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ABSTRACT

As the homologous compounds of MoSi;Ny, the MoSi;N4(MoN), monolay-
ers have been synthesized in a recent experiment. These systems consist of
homogeneous metal nitride multilayers sandwiched between two SiN
surfaces, which extends the septuple-atomic-layer MSi;Ny system to ultra-
thick MSi;N4(MN),, forms. In this paper, we perform a first-principles
study on the MoSi;N4(FeN) monolayer, which is constructed by iron
molybdenum nitride intercalated into the SiN layers. As a cousin of
MoSi;N4(MoN), this double transition-metal system exhibits robust struc-
tural stability from the energetic, mechanical, dynamical and thermal
perspectives. Different from the MoSi;N4(MoN) one, the MoSi;N4(FeN)
monolayer possesses intrinsic ferromagnetism and presents a bipolar
magnetic semiconducting behaviour. The ferromagnetism can be further
enhanced by the surface hydrogenation, which raises the Curie tempera-
ture to 310 K around room temperature. More interestingly, the hydro-
genated MoSi;N4(FeN) monolayer exhibits a quantum anomalous Hall
(QAH) insulating behaviour with a sizeable nontrivial band gap of 0.23 eV.
The nontrivial topological character can be well described by a two-band
k - p model, confirming a non-zero Chern number of C' = 1. Similar bipolar
magnetic semiconducting feature and hydrogenation-induced QAH state
are also present in the WSi;N4(FeN) monolayer. Our study demonstrates
that the double transition-metal MSi;N4(M'N) system will be a fertile plat-
form to achieve fascinating spintronic and topological properties.
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due to their
unique geometric structures and extraordinary electronic

1 Introduction attracted sufficient scientific attention

Since the experimental synthesis of two-dimensional
(2D) MoSi,N, material [1], the septuple-atomic-layer
MA,Z, monolayers, where M is the transition-metal, A
is Si or Ge, and Z is the nitrogen group element, have
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properties [2, 3]. Taking MoSi,N, as an example, it has
been fabricated by introducing elemental silicon during
the chemical vapor deposition growth of molybdenum
nitride [1, 4]. The surfaces of molybdenum nitride layer
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are passivated by the SiN hexagonal layers, forming a
septuple-atomic-layer geometry with the stacking
sequence of N-Si-N-Mo-N-Si-N [5]. This MoSisNy
monolayer can be viewed as a MoS,-like MoN, sheet
sandwiched between two SiN layers. Similar to the
MoS, system, the MoSi,N, monolayer exhibits a semi-
conducting behaviour with a moderate band gap [6].
Intriguing valley-dependent properties, including the
spin-valley coupling, valley-contrasting Berry curvature,
and valley-selective optical circular dichroism, are
present in this MoSi,N, system [7, 8]. Besides that,
many other exceptional properties also emerge in the
MoSi; N, and related group-VI MA,Z, systems, such as
the protected band edge states [9], high lattice thermal
conductivity [10], large piezoelectric coefficients [11], and
anisotropic carrier mobilities [12], which render them
promising materials for nanoelectrics, valleytronics and
spintronics applications.

For the MA,Z, family materials, the metal composition
plays a crucial role in their electronic properties [13]. It
has been found that there is an odd—even rule in the 4d
and 5d MSi,N, systems, for which the group-IV/VI
metals with an even number of valence electrons give
rise to a semiconducting behaviour while the group-
III/V metals with an odd number of valence electrons
lead to a metallic feature [14, 15]. In particular, for the
case of M = Y and Nb, a spontaneous spin-polarization
emerges in the MSi, N, monolayers [14]. The spin-polari-
zation also appears in the 3d MSi,N, systems with M =
V, Cr, Mn, Fe, and Co, which can be further tuned to
half-metals by carrier dopings [16, 17]. Especially, the
VSi,N,; monolayer is a ferromagnetic semiconductor
with valley-constrasting physical properties, which can
be converted to a QAH insulator through the modulation
of external strain, electric field or correlation effects [18,
19]. In addition to the VSi,N, system, several V-based
derivatives, such as the VN,X,Y, (X = group-III and
Y = group-VI elements)[20], VSiXN, (X = C, Si, Ge,
Sn, Pb) [21-23], and Janus SVAN, (A = Si, Ge) [24]
monolayers, have been proposed with tunable electronic
and topological properties.

It would be noted that novel topological states, such
as the QAH insulating state, are mainly distributed in
the group-V . MA,Z, systems [18-23, 25]. Those QAH
insulators represent quantum state that
possesses a finite Chern number and chiral edge states
within the insulating bulk [26]. The edge states are topo-
logically protected and robust against scattering, making
QAH systems promising candidates for applications in
low-power electronic devices. Several 2D systems, such
as the XY (X = K, Rb, Cs; Y = N, P, As, Sh, Bi) [27],
FeX; (X = Cl, Br, I) [28], V.03 [29], and SiC-supported
silicene [30], have been proposed as potential QAH insu-
lators. In the experiments, the intriguing QAH effect has
already been observed in the V-doped (Bi, Sb),Tes,
MnBi,Te,, and moiré graphene systems [26]. However

a novel

for the experimentally synthesized group-VI MSi,Ny
ones, such nontrivial topological feature has not been
reported in the literature yet [2]. Even for a distorted T'-
phase geometry with Mo zigzag chains, the T'-MoSi,N,
monolayer is still a trivial metal [31], not a quantum
spin Hall insulator like the T/-MoS,, T’'-MoSi,P, and
T’-MoGe, P, systems [32, 33]. Although the QAH insu-
lating state can be induced in the graphene, MoS, and
transition-metal dichalcogenides (TMDs) by incorporation
of transition metals [34, 35], the substitution or decoration
of transition metal atoms in the MoSi, N, monolayer can
not trigger a nontrivial topological behavior [36, 37].

