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. Introduction

Tunable abundant valley Hall effect and chiral
spin—valley locking in Janus monolayer VCGeN4t

P Xiao-Jing Dong, 2 ° Sheng-Shi Li, €22 Wei-Xiao Ji 22 and

*a,b

Kang Jia,
Chang-Wen Zhang

It is both conceptually and practically fascinating to explore fundamental research studies and practical
applications of two-dimensional systems with the tunable abundant valley Hall effect. In this work, based
on first-principles calculations, the tunable abundant valley Hall effect is proved to appear in Janus mono-
layer VCGeNy,. When the magnetization is along the out-of-plane direction, VCGeN, is an intrinsic ferro-
magnetic semiconductor with a valley feature. The intriguing spontaneous valley polarization exists in
VCGeNy4 due to the common influence of broken inversion and time-reversal symmetries, which makes it
easier to realize the anomalous valley Hall effect. Furthermore, we observe that the valley-non-equili-
brium quantum anomalous Hall effect is driven by external strain, which is located between two half-
valley-metal states. When reversing the magnetization, the spin flipping makes the position of the edge
state to change from one valley to another valley, demonstrating an intriguing behavior known as chiral
spin—valley locking. Although the easy magnetic axis orientation is along the in-plane direction, we can
utilize an external magnetic field to transform the magnetic axis orientation. Moreover, it is found that the
valley state, electronic and magnetic properties can be well regulated by the electric field. Our works
explore the mechanism of the tunable abundant valley Hall effect by applying an external strain and elec-
tric field, which provides a perfect platform to investigate the spin, valley, and topology.

Antiferromagnetic (AFM) materials (for instance, MnPS; and
MnPSe;) have been investigated as valley systems by first-prin-

Valley (a novel degree of freedom of carriers except spin and
charge) and relevant manipulations have become popular
topics recently,"* and they feature the appearance of extreme
values in energy band structures.>® Good valley systems
should possess degenerate and inequivalent valley properties
in the inequivalent K points within the momentum space.>®
For valley systems, eliminating the degeneracy to realize valley
polarization (VP) is regarded as one essential question in
valleytronics.””® Some attractive approaches have been put forward
to produce VP, such as static magnetic fields,”'® magnetic proxi-
mity effects,"'> optical pumping,"® and magnetic doping.'*"®
However, there are many challenges in these means. For instance,
the valley properties of host systems are usually submerged by the
magnetic proximity effect, and clusters are formed in the process
of magnetic doping and hence impurity scattering increases.
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ciples calculations.'® Lately, since spontaneous VP has hopefully
come into being, a method of coupling between ferromagnetic
(FM) ordering and valleys has been considered,"””™° stimulating
the exploration of the anomalous valley Hall effect (AVHE), and
these series of systems are referred to as ferrovalley (FV)
materials,"” which are widely researched. Several two-dimensional
(2D) FV materials with in-plane (IP) magnetization have been
found in the 2D transition-metal dichalcogenide (TMD) family,
comprising Cel,,*® ScBrl,>" Scl,,*> and LaBrI*> monolayers.
Nevertheless, the spontaneous VP of FV materials cannot appear
for IP magnetization. For the sake of achieving spontaneous VP,
it is noteworthy that an external magnetic field can induce the
magnetization direction from the IP to out-of-plane (OOP) orien-
tation, which is vital for the exploration of spintronic and valley-
tronic nanodevices.

In order to find good 2D FV materials with OOP magnetiza-
tion, many researchers have conducted very fascinating
studies. So far, several systems have been explored employing
first-principles calculations.?*?® Many halogen materials have
attracted wide attention, such as RuCl,,>® FeClBr,>® OsBr,,>’
and RuBr,,*® because their magnetic and electronic properties
can be controlled by substituting different halide atoms. Most
notably, through applying strain and varying the electronic cor-
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relation effect, topological phase transitions can be achieved
in RuCIBr,*® RuCl,,*® OsClBr,*° VCSiN,,*' and RuBr, *® mono-
layers. Inspired by many research studies on valleytronics and
spintronics,®° the combinations of topological properties
and FV states in many materials possibly trigger fresh physics
and phenomena.

