12], phosphorene [13, 14], and MXenes [15],
among other materials [16]. These 2D materials offer ex-
citing opportunities for exploring novel electronic, exci-
tonic, correlated, and topological states under 2D charge
confinement for spintronics, valleytronics, and optoelec-
tronics applications and developing materials platforms
for high-density devices with minimal physical dimen-
sions. Stacking, twisting, and straining of such 2D layers
to form moire superlattices and heterostructures brings
unprecedented possibilities for tailoring properties [16—
23]. A common approach for obtaining 2D materials is
exfoliation from appropriate 3D layered materials using
a top-to-bottom approach. Finding new 2D materials
without parental analogs would provide a new paradigm
for engineering states with diverse functionalities and of-
fer new pathways for designing synthetic materials with
desirable properties [16-23].

Among the methods of growing materials in a bottom-
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up approach is the use of a substrate with strong adatom
adhesion. This method has shown success in synthesizing
atomically-thin films such as silicene [24], germanene [25],
bismuthene [26], and borophene [27]. The stability and
morphology of such materials are, however, strongly de-
pendent on growth conditions due to the presence of dan-
gling bonds of adatoms that either reorganize to generate
complicated surface morphologies or get oxidized when
exposed to air [28]. An alternate route proposed recently
involves passivation of the high-energy surfaces of materi-
als with elements that can generate synthetic layered 2D
materials [29, 30]. By passivating non-layered molybde-
num nitride with elemental silicon during chemical vapor
deposition growth, large area (15 mmx 15 mm) layered
2D MoSiasNy materials were synthesized. Importantly,
MoSis Ny shows remarkable properties such as stability
under ambient conditions, a semiconducting behavior,
and high mobility of 270/1200 cm?V~1s~! which is bet-
ter than that of the widely used MoS, class of 2D ma-
terials [29-32]. MoSiaNy and its derivative monolayers
host gapped states in a pair of valleys located at the cor-
ners of the hexagonal Brillouin zone (BZ) [33-35]. Due
to the breaking of the spatial inversion symmetry, the
spin states in these monolayers become separated in en-
ergy and give rise to unique spin-valley couplings in the
vicinity of the Fermi level and valley-contrasting Berry
curvatures and orbital magnetic moments, which could
potentially enable wide-ranging valleytronics and opto-
electronics applications [36-42]. Despite the excellent


mailto:bahadur.singh@tifr.res.in

stability of synthetic MoSio N4 monolayers under ambi-
ent conditions, it is not clear how their properties evolve
in the multilayer and bulk of these bottom-up grown 2D
vdW materials.

Motivated by the new opportunities offered by a
bottom-up approach, here we report layer-dependent sta-
bility and valleytronic properties of MSisZ, (M = Mo or
W, and Z = N or As) materials. Using density-functional-
theory based first-principles modeling, we show that the
MoSis Ny materials are dynamically stable up to the bulk
limit. The monolayers are found to exhibit large spin-
split states at the BZ corners K and K’ with nearly 100%
spin-polarization, similar to MoS, materials class. As ex-
pected, the spin-splitting is zero in the bilayer films as the
inversion symmetry is restored. However, spin-splitting
can be switched on and manipulated in the bilayers via an
out-of-plane electric field. An indirect to direct bandgap
transition in MSisZ, is driven by the replacement of N
by As. In addition to highlighting the unique thickness-
dependent properties of MSisZ,, our study demonstrates
the value of a bottom-up approach for synthesizing viable
3D bulk materials based on synthetic 2D vdW materials.

