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ABSTRACT: Janus two-dimensional materials with large Rashba spin splitting and high
electron mobility are rarely reported but highly desired for nanoscale spintronics. Herein,
using density functional theory calculations, we predicated Janus Sb,Se, Te;_, (x = 1 or 2)
monolayers simultaneously harboring these fascinating properties. The predicated
monolayers are indirect semiconductors with great dynamical, thermal, and mechanical
stability. The spin—orbital coupling (SOC) and the out-of-plane asymmetry lead to Rashba
spin splitting at the conduction band minimum (CBM), which can be effectively tuned by
the small uniaxial strain. The strong band dispersion at the CBM leads to small electron
effective mass, consequently enabling a high electron mobility that reaches up to 6816.63
cm® V7! s7'. Moreover, Janus Sb,Se,Te,_, monolayers possess great light absorption
capability within the visible and infrared regions of solar light. Our findings highlight
promising candidates for high-speed spintronic devices and may motivate more research
efforts on carrier transport and SOC effects in Janus group V and VI monolayers.
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B INTRODUCTION
Ever since the discovery of graphene,1 the 2D world has

Previous reports have demonstrated the high electron
mobility in centrosymmetric 2D group V and VI layers,**

expanded extensively with numerous novel 2D materials
fabricated or predicted.””® An emerging class of 2D materials,
Janus materials, has received great research attention recently
due to the absence of inversion symmetry along the out-of-
plane direction.” Various Janus 2D materials have been
proposed such as Janus transition metal dichalcogenides
(TMDs)'>"" and Janus group III monochalcogenides M,XY
(M = Ga or In; X/Y = S, Se, or Te),lz’13 displaying versatile
properties including magnetism,'* piezoelectricity,"* ferroelas-
ticity,'® valley polarization,”'® and Rashba-type spin split-
ting.'”~** The Rashba effect describes the momentum-
dependent splitting of spin bands that results from the spin—
orbital coupling (SOC) in structural inversion asymmetric
systems. The Rashba effect offers unique gate tunability over
spin precession, which has been experimentally demonstrated
in BiTeBr,”> InSb/CdTe heterostructures,* SrTiO3,25 and
LaAlO;/SrTiO; interfaces,”® showing promising applications
in novel spintronic devices like spin injectors and spin field-
effect transistors.”””® The intrinsic inversion asymmetry in
Janus 2D materials offers an ideal platform to explore the
Rashba SOC down to the 2D regime.zug_33 However, the low
carrier mobility can limit the practical applications of Janus 2D
materials. For example, the electron mobility of Janus TMDs
only ranges from ~70 to ~245 cm® V™' s7'>* considerably
smaller than black phosphorus with a high electron mobility
over 2200 cm* V™! s71,°° which hinders their applications in
high-speed and fast-response electronic/spintronic devices.
Hence, it is of great interest to explore new Janus 2D materials
with a strong Rashba effect and high electron mobility.

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

31919

and most of them contain heavy elements; thus, a strong
Rashba effect can be expected if inversion asymmetry is
introduced by Janus structural design. In this work, by first-
principles calculations, we proposed 2D Janus antimony
selenium telluride (Sb,Se,Te;_,) simultaneously harboring
strong Rashba SOC and high electron mobility. Their
centrosymmetric bulk counterparts have been experimentally
synthesized and display a layered morphology.”’”*® Especially,
for Sb,Se,Te, there is one experimentally fabricated layered
allotrope with intrinsic Janus layers,”' indicating the high
possibility of achieving these Janus monolayers in experiments.
The Janus Sb,Se,Te;_, monolayers possess robust structures
with great dynamical, thermal, and mechanical stability. The
lateral asymmetry leads to Rashba spin splitting at the
conduction band bottom with large ay that can be tuned by
external strain. They are indirect semiconductors with
moderate band gaps (0.90 and 0.85 eV for Sb,Se,Te and
Sb,SeTe,, respectively) and display great light absorption
capability. Moreover, the electron mobility of these monolayers
surpasses 2000 cm* V™ s™! and reaches up to 6816.63 cm* V™!
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Figure 1. (a, c) Top and side views of Janus Sb,Se,Te and Sb,SeTe, monolayers, respectively. (b, d) ELF of Janus Sb,Se,Te and Sb,SeTe,

monolayers, respectively.

s™!. These novel properties make Janus 2D Sb,Se,Te;_,
promising candidates for nanoscale spintronics and electronics.

