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Janus VXY monolayers with tunable large Berry curvature
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Abstract: The Rashba effect and valley polarization provide a novel paradigm in quantum information technology. However,
practical materials are scarce. Here, we found a new class of Janus monolayers VXY (X = Cl, Br, I; Y = Se, Te) with excellent val-
ley polarization effect. In particular, Janus VBrSe shows Zeeman type spin splitting of 14 meV, large Berry curvature of 182.73 bohr?,
and, at the same time, a large Rashba parameter of 176.89 meV-A. We use the k:p theory to analyze the relationship between
the lattice constant and the curvature of the Berry. The Berry curvature can be adjusted by changing the lattice parameter,
which will greatly improve the transverse velocities of carriers and promote the efficiency of the valley Hall device. By applying
biaxial strain onto VBrSe, we can see that there is a correlation between Berry curvature and lattice constant, which further valid-
ates the above theory. All these results provide tantalizing opportunities for efficient spintronics and valleytronics.
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1. Introduction

Two-dimensional (2D) materials('¢! have become the
main topic of discussion because of their ample physical prop-
erties, after graphenel’! was successfully synthesized and be-
came a research hotspot. In recent years, a new type of intr-
insic degree of freedom "energy valley" of electrons has
been discovered and used to research and develop new elec-
tronic devices!®l. Similar to the electron spin degree of free-
dom, the energy valley degree of freedom is also called
pseudospin®-1"l, Compared with traditional devices, energy val-
ley devices have the advantages of fast calculation speed,
high integration, less information distortion, and low energy
consumption'2-14, Therefore, "valley electronics" has been
the focus of condensed matter in recent years.

The development of valley electronics is inseparable
from the research of 2D atomic layer materials, especially, 2D
transition metal dichalcogenides (TMDCs) have attracted wide-
spread attention as potential low-dimensional grain materi-
als’>l. Their spatial reversal symmetry is destroyed, with two
degenerates but not equivalent valley states produced at
the K point and K’ point of the Brillouin zone which is hexagon-
all'6-181 which are called K valley materials. TMDCs materials
have become an important research platform for studying en-
ergy valley effects and building energy valley devices. In addi-
tion to graphene and TMDCs, some 2D materials had been
calculated to exist valley-contrasting properties, such as Mn-
PSe;l"9, TI,0U9, and TI/SiCl29), MoSi,N,421, TiSiCO22],

Monolayer semiconductor MX, is composed of two lay-
ers of chalcogen atoms and a layer of transition metal atoms
stacked with ABA, so it only shows the mirror reflection sym-
metry of spin splitting caused by spin-orbit coupling (SOC) in
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the out-of-plane direction(23l, Li et al. use a unique synthesis
method, substituting Se atoms for the top layer S, to get the
Janus monolayer of MoSSel?* 231, For one thing, Janus MoSSe
maintains the characteristics of the valley and has great prom-
ise of becoming a useful 2D valley electronic materiall26l, For
another, owing to its inherent vertical dipole, Janus MoSSe ex-
hibits Rashba-type spin splitting near the point 271, What fits
our idea is that MXY retains the outstanding functions of
MX,, thereby expanding the application of TMDCs. It is in-
ferred that MXY can be used as a water splitting photocata-
lyst with high efficiency(28 291 and piezoelectric due to the in-
herent out-of-plane dipole, a 2D material in device applica-
tionsB3%, In 2020, Zhang et alB' investigated the electronic
structure and magnetic properties of Janus Cr,l3X5 (X = Br, Cl)
monolayers by DFT calculations. They found that there was a
strain-induced transition from half semiconductor to bipolar
magnetic semiconductor and a reversal of magnetic axis. Sub-
sequently, Li et al321 systematically studied the magnetic prop-
erties of Janus FeXY (X, Y = Cl, Br, and |, X # Y) monolayers,
which are half-metals with large gaps in spin-up channels.
Based on the Goodenough-Kanamori-Anderson theory, the
ferromagnetism stems from the super-exchange interaction
mediated by Fe-X/Y-Fe bonds. They also found that FeCIBr
monolayer shows ferromagnetic character with spontaneous
valley polarization due to the interaction of magnetic ex-
change interaction and spin-orbit coupling effect, and the an-
omalous valley Hall effect can be realized under an in-plane
electrical fieldB3l. These results enrich the diversity of Janus
2D materials, which have potential applications in 2D spintron-
ic devices.

