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Materials that integrate magnetism, miniaturization, and valley properties hold potential for spintronic and
valleytronic nanodevices. Recently, ferromagnetism was reported to be able to exist in the VSi,N; monolayer
which is half-metallic and belongs to a new kind of two-dimensional material [Hong et al., Science 369,
670 (2020)]. Using first-principles calculations and model analysis, we find that VSi,N, is a ferromagnetic
semiconductor harboring valley-contrasting physics and a magnetic critical temperature over room temperature.
By tuning magnetization orientation from in plane to out of plane, valley polarization can be generated, resulting
in the anomalous valley Hall effect in VSi;N4. Furthermore, we obtain the formula for energy splitting of
valleys and adopt a tight-binding model for VSi,N4, which elucidates the physical mechanism of spin-valley
coupling. More interestingly, under 4% tensile strain, the intrinsic magnetic anisotropy of VSi,N, becomes out
of plane, and spontaneous valley polarization is achieved. Our results highlight that VSi,N, is a good candidate

for spintronic and valleytronic applications.
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I. INTRODUCTION

The valley, which indicates the maximum of valence bands
or minimum of conduction bands, is a new degree of freedom
of carriers besides the charge and spin. The valley degree
of freedom can be used to encode, store, and transmit in-
formation, and due to large valley separation in reciprocal
space, the valley index is robust against the scatterings of
smooth deformations and phonons [1-5]. Therefore, materials
with valley characteristics are very promising in the next-
generation electronic devices with high storage density and
low energy consumption [6]. Because of the inversion sym-
metry breaking of structures and strong spin-orbit coupling
(SOC) from d orbitals in transition-metal atoms, 2H-phase
transition-metal dichalcogenides (2H TMDCs), such as MoS;,
MoSe,, WS, and WSe,, monolayers, have been demonstrated
to be able to harbor valley physics, and some interesting
phenomena including valley Hall effect [7,8], valley polariza-
tion [9,10], and the control of valley pseudospin [11-13] have
been realized in these systems. The key for developing the
practical valleytronic devices is inducing large valley polar-
ization. Optical pumping with circularly polarized light can
realize the valley polarization, but optical pumping is a dy-
namic process and requires complicated equipment, which is
inconvenient for practical devices. Another approach is using
magnetism, such as external magnetic field [14,15], magnetic
doping [16,17], and magnetic proximity effects [18,19], to
break valley degeneracy since the valleys are directly cou-
pled with spin. However, the valley polarization induced by
an external magnetic field is very small, about 0.1 meV/T:
Magnetic dopants tend to form clusters limiting the quality
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of the systems and, for magnetic proximity effects, the sub-
strate usually deforms electronic states of the host, and the
interlayer interaction is easily influenced by surface defects.
To overcome the above shortages, the materials are naturally
required to process intrinsic long-range ferromagnetism or
antiferromagnetism, miniaturization, and valley characters si-
multaneously.

Recently, MoSi,N4 and WSi,N4, which are a new type
of two-dimensional (2D) layered material, were synthesized
by the chemical vapor deposition (CVD) method; moreover,
it has been theoretically reported that the VSi;N; mono-
layer is a half-metallic ferromagnet and has the same crystal
structure as MoSip;N4 and WSipNy [20]. In this paper, via
first-principles calculations and model analysis, we unveil that
VSi,N4 monolayer is a ferromagnetic (FM) semiconductor
with valley properties. By tuning the magnetization orienta-
tion from in plane (IP) to out of plane (OOP), a large valley
polarization of 63.11 meV can be achieved. Furthermore, we
obtain a formula of energy splitting under SOC and adopt
a tight-binding model, which elucidates the physical picture
of spin-valley coupling in VSi;Ny. The valley polarization
and opposite Berry curvatures at —K and +K result in the
anomalous valley Hall effect (AVHE) in VSi;N4 when mag-
netization orientation is OOP. More interestingly, under 4%
tensile strain, the VSi;N4 monolayer can be tuned to a “fer-
rovalley” material [21] with a spontaneous valley polarization
of 71.71 meV. These results demonstrate that VSi,N4 mono-
layer can be a good candidate for spintronic and valleytronic
applications.