B RESULTS AND DISCUSSION

The Janus Sb,Se,Te;_, monolayers possess a rhombohedral
geometry with a P3m1 space group, as shown in Figure la,c.
Each monolayer consists of five atomic layers following the
stacking sequences of Se-Sb-Se-Sb-Te and Se-Sb-Te-Sb-Te for
Sb,Se,Te and Sb,SeTe,, respectively. The lattice parameter
and thickness of Sb,SeTe, are larger than those of Sb,Se,Te
due to the larger atomic radius of Te (see Table 1). The

Table 1. Lattice Parameters, Thicknesses (including the van
der Waals Spacing), and Elastic Constants of Janus
Sb,Se,Te and Sb,SeTe, Monolayers

lattice thickness Cu Ch Css
parameters (A) (A) (N/m) (N/m) (N/m)

Sb,Se,Te 412 9.73 7071 1801 2637
Sb,SeTe, 4.21 9.83 64.50 18.10 23.17

cohesive energies are calculated to be —3.04 and —2.93 eV/
atom for Sb,Se,Te and Sb,SeTe,, respectively, suggesting the
strong bonding characteristics of these monolayers. To further
understand the bonding nature of Janus Sb,Se,Te;_,
monolayers, the electron localization function (ELF) is
calculated and shown in Figure 1b,d. The red (1.0), green
(0.5), and blue (0.0) regions correspond to fully localized
electrons, fully delocalized electrons, and very low charge
density, respectively. It is clear that the value of ELF is high
around the atomic sites while the value is close to 0.5 in the
bonding regions. It is known that in the case of a covalent
bond, the lone-pair electrons are localized around the atoms
and the electrons constituting the bonds are delocalized.
Hence, the Sb—Se and Sb—Te atoms are bonded by forming
covalent bonds, which is similar to the bonding nature of
Bi,Te,Se and Bi,Se,Te.*”

The phonon spectra of Sb,Se,Te;_, are shown in Figure
2a,b, respectively. Clearly, there is no negative frequency in the
spectra, which demonstrates the dynamical stability of these
monolayers. Their thermal stability is also confirmed by the
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Figure 2. (a, b) Phonon spectra of Janus Sb,Se,Te and Sb,SeTe,
monolayers, respectively. The inset represents the Brillouin zone
marking the high symmetry k-points. (c) Young’s modulus and
Poisson’s ratio of Janus Sb,Se,Te;_, monolayers as functions of the
in-plane angle 6.

AIMD (ab initio molecular dynamics) simulations of S ps
performed at 300 K (as shown in Figure S1), where the
structures and total energy only fluctuate slightly during the
simulations. Moreover, the calculated elastic constants of Janus
Sb,Se,Te;_, (Table 1) fulfill the Born mechanical stability
criteria and suggest their mechanical stability.*> The in-plane
Young’s modulus (Y) and Poisson’s ratio (v) as a function of
in-plane & (the angle between applied uniaxial strain and lattice
a) can be determined by the following two equations,
respectively: ***

2
CIICZZ - C12

Y(0) =
© Csin* 0 + Asin® Ocos® @ + Cyycos* 0 (1)
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Cp,sin* @ — Bsin® Ocos’ 6 + C,cos” 0
Cysin* 0 + Asin® Ocos® @ + Cyycos* 6 (2)

where A = (C;;Cy, — C1,2)/Cqs — 2C1, and B = Cy; + Cyy —
(C11Cy, — C1,?)/Ce The calculated direction-dependent Y
and v are shown in Figure 2c. The Y (v) values of Janus
Sb,Se,Te and Sb,SeTe, monolayers are calculated to be 66.15
N/m (0.25) and 59.38 N/m (0.28), respectively, along all
directions, suggesting that these Janus monolayers are
mechanically isotropic. Noticeably, the Y values of Janus
Sb,Se, Te;_, monolayers are far smaller than those of graphene
(335 N/m), BN (267 N/m),*® and MoS, (180 + 60 N/m),"”
offering the opportunity to tune their electronic structures by
applying strain.