Very recently, a series of MoSi;N,(MoN), systems
have been fabricated in the experiment [38]. These ultra-
thick MoSi,N,(MoN),, monolayers are homologous
compounds of MoSi,N,, which contain the MoN multi-
layers that are intercalated between two SiN surface
layers. Different from the semiconducting MoSi,Ny
system [38], all the MoSi,N,(MoN), monolayers are
metals and the metallicity originates from the inner
MoN multilayers. The synthesis of MoSi,N,(MoN),
extends the septuple-atomic-layer MSi, N, system to the
ultra-thick MSi, N, (MN),, form. There are multiple MN
layers in the MSi,N,(MN), materials, which would
accommodate heterogeneous metal nitride layers beyond
the MoN ones. In a recent work, a double transition-
metal W,TiSi;Ng  system is proposed, which is
composed of metal nitride multilayers with a sequence of
N-W-N-Ti-N-W-N between the SiN surface layers [39].
Owing to the hybridization of W and Ti d orbitals, a
quantum spin Hall insulating state appears in this
double transition-metal system. It is worth mentioning
that the bulk materials of double transition-metal
nitrides M'MN, (M’= Cr, Mn, Fe, Co, Ni; M = Ta,
Mo, W) have already been synthesized in the experiment
[40]. Besides, thin films of FeMoN, and FeWN, have
also been fabricated by the polymer-assisted deposition
[41]. Inspired by these progresses, we perform a theoretical
study on the group-VI MSi,N,(FeN) monolayers, for
which the central part just contains one FeMN, unit
(M = Mo, W). We find that owing to the existence of
Fe layer, the MSi, N, (FeN) monolayers possess intrinsic
ferromagnetism with a bipolar magnetic semiconducting
feature. The ferromagnetism can be enhanced by the
surface hydrogenation, which further the
MSi, N, (FeN) system into a promising quantum anomalous
Hall insulator.

converts

2 Methods

First-principles calculations are performed by the VASP
code [42], which adopts Perdew—Burke-Ernzerhof (PBE)
projector augmented wave pseudopotentials and plane-
wave basis sets with an energy cut-off of 520 eV. A
vacuum layer of more than 15 A is used to simulate the
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Fig. 1 (a) The top and lateral view of the geometrical structure of MoSioN,4(FeN) monolayer. The in-plane lattice
constant (a) and thickness (d) of system are marked. The dashed rectangles denote the overlapping FeN, and MoN, layers,
where the letters T and H represent the octahedral and trigonal prismatic coordinations of metal atoms, respectively. (b) A
comparison of cohesive energies of the MoSi,N4(FeN) monolayer and experimentally synthesized Mo-based 2D materials.
(c) The phonon dispersions and (d) AIMD simulation results of MoSi> N4 (FeN) monolayer. For clarity, the average values of
adjacent data in 1 ps are depicted as dotted lines in (d). The final configuration after the AIMD simulation is also displayed.

isolated 2D system. The I'-centered 18 x 18 x 1 and
24 x 24 x 1 k-meshes are utilized for the relaxation and
static calculations, respectively. Geometries are fully
optimized until the maximum residual force is less than
0.005 eV/A on each atom. Despite of the PBE func-
tional, we also check whether a Hubbard U is needed to
apply on the Fe atoms. Using the FeMoN, bulk as a
reference, we find that with a common effective U value
of 34 eV on the Fe 3d orbitals [43], the PBE+ U calcula-
tion shows the FeMoN, bulk is an indirect semiconduc-
tor, which is in sharp contrast to the metallic behaviour
from the experimental observation [44]. When a small U
value of 1-2 eV is utilized, the PBE+ U results are very
similar to the PBE ones. Since the PBE calculation can
predict reasonable result on the FeMoN, bulk, the
Hubbard U is not employed in the present work.
Instead, a hybrid functional of Heyd—Scuseria—Ernzerhof
(HSE) is further used to examine the semiconducting
behavior, which adopts the HSE06 form with a screening
parameter of 0.2 A=!. The dynamic stability of systems
is examined by the Phonopy code [45], and the thermal
stability is checked by the ab initio molecular dynamic
(AIMD) simulations, which are performed on a canonical

(NVT) ensemble with a Nosé thermostat at 500 K. The
step time is set to 1 fs and the total simulated time is
10 ps, i.e., 10* steps.

3 Results and discussion

3.1  Structure and stability of MoSisN4(FeN) monolayer

The geometrical structure of MoSi,N,(FeN) monolayer
is depicted in Fig. 1(a), which is composed of nine
atomic layers with a stacking sequence of N—Si-N-Mo—
N-Fe-N-Si-N. It is a
MoSi, N4 (MoN) monolayer and can be viewed as the

heterogeneous cousin  of
overlapping MoN, and FeN, layers sandwiched between
two buckled SiN honeycombs. The Mo atoms form a
trigonal prismatic (H) geometry with the six neighboring
N atoms, while the Fe atoms have an octahedral (T)
geometry instead. Such Hy,—Ty. stacking structure is
energetically more stable than the Hyo—Hre, Tiio—Hre,
and Ty,,—Tg. ones by 0.77, 1.43, and 0.74 eV per formula
unit (f.u.), respectively. The favorable geometry of

MoSiy Ny (FeN) monolayer is consistent with the
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FeMoN, bulk, where alternated Mo and Fe layers adopt
the trigonal prismatic and octahedral geometries, respec-
tively [44]. The electron localization function (ELF) of
MoSiy N4 (FeN) monolayer is further provided in Fig. S1
of the Electronic Supplementary Materials (ESM). It
can be seen that for the Fe-N and Mo—N bonds, electrons
are mainly localized around the N atoms, indicating
these bonds exhibit an ionic bonding character. On the
other hand, the Si—N bonds present a covalent nature,
for which the electrons are localized in the middle region
between Si and N atoms. The in-plane lattice constant
(a) of the MoSi,N,(FeN) monolayer is 2.89 A, which is
similar to those of the FeMoN, bulk (2.84 A) [44] and
MoSi, N4 (MoN) monolayer (2.91 A) [38]. The thickness
between the top and bottom N atomic layers is 9.39 A, a
little smaller than the MoSi, N, (MoN) one (9.77 A) [38].
This is mainly attributed to the smaller thicknesses of
FeN, layer (2.32 A) in the MoSi,N,(FeN) monolayer
than that of the MoN, layer (2.63 A) in the
MoSiy Ny (MoN)  counterpart. When the spin-orbit
coupling (SOC) effect is included in the structural relax-
ation, the obtained lattice constant and thickness are
2.89 and 9.40 A, which are similar to the PBE results.
The PBE+ U calculations with different U values of 1-
4 eV are further performed on the MoSi, N, (FeN) mono-
layer. As shown in Fig. S2 of the ESM, the in-plane
lattice constant a is insensitive to the U value, which is
always around 2.90 A. On the other hand, the thickness
of FeN, layer is varied with the increase of U, and the
charge transfer between Fe and N atoms is also changed
evidently under different U values. Consequentially, the
electrostatic potential difference in the MoSi,N,(FeN)
monolayer exhibit a noticeable U-dependent behavior.
In the literature, the common used U value for the
Fe d orbitals is 3-4 eV [43], but we find it is inappro-
priate for the layered iron molybdenum nitride as stated
in the method section. For small U values less than
2 eV, the PBE+U results resemble the PBE ones. Thus
the Hubbard U is ignored for the MoSi; N, (FeN) mono-
layer.