In addition, some treatments have been performed on
the spin splitting and valley-bottom polarization in MXY ma-
terials, such as electric field3¥, strain@* and magnetically
dopedBl. Plane the asymmetry of the outer mirror lets Janus
MoSSe which has C3, symmetry become a monolayer of polar-
ity and causes the accompanying Rashba-type and Zeeman-
type spin splitting, which undoubtedly has broad prospects
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in novel physical phenomena and practical applications, such
as information transfer with multiple transmission ways. So
far, two-dimensional monolayers, which have Rashba-type
spin splitting and spin-valley coupling, are little described as
before, simultaneously, they are limited to Janus TMDCs with
2H phase, such as MoSSe.

Considering that the 2H-VSe, monolayer has been pre-
pared experimentally3¢], this provides the basis for the sub-
sequent synthesis of Janus monolayers. As many studies have
reported, ordered Janus MXY is synthesized under careful con-
trol through optimized chemical vapor deposition (CVD) meth-
od to avoid the formation of random alloys{?# 2537, 38, On ac-
count of synthesizing of Janus MoSSe by CVD methods!25 38],
consequently, experimental implementation of Janus VXY
could be anticipated by making use of a strategy alike to
Janus MoSSe. Janus VXY has Cs, symmetry, and the asym-
metry of the plane mirror lets it a monolayer of polarity,
which will lead to the accompanying Zeeman type and
Rashba type spin splitting. And because of its large atomic
number, there will be a stronger SOC effect, resulting in lar-
ger Rashba splitting. Here we propose a new 2H Janus mono-
layer, VXY (X = Cl, Br, I; Y = Se, Te), which has a larger Berry
curvature and a larger Rashba parameter. The Janus VXY in
the 2H phase with C3, symmetry shows a middling band gap
and has electronic properties similar to Janus TMDC. As a po-
lar monolayer, Janus VXY is considered to be dynamic and
thermal stability. Compared with Janus MoSSe (64.64 bohr?),
Janus VXY has a larger Berry curvature. In particular, the Berry
curvature of Janus VITe (335.76 bohr?) is practically quin-
tuple that of Janus MoSSe. Moreover, Janus VBrSe (176.89
meV-A) has a larger Rashba-type spin splitting than WSSe
(158 meV-A)28] and MoSSe (77 meV-A)i25.. More particularly,
we propose that biaxial strain can regulate the Berry
curvature which is based on a theory called k-p perturba-
tion!3% 40, By applying biaxial strains on Janus VBrSe to ad-
just its lattice constant, this conclusion can be further veri-
fied. It was recognized as a viable strategy!'l. This work hews
out a novel way to realize efficient valley electronic and spin
electron logic devices.

2. Computational methods

We calculate all structures and their electronic proper-
ties based on the Vienna ab initio simulation software pack-
age of spin-polarized density functional theory (DFT)“2. The
exchange correlation potential is characterized by the Per-
dew-Burke-Ernzerhof (PBE)“3! of the generalized gradient ap-
proximation (GGA)#4. The ion-electron potential is de-
scribed by the projected argument wave (PAW)45], Certainly,
we also optimize the structure by using Hubbard U (2.7 eV)
and spin dependent GGA, which is to approximately de-
scribe correlated interaction of metal V elementsl“®l, The en-
ergy cutoff of the plane wave is 500 eV. The Brillouin zone
uses a convergent 11 X 11 x 1 k mesh for structural relaxa-
tion and 15 x 15 x 1 k mesh for electronic analysis. Both the
atomic position and the lattice constant are relaxed until the
energy and force converge to 107 eV/atom and 0.001 eV/A.
For Janus VXY, a vacuum space of about 20 A is applied
along the c direction in order to avoid the interaction among
adjacent layers. Based on the density of functional pertur-
bation theory*”], the phonon dispersion spectrum of Janus

K!
Fig. 1. (Color online) (a, b) Top and side views of SL VXY. The illustra-

tions in (a) indicate VXY trigonal prismatic geometry. (c) The 2D Bril-
louin zone of VXY.