Recently, one novel 2D system of the MSi,N, (M = Mo, W)
family has been experimentally synthesized by the chemical
vapor deposition (CVD) method,*® and researchers found that
this method can be utilized to synthesize numerous analogous
2D systems. This materials family possesses lots of intriguing
characters, containing topology, VP, transport, and
magnetism.*"™*° Ultrathick MoSi,N,(MoN), has also been
recently obtained experimentally®® and ultrathick MA,N,(M'N)-
intercalated monolayers have also been proposed,® which
arouse wide public concern. It is discovered that 2D Janus
TMD monolayers have been synthesized in experiment.>* As is
known to all, TMD and SiN layers are combined to obtain the
MSi,N, family. So, we boldly forecast that the preparation of
the Janus MSi,N, family can be realized. For the Janus MSi,N,
family, because the middle TMD layer is sandwiched by two
diverse layers, the mirror symmetry is broken. The spon-
taneous OOP dipole has a crucial influence on spin, electronic,
valley, and topology properties.

In this work, we found that Janus monolayer VCGeN, is an
intrinsic FM semiconductor with a valley feature, and the
interesting tunable abundant valley Hall effect is observed in
VCGeN,. Significantly, for OOP magnetization, VP can spon-
taneously appear on account of breaking of the inversion and
time-reversal symmetries, beneficial for exploring the AVHE.
Moreover, the valley-nonequilibrium quantum anomalous Hall
effect (VQAHE) can be induced between two half-valley-metal
(HVM) states by external strain. When reversing the magnetiza-
tion, the edge state is simultaneously transformed, which indi-
cates that VCGeN, shows an attractive behavior known as
chiral spin-valley locking. Our studies enrich systems with the
tunable abundant valley Hall effect and offer a fine candidate
in spintronic and valleytronic nanodevices.

lI. Computational details

Based on density functional theory (DFT), all calculations were
performed in the Vienna ab initio simulation package
(VASP)>*>* by employing the projector-augmented-wave (PAW)
method. The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) functional®® was utilized to
describe the correlation functional. The kinetic energy cutoff,
force, and energy convergence criterion were 500 €V, 0.01 eV
A™', and 107° eV, respectively. [-center Monkhorst-Pack grids
of 19 x 19 x 1 and 19 x 11 x 1 were adopted for the unit cell and
rectangle supercell, respectively. The PBE+U method® was
applied for the treatment of the 3d orbitals of V atoms and the U
value was set to 3.2 eV.>®* The band structure from the PBE+U
method was compared with that from the Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional.?” In order to prevent the
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influences of adjacent layers, a vacuum space of approximate
25 A was used. The phonon dispersion was acquired using a 3 x 3
x 1 supercell in the PHONOPY code.®"®® For acquiring the edge
state and Berry curvature, the maximally localized Wannier func-
tions were calculated using the WANNIER90 package.®***

Ill. Results and discussion

It is known that the MSi,N, family has four phases (a, B, v,
and & phases) by referring to previous research.®® We build the
four phases of VCGeN, and calculate their energies (see
Table S17). It is found that the o phase is the ground state. In
the subsequent discussion, the various properties of the o
phase are explored. The crystal structure of VCGeN, is exhibi-
ted in Fig. 1(a) and (b). It shows a hexagonal lattice and the
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(b)

(c)
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B

Fig.1 (a) Top and (b) side views of VCGeN,4. The green, purple, blue,
and red balls denote N, C, V, and Ge elements, respectively. (c) Phonon
dispersion of VCGeNy.

This journal is © The Royal Society of Chemistry 2024
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space group of P3m1 (no. 156). Each unit cell includes four N
atoms, one C atom, one V atom, and one Ge atom, which are
stacked with seven atomic layers in the order of N-C-N-V-N-
Ge-N. Each inner V atom is surrounded by six neighboring N
atoms, constituting a trigonal prismatic structure, and this
VN, layer is sandwiched by C-N and Ge-N bilayers. VCGeN,
can be obtained by changing the Ge (C) atom of one of the two
GeN (CN) bilayers in monolayer VGe,N, (VC,N,) with the C
(Ge) atom. The lattice constant of VCGeN, is optimized to
2.85 A. The phonon dispersion is investigated. As is displayed
in Fig. 1(c), all branches are positive in the entire Brillouin
zone (BZ), confirming that the VCGeN, is dynamically stable.