The cohesive energy (FE.n), defined as the difference
between the total energy of compound and the sum of
energies of composed atoms, is calculated for the
MoSi, N, (FeN) monolayer as shown in Fig. 1(b). Following
this definition, a more negative E., value corresponds
to a more energetically stable structure. The obtained
Econ of MoSiyNy(FeN) monolayer is —5.85 eV /atom,
which is comparable to the data of MoSi,N,(MoN)
(-6.11 eV/atom) and MoSi,N, monolayers (-6.12 eV/
atom), and is evidently more negative than those of
the H-MoS, (-5.11 eV/atom) and T’-MoS, (—4.93 eV/
atom) monolayers. It indicates the MoSi,N,(FeN)
monolayer will have a good energetic stability akin to
these experimentally synthesized Mo-based 2D materi-
als. We further calculate the formation energy (FEgom) of
MoSi, N4 (FeN) monolayer, which is defined as FEgm =

(EMosisNs (FeN) — Emo—bulk — Ere—buk — 2Esi—buk — 5 EN2—gas)/9-
Here, the FEyosi,n,reny is  the total energy of
MoSiy N, (FeN) monolayer, Eyo_puk, Ere—bux and Fsi_pui
are the energies of Mo, Fe and Si atoms in their stable
bulk forms, and Eys_gs denotes the energy of an isolated
N, molecule. The corresponding FEg,., is calculated to
—0.69 eV /atom for the MoSi,N,(FeN) monolayer. Such
negative Epm,, value indicates the formation of
MoSiy; N4 (FeN) monolayer will be an exothermic process
from the elemental compounds of its components, which
is advantageous for the experimental synthesis. The
phonon dispersions of MoSi;N,(FeN) monolayer are
calculated to verify its dynamical stability in Fig. 1(c).
It can be seen that there are no soft modes and all the
frequencies in the Brillion zone are positive, demonstrating
the robust dynamical stability of MoSi,N,(FeN) mono-
layer. The AIMD simulation is further performed on the
MoSi; N4 (FeN) monolayer as shown in Fig. 1(d). The
temperature and total energy just fluctuate around the
equilibrium value without sudden changes during the
10 ps simulation. The structural integrity of system is
well preserved after the AIMD simulation and there is
no bond breaking in the final structure. This confirms
the good thermal stability of MoSi,N4(FeN) monolayer
at a temperature of 500 K.

Besides that, utilizing the energy-vs-strain method,
the elastic constants of MoSi;N,(FeN) monolayer are
obtained as C;; =615 and O, = 189 N/m, respectively.
These values satisfy the Born-Huang criteria for a 2D
hexagonal lattice (Cy; > Ci2 >0) [46], confirming the
mechanical stability of MoSisN4(FeN) monolayer. The
corresponding Young’s modulus (V) is evaluated as
Y = (C% —C%)/[Ci1 x (d+2ry)] [38], where d is the
thickness of system and ry is the van der Waals radius
of surface N atom. For the MoSi;N,(FeN) monolayer,
the Young’s modulus Y is calculated as 446 GPa, which
is comparable to those of MoSi,N,(MoN) and MoSi, N,
systems (490 and 491.4+139.1 GPa) [1, 38]. Its Poisson
ratio (v) is evaluated as v = Cy5/Cy; = 0.31, which is also
similar to the MoSi, N, (MoN) and MoSi,N, cases (0.25
and 0.28) [14, 38]. The corresponding 2D stiffness (Cop)
of MoSi,N,(FeN) monolayer is calculated as
Cop = 2(C11 + C12) = 1608 N/m. Utilizing this value, the
gravity-induced out-of-plane deformation (hy) is estimated
as hq/L = {/pgL/Cap, where p is the density of 2D materials
and L is the typical size of samples, which normally
adopts L =100 um [47]. Here, the hy/L of
MoSi; N4 (FeN) monolayer is evaluated to 1.57 x 1074,
which is similar to the graphene and MoS, cases
(~107*) [47]. It demonstrates that the MoSiyN4(FeN)
monolayer can well withstand its own weight in the free-
standing form. Therefore, combined with the good ener-
getic, dynamical, and thermal stability, the
MoSiy; N, (FeN) monolayer is confirmed as a stable 2D
system, which will be possibly synthesized by similar
methods used for the MoSi,N, and MoSi,N,(MoN),

ones.
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3.2 Bipolar magnetic semiconducting feature in the