II. CALCULATION METHOD

All first-principles calculations within density functional
theory (DFT) are implemented in the Vienna ab initio

©2021 American Physical Society
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FIG. 1. (a) The top and side views of the crystal structure,
(b) electron localization function, (c) phonon dispersions, and (d)
magnetic anisotropy of VSi,N; monolayer. In (a), (b), the red, gray,
and blue balls represent V, N, and Si elements, respectively.

simulation package (VASP) [22—24]. The exchange-correlation
interaction is treated by the generalized gradient approxi-
mation (GGA) based on the Perdew-Burke-Ernzerhof (PBE)
function [25,26]. The cutoff energies for expanding plane
wave basis are 520 eV, and the convergence criterion of
electronic iteration is set to 10~/ eV. All structures are re-
laxed until Hellmann-Feynman force on each atom is less
than 0.001 eV/A. To describe strongly correlated 3d elec-
trons of V [21,27], the GGA+U method is applied (Usr =
3eV). Moreover, we compare band structures of VSi;N,4 ob-
tained from GGA-+U with that from the hybrid functional
HSEOQ6 [28], since the latter usually gives more accurate elec-
tronic states. The Brillouin zone is sampled using 17 x 17 x 1
and 13 x 13 x 1 T'-center k-point grids for GGA+U and
HSEOQ6, respectively. The phonon dispersions are calculated
by the PHONOPY code [29] with a 4 x 4 x 1 supercell. The
maximally localized Wannier functions (MLWFs) calculated
by the WANNIER90 package [30] are applied for obtaining the
Berry curvature and anomalous Hall conductivity.

III. RESULTS AND DISCUSSIONS

The crystal structure of a VSi,N4 monolayer is shown in
Fig. 1(a). VSi;N4 consists of septuple layers of N-Si-N-V-
N-Si-N, with atoms in each layer forming a two-dimensional
(2D) hexagonal lattice. The central V atom is coordinated by
six neighboring N atoms in a trigonal prismatic geometry, and
then this VN, layer is sandwiched by two Si-N bilayers. The
optimized lattice constant is 2.88 A which is consistent with
the previous theoretical result [20]. The crystal symmetry of
VSi,Ny is D3y, and the inversion symmetry is broken like 2H
TMDCs. We also find that VSi,N4 has a different formula
and structure compared with MXene. The latter has specific
formula M,,;1X,,T,, where M (early transition metal) layers
are interleaved by X (carbon/nitrogen) layers, and the sur-
face is terminated by T (oxygen/hydroxyl/fluorine) [31,32].
Furthermore, we calculate the electron localization function

[see Fig. 1(b)] to elucidate bonding types in VSi,N4. For
the nearest-neighboring (NN) V and N atoms, electrons are
mainly localized around N, which indicates an ionic bonding;
highly localized electrons between the NN Si and N atoms
suggest that there is covalent bonding between them. The
phonon spectra [see Fig. 1(c)] demonstrate that VSi;Ny is
dynamically stable.

Next, we focus on the magnetic properties of VSi;Ny. Ac-
cording to Goodenough-Kanamori-Anderson rules [33-35],
the superexchange coupling between two V atoms through an
intervening N atom is FM since the bonding angle of V-N-V
(90.26°) is very close to 90.00°. By comparing the energy
difference of FM and antiferromagnetic (AFM) states of a
2 x 1 x 1 supercell, we found that the NN exchange coupling
J between V atoms is FM with a magnitude of 29.70 meV.
To determine the magnetic anisotropy energy (MAE) of
VSi;Ny, we calculate the energy difference between different
spin directions of V atoms when SOC effect is considered.
Here, we choose the energy when the magnetization orien-
tation is parallel to the positive x axis (+x) as a reference,
and the corresponding coordinate is shown in Fig. 1(a). It can
be seen in Fig. 1(d) that VSi;Ns has an easy magnetization
plane; i.e., there is no energy consumption when magneti-
zation rotates in the plane of the 2D layer. The coexistence
of local magnetic moments (1.2 g in V 3d orbitals) and
easy magnetization plane indicates that VSi;Ns belongs to
the family of 2D XY magnets. For a 2D XY magnet, the
magnetic order can be stabilized under a finite size limit,
and the Berezinsky-Kosterlitz-Thouless transition [36] could
occur at a critical temperature (7;) which can be estimated
as T. = 0.89 J/kg [37,38], where the kg is the Boltzmann
constant. With J = 29.70 meV, we obtain that the 7, for
VSi;Ny is around 307 K, which is above room temperature.