To research the stability of VCGeNy, the cohesive energy is
first calculated, which is defined as E.on, = (Ev + Ec + Ege + 4En
— Evcaen,)/7. Here, Ey, Ec, Ege, and Ey are the total energies of
the isolated V, C, Ge, and N atoms, while Eycgen, is the total
energy of the VCGeN, unit cell. The obtained E.,, is 4.08 eV
per unit cell. The relative large and positive value is compar-
able to those of theoretical and experimental 2D materials,
such as Cel, (3.14 eV per unit cell),’® phosphorene (3.48 eV
per unit cell),*® and Cu,Ge (3.17 eV per unit cell),*” indicating
that it is possible to synthesize VCGeN, in the laboratory. The
formation energy is also obtained from Egom, = (uy + pc + e +
4ty — Evcgen,)/7, Where uy, uc, pge, and uy are the energies of
per V, C, Ge, and N atom in the related stable bulk phases,
respectively. The Eg,p, is 2.62 eV per unit cell, which implies
that the synthesis of VCGeN, is an exothermic reaction.

Then, we perform Ab initio molecular dynamics (AIMD)
simulations to evaluate the thermal stability of VCGeN, at
room temperature. As shown in Fig. S1,1 the total energy fluc-
tuates around the equilibrium values and no destruction is
found in the final configuration, which suggests good thermal
stability. Moreover, the mechanical properties of VCGeN, are
investigated. Because of the hexagonal symmetry, VCGeN, has
two independent elastic constants (C;, and Cy,;), and the
acquired C;, and Cy; values are 142.08 Nm ' and 226.54
Nm™', respectively. The C;; values of VCGeN, meet the Born
criteria (Cy; > 0 and Cy;~Cy, > 0),°*7° confirming the mechani-
cal stability. In short, all these calculations jointly demonstrate
that VCGeN, has excellent structural stability.

The magnetic properties of VCGeN, are discussed. Our cal-
culation results illustrate that VCGeN, stabilizes into the FM
configuration, and the AFM state is 153 meV higher in energy
than its FM state using a rectangle supercell (see Fig. S27).
For VCGeN,, the bonding angle of V-N-V is 88.7°, close to
90°. In accordance with the Goodenough-Kanamori-
Anderson rules,””””? such a structural trait prefers the FM
state, consistent with our conclusions. The stable FM coup-
ling is prohibited for the 2D isotropic Heisenberg model, on
account of the Mermin-Wagner theorem.”* Nevertheless, the
long-range magnetic order is protected by finite magnetic
anisotropy. Hence, the stability of FM configuration in
VCGeN, is strongly related to its MAE, which mainly
includes the magnetocrystalline anisotropy (MCA) energy
Enca and the magnetic shape anisotropy (MSA) energy Epsa.
The Eyca and Eysa are induced by the SOC effect and the
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dipole-dipole (D-D) interaction, respectively. The D-D inter-
action can be written as

YR e I S v S S
Ep-p = 24n;jr3 {M‘ M; ry? (M’ rll)(jwj rlj) (1)

where M; (1\7IJ) is the local magnetic moment and 7; represents
vectors which connect sites j and i. The Eyca is defined as the
energy discrepancy between the IP and OOP magnetizations:
Envca = Exjy — E;. The calculated Eycs of VCGeN, is —48 peV.
The Epsa is obtained by the energy discrepancy with the mag-
netization orientation rotating from the IP direction to the
OOP direction. The calculated Ey;s, is —28 peV, hence the MAE
of VCGeN, is —76 peV. The negative (positive) MAE represents
that the easy magnetic axis is parallel (perpendicular) to the
plane. The calculated MAE (—76 peV) means that the easy mag-
netic axis direction is along the IP, which indicates that there
is no energy barrier for the rotation of the magnetic axis in the
xy plane.*® Therefore, VCGeN, is regarded as a 2D XY
magnet.”® For 2D XY magnets with typical triangle lattice struc-
tures, the Berezinskii-Kosterlitz-Thouless (BKT) magnetic
transition has been determined at a crucial temperature Tc.
Monte Carlo simulations are utilized to estimate the crucial
temperature T¢ = 1.335]/kg, where kg and J are the Boltzmann
constant and the nearest-neighbor (NN) exchange parameter,
respectively. The J is determined by the energy difference
between the AFM state energy Expy and FM state energy Erpy.
According to the AFM and FM configurations, the corres-
ponding energies of AFM and FM states can be acquired from
the following equations:

Epm = Eo — (6] + 24)S (2)
Enapm = Eo + (2] — 24)S? (3)

where E, and A are the total energy of the system and an-
isotropy parameter, respectively. The J can be calculated by

J = (Earm — Erm)/8S* (4)

The obtained J is 19.13 meV when S = 1 and the T is calcu-
lated to be 296 K.