MoSisNy(FeN) monolayer

Previous study has found that the MoSi,N,(MoN)
system is a nonmagnetic metal [48]. For the
MoSi, N4 (FeN) monolayer, we firstly perform a non-spin-
polarized calculation on it. As displayed in Fig. S3 of the
ESM, there is a narrow band across the Fermi level,
which gives rise to a large peak in the density of states
(DOSs) at the Fermi level. According to the Stoner
theory, a spontaneous spin-polarization will occur in this
MoSi, N, (FeN) monolayer. To this end, a spin-polarized
calculation is further conducted, which shows the system
becomes magnetic with a total magnetic moment of
1 up/fou.. The energy gain of the spin-polarization,
defined as the energy difference between the nonmagnetic
(NM) and ferromagnetic (FM) states, is 0.09 eV /f.u. for
the MoSi,N,(FeN) monolayer. The corresponding spin
charge distribution is illustrated in Fig. 2(a), which indi-
cates the magnetism is mainly concentrated on the Fe
atoms. This is consistent with the Bader analysis, which
shows every Fe atom carries an atomic magnetic
moment of 0.97 up. Since the Fe-N-Fe bond angles are
close to 90° in the MoSi,N4(FeN) monolayer, according
to the Goodenough-Kanamori-Anderson rule [49], the
parallel coupling will be favored between adjacent Fe
atoms via the superexchange interactions. To confirm
this result, an antiferromagnetic (AFM) state in a
1 x /3 supercell is also constructed as shown in Fig. S4
of the ESM. It is found that such AFM state is
0.05 eV/f.u. less stable than the FM one, demonstrating
that the system has the FM ground state. The magnetic
anisotropy energy (MAE), defined as the energy difference
between the systems with the magnetization aligned
along the in-plane z and out-of-plane 2z directions
(ABwag = B — Fow), is determined through a non-
collinear spin-polarized calculation. The MAE value is
obtained to 118 peV in the MoSi,N,(FeN) monolayer.
We have also compared the energies of systems with the
magnetization along the in-plane z and y directions.
Their energies are found to be degenerate owing to the
in-plane structural isotropy. The positive AEyag value is
primarily originated from the hybridization between the
dyy and d,2_, orbitals of Fe atom as shown in Fig. 2(b),
which manifests the MoSi;Ny(FeN) monolayer has an
out-of-plane magnetization. It will lift the Mermin—
Wagner restriction and help to maintain a long-range
FM order in the 2D system [50]. Thus for the
MoSi, N4 (FeN) monolayer, a spin model is further
constructed, which adopts a Heisenberg Hamiltonian of
H=-J35:8; — AY (57)2. Here, J is the nearest-neighbor
exchange parameter, A is the anisotropy energy parameter
and S is the spin vector at the Fe site, respectively.
Since the magnetic moment of Fe atom is close to 1 up,
|S| is set to 1, J and A are obtained to 12.5 and
0.118 meV, respectively. The corresponding Monte Carlo

(MC) simulation is performed as shown in Fig. 2(a). It
can be seen that the magnetization is rapidly decreased
to zero in the range of 125-175 K and a specific heat
peak appears around 155 K. Thus, based on the Heisenberg
model, the estimated Curie temperature (T¢) is about
155 K for the MoSi, N4 (FeN) monolayer, which is larger
than the liquid-nitrogen temperature. The T of
MoSi,; N, (FeN) monolayer is further estimated from the
Heisenberg model including the neighboring
couplings. A similar value of 160 K is obtained as shown
in Fig. S4 of the ESM, which indicates the next-nearest-
neighbor exchange coupling has a negligible effect on the
Curie temperature. Similar result has also been found in
the monolayer perovskite Rb,CuCly, where the FM
exchange is primarily contributed by the nearest-neighbor
interaction [51].

The band structures of MoSi,N,(FeN) monolayer at
the FM state are displayed in Figs. 2(c) and (d). It can
be seen that PBE calculation shows the MoSi; N, (FeN)
system is a half-metal, while the HSE calculation indicates
it is a FM semiconductor. Similar phenomena are also
reported in the magnetic NbSi,N,, VSi,N,, and VSi,P,
systems, for which the PBE and HSE calculations obtain
metallic and semiconducting behaviors, respectively [52].
Such discrepancy between the PBE and HSE results is
attributed to that the PBE functional predicts small
exchange splitting of d-elements, while the HSE one
includes a portion of exact exchange and could better
capture it [53]. Here, for the MoSi, N, (FeN) system, the
PBE calculation obtains a small exchange splitting of
1.08 eV for the Fe d,» orbital. Consequently, the bottom
conduction band of spin down electrons is below the
Fermi level around the K point. On the other hand, the
exchange splitting rises to 4.33 eV in the HSE calcula-
tion. The corresponding bottom conduction band is up
shifted above the Fermi level and the MoSi,N,(FeN)
system exhibits a semiconducting behavior. It would be
noted that the spin up and down bands are staggered
around the Fermi level as shown in Fig. 2(d), which is a
typical bipolar magnetic feature. The valence band
maximum (VBM) and conduction band minimum
(CBM) have different spins and they are located at the
I and K points, respectively. Thus, the MoSi, N, (FeN)
monolayer is an indirect bipolar semiconductor with a
band gap of 1.58 eV. The corresponding spin-flip gap in
the valence and conduction bands are 0.26 and 0.25 eV,
respectively. When the Fermi level moves into these gap
regions by electrical gating, a half metal with the
controllable polarization direction will be realized [54].
The total and partial DOSs (PDOSs) in Fig. 2(e) indicate
the states around the Fermi level are mainly composed
of the d states of Fe and Mo atoms. The charge densities
of the VBM and CBM in Fig. 2(d) show that the VBM
is mainly composed of the Fe d,. orbital and the N p,
state also makes a small contribution, while the CBM is
primarily composed of the Mo d,. state. Since the
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Fig. 2 (a) The spin charge density and MC simulation result of the MoSi»N4(FeN) system, and (b) the atomic contributions
of its MAE data. The spin-polarized band structures of MoSi»N4(FeN) monolayer by the (¢) PBE and (d) HSE calculations.
(e) The total and partial DOSs of MoSi>N4(FeN) monolayer, and (f) the orbital-resolved DOSs for the Fe d orbitals.

magnetism is mainly contributed by the Fe atoms,
Fig. 2(f) further depicts the orbital-resolved PDOSs of
Fe atoms. It can be seen that among these d orbitals,
there is a large spin splitting in the d,. state, which is
occupied for the spin up electrons but nearly empty for
the spin down ones. This result is consistent with the
spin charge distribution in Fig. 2(a). Through the
density derived electrostatic and chemical (DDEC)
charge analysis [55], the net atomic charge of Fe atom is
obtained as 1.47e¢, suggesting that it will have a +3
oxidation state with a d°® electron configuration in the

MoSi, N, (FeN) monolayer. Under the octahedral crystal
field, the Fe d orbitals will be split into the triple ¢,
and double e, states. Owing to the Janus geometrical
structure of system, the FeNg octahedron is distorted,
which will further split the t,, states into the double e
and single a,, states [56]. The lower e} states are fully
occupied by four electrons, and the a;, state is only half
filled by one electron, which leads to a net magnetic
moment of 1 gp/fau. in this system. The corresponding
HSE+SOC band structure is depicted in Fig. S5 of the
ESM. It can be seen that the VBM is still located at the
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Fig. 3 Model structures of the hydrogenated MoSi>N4(FeN)H monolayer with the H atoms on the Fe-side (a—e) and Mo-
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with the most stable model 3 structure.