VXY was calculated with the PHONOPY program[#8], and in
this process, we use a 4 x 4 x 1 supercell. Under the con-
ditions of 300 K and 10 ps time step, a 3 X 3 x 1 supercell is
simulated by Ab initio molecular dynamics (AIMD)49, The
Berry curvature of Janus VXY is calculated by the maximum
local Wannier functions implemented in the WANNIER90
packaget®?l,

3. Results and discussion

2H-phases of Janus VXY (X = Cl, Br, I; Y = Se, Te) monolay-
er consists of a VX, monolayer in which X atoms are re-
placed by Y atoms. By the views from top and side in Figs. 1(a)
and 1(b), it still presents a hexagonal lattice. Hence, the 2H-
phase Janus VXY are taken into account in this study. V
atoms form a triangular prism, and six halide atoms are ver-
tices of the triangular prism, which is similar to the TMDCs of
2H phase. The point groups of VX, and VXY monolayers are
D34 and Gz, respectively. In reciprocal space, the high-sym-
metry points are I (0,0,0), K (-1/3,2/3,0), M (-0.5,0.5,0) and K'
(=2/3,1/3,0). The bond length of V-X is different from that of
V-Y, the distance between the three atomic layers and lat-
tice constants of monolayer VXY are shown in Table 1. We
also find that VXY monolayers are non-magnetic, which is dif-
ferent from the findings of Smaili et all'l. They computed
the magnetic properties of Janus VSeTe monolayer and
found ferromagnetic order for all elements. As shown in
Table 1, the local magnetic moments of V atoms are 0.000 .
And we predict that the three d orbital electrons of V atoms
give two to Se atoms and one to Cl atom respectively. In addi-
tion, formation energy E. of VXY is also in Table 1.

As shown in Fig. S1, the phonon dispersion relationship
between Janus VXY and the remainder TMH structures of 2H
phase indicates that phonon branches throughout Brillouin re-
gion are all positive, demonstrating dynamic stability. We
also utilize AIMD simulations, which can be found in Fig. S2.
The outcomes show that there is no significant structural fail-
ure occurs after 10 ps at 300 K, which indicates the thermody-
namic stability of structures. In addition, we also calculate elast-
ic constants of SL VXY. As a reference, the elastic constants of
G Gi, Gy G, and G satisfy the Born criteria (GG, —
GGy > 0and Cgg > 0), indicating that SL VXY ensures mechan-
ical stability. In order to summarize the bonding characterist-
ics in SL VXY, we calculate its electron localization function
(ELF). The ELF indicates the existence of two localized areas:
one around V atoms and others around Se and Br atoms, as
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Table 1.
culated. The lattice constant (a =
that of X, so that /; < k.
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The structural parameters, band gaps, total magnetic moments my (ug) and local magnetic moments my (ug) of VXY monolayers are cal-
b), bond length of V-X(/;) and V-Y(L,) are presented. In each VXY system, the atomic number of Y is greater than

Type a, b(A) h, b (R) 6,6, ) AL DG Es (eV) mr (ug) my (mg)

VClISe 3.255 2.479, 2.447 40.7,39.8 0.03,0.87 -2.15 0.000 0.000
VCITe 3.397 2.676,2.476 42.9,37.6 0.20,5.24 -2.36 0.000 0.000
VBrSe 3.353 2.498, 2.581 39.2,41.4 0.08, 2.20 -1.64 0.000 0.000
VBrTe 3.485 2.689, 2.604 41.6,39.4 0.09, 2.16 -1.67 0.000 0.000
ViSe 3.513 2.537,2.753 36.9,42.6 0.22,5.63 -3.36 0.000 0.000
VITe 3.618 2.716,2.762 39.8,40.9 0.02, 1.11 -3.52 0.000 0.000

@ 10 monolayer. After analyzing the energy band of VXY in Fig. S3,

\i~s i\l one can see that Janus VXY shows similar electronic proper-

05 ) ERY _ ties. Therefore, we will introduce the results of Janus VBrSe in

?‘i @ the following sections. In Fig. 2, energy band structures of

=001 Es N S 2 Janus VBrSe without and with SOC are shown. Both the

?g & | , ?g valence band maximum (VBM) and the conduction band min-

“ s /i \\/ﬁ\" /’ \ . imum (CBM) are located at point K/K'. As shown in Fig. 2(b),