The electronic and topological states of 2D materials are
influenced by the magnetic anisotropy.>>%” It is widely
known that the magnetization belongs to pseudovectors. For
the OOP FM system, the horizontal mirror symmetry of the
system can be maintained, but all vertical mirrors are broken.
The maintained horizontal mirror symmetry permits a non-
vanishing Chern number and spontaneous VP.”> Although the
easy magnetic axis orientation of VCGeN, is along the IP, we
can apply an external magnetic field to transform the magnetic
axis orientation, which brings new ideas to our research. The
effect of different electronic correlations (U values) on the elec-
tronic properties of the VCGeN, is explored to acquire the
accurate electronic structures. As shown in Fig. S3,T for 0.0 eV
<U<2.0eVand 2.5 €V < U < 4.0 eV, VCGeN, exhibits indirect
and direct band-gap semiconductor features, respectively. In
particular, when the U value increases to 3.2 eV (see Fig. 2(b)),

Nanoscale, 2024, 16, 8639-8649 | 8641
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Fig. 2 The band structures of VCGeN,4 (a) without SOC and with SOC
for the magnetization of V along the (b) positive Z, (c) negative Z, and (d)
positive X directions, respectively. For (a), the red (blue) lines denote the
spin-up (spin-down) direction.

the band structure is very consistent with that obtained using
the HSE06 functional (see Fig. S47). It is seen that the band
gap of 0.95 eV obtained using the HSE06 functional is larger
than that obtained by the PBE+U method. The U = 3.2 eV is
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chosen to discuss the valley and topology in the following
exploration.

The spin-polarized energy band structures of VCGeN, are
plotted in Fig. 2. Because of the exchange interaction, Fig. 2(a)
exhibits an evident spin splitting, and VCGeN, is a narrow
direct-band-gap semiconductor with a band-gap value of 0.22
eV. The conduction band minimum (CBM) and valence band
maximum (VBM) are located at the —K and +K points, which
are offered by the spin-up channels. For both the valence band
(VB) and the conduction band (CB), the energies of the +K and
—K valleys are degenerate. Some materials have valleys only in
the CB or VB. Notably, degenerate valleys are formed in both
the CB and VB, indicating that VCGeN, is a potential valleytro-
nic semiconductor. The d orbitals of V atoms lie in the trigonal
prismatic crystal fields and the d orbitals can split into d,, +
dy;, dyy + dxe)e and low-lying d.. orbitals. According to the
orbital-projected band structure (see Fig. 3), for the spin-up
channels, the only one electron occupies the d,.-controlled top
VB. It is expected that each V atom has the magnetic moment
of 1ug, which accords with our calculated value of 1.2ug.

When involving the SOC and OOP magnetic anisotropy, as
shown in Fig. 2(b), we find that the VP is induced. For the top
VB, the energy in the +K valley is smaller than that of the —K
valley and the spontaneous VP is 46 meV, while the VP of the
bottom CB is 2 meV. When the magnetization of V is reversed,
as shown in Fig. 2(c), the VPs of both the VB and CB are
flipped and the valleys are contributed by the spin-down chan-
nels. Fig. 2(b) and (c) indicate that VCGeN, is still a direct-
band-gap semiconductor and the band-gap value is 0.20 eV.
According to Fig. 2(d), the VP cannot be found with IP mag-
netic anisotropy.

The underlying physics of spontaneous VP in VCGeN, can
be comprehended to the combined influence of magnetic
exchange interaction and SOC. When involving magnetic
exchange interaction but excluding SOC, because of the
broken time-reversal symmetry, the spin splitting of energy
band structures in the —K and +K valleys is A5 = A0
(AKX = ET_K(J’K) - EJK(+K), where | and 1 represent spin-
down and spin-up channels, respectively.) Moreover, when

o

e
[

r +tK M -K r

o
o
n

Energy (eV)

o
W

-1.0

Fig. 3 The orbital-projected band structure of VCGeN4 when the mag-
netization is along the positive Z direction. The red and blue symbols
denote the dz and d,._,2/d,, orbital components of V, respectively.