I' point. Although the valley polarization occurs at
the K and K’ points in the HSE+SOC calculation, the
valley polarization value is merely 0.017 in the bottom
conduction band. As a result, the indirect band gap is
only slightly reduced by 0.01 eV after the inclusion of
SOC effect.

3.3 Geometrical structure of the hydrogenated

MoSipNy(FeN)H monolayer

For the 2D magnets, surface hydrogenation is an effective
strategy to tailor the electronic and magnetic properties,
which can enhance magnetic stability and raise the
Curie temperature [57, 58]. Since the MoSi,N,(FeN)
monolayer is a Janus structure, the semihydrogenated
geometry with hydrogen atoms on one side SiN surface

is feasibly formed. For the hydrogenated MoSi,N,(FeN)
system, i.e., the MoSi,N,(FeN)H one, ten possible
geometrical structures are taken into account as shown
in Figs. 3(a)—(j). To determine the most stable geometry
of MoSi,N,(FeN)H monolayer, the binding energy (FE,)
of H atoms is calculated as Ey=FEosi,n, (Fen)—FEMosioNy (FeNT
Ey. Here Eygsipn, e and  Eyesiongren) are the total
energies of systems with and without hydrogenation,
respectively, and Ey is the atomic energy of an isolated
H atom at the spin-polarized state. As shown in Fig. 4,
models 1 and 6 have the same H-T stacking structure
as the pristine MoSi;N,(FeN) system, where the H
atoms are located on top of the surface N atoms in the
upper (Fe-side) and lower (Mo-side) SiN surface, respec-
tively. The corresponding E, are calculated as —0.31 and
0.04 eV for the models 1 and 6, respectively, suggesting
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Fig. 4 (a) The variations of magnetization and specific heat versus the temperature from the MC simulation on the

MoSi>N4(FeN)H monolayer, and (b) the atomic contributions of MAE data in it.

The spin charge density of

MoSi, N4 (FeN)H monolayer is also displayed in the inset with an isosurface of 0.05 e/A?. (c) PBE and (d) HSE band structures
of MoSi>N,(FeN)H monolayer. (e, f) The orbital-resolved spin down band structures for Fe and Mo atoms, respectively.
Here, the blue, green, and purple dots represent the d.», d,2_,2, and d., orbitals.

that the Fe-side SiN surface is more easily hydrogenated
than the Mo-side one. According to the recent study
[59], the surface hydrogenation will induce a structural
transformation in the SiN layer. Thus, models 2 and 7
are constructed from models 1 and 6, where the Si
atoms in the hydrogenated SiN layer is transformed
from a tetrahedral coordination to an octahedral one. It
would be noted that the E, of models 2 and 7 are —1.68
and —0.65 e¢V/H, much lower than the ones of models 1

and 6. It indicates the transformation in the hydrogenated
SiN surface layer will greatly enhance the structural
stability of MoSi,N,(FeN)H monolayer. Based on
models 2 and 7, we further enumerate all the possible
combinations of the T- and H-phase geometries for the
metal atoms. As shown in Fig. 3(k), model 3, where
both the Fe and Mo atoms have the trigonal-prismatic
H-phase geometry, has the lowest E, of —1.75 eV/H. It
indicates that model 3 is the most stable geometry of
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MoSi,; Ny (FeN)H monolayer. Similar to the group-V
MSi, N, systems [59], the hydrogenation will also induce
a structural transformation in the MoSisN4(FeN) mono-
layer, where both the coordinations of Si and metal
atoms can be changed by the surface hydrogenation.

In the following, we mainly focus on the most energet-
ically stable structure, i.e., model 3 of the
MoSis Ny (FeN)H monolayer. The structural stability of
this system is examined from the mechanical, dynamical
and thermal perspectives. The elastic constants are
calculated as C;; = 619 and C;» = 176 N/m, respec-
tively. These values satisfy the Born—Huang criteria and
confirm the mechanical stability. The phonon dispersions
are displayed in Fig. 3(1), which shows no soft modes are
present in the MoSi,N,(FeN)H monolayer. The corre-
sponding AIMD simulation results are depicted in
Fig. 3(m). It can be seen that the structural integrity is
well kept during the AIMD simulation at 500 K, which
has no bond breaking in the final configuration. Thus, it
can be inferred that the MoSi,N,(FeN)H monolayer
possesses robust structural stability, which is condu-
cive to the experimental synthesis and practical applica-
tions.

3.4  Magnetic and electronic properties of the

hydrogenated system

Compared to the pristine MoSi,N4(FeN) system, the
hydrogenation raises the total magnetic moment to
4.0 up/f.u.. Every Fe atom carries a larger atomic magne-
tic moment of 3.41 up in the MoSi,N,(FeN)H mono-
layer. Such increase is mainly attributed to the changes
of d electron number and coordination of Fe atoms.
Utilizing the DDEC charge analysis, the net atomic
charge of Fe atom is found to decrease to 1.13 e in the
MoSi, N, (FeN)H system. It suggests the oxidation state
of Fe atoms is reduced from +3 to +2, which leads to a
d® electron configuration in the hydrogenated system. In
the MoSi,N,(FeN)H monolayer, the Fe atoms has a
trigonal prismatic coordination, which will split the d
orbitals into the singlet d.. and doubly degenerate
dyy/a2—y2 and d,.,,. states. It is found that there is a
remarkable spin splitting in the Fe d states, which is
larger than 3 eV from the PBE calculation. Thus,
following the Hund’s rule, the Fe atoms have a high spin
state of d°™ in the MoSiyNy(FeN)H monolayer. The
spin up Fe d states are fully occupied, while the spin
down ones are only partially filled with one d electron,
which results in a net magnetic moment of 4 up/fu.,
much bigger than that of pristine MoSi, N, (FeN) system
(1 up/fau.). In addition to the increased magnetic mo-
ment, the energetic stability of ferromagnetism is also
enhanced. Compared to the AFM order, the FM state is
energetically more favourable by 0.10 eV/fu. in the
hydrogenated system, which is twice the value of
MoSis N4 (FeN) monolayer (0.05 eV/f.u.). Moreover, the