Having confirmed the stability of Janus Sb,Se Te;_,
monolayers, we then focus on their electronic structures.
Figure 3 shows the band structures calculated by the HSE06

v(0) =

2.0
(a) ;J/
10
S
i)
3 0.0
@
t=)
w
1.0
-2.0&
(b) 20 ﬁ
10
>
)
3 0.0
] /\’\/\—/\
{=4
w
1.0
2 0&; /}k \" N/
%S MK G MK G ™MK

Figure 3. (a, b) Orbital resolved band structures calculated without
SOC and band structures with SOC by the HSE06 functional for
Sb,Se,Te and Sb,SeTe,, respectively. The insets are the zoomed-in
view of the conduction band minimum around the gamma point.

functional with/without the inclusion of SOC. Janus 2D
Sb,Se,Te and Sb,SeTe, monolayers are indirect semi-
conductors with band gaps of 1.10 and 1.14 eV, respectively.
They display similar band compositions near the Fermi level,
with the valence band top composed of Sb-s, Se-p, and Te-p
orbitals while the conduction band bottom being mainly
contributed by the Sb-p orbitals. The CBM is located at the
gamma point, while the valence band maximum (VBM) is
found along the K-G path. The inclusion of SOC leads to spin
splitting of the electronic bands, and the band gaps are reduced
to 0.90 and 0.85 eV for 2D Sb,Se,Te and Sb,SeTe,,
respectively. We also calculated the band structures with
SOC using the GW method for comparison (shown in Figure
S2), which shows perfect consistency with those calculated by
the HSEO06 functional. Remarkably, a Rashba-type spin
splitting of the conduction band at the gamma point is
observed, as we will detailedly discuss below.

To confirm the Rashba spin splitting at the CBM, the 2D
constant energy contour of the spin texture is calculated in a
k,—k, plane centered at the gamma point, as shown in Figure
4a—c and Figure S3. Clearly, the spin-up (red) and spin-down
(blue) conduction bands split, resulting in concentric spin-
texture circles in the 2D k-mesh. It is found that the energy
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Figure 4. (a—c) Projection of spin components Sy, Sy, and S, for
Sb,Se,Te at a constant energy contour of 0.05 eV higher than the
CBM calculated by the PBE functional, respectively. (d) Schematic of
the energy dispersion of Rashba spin splitting at the CBM, and the
Rashba energy Ep and Rashba momentum k.

bands are mainly composed of the in-plane Sy and Sy spin
components, with a negligible out-of-plane S, component. The
in-plane spin orientation is found perpendicular to the
direction of the k vectors, which is a typical signature of
Rashba-type spin splitting.”” The Rashba parameter a, which
evaluates the strength of the Rashba effect, can then be
obtained from the formula ap = 2Eg/ky based on a linear
Rashba model, where E; and ky represent the Rashba energy
and Rashba momentum, respectively, as indicated in Figure 4d.
The ay along the arm-chair (a}™ ~ chair) and zig-zag (ag® ~ *8)
directions are calculated separately. The calculated values of
o™ = <hair gre 1.53 and 1.00 eV A while the calculated values of
48~ are 1.52 and 1.12 eV A for Janus Sb,Se,Te and
Sb,SeTe, monolayers, respectively. Clearly, the ay is nearly
isotropic for Sb,Se,Te while it is anisotropic for Sb,SeTe,. The
ag values of Janus Sb,Se,Te and Sb,SeTe, monolayers are
much larger than those of Janus transition metal dichalcoge-
nides (0.08—0.51 eV A),** Janus TiBrl (0.15 eV A),** and
Janus Te,Se (0.39 eV A)*" and comparable to those of Janus
TiS,Se (1.08 eV A),*” Janus SbTel (1.39 eV A),* and Janus
PBi (1.56 eV A),> suggesting the promising applications of
Janus Sb,Se,Te;_, monolayers in sgintronic devices like spin-
polarized field-effect transistors.””