For obtaining the accurate electronic states, we test the
influence of U on band structures of VSi;Ny monolayer
as shown in Fig. S1 in the Supplemental Material [39]. One
can see that the VSi,Ny is half-metallic when U,z = 0eV,
and as Uy increases, VSipNy becomes an indirect band-gap
semiconductor with valleys appearing at the —K and +K
points. When Uy increases to 3 eV, VSi; N4 becomes a direct
band-gap semiconductor (see Uy = 3eV of Fig. S1 [39]),
and the valence band maximum (VBM) and conduction band
minimum (CBM) consisting of electrons with the same spin
just locate at the —K and +K points, which is very consistent
with the band structure obtained from HSEQ6. These results
indicate that VSi,Ny is a material with valley properties. In
the following discussion, we choose U = 3eV to show
in detail how spin and valley are coupled with each other.
Since the magnetic anisotropy of VSi;Ny is IP, we calculate
the band structure when SOC is included with the magneti-
zation along + x, as shown in Fig. 2(a). One can see that
the valley degeneracy is still preserved. By overcoming an
energy barrier of 63.99 ueV, the magnetization orientation
can be tuned from IP to OOP, and a relatively large valley
polarization of 63.11 meV is induced [see Fig. 2(b)]. The
valley polarization is quantitatively defined as the energy
difference between VBM at —K and +K, AE = Evpm +x —
EvpMm,—k- One can see that this valley polarization only ap-
pears at valence bands while it is degenerate at conduction
bands. Notably, these results yield good comparison with the
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FIG. 2. The band structure of VSi;N4s monolayer with SOC
when the magnetization is along (a) +x and (b) +z. (c) The valley
polarization AE as a function of magnetization orientation. The
magnetization rotates from —z to +z. (d) The orbital-resolved band
structure of VSi, N4 monolayer with SOC when the magnetization is
along +z.

band structures obtained from HSE06+SOC as illustrated in
Fig. S2 [39], and an even larger polarization of 93.51 meV
is achieved via HSE06+4-SOC calculations. In Fig. 2(c), we
show the valley polarization as a function of magnetization
orientation. The value of valley polarization varies from 63.11
to —63.11 meV continuously when the magnetization rotates
from + z to — z. Next, we derive the formula for describing the
quantitative relationship between magnetization orientation
and valley polarization. Since the VBM and CBM of VSi;Ny
are both occupied by electrons with identical spin, we can
ignore the interaction between spin-up and spin-down states.
The SOC Hamiltonian can be written as [40,41]
Hye~ HS . = A8, (L cost+ %I:+e’i¢sin6+ %ﬁ_e“q’sine),
ey
where L. and $ represent the orbital angular momentum and
spin angular momentum, and (x v, z) and (¥, Y/, z) are the
coordinate systems for L and §, respectively. L, = L, + iL,,
and L_ =1L, — zLy. 0 and ¢ are polar angles which define
the spin orientation as shown in Fig. S3 in the Supplemental
Material [39]. The VBM and CBM are dominated by d,,,
d,»_y», and d orbitals of V atoms, respectively [see Fig. 2(d)].
The group symmetry of the —K and +K points is C3;. Ac-
cordingly, the basis functions are chosen as |{.) = |d2) and

= \/gﬂdxz_yz) +itl|dyy)), where T = %1 represents the
valley index. The energy levels for valleys at valence and con-

duction bands can be defined as E} = (¥ |H SOC [V ) and E,. =
(Ve |HO |W.), respectively. Consequently, the energy differ-
ence between valleys at the —K and 4K points is given by

Ef —E; =ildo_p|HQ |dy) — ildo|H |de ), (22)
EfY—E- =0. (2b)