/ Py without considering SOC, the contribution of energy bands

which are near the Fermi level comes entirely from the V-3 d

10m K K'M orbitals, one of which is completely occupied. When SOC was

(b) 10 : " ‘ considered (see Fig. 2(b)), the band splitting at the high sym-

05 VJ v \ij metry point happens when the orbit distribution remains un-

3 %‘ 0.5 changed. Obviously, the electronic band structure of Janus

& oo+ :gzz o : - @dz; VXY is similar with that of MoSSe and WSSe monolayers (Eg ~

o § xz—y?:/ g d../d, 1.5 eV) 52, In other words, the highest valence band is totally

ke Osﬂ\m/\ ] 05| separated from the lower valence band with a limited en-

Vi £ “ﬂ ergy gap.
Furthermore, it should be clearly explained that owing to

WK T KM '1~°MK r K’M

Fig. 2. (Color online) (a) Calculated electronic band structures of the
VBrSe monolayer without and with SOC. (b) The projected band struc-
tures of the VbrSe monolayer without and with SOC, respectively.
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Fig. 3. (Color online) (a, b) In-plane spin-polarization components of
two bands around T. (c) Magnified view of the band structure around

I'. (d) Spin texture of Janus VBrSe.

shown in Fig. S4 in the Supporting Information. There are al-
most no electrons between V and Br/Se atoms, which shows
that there is a typical ionic bond, and V atoms provide elec-
trons to Br/Se atoms.

Then we center upon the electronic properties of VXY

W R Liu et al.:

the different Hamiltonian between them, the SOC splitting
which is at point T is regarded as Rashba type, not Dressel-
haus type. When the spin splitting belongs to Rashba-type,
the Hamiltonian can be showed as Hg = a;(0,k, — 0,k,), as
well as the Dresselhaus-type spin splitting can be calculated
by Hp = ap (0xk, — 0,k,), in which k and o mean the in-plane
momentum and Pauli matrices, respectively. An important fea-
ture of VXY monolayer is the beingness of Rashba spin split-
ting, which is different from the mirror symmetrical TMDCs.
The Rashba SOC effect has two significant characteristics:
spin splitting and energy band splitting®3l. Here, the mag-
nitude of SOC-induced spin splitting is characterized by the en-
ergy band splitting (£;) of the splitting state and the Rashba
parameter (a,), which can measure the strength of the spin
splitting!>4. The spin texture around I and band structure split-
ting are shown in Figs. 3(a) and 3(b).

The spins of the two highest valence bands are not only
opposite, but also conform to the following relationship:
o(—k) = —o (k). The Rashba parameter is made an approxima-
tion by the formula a, = 2E,/k,, where k. and E, are the wave
vector and splitting of the energy, respectively. They are also
marked in Fig. 3(c). The splitting energy and Rashba para-
meter of WSSe monolayer are 3.64 and 166 meV-A, respect-
ivelyB5l. The Rashba parameters of other VXY structures can
be found in Table 2. It can be seen that the energy splitting val-
ues of VXY are a bit larger compared to that of WSSel>5l, If the
carrier passes through the semiconductor, the effective mag-
netic field of SOC will abruptly change due to the scattering
of the momentum change, resulting in spin randomization.
Generally, a larger Rashba parameter indicates a larger SOC in-
teraction, which is ideal to suppress spin relaxation, control

Janus VXY monolayers with tunable large Berry curvature
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Fig. 4. (Color online) Comparison of Rashba parameters of VXY struc-
ture with MoSSe, MoSTe and WSSe.

spin precession, and have robustness to all modalities of
spin-independent scattering. Considering the practical applica-
tion, we prefer to have a larger Rashba-type split structure.
For Janus VBrSe, the calculated a, is 176.89 meV-A. We find
that it is larger than Janus MoSSe (77 meV A)3%, and can be
compared with MoSTe (147 meV-A)58 and WSSe (166
meV-A)[55] is comparable, as shown in Fig. 4. The Rashba para-
meters of Janus VBrSe is larger, and the Rashba type spin split-
ting is determined by energy band structure, Rashba coeffi-
cient and spin texture. The Rashba parameter, which is larger,
proves that VBrSe can be considered as a material of great sig-
nificance for the development of spin field effect transistors.
We also find that the effect of different k-points or energy
cutoff on band structures is not significant, as shown in Figs.
S5 and S6 in the Supporting Information. The analysis of the
energy bands in Table Sl have showed that different k-points
and energy cutoff have no effect on wave vector (K;). Janus
VBrSe still has a large Rashba constant, ensuring that it is im-
portant for spin field effect transistor development. Mean-
while, as shown in Fig. S7, the calculated results at several Hub-
bard U values illustrate that they have similar energy band
structures. We also analysis the corresponding energy band
in Table S2, showing that different U values affect the energy
splitting of VBrSe as well as the wave vector, leading to differ-
ences in the Rashba constants.