This journal is © The Royal Society of Chemistry 2024
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excluding magnetic exchange interaction but considering SOC,
the spin splitting also appears in the —K and +K valleys.
However, due to the inversion symmetry breaking and time-
reversal symmetry protecting, the signs of the valley splitting
in the —K and +K valleys are opposite, but the absolute values
are the same, namely A;X, = —A}K.. Hence, when taking into
account both magnetic exchange interaction and SOC, the
spin splitting is A%+ Al in the —K valley and A% + Ag5c in
the +K valley, respectively, resulting in the interesting spon-
taneous VP.

As described above, for VCGeN,, the VP of the VB is
46 meV, nevertheless, that in the CB is inconspicuous. The
difference is relevant to the situation that valleys in the VB and
CB are dominated by different orbitals. As shown in Fig. 3, it
can be found that the —K and +K valleys in the CB are contrib-
uted by V-d,. orbitals, while the —K and +K valleys in the VB
are mainly dominated by d,, + d,._y» orbitals. We calculate the
total and partial density of states (DOS) of VCGeN,. As shown
in Fig. S5,F the bottom CB primarily consists of d,. orbitals of
V and the top VB is mainly composed of d,, + d,._,. orbitals of
V and minority p, orbitals of N, which is in agreement with
the orbital-resolved band structure (see Fig. 3). Because of the
significant role of SOC in the VP, in order to obtain the under-
lying physics, a simple model is employed:

FISOC :)‘i'gzﬁgoc "’I:Iéoc (5)

where [ is the orbital angular momentum and § is the spin
angular momentum. Hi,. and HY, represent the interactions
between opposite spin states and between the same spin
states, respectively. It can be seen that the —K and +K valleys in
the CB and VB only consist of the spin-up channel, while the
spin-down channel lies far away from the —K and +K valleys.
Hence, H}, can be ignored here. Considering HY, it can be
shown by the polar angles 8 and ¢:

A A0
Hsoc ®Hgng
(6)

a [+ 1. 0 s A i
=Sy (LZ cos 0 + ELJre”(" sin @ 4+ ~L_e" sin 6)

1
2
For the OOP magnetization orientation (6 = 0°), the Hgoc

can be written as
I‘Algoc = ASVZ . IA/Z = aﬁz (7)

Because the symmetry of VCGeN, is Cs,, we chose the fol-
lowing basis functions

) = |/ 2oy + il ®)

lpe) = |dz2) (9)

where 7, ¢, and v indicate the valley index, CB, and VB, respect-
ively. The energy levels of valleys in the CB and VB are

E¢ = (9t Hocle?) (10)
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Ey = (yHsocloy) (11)
Consequently, the VP between valleys is given by
AE, =E;* — E}* = i(dyy|Hsoc|ds—y ) (12)
— {{dye_ye|Hsoc|dyy) = 4a
AE. =EX-EX =0 (13)

In accordance with these discussions, the discrepancy of
the VP can be clearly comprehended. In particular, if the mag-
netization orientation is not taken into account, the VP of the
VB can be written as AE, = 4a cos 6 (6 = 90° and 0° represent IP
and OOP orientations, respectively), which explains that the VP
cannot be observed for the IP orientation (see Fig. 2(d)).

After verifying the spontaneous VP of VCGeN,, then the
Berry curvature £2(k) is investigated to evaluate its electronic
transport features, which is obtained by utilizing the following
Kudo formula:”®

ot =-S"%f 2000 (e |3 W) Wk [0 [ W) (14)

(En - En’)z

n n#n'

where f;, (wu|, and o, (v)) are the Fermi-Dirac distribution
function, the Bloch wave function related to the eigenvalue E,,,
and velocity operators, respectively. Fig. 4(a) and (b) display
the calculated (k) of VCGeN, over the 2D BZ and along the
high-symmetry path. It is obvious that in the vicinity of the —K
and +K valleys, the signs of £2(k) is opposite and the absolute