We then explored the effect of uniaxial strain along the arm-
chair (€ — chair) and zig-zag (&g _ ,,) directions on the
Rashba SOC in our systems. The negative values indicate
compressive strain, while the positive values represent tensile
strain. As shown in Figure 5, we can find that there is a general
trend where an increase in uniaxial strain would lead to the
decrease in Ep and ki along the strain direction and the
increase in Ey and ky along the vertical direction. Generally, a
larger Ey is desirable for stabilizing electron spin while a larger
kp will benefit the phase offset for different spin channels,
which are favorable for spin transport. Through applying
uniaxial strain, the stability of electron spin and phase offset
can then be enhanced (suppressed) along the strain direction
but suppressed (enhanced) along the vertical direction, which
may favor the anisotropic spin transport.

When uniaxial strain is applied, the ap for both Janus
Sb,Se,Te and Sb,SeTe, monolayers becomes anisotropic, as
shown in Figure 6. The strength of ap can be tuned more
significantly if they lie in the same direction with the external
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Figure S. (a, b) E and kg of Janus Sb,Se,Te monolayers under
different uniaxial strains applied along the arm-chair and zig-zag
directions, respectively. (c, d) Egx and kz of Janus Sb,SeTe,
monolayers under different uniaxial strains applied along the arm-
chair and zig-zag directions, respectively.
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Figure 6. (a, b) ay of Janus Sb,Se,Te monolayers under different
uniaxial strains applied along the arm-chair and zig-zag directions,
respectively. (c, d) ag of Janus Sb,SeTe, monolayers under different
uniaxial strains applied along the arm-chair and zig-zag directions,
respectively.

uniaxial strain. For Janus Sb,Se,Te, the 3™ ~ ™ reaches the

maximum at the equilibrium state (1.53 eV A) and the
minimum at &, _ g = 4% (1.15 eV A), while the a8 = “¢
reaches the maximum at &, _ 4., = —2% (1.54 eV A) and the
minimum at €, _ .. = —4% (1.20 eV A). For Janus Sb,SeTe,,
the o™~ chaie reaches the maximum at the &, _ gy = —1%
(1.13 eV A) and the minimum at &, _ g = 4% (0.67 €V A),
while the @48~ 8 reaches the maximum at the equilibrium
state (1.12 eV A) and the minimum at Esig — zag = 3% (0.65 eV
A). The strong Rashba SOC tunable by external strain makes
Janus Sb,Se,Te;_, monolayers promising candidates for
nanoscale spintronic devices.

The conduction band near the CBM displays rather strong
disperse along the G-M and K-G paths, which correspond,
respectively, to the arm-chair and zig-zag directions in the real

5Cype+ 3Cap,
efﬁ(#

8

K 6 T(m)"(m )1/2(9(Ex)2 +7E,E, + 4(Ey)z)
Y 20 (3)

where e is the electron charge, 7 is the reduced Plank constant,
kg is the Boltzmann constant, and T is the temperature. C,j,
and m are the elastic constant and effective mass of the
electron along the transport direction. E is the deformation
potential of the CBM in the transport direction, calculated by
= AV/(Al/l)), where I, is the lattice constant along the
transport direction and AV is the change of CBM positions
upon deformation Al The subscripts x and y mark the
directions (arm-chair/zig-zag directions). The three parame-
ters effective mass, elastic constants, and deformation potential
are the most relevant factors in determining the mobility, as we
can see in eq 3. We show these parameters together with the
electron mobility in Table 2. The calculated electron mobilities

Table 2. In-Plane Stiffness (C), Effective Mass of Charge
Carriers (m), Deformation Potential (E) (as Shown in
Figure S4), and Electron Mobility (#) of Sb,Se,Te and
Sb,SeTe, Monolayers at 300 K

direction C (N/m) E (eV) m (my) p (cm?V!'s7!)
Sb,Se,Te arm-chair 70.71 5.85 0.14 2310.98

zig-zag 70.71 5.36 0.15 2253.28
Sb,SeTe, arm-chair 64.50 3.89 0.15 5414.73

zig-zag 64.50 2.42 0.15 6816.63

along the arm-chair (zig-zag) direction are 2310.98 (2253.25)
and 5414.73 (6816.63) cm® V™! s7! for Janus Sb,Se,Te and
Sb,SeTe, monolayers, respectively. These values are larger
than or comparable to many reported Janus 2D materials
including Janus MXY (M = Mo or W; X/Y =S, Se, or Te; and
X #7Y) (70245 cm? V7! s71),** Janus MXY (M = Ti, Zr, or
Hf; X=SorSe;Y=0o0rS; X#Y) (1-430 cm?> V7' s71),°
Janus PtSSe (1546.52 cm?® V! s71),*! Janus PtXO (X = S or
Se) (2164.95 cm? V! s71),** and Janus In,SO (3428 cm? V!
s71),”® offering great potential for high-speed electronic
devices.™