However, there are still some problems. A phenomenon
Rashba-type spin splitting, occurs near point I, and VBM is
situated at the K'/K point of VBrSe. So, the electronic state is
not transportable in between. For the sake of solving this prob-
lem, researchers have put forward many practicable
strategies, for example, applying external electric field or
strain34 571 and constructing heterogeneous structures(>8: 591,
In these circumstances, the point I, which has Rashba-type
spin splitting, is moved to a higher energy position K'/K
point, analogue to the LaOBIS,% structure. For Janus VXY, bi-
axial strain does cause this displacement. In addition, we pro-
pose that if an in-plane longitudinal electric field (E) is ap-
plied to the device through the electrode, it will drive carri-
ers near the K/K' point to move perpendicular to E, owing to
the large transverse velocity, while the carriers near the T
point will move in the direction of E6". Thus, the carriers on
different K points can be separated ideally, so that the carri-
ers near point I can be used for transmission. Actually, the
Rashba-type SOC results in energy band crossing of other
points in the Brillouin zone, hence, it is significant on ac-

count of offering a channel for relaxation of the spin in the val-
ley, and does not need to rotate the spin and the valley at
the same timel®2], In referencef39), the effect of external magnet-
ic field on electric field has also been proved: the latter leads
Rashba-type SOC, but it seems to be very small, while the
former causes the energy levels of different valleys to split. In
this research, due to the existence of zero Berry curvature, in-
plane spin state and large split about Rashba, ' point is dis-
cussed. Moreover, previous work made known that the
GaX/MX, (M = W, Mo; X = Te, Se, S)I58! heterostructure has in-
plane spin electrons nearby point I and distinct electron
spins in K'/K valley. In the spin state, in existence of an in-
plane electric field, there are three different transmission
paths as follows!>8], Therefore, as long as the valley bottom po-
larization resides in the K/K' point, the Janus VBrSe can also ac-
cord with this requirement.

We continue to discuss the electronic properties of the val-
ley. Generating trough polarization in a controllable manner
is essential to take advantage of trough degrees of freedom.
Therefore, a variety of strategies have been projected, such
as optical pumping('?- 631, proximity effect of magnetic sub-
stratel®*-67], and magnetic doping[3> 8-701, Qptical pumping
is well known as a dynamic process that uses circular pola-
rization of a specific frequency to selectively stimulate carri-
ers with a distinctive combination of valley and spin index.
Since the carrier lifetime is extremely short, rapid transfer of
photogenic vectors is needed to reduce the occurrence of
reorganization. The transversal velocity is expressed as

v, = —%E - Q(k), in which the Berry curvature in out of plane dir-

ection is expressed in Q(k), while E is electric field in the
plane. CBM and VBM illustrate the opposite Berry curvatures
because the orbital part of the Bloch function is changed to
its complex conjugate by the time reversal operator, the spin
is flipped. Hence, in the case of an in-plane electric field, ex-
cited holes and electrons which are in the same valley will
have contrasting transversal velocities. Actually, large Q(k)
can rise transversal velocity, so it can accelerate the motion
of excited carriers in the direction perpendicular to E and re-
duce their recombination. Additionally, for a given transvers-
al velocity, a smaller external E can be used, which is suitable
for the case of large Berry curvature value. Generally speak-
ing, the carrier velocity can be obtained by Boltzmann trans-
port equation, and it is looked upon as carrier mobility. To ob-
tain more precise mobility, it is usually necessary to consider
multi-body quasi particle corrections for electron—phonon
coupling, band structure, and SOC7!1, We need to emphasize
that the speed of carriers with nonzero Berry curvature is ex-
pressed as hv, (k) = V&, (k) — vy, in which g, expresses energy
of the nth Bloch wave band, while the order of magnitude
about Vg, (k) represents outcome of Boltzmann transport
equation, which is called the common envelope velocity. Be-
sides, nonzero Berry curvature causes abnormal speed, which
is the transversal velocity v,. Therefore, this is of vital import-
ance to valley Hall effect. It should be noted that the symbol
of valley with specific spin should be retained to achieve Val-
ley Hall effect and valley polarization by using circularly polar-
ized light pump; as shown in Fig. 2(a).