() +
+K
! A {
Ko ¥ oK
! i
< : r i
! i
: i
+K /5 +K
s e 1
X
X
(b) 60 : : :
i i i
40 . ; i
i i
2] | |
= E E
Y S S S
) i 5
-20- i !
i i
40 : 5
i i
ol : ~

r +K M -K T

Fig. 4 The Berry curvatures of VCGeNy, (a) in the BZ and (b) along the
high-symmetry points.
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values are not identical, illustrating the valley-contrasting
feature of VCGeN,. Consequently, for p-type VCGeN,, when the
longitudinal electric field is used, the holes can acquire oppo-
site transverse anomalous velocities in the —K and +K valleys,
because v « E x L. So, the spin-polarized AVHE can be
expected (see Fig. 4(a)). In addition, the absolute value of Q(k)
for the +K valley is smaller than that for the —K valley, and the
accumulation of net charge is observed (see Fig. 5(a)). It must
be stressed that the flip of spin polarization and valley cause
the absolute value of Q(k) for the —K and +K valleys to
exchange; nevertheless, the signs of (k) are not varied.
Moreover, the flipping of the magnetization can give rise to
the sign variation of the driven voltage, but its magnitude
remains unchanged (see Fig. 5(b)). Besides this, the FV pro-
perties are widely applied in multiple functional nanodevices.
Recently, Feng et al. proposed a novel concept of contact-
limited valley-contrasting current injection,”” which can gene-
rate gate-tunable valley-polarized injection current. It provides
a new idea for VP manipulation.

It is well known that epitaxial strain is an effective tool in
the manipulation of the topological, magnetic, and electronic
properties of 2D systems. Here, biaxial strain is introduced
into VCGeN,. The strain is defined as ¢ = (a — a,)/a,, where a
(ap) is the strained (unstrained) lattice constant. In our work,
we take into account a rational strain range of —5% < ¢ < 5%.
The positive (negative) & value refers to the tensile (compres-
sive) strain. We utilize a rectangle supercell to compare the

(a) 3
éé -K valley +K valley 6
¢ \ /v (:}
é /
¢
$ Eeq d 3 E"
(b) N -+ )

¢ | \
é -K valley

e +K valley Q
Eext ’

Q ECX(
Fig. 5 (a) Schematics of the AVHE in the —K and +K valleys for hole-
doped VCGeN,4 when the magnetization is along the +Z direction. (b)
Schematics of the Hall voltages for hole-doped VCGeN,4 when the mag-
netization is along the +Z (left) and —Z (right) directions, respectively.

The red and blue balls denote spin-up and spin-down carriers,
respectively.
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energy discrepancy between different magnetic configurations
(AFM and FM) under strain. According to Fig. S6,7 the FM
ground state is very stable in the investigated strain range. The
band structures of some representative ¢ values without SOC
are exhibited in Fig. S7.7 When —5% < ¢ < —3% and 4% < ¢ <
5%, VCGeN, is an indirect-gap semiconductor. For —2% < ¢ <
3%, VCGeN, has the direct-gap semiconductor character, so
this strain range will be emphatically explored in the following
research. Both the +K and —K valleys in the CB and VB are
occupied by the spin-up states.

Because the symmetry of 2D systems can be affected by the
direction of magnetic anisotropy, which can have important
impact on the electronic and topological states. First, we
assume that the magnetocrystalline direction of VCGeN, is
along the OOP for the considered strain range. The band struc-
tures of some representative ¢ values are shown in Fig. S8f and
the global band-gap versus strain is displayed in Fig. 6. The
consequences indicate that the band-gap obviously varies in

(a) 0.6

Strain (%)

Fig. 6 (a) The global band gaps with OOP magnetization as a function
of strain and (b) phase diagram exhibited with different strains. (c) Band
gaps in the +K and —K valleys as a function of strain.

This journal is © The Royal Society of Chemistry 2024
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various strains. In particular, when € = 1% or 1.4%, the system
turns into the HVM state, where two valleys are semiconductor
and metallic, respectively, and has 100% VP, which is similar
to the semi-metallic behaviour with 100% spin polarization in
spintronics. Because the SOC is always involved in the calcu-
lations, the perfect 100% spin polarization can be obtained in
the HVM state with the identical spin channel. For traditional
semi-metals, it is notable that spin-down and spin-up states
are usually mixed because of the SOC. For —2% < ¢ < 1%, the
global band-gap gradually decreases with increasing strains
and the HVM state vanishes, while the VP remains in the VB.
In particular, when 1.4% < ¢ < 3%, the VP remains in the CB,
and as the strain increases, the global band-gap increases. We
can observe some little band gaps between ¢ = 1% and 1.4%.