Methods. Electronic structure calculations were per-
formed within the density functional theory (DFT)
framework using the Vienna ab-initio simulation package
(VASP) [43, 44]. The projector augmented wave (PAW)
pseudopotentials were used with generalized-gradient
approximation (GGA) [45] for treating exchange-
correlation effects. A plane-wave cutoff of 500 eV was
used in all calculations. Surface BZ integrations were
performed using a 10 x 10 x 1 Monkhorst-pack k—grid.
Effects of spin-orbit coupling (SOC) were included self-
consistently. The structural parameters were optimized
until the residual forces on each atom became less than
1074 eV/A, and these optimized parameters were used
in the calculations. An energy tolerance of 1078 eV was
used. The thin-film calculations were performed using
a slab geometry with a vacuum layer of 20 A to elim-
inate spurious interactions between the periodically re-
peated 2D layers. Phonon dispersion curves were ob-
tained within the density functional perturbation the-
ory (DFPT) framework using PHONOPY code [46] with
a 4 x 4 x 1 supercell. The robustness of our GGA-
based results was assessed using the optPBE-vdW cor-
relation functional [47-51] as well as the more advanced
HSE hybrid-functional [52], see Supplemental Material
(SM) [53] for details. PyProcar [54] and Pymatgen [55]
packages were used for band structure illustrations.

Crystal structure and dynamical stability of MoSiaNy.
Monolayer MoSisNy crystallizes in the hexagonal lat-
tice with space group D3}, (P6m2, No. 187). It in-
volves strongly-bonded, seven-layer stacking in the or-
der N-Si-N-Mo-N-Si-N that can be viewed as a sand-
wich involving an MoN, layer and two Si-N bilayers
(Fig. 1(a)-(e)). This structure preserves trigonal Cs,
and M,(z — —z) mirror-plane symmetries but breaks
the inversion symmetry. The monolayers can be stacked
in the -A-B-A- order to realize a 2H bilayer structure
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FIG. 1. Atomic arrangement of (a) four and (b) two lay-
ers of MoSiaN4 with AB stacking. Dashed box identifies the
bulk unit cell of 2H-MoSisN4. The red dot in the middle of
the van der Waals gap in (b) marks the spatial center of in-
version, which is absent in the monolayer. (c) Top view of
monolayer MoSiaNy. (d) Mo-N trigonal and (e) Si-N tetra-
hedral local coordination structures in MoSi2N4 monolayers.
The calculated phonon dispersion of (f) monolayer (1ML), (g)
bilayer (2ML), and (h) bulk MoSizNy.

similar to that of MoSs. Unlike the monolayer, bi-
layer MoSisNy realizes the higher-symmetry group Déh
(P63/mme, No. 194) [29, 56], restoring the spatial cen-
ter of inversion, which is marked by the red dot in Fig.
1(b). The equilibrium interlayer distance (dy) between
the Mo; and Moy sublayers in the bilayer is found to
be 10.65 A. Notably, the 2H-bilayer structure can be re-
peated to realize the bulk MoSi;N, materials like the
transition metal dichalcogenides. The optimized struc-
tural parameters and Wyckoff positions for bulk MSisZ,
are listed in Table I.

In order to showcase the stability of the monolayer
and multilayer MoSipNy films, we present the associated
phonon dispersions in Figs. 1(f)-(h). The absence of
imaginary phonon frequencies in the entire hexagonal BZ
confirms the dynamical stability of these structures. No-
tably, the bulk phonon spectrum also lacks imaginary
phonon frequencies. Our computations in which van der
Waals interactions beyond the GGA are included yield
similar results and affirm the robustness of our conclu-
sions concerning the stability in all cases [53]. We thus
infer that stable 3D bulk of MoSisN4 can be realized ex-
perimentally [57].

Spin-resolved  electronic  structure of monolayer
MoSiyNy. Orbitally-resolved band structure of mono-
layer MoSisNy without SOC is presented in Fig 2(a).
An indirect bandgap of 1.778 eV is obtained between
the valence band maximum (VBM) and conduction
band minimum (CBM), which are located at the T’
and K/K' points, respectively. The energy difference,



TABLE I. Calculated lattice parameters for 2H-bulk MoSi2N4, MoSiz Ass, WSi2N4, and WSizAss using the GGA and optPBE-
VDW density functionals. a and c are the hexagonal lattice constants and usi , un/4s, and vn/4s are the internal parameter
associated with Wyckoff positions 4e (0,0, us;), 4f (%, §7 UN/as), and 4e (0,0,vn/4s), respectively. The subscripts identify the

atoms.