In the two valleys by photons with different optical circu-
lar helicity, the contrast values of Q(k) and m at high sym-
metry points of K and K' are selectively excited. The Q (k) and

W R Liu et al.: Janus VXY monolayers with tunable large Berry curvature
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Table 2. Band structure analysis of VXY. AC and AV are the magnitude of the energy band split between the conduction band and the valence
band at point K. £ is the band gap at K point. £; and K; are the splitting of the energy and wave vector. a; is the Rashba parameter.

Type AC (meV) AV(meV) Eq(eV) E4/SOC (eV) E; (meV) K (A1) ar (meV-A)
vCise 0.093 1 0.871 0.820 8.01 0.176 91.01
VCITe 0.135 18 0.734 0.654 10.02 0.168 119.26
VBrSe 0.111 14 0.758 0.694 15.04 0.170 176.89
VBrTe 0.150 18 0.646 0.558 8.98 0.141 12739
ViSe 0.132 15 0.614 0.540 28.04 0.144 389.43
ViTe 0.166 17 0532 0.438 67.93 0.192 707.60

—-?—+—T-—+

Fig. 5. (Color online) (a) Valley and spin coupling in VXY optical selection rules. Discrete valleys coupled to different circular helicities (o*, o-) with
transition frequencies (w,, wy). (b) Photoinduced valley Hall effect when circularly polarized light incident on it, in which the charge Hall current

is spin and valley polarized. (c) Spin and valley Hall effects under linearly polarized optical field. (d) Valley polarization with opposite circular polar-

ization having a frequency w, and wy.

optical circular dichroism n(k) are related by

of single-layer VBrSe will be discussed intensively. The spin-
up (-down) state that is not occupied in VB is called spin-

n (k) = _Q(k)'fgﬂ(k) (1) down (-up) holel?5.. As shown in Fig. 5(a), under the excita-
g (k) 2 tion with LHCP (o) having frequency wy(o(w,)), spin-up holes

where ug = eh/2m* and A(k) = (4a’CK +A2)% is the energy of
direct transition. At energy minima at point K' and point K,
when n (k) = -1, full selectivity occurs. The inter band trans-
itions at Kvalley (t, = -1) merely couples to right-handed circu-
larly polarized light (RHCP) (o%), whereas left-handed circu-
larly polarized light (LHCP) (o) is used for exciting the carri-
ers at K' (r, = +1). Different excitation frequencies of circu-
larly polarized light can realize spin-dependent excitation,
and circularly polarized light can also be used to fill valleys. Be-
cause these valleys in momentum space are separated from
each other, the electronic transition between the same dis-
crete valleys is energetically forbidden. It can be expected
that spin valley offers a distinctive chance to operate dissimil-
ar degrees of freedom, which is basis for coding information
for the next generation of electronic equipment and spin elec-
tronic devicesl72 73],

Next, the optical selection law of the three intrinsic
quantum Hall currents (valley, spin and charge Hall current)

and spin-down electrons will be filled in K valley!?>. In the
same measure, for o*(wy) spin-down holes and spin-up elec-
trons will be created in the same K valley. The same is true
for point K' under the excitation with RHCP (o*). Therefore,
the optical selection process can be used to fill each valley.

In order to fill merely the K'valley, the material of re-
search is required to be irradiated with a o*(w,) light field to
engender photoexcited spin-up holes and spin-down elec-
trons. Because there is a relationship of Q, , = -Q., when an
in-plane electric field is applied to this material, they will ob-
tain the opposite lateral velocity. This will cause them to
move to opposite sides, as shown in Fig. 5(b). Therefore,
holes and electrons gather at the two relative boundaries
about the specimen. It will result in Hall currents of charges,
valleys and spins.

The linearly polarized light will excite the electrons and
holes in the K valley and K’ valley at the same time, because
the combination of LHCP and RHCP forms linearly polarized
light. This leads to the valley Hall effect, an interesting phe-

W R Liu et al.: Janus VXY monolayers with tunable large Berry curvature
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Fig. 6. (Color online) Berry curvature of Janus VBrSe (a) in the full Brillouin zone and (c) along high-symmetry points. (b) Berry curvature value of
VXY. (d) Diagrammatic sketch of valley Hall effects and rapid carrier transfer in Janus VBrSe.

nomenon, spin-up holes from the K’ valley and spin-up elec-
trons from the K valley are accumulated on one boundary,
while their time reversals are accumulated on the other bound-
ary Fig. 5(c). However, because both holes and electrons accu-
mulate at both ends of the specimen, the charge neutrality
will remain unchanged, so the charge Hall current will not be
observed. Under this circumstance, the net spin and valley po-
larization will be carried to each boundary.