As previously mentioned, the diverse VP behavior can be
attributed to the contribution in the +K and —K valleys of the CB
and VB from diverse orbital components. In all strain regions,
the dy + dye_ye Or d,. orbitals of V atoms primarily occupy the +K
and —K valleys in the CB and VB. The orbital-resolved band struc-
tures of ¢ = 0.5%, 1.2%, and 2% are shown in Fig. S9.f When
1.4% < € < 5%, the d,» orbitals occupy the +K and —K valleys of
the VB, but the two valleys of the CB are from d,, + d,._ orbitals
(such as € = 2%). For 1% < ¢ < 1.4%, the orbital features in the
—K valley are not varied, and the d,, + d,._y. (d,2) orbitals occupy
the +K valleys in the VB (CB) (such as ¢ = 1.2%). When —5% < ¢ <
1%, we can acquire the opposite distributions (such as ¢ = 0.5%)
in contrast to the situations of 1.4% < & < 5%.

As the ¢ changes, the two-time inversions of orbital compo-
sitions can be observed together with the emergence of two
HVM states, which indicates that topological phase transition
may occur. The ¢ = 1.2% is chosen as an instance to prove our
consideration. As plotted in Fig. 7(a), a nontrivial chiral edge
state connects the VB and CB, demonstrating that VCGeN, fea-
tures a VQAHE and has a unit Chern number (C). On account
of the VBM and CBM being contributed by spin-up channels,
the chiral edge state has 100% spin polarization and spin-up
character. While the magnetization orientation of V is flipped,
the chiral edge state can be transformed correspondingly,
which is analogous to the flipping of VP. According to
Fig. 7(b), the edge state with spin-down channels and opposite
chirality can cross the bulk band gap and connect the CB and
the VB. In addition, the spin flipping makes the position of
edge state to shift from one valley to another valley, indicating
a pattern known as chiral spin-valley locking.

Because the variations of electronic states are closely con-
nected with the transition of £(k), the (k) distributions for ¢
= 0.5%, 1.2%, and 2% are plotted in Fig. S10.f According to
Fig. S10(a) and (d),T for & = 0.5%, 2(k) has opposite signs with
unequal absolute values in the +K and —K valleys for FV states,
demonstrating the classic valley-contrasting traits. Under ¢ =
1.2%, both the absolute value and sign of (k) in the —K valley
are changed (see Fig. S10(b) and (e)f) on account of the
appearance of topological phase transition. That is to say, the
magnitudes of Q(k) are inconsistent and the signs are
consistent in the two valleys for 1% < ¢ < 1.4%. Such a situ-
ation of £(k) can bring about non-zero C and non-trivial topo-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Edge states under ¢ = 1.2% along (a) the positive Z direction and
(b) the negative Z direction, respectively, for VCGeN,4 with OOP magne-
tization. (c) VP in both the VB (V) and CB (C) as a function of strain. (d)
Calculated MCA energy, MSA energy, and MAE as a function of strain.

logical C = 1 can be

1
C= Z—RJ d*k2(k), which is analogous to the nontrivial chiral
BZ

properties. obtained by

edge states (see Fig. 7(a) and (b)). When ¢ > 1.4%, the VQAHE
state transforms into the FV state, leading to the sign variation
of Q(k) in the +K valley (for instance, under ¢ = 2%, see
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Fig. S10(c) and S10(f)t). All in all, we can observe the sign-
reversal (k) in two valleys with increasing strain.

Tellingly, VCGeN, can realize spontaneous VP when the
magnetization direction is along the OOP, and the VP in the
top VB and bottom CB is observed (see Fig. S81 and Fig. 7(c)).
When 1.4% < e < 5%, a noticeable VP can be observed in the
bottom CB, but these in the top VB is almost be ignored.
Nevertheless, compared with the circumstance of 1.4% < ¢ <
5%, the distribution of the VP for —5% < ¢ < 1% is opposite.
We can account for these consequences utilizing the distri-
bution of different orbitals (d,, + ds._y. and d,. orbitals of V
atoms). For 1% < ¢ < 1.4%, the VP can be discovered in the VB
and CB, and VCGeN, features a VQAHE in this region.

The situations of the magnetocrystalline direction along IP are
explored. Some representative electronic structures are displayed
in Fig. S11f and the band gaps versus strain are shown in
Fig. S12.1+ When —2% < ¢ < 3%, with increasing strain, the band
gap initially decreases and drops to 0, afterwards reopens and
goes up. The band gap is closed in approximate ¢ = 1.2%, and we
cannot observe spontaneous VP and the VQAHE state. For —2.5%
< € £ 3.25% (except € = 1.2%), VCGeN, is a direct-band-gap semi-
conductor. When —5% < & < —2.5% and 3.25% < ¢ < 5%, VCGeN,
is an indirect-band-gap semiconductor. For ¢ = 1.2%, VCGeN,
has a semi-metal character. In brief, VCGeN, is a conventional
semi-metal or FM semiconductor.