MAE of MoSi,N,(FeN)H monolayer also rises to
697 peV as shown in Fig. 4(b), and the positive MAE
mainly stems from the hybridization between Fe d,, and
dy2/dy2_y2 /dyy orbitals. Since the spin charges are mainly
localized on the Fe atoms, a similar Hamiltonian
formula is adopted as the pristine system in the MC
simulation. The |S]| is set to 2, and J and A are adopted
to 6.45 and 0.17 meV for the MoSi,N,(FeN)H system.
From the MC simulation result in Fig. 4(a), the estimated
Curie temperature of MoSi,N,(FeN)H monolayer is
310 K around room temperature. Therefore, through the
surface hydrogenation, an intriguing room-temperature
ferromagnetism emerges in the MoSi,N,(FeN)H mono-
layer. Such high T value is comparable to the values of
Ru(OH), (306 K [60]), T-CrTe, (~300 K [61]), and VS,
(292 K [62]) monolayers, and is much higher than the
experimentally synthesized Crl; (45 K [63]), CraGesTeg
(30 K [64]) and Fe3GeTe, (20 K [65]) systems.

More interestingly, different from the pristine
MoSi; Ny (FeN) system, the hydrogenated
MoSi, N4 (FeN)H monolayer exhibits a spin-gapless semi-
conducting behavior. Figure 4(c) illustrates the PBE
band structure, which shows the spin up bands are semi-
conducting with an indirect band gap of 1.06 eV. While
the spin down bands exhibit a zero-gap characteristic
with the top valence and bottom conduction bands
touching each other at the I' point. Similar results are
also obtained by the HSE calculation in Fig. 4(d), which
shows the gap size in the spin up bands is enlarged to
1.96 eV while the spin down bands still present a spin-
gapless feature. Such half-metallic behavior is similar to
the Mg,N, system [66], but is different from the
CrSiTes system, which is a magnetic second-order topo-
logical insulator with the semiconducting feature [67].
The orbital-resolved band structures for Fe and Mo
atoms are depicted in Figs. 4(e) and (f), respectively. It
can be seen that the top valence and bottom conduction
bands in the spin down channel are mainly originated
from the d,, and d,»_,. orbitals of Fe atoms. This is in
accordance with the partial charge densities in Fig. 4(c)
showing that the degenerate bands at the T' point are
composed of the in-plane d states of Fe atoms.

3.5 Quantum anomalous Hall insulating state in the

MoSi, Ny (FeN)H monolayer

It would be noted that when the SOC effect is taken
into account, the degeneracy at the I' point is lifted in
the MoSi,N,(FeN)H monolayer. A local band gap of
0.073 eV is opened at the T' point as shown in Fig. 5(a).
Since the CBM is no longer at the I' point but is located
along the I''K line, the global band gap becomes
0.045 eV from the PBE+SOC result. Such gap opening
is verified by the HSE+SOC calculation in Fig. 5(b),
which obtains a larger local gap of 0.40 eV at the T'
point and a bigger global gap of 0.23 eV in the
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Fig. 5 (a) PBE+SOC and (b) HSE+SOC band structures of MoSioN,(FeN)H monolayer. (c) The anomalous Hall
conductance and (d) edge state of MoSi»N4(FeN)H monolayer. (e) The low-energy band structures without and with the
SOC effect. The dots represent the data from the first-principles calculation and the lines stand for the result from the model
Hamiltonian. (f) The berry curvature of MoSi> N, (FeN)H monolayer around the I point from the model Hamiltonian.

MoSi, N4 (FeN)H system. Such a SOC-induced band gap
suggests the system will possess a nontrivial topological
feature. To this end, a wannier interpolation is carried
out on the PBE+SOC result and the anomalous Hall
conductivity (AHC) is calculated as shown in Fig. 6(c).
Here, the AHC value is related to the Chern number
(C) from the formula of o,, = C’%. The Chern number
can be directly calculated by integrating the Berry
curvature Q(k) over the first Brillouin zone as

_ 1 2
0_%/%9(1@)(1 k,

2Im <\I/nk |I/x |\IIn’k:> <\Ijn’k |l/y |\Ilnk>
E?, —E2 ’

n n'#n

where n is the band index, E, and ¥, are the eigenvalue
and eigenstate of band n, v, and v, are the operator
components along the z and y directions, and f, =1 for
all the occupied bands below the Fermi level [68, 69]. As
displayed in Fig. 5(c), there is a quantized plateau of
1 e?/h when the Fermi level lies in the gap region. Thus
the MoSi,N,(FeN)H monolayer has a nonzero Chern
number of C = 1, which is similar to the Nb,O3 one [70,
71]. This manifests the system will be an intriguing
quantum anomalous Hall insulator. The corresponding
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Fig. 6 (a, b) The band structures of MoSi>N4(FeN)H monolayer under strains of ¢ = —6%, —3%, 0%, 3% and 6% without
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orbital-resolved spin down band structures at the compressive strains of ¢ = —4% and —6%, respectively. For clarity, only the

orbitals related to the band inversion are displayed.

edge state is further evaluated by the iterative Green
function method in Fig. 5(d). Clearly, there is one edge
state connecting the valence and conduction bands in
the bulk gap, which is consistent with the ¢ =1 result.
Such nontrivial topology is closely related to the exis-
tence of d—d band inversion. In the MoSi,N,(FeN)H
monolayer, both the Fe and Mo atoms have the trigonal
prismatic coordination, which will split their d states
into the singlet d.. and doubly degenerate d,,/,»_,» and
dy./y. states. Normally, the energies of these states
follow the order of E(d.:) < E(dyym2—y2) < E(dyy/y.)
under the trigonal prismatic crystal field [72]. Since the

Fe and Mo atoms face each other directly in the
MoSi, N4 (FeN)H monolayer, their d,. states will
hybridize with each other, forming the bonding df, and
antibonding d_, ones. As shown in Figs. 5(e) and (f), the
antibonding d_, state is located above the d,,/,2_,. ones,
which is in sharp contrast to the normal order of these d
orbitals. It demonstrates that there is a d—d band inversion
in the MoSi, N, (FeN)H monolayer, which is responsible
for the appearance of the nontrivial topological charac-
teristic. Such band inversion between d,,/,>_,» and d.-
orbitals has also been reported in the H-phase RuCIBr
monolayer, which exhibits a quantum anomalous valley
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Hall effect [73].