When the VXY monolayer is irradiated with optical light
of o*(w,) and o (wy), both the K-valley and K'-valley will pro-
duce spin-down electrons and spin-up holes, as shown in
Fig. 5(d), the accumulation process of light-excited carriers.
The spin Hall current and the charge Hall current of the elec-
trons will largely cancel out the hole currents on both sides
of the Hall bar. In this case, merely valley polarization is ob-
served. Using emission spectra of both sides of unpolarized
electrons recombined with valley- and spin-polarized holes,
the valley lifetime of electrons can be directly measured74.,

As shown in Figs. 6(a)-6(c), being consistent with this con-
dition is the spin resolved band structure of Janus VBrSe.
Janus VBrSe reveals the pairwise unequal valence valleys near
the vertices (K" and K) of hexagonal Brillouin region, and the
Zeeman-type spin splitting is 14 meV. The experimental res-
ults show that photon emission generated by vertical trans-
itions has prodigious selectivity. Therefore, the valley polariza-
tion of annular light that can be observed is in the double-
layer MX, with indirect gap[’5l. Hence, optically pumped dy-
namic valley polarization can be realized in Janus VBrSe. In
Fig. 6(b), the Berry curvature of Janus VBrSe is bigger than
MoS, and MoSSe.

Controllable valley electron performance is the goal we
have been pursuing. However, in order to achieve control-
lable valley electron performance, we need to have a deeper
understanding of the physical mechanism of its controllable
Berry curvature and the relationship between the lateral trans-
mission speed of the control carrier. The heterostructure of
2D materials’® that are different from the previous structure

and the application of uniaxial strain to achieve tunable Berry
curvature contrary to this strategy, we use biaxial strain to bet-
ter adjust the Berry curvature. It is noted that the introduc-
tion of Berry curvature dipole is because the uniaxial strain
breaks the D3, symmetry of single-layer MX,. This indicates
that the uniaxial strain supplies the way of engendering mag-
netization in valleytronicl’77l. About the VXY structure we stud-
ied, the C5, symmetry is maintained under strain, so the Berry
curvature dipole is prevented happening when biaxial strain
is applied. In monolayer TMDC, the orbital projection con-
sists of d orbitals in the transition metal V and p orbitals in
the non-metallic element because of the strong hybridiza-
tion between the two. Because this hybrid relationship pro-
duces a first-order disturbance to the SOC. The most import-
ant thing is to include the p orbital, which is used to make a
distinction between the difference in spin splitting conduc-
tion band of dissimilar TMDC compoundsf2, Unlike most TM-
DCs, in the monolayer Janus VXY, the orbit projection near
the Fermi surface is mainly the d orbit. We can use the d or-
bit in ksp model to accurately describe band edge at the K'/K
point. Therefore, the derivation of the effect about strain on
Berry curvature is explained by the four-band k:p model.

As shown in Fig. 2(b), in the vicinity of the Fermi surface,
d, and d,_»/d,, make outstanding contributions to the K/K'
out-of-band component. So, the fundamental functions are se-

T T 1 .
lected to be |¢cg) =1|d2) and |¢VB)=E(|dX2_y2)+IT|de)),

where the valley index number of K’ point and K point is ex-
pressed by 1= +1, while the conduction band and valence
band are represented by CB and VB, respectively. Adopting
to take the first-order term of k into account (SOC is not con-
sidered here), the Hamiltonian can be expressed as

2

()

in which a is the lattice constant, the Pauli matrix of the two
basic functions is represented by &, the on-site energy ¢ is in-

Hy = at (tk,8, + k,8,) + =58, + I,

W R Liu et al.: Janus VXY monolayers with tunable large Berry curvature
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Fig. 7. (Color online) (a) Changes in Berry curvature of VBrSe with external strain. (b) The relevance between strain and the value of berry

curvature.

troduced to set the Fermi level to zero, and the nearest neigh-
bor hopping parameter represented by t is controlled by the
overlap of Bloch wave functions, and / means the identity mat-
rix. When SOC is taken into consideration, the Hamiltonian
can be analyzed as

0,-1

= 0

- A
H = at(tk&, + k,8,) + 50 +le-AT5,

in which A is the band gap in the valley, § is the Pauli matrix
of spin, and 2A, represents the spin splitting of the VBM at
point K'/K. The triangular warpage of the isoenergic contours
can be seen, because the second-order coupling including
d,, and d,, orbits of metal atoms affects band dispersion and
CB splitting at the K-point far away from K'/KI78l. So the correc-
ted Hamiltonian can be obtained as

A A 5,1
Fi = at(th G, + k,5,) + =5, + Ie — A5, 22—

2 2 (4)

_ 0, +1
+ATS, .