Obviously, when the SOC effect is considered, the valley
degeneracy at the valence bands is broken while it still stays
degenerate for the conduction bands, which is consistent with
the calculated band structure of VSi,N4. The basis functions
|dy>—y2) and |d,y) have the form

|d2_y2) = 7 (ld12) + |d-2)), (3a)
1
dyy) = —=[—i(lds2) — |d-2))], 3b
|dxy) ﬁ[ (ld42) = 1d-2))] (3b)
which results in SOc|dxy) o —2icosf|dy_yp) +

isind (e"¢|d 1) —et®dy))and HY |d2_ ) o 2icosf|dyy) +
““g (e7*|d_,) + e*®|d,)). Inserting this relationship into

Eq. (2a), we obtain E;f — E;” o 4cosf which means that the
valley splitting will gradually disappear when spin rotates
from OOP to IP. This result is consistent with the variation
of valley splitting which is obtained from first-principles
calculations [see Fig. 2(c)]. Notably, the similar behavior of
valley polarization has also been reported in the Mn/WS, [17]
and NbsIg monolayer [38].

In addition, we construct an effective Hamiltonian for
VSi;Ny as the spin orientation along OOP:

soc

A
Hk)=I; ® |:vf(raxkx + oyky) + Eazi|

+18.(hos + hjoo) = S.(Buoy +Bio), (4

where the vy is the Fermi velocity, A is the gap, and A, (4;) is
the SOC parameter for the upper (lower) band. B, (B;) is the
effective exchange splitting for the upper (lower) band, which
originates from the intrinsic ferromagnetism of V atoms. In
this model, we choose the upper (lower) band instead of
the valence (conduction) band [21]. The S, and o, (o =
X, y, z) represent Pauli matrices for real spin and valley pseu-
dospin, respectively. oy is defined as %(00 =+ o0,). As shown in
Fig. S4 in the Supplemental Material [39], the band structures
obtained from the model agrees with DFT results very well,
with the fitting parameters in units of eV: vy = 2.15, A =
0.64, 1, = -0.0026, A, = 0.042, B, = 1.49, and B, = 0.73.
One can see that the value of effective exchange splitting
B, (B;) is large, reflecting the strong internal ferromagnetic
field of VSi,N,4 which splits the spin-down and spin-up states.
The combination of intrinsic FM coupling and SOC effect of
localized 3d electrons of V generates the valley polarization
in VSi;Ny when the magnetization is OOP.

The valley polarization can give rise to AVHE in VSipNy.
To demonstrate this, we calculate the Berry curvature of
VSi,Ny from Kubo formula derivation [42]:

_ (wnkwx“hn’k)(wwklvyhhnk)
2 ,;f”ﬂm Ev—E2 O

Qk) =
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FIG. 3. For the VSi,N4s monolayer: the distributions of Berry
curvature (a) in the whole Brillouin zone and (b) along the high-
symmetry points. (¢) The anomalous Hall conductivity as a function
of Er. (d) The schematics of the anomalous valley Hall effect un-
der hole doping (left panel) and light irradiation (right panel). The
magnetization is along +z. The electrons and holes in valley +K are
denoted by white —, + in the dark circles, and the red and blue arrows
represent spin-up and spin-down states.

where f, is the Fermi-Dirac distribution function, v is the
velocity operator, and E, is the eigenvalue of Bloch wave
function ;. Figures 3(a) and 3(b) show the calculated Berry
curvatures as a contour map in the whole 2D Brillouin zone
and as a curve along the high-symmetry path. The Berry
curvatures have opposite signs and different absolute values
at the —K and +K points while it close to zero at other points
in reciprocal space. Under an IP electrical field, the electrons
or holes will acquire an anomalous velocity v ~ E x Q(k).
For VSi;Ny, by shifting the Fermi level (Efr) between the —K
and +K valleys in the valence bands, the spin-up holes from
the +K valley move to one side of the sample under an IP
electrical field [see left panel in Fig. 3(d)], resulting in the net
Hall current. Based on the formula [43]

2

we calculated the anomalous Hall conductivity o,,. As shown
in the shadow area of Fig. 3(c), the valley-polarized oy, is
achieved when the Er falls between the VBM of the —K and
+K valleys, confirming the existence of AVHE. Moreover,
by the excitation of linearly polarized light with frequency
satisfying A x/h < w < A_g/h, the spin-up electrons and
spin-down holes from the +K valley will be generated and
accumulate on the opposite boundary of the sample under an
IP electrical field as shown in the right panel of Fig. 3(d).
Here, A,k and A_g represent the band gaps of the +K and
—K valleys, respectively.