To get more insights into the QAH behavior, the k- p
method is used to construct a two-band model for the
MoSiy Ny (FeN)H monolayer. According to the band
components of band edges, the basis sets are chosen as
deg)e  ldeg)s  lde),  and o) with ) =
%(dmy +id,2_,2) and 1 (]) representing the spin up
(down) state. Note that when the magnetic interactions
and SOC effect are ignored, the time-reversal symmetry
and the threefold rotation symmetry (Cs,) are
preserved. Therefore the low-energy effective Hamiltonian
takes a block diagonalized form of

e1(k)+e  f(k) 0 0
oo fx(k) e2(k)+e 0 0
o= 0 0 a(k)+e  f(k) ’
0 0 fx(k) ea(k)+e

where f(k) is the hopping matrix element, which is an
even function of k¥ and takes the form of f(k) = bk% with
ky =k, +ik, due to the constraints of time-reversal
symmetry and (3, crystal symmetry. Similarly,
e1(k) = e2(k) = ak? with k=|k| due to the symmetry
constraints [74]. e is a correction energy relevant to the
Fermi energy. When the magnetic interactions are
considered, the exchange term can be expressed as
H., = —mo, ® I, where o, is the Pauli matrix and m
represents the effective exchange splitting between the
spin up and down states, and I, is the 2 x 2 identity
matrix. For the SOC effect, the additional term is
Hsoc = M\soS - L, which has a diagonalized form of
Hsoc = Asodiag[l,—1,—1,1] in the chosen basis sets. Since
the spin up Fe d states are far away the Fermi level,
only the spin down ones dominate the low-energy
physics of system. Thus, we can focus on the spin down
channel under the basis sets of |dy ) and |d_ ), and
combining the three terms of H,, H., and Hgoc, the
total Hamiltonian is

ak? +e+m — Ao

Hk,}) = ( o

bk%

ak®+e+m+ Ao )

Through solving the Hamiltonian, the eigenvalues are
obtained as Eyi(k)= (ak® +e+m)+/b2k* +22,. When
the SOC effect is neglected, we have E,(k)=
(a £b)k% + e+ m. Since the Fermi level is adopted to
0 eV, the constants of ¢ +m will be set to zero. Thus,
both E,(k) and E_(k) exhibit a quadratic dispersion
with k, which are degenerate at the I' point, consistent
with first-principles calculations. When the SOC effect is
taken into account, a finite \gsoc will lift the degeneracy
of E.(k) and E_(k) and opens a band gap of 2\soc at
the T point. Through fitting the E.(k) expressions to
the PBE and PBE+SOC results, the parameters are
obtained as a = -3.66 eV-A2, b = 4.45 e¢V.A2, and
Xso = 0.036 eV, respectively. From Fig. 5(e), it can be
seen that the k-p model can capture the main physics

of MoSiyNy(FeN)H monolayer around the TI' point.
Owing to the dissimilar electronic property, such k-p
model is inapplicable to the trivial MoSiaN,(FeN) one.
According to the Hamiltonian, the Berry curvature can

2 2

Q(k) = —7%’;]:4:’;2)3 . As
displayed in Fig. 6(f), the Berry curvature is nonzero
around the TI' point. Using the (k) expression, the
Chern number for the spin down states can be obtained
as C, =4 [, Q(k)d®k =—1. With the time-reversal
symmetry, we will have ¢4 = —C| =1. The spin Chern
number of system, defined as the half difference between
Chern numbers of spin up and down states [75], is calculated
as C = 1/2(04—-Cy) = 1 for the MoSi,N,(FeN)H
system. This result agrees well with the first-principles
data and proves the nontrivial topological character of
the MoSi, N, (FeN)H monolayer.

Finally, we investigate the strain effects on the
nontrivial topological feature of MoSi,N,(FeN)H mono-
layer. Homogeneous in-plane strain is applied to the
system as e = (a — ag)/ao x 100%, where a and qy are the
lattice constants with and without strain, respectively.
As shown in Figs. 6(a) and (b), under the tensile strains,
the top valence and bottom conduction bands always
touch each other at the I' point. The SOC effect opens a
nontrivial band gap, which maintains the intriguing
QAH state in the stretched MoSi, N, (FeN)H monolayer.
It would be noted that the conduction band edge at the
K point is declined by the tensile strain and drops below
the Fermi level when e > 6%. Although there is still a
local band gap at the I' point, the global band gap is
closed as shown in Fig. 6(b). Thus the MoSi, N, (FeN)H
monolayer is converted into a metal under large tensile
strains of € > 6%. On the other hand, when the compressive
strain is applied, the QAH state is preserved until
e = —5%. Then, the global gap is decreased rapidly to

be analytically obtained as

zero around e = —5.5% and reopened again at e = —6%.
Such band gap variation is closely related to the change
of band components of band edges. For the

MoSi, N4 (FeN)H monolayer, the d_, state at the I' point
is always located above the d,,/d,> , ones for the Fe
atoms when the strain e > —5%, demonstrating that the
d—d band inversion is preserved in the MoSiyN,(FeN)H
monolayer. Because the compressive strain raises the
distance between the Fe and Mo atoms, the hybridization
between them will be will weakened, which causes the
down shift of d_, state. Figure 6(e) depicts the orbital-
resolved spin down band structure of system under a
compressive strain of e = —4%. It can be seen that the
d_, state is still above the d,,/d,2_,» ones although the
energy difference between them is decreased from
0.55 eV under the strain-free state to 0.16 eV under the
strain of € = —4%. When the compressive strain exceeds
~5%, the d_, state is moved below the d,,/d,2_,. ones,
which diminishes the band inversion and causes a direct
band gap at the I' point even without the SOC effect.
This could be clearly visualized from the orbital-resolved
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Fig. 7 (a) The HSE band structure of WSi;N,(FeN) monolayer. (b) The HSE and (c) HSE+SOC band structures of
WSi, Ny (FeN)H system. (d) The corresponding edge state calculation on the WSi, N4 (FeN)H monolayer.