The four-band Hamiltonian can be expressed as

é +e€+1A; at(tk,—ik,) O 0
4 at (tky + ik,) —§+e+mv 0 0
0 0 4, e A, at(tk, — ik,)

2
. A
0 0 at (tky + ik,) — 5 +e- A,

By matching the k-p model energy band with the first-prin-
ciples band, the matrix parameters can be obtained. For large
mass Dirac fermions characterized by modified Hamiltonian,
Berry curvature is (in the conduction band)

2442 A

Q (k) = -T—————.
(42 + 4a*PkP]?

(%)

From the above formula, it is not difficult to conclude

that the curvature of berry can be simplified to Q. (k)=
2.2

For conduction band and valence band, the curvatu-

re of berry has the opposite sign, namely, that is,
Q. (k) = —=Q (k). The strain about a two-dimensional film is re-
lated to the lattice constant a and the nearest-neighbor jump
parameter t. When subjected to tensile strain, t decreases

-7 5

and a increases; when subjected to compressive strain, t in-
creases and a decreases. There is no fixed relevance between
the A of the K/ K’ valley and biaxial strain, and it is decided
by the two-dimensional film itself. Therefore, the Berry
curvature is related to 4, t and a, for the same valley. In or-
der to verify the above theory, we applied a biaxial strain of
-4% to 4% to Janus VBrSe. As shown in Fig. 5, as the strain in-
creases, Berry curvature also increases. At the same time, we
fit the k-p model belt to the first-principles belt. Table S3 in
the Supporting Information lists all matrix parameters (2A,, t,
and A4) without and with strain. Since the time reversal sym-
metry has not been broken, the energy between K and K'is
still degenerate, so next we will only discuss the energy trans-
ition at the K point.

In 2020, Xu et al’? proposed the fabrication of Cr(l, X);
(X = Br, Cl) Janus monolayers to induce large Dzyaloshinskii-
Moriya interaction (DMI) and subsequent topological spin
states, which is not only useful for memory and logic devices,
but can also be promising for energy storage. Subsequently,
strong DMI was obtained in Janus MnXY®% and can be effi-
ciently integrated in van der Waals heterostructures. These res-
ults suggested that Janus MnXY monolayers are good candid-
ates for spintronic nanomaterials and nanodevices. Addition-
ally, VSeTel>!l was the most promising candidate due to pos-
sessing the largest magnetic anisotropy, exchange interac-
tion, and Rashba-like behavior, hence, such a switching can
be tuned by electronic or ionic gating, opening fascinating per-
spectives for applications such as spin-orbit torque magnetic
memories and spin-charge conversion devices. Thus, the
Janus VXY in our work is expected to make a significant contri-
bution to future nanodevices due to its excellent properties.
As shown in Table S3, we can see that the Berry curvature
gained by k:p model is in great fitting with the results of first-
principles, so we can use the k-p model to explicate variation
of the Berry curvature with the strain at K/K' point, and it is
not difficult to see that the lattice constant a is the main
factor affecting Berry's curvature. Therefore, the Berry
curvature is regulated by utilizing strain of Janus VBrSe, and
the lateral transmission speed of carriers can be increased in
the valley Hall device, as shown in Figs. 7(a) and 7(b).

4. Conclusion

In summary, we prove that Janus VBrSe has great develop-
ment significance in 2D spintronics and valleytronics materi-
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als. Based on DFT calculations, Janus VBrSe has good stabil-
ity and has the possibility of being synthesized. The synthes-
is of Janus MoSSel?5 381 and WSSel®!. 82 suggests the possibil-
ity of future preparation in experiments. Due to its large
Berry curvature and Rashba type splitting, its physical proper-
ties are better than Janus MoSSe. We find that applying strain
can adjust the Berry curvature with effect. Meanwhile, the
four-band kp model is applied to explicate reasons for
changes of Berry curvature with strain. Moreover, similar to
the results obtained by applying strain, the lattice constant is
adjusted by replacing the halogen atom of Janus VBrSe with
other atoms. These findings are beneficial for the develop-
ment of the high-performance spin-valley coupled spintronic
devices.
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