a(A) c(A) wusi unjas vnjas Eg (eV)
MoSizNy4 GGA 2.910 21.311 0.1095 0.1915 0.0859 1.655
vdW 2.932 20.772 0.1045 0.1889 0.0804 1.665
MoSisAsy GGA 3.622 27.617 0.1106 0.1960 0.0703 0.508
vdW 3.681 27.408 0.1079 0.1950 0.0670 0.447
WSioNy GGA 2.914 21.439 0.1099 0.1914 0.0865 1.970
vdW 2.935 20.763 0.1043 0.1888 0.0805 1.985
WSisAs, GGA 3.628 27.940 0.1121 0.1967 0.0723 0.207
vdW 3.685 27.397 0.1079 0.1952 0.0672 0.208
Arg, between the top of the valence bands at the T’ @, Mod/d, ®Mod /22 ® ModZ ® Np © K — T @ K — T -
and K/K' points is 322 meV, and it can be tuned =T N ool B, =00 0ol E- =003 ‘V’,_’No
by strain to realize a direct band gap at the K/K’ S 2 = . 3 =
point [33]. The Bloch wave functions at the VBM and ; o 5-05 -0.5 |O
CBM edges are composed of d,» states of the Mo atoms. 8 M~ =
All states remain two-fold spin degenerate without the -2 S——— 10 -10 =8
SOC as seen in Fig. 2(a). When SOC is included, the e T g 00 | iy 0% 00 4 iy 04
top of the valence bands displays a large spin-splitting
of 129 meV at K due to the broken spatial inversion (b)4 - © KT ® X «
symmetry. [Since K is not a time-reversal invariant s - € 100
momentum (TRIM) point, the spin-split states at K are e 2 TN é
not two-fold degenerate.] In contrast, the bands at the 2 0'\\/\ A 5 K K
I" and M points remain two-fold spin degenerate as they @, 2 %9
are TRIM points [see Figs. 2(b) and (c)]. The indirect _AW & 08 00 o6 X ”
nature of the monolayer bandgap, however, remains kK- M r K k@A
preserved with a value of 1.775 eV (2.342 eV) with GGA
(HSE)~ FIG. 2. Orbitally-resolved band structure of monolayer

Our analysis reveals that the two spin-split states at
K have nearly 100% out-of-plane (S,) spin-polarization.
This can be attributed to the presence of the horizontal
mirror plane M, in monolayer MoSis N4 that ensures that
the S, and S, components of spin are zero. The spin-split
states at K and K’ are oppositely polarized since they
form a Kramers pair obeying the time-reversal symmetry
constraint E(k,1) = E(—k,|). Figure 2(d) shows the
evolution of the degree of spin-polarization of states at
the top of the valence band as we go away from the K
point. Spin-polarization decreases slightly to 99.9% for
the change a momentum Ak =0.553 A~! (~38% of the
I' — K distance), demonstrating its robustness. The spin
texture of the state at the top of the valence band in
the hexagonal BZ is shown schematically in Fig. 2(f).
The preceding spin behavior is indicative of spin-valley
locking in MoSisN4 monolayers, which is similar to that
observed previously in the TMDs [11].

We emphasize that the Zeeman-type out-of-the-plane
spin polarization in the vicinity of K points in the
MoSis Ny monolayer is tied to the crystal structure of the
film, and therefore, it cannot be destroyed or manipu-
lated with an out-of-plane electric field E,. We have ver-
ified this property by calculating the spin-resolved band
structure in the presence of an external electric field ap-
plied perpendicular to the monolayer. Figure 2(d) shows

MoSi2Ny (a) without and (b) with spin-orbit coupling (SOC).
Spin-resolved bands around K along the I' — K direction for
(¢c) B. = 0eV/A and (d) E. = 0.03 eV/A with SOC. Color
bar in (d) denotes the degree (in percent) of spin-polarization.
(e) Spin-polarization decay profile of the states at the top of
the valence band around the K point. Large spin polarization
(> 99.9%) persists over a wide momentum range along the
I' — K direction. (f) Schematic representation of spin-valley
locking in monolayer MoSiaN4. Red (blue) color represents
spin pointing out of (into) the plane.