To obtain valley polarization in VSi;Ny, the spin orienta-
tion is required to be OOP. However, the magnetic anisotropy
of pristine VSipNy is IP. We already know that MAE is nor-
mally dominated by electronic states nearby the Er and the
elements with relatively strong SOC [44,45]. Therefore, the
dyy, dy>_y2, and dp orbitals of the V atoms possibly play
crucial roles in determining the MAE of VSi;Ny. Since d,,
and d,>_,» are both IP orbitals, the MAE of VSi;N4 will be
effectively tuned by biaxial strain as indicated by the blue
line in Fig. 4(a). Notably, the magnetic anisotropy of VSi;Ny
is tuned from IP to OOP when tensile strain reaches 4%.
Moreover, as strain is in the range of 4%—-8%, valley prop-
erties are still preserved as shown in Fig. S5 [39]. Due to
the perpendicular magnetic anisotropy, the spontaneous valley
polarization around 70 meV [see the orange line in Fig. 4(a)]
has been generated in VSi;N4 under strain. Next, we choose
the VSi, N4 under 6% strain as an example to exhibit valley-
dependent transport properties. Figure S6 [39] shows the band
structures when SOC effect is considered, and one can see that
the valley polarization appears at CBM resulting from the oc-
cupation of d,, and d,>_,» states according to previous model
analysis. Similar to the pristine VSi;Ny4, Berry curvatures have
the opposite signs and different absolute values at the —K and
+K points as shown in Figs. 4(b) and 4(c). When the Ef is
shifted between the —K and +K valleys in the conduction
bands, spin-up electrons from the —K valley will acquire
the anomalous velocity [v ~ E x (k) ] and accumulate at

e
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FIG. 4. (a) The magnetic anisotropy (blue line) and valley polarization (orange line) as functions of strain. For the VSi,N, monolayer
under 6% tensile strain: the distributions of Berry curvature (b) in the whole Brillouin zone and (c) along the high-symmetry points. (d) The
anomalous Hall conductivity as a function of E. (e) The schematics of the anomalous valley Hall effect under electron doping (left panel) and
light irradiation (right panel). The magnetization is along +z. The electrons and holes in valley —K are denoted by dark —, + in the hollow
circles, and the red and blue arrows represent spin-up and spin-down states.

085421-4



SPIN-VALLEY COUPLING IN A TWO-DIMENSIONAL ...

PHYSICAL REVIEW B 103, 085421 (2021)

illustrated in the left panel of Fig. 4(e). Naturally, the valley-
polarized oy, is generated [see the shaded area of Fig. 4(d)],
which demonstrates the existence of AVHE in VSi, N4 under
strain. The spin-up electrons and spin-down holes from the
—K valley can also be excited by the linearly polarized light
of the frequency satisfying A_g/h < o < Ak /h and move
to the opposite sides of the sample under an IP electrical field
as shown in the right panel of Fig. 4(e).

IV. CONCLUSION

In summary, via first-principles calculations, we find that
the VSi, N4 monolayer is a ferromagnetic semiconductor with
valley-contrasting physics. The intrinsic VSi;Ny is a XY mag-
net with a magnetic critical temperature over 300 K. By
rotating the magnetization orientation from IP to OOP, the
valley polarization of 63.11 meV can be achieved on the va-
lence bands of VSi;Ny4, which results in the AVHE. Moreover,
based on model analysis, we unveil that valley splitting is

proportional to the cosine function of the polar angle 6 of spin,
and the combination of intrinsic FM exchange coupling and
SOC of localized 3d electrons of V gives rise to the valley de-
polarization in VSi; N4 when spin is OOP. More interestingly,
under 4% tensile strain, the magnetic anisotropy of VSipNy
can be tuned from IP to OOP, and spontaneous valley polar-
ization is generated, indicating that the AVHE can be realized
in VSi,N4 without manipulating the magnetization orienta-
tion. Our work unveils the spin-valley coupling in VSisNy,
which makes VSi;Ny hopefully applicable in valleytronic and
spintronic nanodevices.
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