Janus Sb,Se, Te; . with moderate band gaps are expected to
exhibit excellent optical properties. Figure 7 shows the optical
absorption spectra of Janus Sb,Se,Te;_, calculated by the GW-
BSE method with the inclusion of SOC and excitonic effects.
Both monolayers possess great light absorbance in the whole
visible light range. The light absorption onsets are determined
to be around 1350 and 1670 nm for Sb,Se,Te and Sb,SeTe,,
respectively, which lie within the infrared region of solar light.
The strong absorption at the long-wavelength range may be
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Figure 7. Light absorption spectra of Janus Sb,Se,Te and Sb,SeTe,
monolayers. The light absorption onsets are estimated by a linear
extrapolation method as indicated by the dashed lines. The purple,
yellow, and pink areas mark the ultraviolet, visible, and infrared
regions of solar light, respectively.

attributed to the transition from the occupied s orbital of Sb
and p orbital of Se/Te to the unoccupied p orbital of Sb based
on the electronic structures in Figure 3. Because the infrared
region accounts for more than half of the solar energy, these
two monolayers show promising applications in photovoltaic
devices such as high-efficiency light-absorbers.

B CONCLUSIONS

In summary, we have investigated the electronic structure and
electron mobility of Janus Sb,Se,Te;_, monolayers by DFT
calculations. They exhibit great dynamical, thermal, and
mechanical stability. It is found that Janus 2D Sb,Se,Te and
Sb,SeTe, are indirect semiconductors with band gaps of 0.90
and 0.85 eV, respectively. The inversion asymmetry of the
Janus structures leads to Rashba spin splitting at the CBM,
with large ay values reaching up to 1.53 and 1.12 eV A for
Sb,Se,Te and Sb,SeTe,, respectively. Moreover, the Rashba
SOC of Janus Sb,Se,Te;_, can be sufficiently tuned with a
small uniaxial strain. The carrier mobility of these Janus
monolayers is high (>2000 cm® V™' s7') due to the small
effective mass at the CBM. In addition, both monolayers
possess extraordinary light absorption ability. Our work reveals
the large Rashba spin splitting and high electron mobility in
Janus 2D Sb,Se,Te and Sb,SeTe,, which shows promising
applications in ultrafast nanoscale spintronics and may
stimulate more research efforts on the novel electronic and
transport properties of Janus group V and VI compounds.

B COMPUTATIONAL METHODS

The DFT calculations were performed bsy using the Vienna Ab-
initio Simulation Package (VASP).>>™>" The exchange—
correlation interaction was described by the generalized
gradient approximation (GGA) of the Perdew—Burke—
Ernzerhof (PBE)-type functional.”®” The projector aug-
mented wave (PAW) method® was applied to treat the
electron—core interactions. The van der Waals (vdW)
dispersion was included by the Grimme method (DFT-
D3).°" The cutoff energy for plane waves was set to 400 eV,
and a 9 X 9 X 1 k-point mesh was applied to sample the first
Brillouin zone. A vacuum space around 18 A was used to
exclude the influence of neighboring images induced by the
periodic boundary conditions. The structures were fully relaxed
until the residual forces and the energy were converged to
0.005 eV/A and 1 x 107¢ eV, respectively. The electronic
structure was calculated by the Heyd—Scuseria—Ernzerhof
(HSEO06) hybrid functional with the SOC effect taken into
consideration.®” The optical absorption spectrum was obtained
by using single-shot GW (GOWO) with the Bethe—Salpeter

equation (BSE) approach, which includes many-body
effects.”>** The phonon spectrum was calculated by the
density functional perturbation theory method® as imple-
mented in the Quantum ESPRESSO code.®”®” The AIMD
simulation was carried out for 5 ps with a time step of 1.0 fs in
the NVT ensemble, and the Langevin thermostat®>® was used
to control the temperature. The AIMD simulation was
performed using a 5 X 5§ X 1 supercell, and only the gamma
point was included in the k-point mesh.
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