the results for £, = 0.03 eV/A. Both the spin-splitting
and spin-polarization features are seen to be retained.
Tuning spin-structure of bilayer MoSia Ny via an ex-
ternal electric field. Figure 3(a) shows the band struc-
ture of bilayer MoSisNy. Similar to the monolayer case,
the bilayer is an indirect bandgap semiconductor with
the VBM and CBM edges located at the I' and K/K’
points, respectively. However, in contrast to the mono-
layer, the inversion symmetry is now restored and, as
a result, all bands become two-fold spin-degenerate. A
small splitting at the I'" point is driven by the interlayer
interactions between the two MoSisN, layers, whereas
the splitting at the K/K’ points is due to the SOC. The
inversion symmetry of the bilayer, however, can be bro-
ken by an out-of-plane external electric field E,, which
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FIG. 3. (a) Band structure of bilayer MoSiaNy4 in the absence
of external electric field (E; = 0). (b) Same as (a) but for
E, =0.03 eV/A. Spin-splitting in the band structure is evi-
dent. (c) Evolution of the top four valence bands around the
K point with varying external electric field strength. Color
scale gives the degree (in percent) of spin-polarization of the
bands. Markings 1 and 2 identify the doublets associated
with the first and second layers of the bilayer. (d) Degree of
spin-splitting at the K point as a function of E,. Blue (red)
markers show the intra- (inter)-layer Ajnira (Ainter) compo-
nents of the spin-splitting. (e) A schematic of the electric-field
effect on the bilayer band structure.

lifts the spin-degeneracy at the non-TRIM K/K' points,
allowing the manipulation of spin-split states at the top
of the valence bands.

Figure 3(b) shows the spin-resolved bilayer band struc-
ture for £, = 0.03 eV/A. The spin-split states are now
seen to be resolved at the K and K’ points with oppo-
site spin-polarizations for the top bands. There are four
spin-polarized valence bands near the Fermi level, two
of which originate from the first layer whereas the other
two come from the second layer of the bilayer. Evolu-
tion of these four bands with E, is shown in Fig. 3(c).
To quantify the spin-splitting, we introduce the quanti-
ties Ajnira and Ajpier. Here, Ajpirq is defined as the
energy difference between first (second) layer spin-up
and first (second) layer spin-down states, while Ajp,zer
is the energy difference between the first-layer spin-up
and second-layer spin-down states. A;pu.q thus captures
the effect of the SOC on spin-splitting, whereas A, ser
codes the effect of the potential difference between the
two layers caused by the external field. When E, = 0.01
eV/ A, the spin-split doublet from the second layer lies
at an energy that is slightly lower than that for the first-
layer doublet, so that Aj, e, is smaller than A;p4qq. The
two topmost valence states are thus composed of states
belonging to two different layers of the bilayer. When
E., exceeds a critical value, Aj e becomes larger than
Ajntrq and the two topmost valence states arise from the
same layer. A;pirq and Aj,ter are shown as a function
of E, in Fig. 3(d). Ajpter varies linearly with E, while
Ajnira shows negligible field dependence. A crossover be-
tween Ajnire and Ajpier 1s observed around E, = 0.012
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FIG. 4. (a) Orbitally-resolved band structure of bulk

MoSizNy in the bulk hexagonal Brillouin zone. (b) Bandgap
and (c) average spin-polarization of the top layer as a function
of the number of layers.

eV/ A. Notably, the spin polarization of the topmost va-
lence states at the K/K' points remains nearly 100% in
the presence F,.

We find that the applied electric field changes the split-
ting (Ajnter) between the states coming from different
layers in the bilayer. In contrast, as we would expect,
the effect of the field on the spin-splitting as well as the
degree of spin-polarization of the states coming from the
same layer is negligible. Sign of the spin-polarization of
states at K/K’ points is electric-field-direction depen-
dent. Evolution of the states at the K point under posi-
tive and negative field directions is shown schematically
in Fig 3(e). These results provide a clear pathway for ma-
nipulating the spin states in bilayer MoSisNy4. Electric-
field-dependent evolution of the bilayer states for all the
MSisZ4 materials we investigated falls along the preced-
ing lines. Notably, the values of the electric field required
to manipulate the states here are much lower than in
MOSQ [11]