Then, the influence of strain on MAE is discussed. The
MCA energy, MSA energy, and MAE vs. strain are plotted in
Fig. 7(d). According to Fig. 7(d), for —5% < & < 5%, the vari-
ation of MSA energy (—30 peV < Eyga < —26 peV) is relatively
stable and the negative MAE can be found all the time, mani-
festing that the magnetocrystalline direction of VCGeN, is
always along the IP in the investigated strain range.
Nevertheless, we can adjust the magnetization from the IP to
OOP via making use of an external magnetic field to overcome
the energy barrier, which will come into being intriguing elec-
tronic and topological states. For instance, when ¢ = 1.2%, the
energy barrier of around 58 peV corresponds to the application
of an external magnetic field of about 0.29-0.58 T. Moreover,
in order to comprehend the underlying physics of different
MAEs, the atom-projected MCA energy without strain is
obtained (see Fig. 8(a)). It is discovered that the IP MCA energy
is mainly contributed by the p and d orbitals of the V atom
(see Fig. 8(b) and (c)). The summations of orbital interaction
lead to the MCA energy, and the p and d orbitals of V in
VCGeN, offer values of —6.74 peV per f.u. and —38.62 peV per
f.u., respectively.

The electric field is always applied to tune the electronic
and magnetic features.”®’® Therefore, we explore the influence
of the electric field with a magnitude of 0.1-0.6 V A", The
magnetic interactions are discussed under the electric field. It
is found that VCGeN, maintains the FM state within an investi-
gated electric field range (see Fig. S1371), and the increasing
electric field can enhance the FM coupling. Fig. S14(a)} shows
the obtained results of MCA energy, MSA energy, and MAE
with the electric field. It is discovered that the MCA energy,
MSA energy, and MAE of VCGeN, are always negative, which
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Fig. 8 (a) Atom-resolved MCA energy and orbital-resolved MCA ener-
gies of (b) V-p and (c) V-d for VCGeN,.

shows that the easy magnetic axis direction is always along the
IP. According to Fig. S14(b),T due to the enhancement of FM
coupling with the electric field from 0.1 V A™ to 0.6 VA™?, the
Tc monotonically increases.

The electronic structures of VCGeN, under an electric field
E are investigated. For OOP magnetization, the variations of
the global band gap, the VP for the VB and CB versus E, and
the band structures at the representative E are shown in
Fig. S14(c), S14(d), and S15,f respectively. It is found that
VCGeN, is intrinsically a FV system for E between 0.1 V A™*
and 0.6 V A", The band gap increases with increasing E (when
0.1 VA™ < E < 0.6 VA™). As shown in Fig. S14(d) and S15,}
within the discussed E section, the VP of the VB is noteworthy,
but the VP of the CB is inconspicuous, which can be under-
stood by the situation of V-d orbitals. Fig. S167 presents the

This journal is © The Royal Society of Chemistry 2024
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Q(k) of VCGeN, under E = 0.1 V A" with SOC. It is found that
the Q(k) dominantly emerges in the +K and —K valleys with
unequal absolute values and opposite signs. Our works
demonstrate that many characteristics of 2D materials can well
regulated by the electric field, such as the valley state and elec-
tronic and magnetic properties.

IV. Conclusion

In summary, via first-principles calculations, the tunable abun-
dant valley Hall effect is reported in VCGeN,. VCGeN, is an
intrinsic ferromagnetic semiconductor and has a valley
feature. For OOP magnetization, arising from the breaking of
inversion and time-reversal symmetries, the VP can spon-
taneously occur, motivating the exploration of charge, spin,
and the AVHE. In addition, under tensile strain, band inver-
sion can be realized in the +K and —K valleys, which induces
the VQAHE. In particular, the valley feature can be maintained
with an external strain and electric field, manifesting that the
tunable abundant valley Hall effect exists in VCGeN,. All dis-
coveries greatly enrich the tunable abundant valley Hall effect
and point out a promising material for investigating the
tunable abundant valley Hall effect in experiment.
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