spin down band structure of system at e¢=—6% in
Fig. 6(f). Accompanied with the disappearance of d—d
band inversion, the compressed MoSi,N,(FeN)H mono-
layer undergoes a mnontrivial-to-trivial topological phase
transition. As displayed in Fig. 6(c), the quantized
plateau and edge states disappear, manifesting the
system becomes a trivial FM semiconductor at e = —6%.
Thus, a nontrivial-to-trivial phase transition will be
induced in the MoSisN,(FeN)H monolayer under large
compressive strains. It would be noted that for the free-
standing 2D materials, the basal plane will tend to
buckle under large compressive strains. In the experi-
ment, such buckling could be effectively suppressed by
enhancing the interfacial strength between the film and
substrate or the reinforcement of the film rigidity [76].
Since the MoSi,N4(FeN)H monolayer is a rigid system
with the large Young’s modulus, when it is supported on
a suitable substrate with enough interfacial adhesion,
the buckling will be suppressed in the strained system.
The QAH insulating state in MoSiyN,(FeN)H system is
robust against homogeneous strains within a wide range
of [-5%, 5%], which is advantageous for practical appli-
cations. In the experiment, external strains have been

realized on 2D systems by several methods, such as
bending, rolling, elongation, thermal expansion, and
piezoelectric gating techniques [77, 78]. Large strains
(>10%) have already been applied on the graphene,
MoS, and BN monolayers [77, 78], and for the
MoSi, Ny (FeN)H monolayer, the moderate strains
(<6%) will be possibly realized using similar approaches.

3.6 The electronic and topological properties of W-based

analogues

In addition to the MoSi,N,(FeN) and MoSi,N,(FeN)H
monolayers, the corresponding W-based analogues are
also investigated. For the WSi,N,(FeN) monolayer, it
still prefers the FM state and presents a bipolar
magnetic semiconducting feature. As shown in Fig. 7(a),
the VBM is located at the T' point in the spin up chan-
nel, while the CBM lies at the K point in the spin down
channel instead. The indirect gap size is 1.70 eV and the
spin-flip gap in the valence and conduction bands are
0.32 and 0.44 eV, respectively, which are both larger
than the values of MoSi;N,(FeN) system. Upon the
hydrogenation, the ferromagnetism is also enhanced in
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the WSiyN,(FeN) monolayer, whose total magnetic
moment is increased from 1 to 4 pp/f.u. and the Curie
temperature T is raised to 660 K. Just like the

MoSi, N, (FeN)H system, the hydrogenated
WSi, Ny (FeN)H  monolayer exhibits a spin-gapless
behaviour without the SOC effect. As shown in

Fig. 7(b), the spin up bands are semiconducting while
the spin down ones are gapless with the top valence and
bottom conduction bands touching each other at the T
point. When the SOC effect is taken into account, a
nontrivial gap is opened as shown in Fig. 7(c). Owing to
the heavier W element, the local band gap at the T
point is up to 0.52 eV and the global band gap in the
whole Brillouin zone becomes 0.31 eV, which is bigger
than the MoSi, N, (FeN)H one. The nontrivial topological
feature of WSiyNy(FeN)H monolayer is analyzed from
the edge states in Fig. 7(d). It can be seen that there is
one edge state in the bulk gap, which links the conduction
bands in the T-X line and touches the valence bands in
the ~X-T line. Such asymmetric behavior manifests the
E(—k) values are no longer equivalent to the E(k) ones
in the QAH state, which stems from broken time-reversal
symmetry and SOC effect [26]. Considering that the
nontrivial band gap and the Curie temperature are both
larger than the normal thermal fluctuation energy
(kT =~ 0.026 eV at 300 K), the WSi, N, (FeN)H monolayer
will be a promising material to realize the room-temper-
ature quantum anomalous Hall effect.

4 Conclusion

In summary, motivated by the recent synthesis of
MoSi, N4 (MoN),, compounds, we conduct a first-principles
study on the electronic, magnetic and topological properties
of MoSi, N, (FeN) system. Such MoSi, N4 (FeN) monolayer
is a cousin of MoSi,N,(MoN) and is composed of over-
lapped MoN and FeN layers sandwiched between the
SiN layers. It is found that (i) heterogeneous metal
atoms have different coordinations in the MoSi; N, (FeN)
system, which forms H-phase and T-phase geometries
for the MoN, and FeN, parts, respectively. Robust
structural stability is confirmed in the MoSi,N,(FeN)
monolayer from the energetic, mechanical, dynamical
and thermal perspectives. (ii) Different from the
MoSisNy4(MoN) system, the MoSi;N,(FeN) monolayer
possesses intrinsic ferromagnetism and presents a bipolar
magnetic semiconducting behaviour. The ferromagnetism
can be further enhanced by the surface hydrogenation,
which will raise the Curie temperature to 310 K around
room temperature. (iii) More importantly, the hydro-
genated MoSi,N,(FeN)H system becomes an intriguing
quantum anomalous Hall insulator with a sizeable band
gap of 0.23 eV. The nontrivial topological character can
be well described by a two-band k-p model, which
confirms a nonzero Chern number of ¢ =1. The QAH

insulating state is robust against strains, which is
preserved in a wide range of [-5%, 5%]. (iv) Similar
behaviours are present in the W-based counterparts,
where the pristine WSi, N, (FeN) monolayer is a bipolar
magnetic  semiconductor and the hydrogenated
WSi, Ny (FeN)H one will be a promising room-temperature
quantum anomalous Hall insulator. Our study demon-
strates that as a member of newly discovered
MA,Z4(MN),, family materials, the double transition-
metal MSiy N, (FeN) systems will be a fertile platform to
achieve fascinating spintronic and topological properties.
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