Layer-dependent states and spin polarization. We now
turn to discuss the evolution of the bandgap and spin-
polarization of multilayer MoSioNy. Figure 4(a) shows
the calculated bulk band structure using our optimized
lattice parameters (Table I). It has an indirect bandgap
of 1.655 eV (2.221 V) within the GGA (HSE). The wave
functions at the CBM edge at K and the VBM edge at T’
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consist of Mo d,2 states similar to the monolayer and bi-
layer cases. The bands along the I' — A direction remain
weakly dispersive as a result of weak interlayer coupling.
However, the SOC-split states can be seen at the K and
H points. Evolution of the bandgap as a function of the
layer thickness is shown in Fig. 4(b). The bandgap de-
creases slightly with increasing number of MoSisNy layers
and converges to the bulk value for the eight-layer film.
This insensitivity of the bandgap to layer thickness indi-
cates that the weak van der Waal’s coupling dominates
the interlayer interactions in MoSisNy.

Figure 4(c) shows the evolution of spin-polarization
of valence state as a function of the number of layers.
Since the films with an even number of MoSisNy layers
are inversion symmetric, these films display zero spin-
polarization. Spin-polarization in films with an odd num-
ber of layers varies as 1/N, where N is the number of
layers.

Band structure of MSisZy materials. We now discuss
the dynamical stabilities and band structures of other
MSisZ4 thin films. Figures 5(a)-(c) show the phonon
spectra of monolayer, bilayer, and bulk MoSisAss. No
imaginary branches in the BZ are found, indicating sta-
bility of these films. Band structures of MoSisAs, films
and bulk are presented in Figs. 5(d)-(f). In contrast to
MoSisNy, the monolayer MoSisAsy is a direct bandgap
semiconductor with a bandgap of 0.508 ¢V (0.707 eV)
within the GGA (HSE) at the K/K' point. The bandgap
is found to remain direct as the thickness increases from
monolayer to bulk [58]. The interlayer coupling strength
in MoSisAsy is larger than in MoSisNy, and the loca-
tion of the direct bandgap changes from the K to the
H point in going to the bulk limit [Fig. 5(f)]. MoSizAsy
monolayers also host nearly 100% spin-polarized states.

The phonon spectra and orbitally-resolved band struc-
tures of WSisN4 and WSisAsy are presented in the
SM [53]. These systems are also stable up to the bulk

limit and support highly spin-polarized states similar
to the cases of MoSisN4 and MoSisAss. However, the
W atoms with their stronger SOC yield increased spin-
splittings at the K/K’ points in these materials.

Conclusion. Using first-principles modeling, we have
carried out a systematic thickness-dependent investiga-
tion of the dynamical stabilities and electronic and spin-
polarization properties of the MSisZy (M = Mo or W
and Z = N or As) compounds. These materials are
found to be dynamically stable from the monolayer to
the bulk limit, indicating that multilayer films and bulk
of such bottom-up synthesized 2D vdW materials should
be possible to realize experimentally. Our analysis re-
veals that the monolayers host two nearly 100% out-of-
the-plane spin-polarized states at the K points in the BZ
with Zeeman-type spin splittings. The spin-polarization
is reversed at the K’ points while the high degree of spin-
polarization remains preserved. The spin-polarization of
the states in the bilayers, which is zero due to the restora-
tion of the inversion symmetry in the pristine bilayers,
can be switched on and manipulated using an external
electric field. MoSioN4 and WSisNy exhibit a robust in-
direct bandgap from the monolayer to the bulk limit. In
contrast, MoSisAs,; and WSis Asy; monolayers display a
direct bandgap at the K/K'-point, which is preserved
from the monolayer to the bulk. Our study provides in-
sight into the bandgap, spin-polarization, and spin-valley
locking of electronic states in MSisZ4 materials class, and
indicates that these materials could provide a viable ma-
terials platform as an alternative to the MoSs materials
that are currently in common use for spintronics, val-
leytronics and optoelectronics applications.
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