Journal of Energy, Material, and Instrumentation Technology, Vol 5. No. 1, 2024

JOURNAL OF ENERGY, MATERIALS, AND
En |T INSTRUMENTATION TECHNOLOGY

Journal Enerau. Material and
Instrumentation Teenology

Journal Webpage https://jemit.fmipa.unila.ac.id/

Computational Exploration of Intrinsic Rashba
Splitting in Janus Si2SbBi Monolayer Using Density
Functional Theory

Yusuf Affandil?, Yusron Darojat?, Muhammad Anshory?, and Awi Masfufah3

1. Instrumentation and Automation Engineering, Faculty of Industrial Technology, Institut Teknologi
Sumatera, Lampung Selatan, Indonesia, 35365
2. Department of Physics, Faculty of Science, Institut Teknologi Sumatera, Lampung Selatan, Indonesia,
35365
3. Bachelor Program of Instrumentation and Automation Engineering, Faculty of Industrial Technology,
Institut Teknologi Sumatera, Lampung Selatan, Indonesia, 35365

Article Information Abstract

In this paper, we investigate the electronic structure of Janus Si2SbBi monolayer

Article history: and compare it with the non-polar systems Si2Biz> and Si2Sb2 monolayer based on
Received January 22, 2024 Density Functional Theory (DFT) calculation. According to the first-principles
Received in revised form calculation, these systems exhibit semiconductor properties with energy gaps are
January 25, 2024 0.674 eV, 0.28 eV, and 1.13 eV for Janus Si2SbBi, Si2Biz, and Si2Sbz, respectively.
Accepted January 26, 2024 In addition, the intrinsic Rashba splitting is also observed around the I" Point on

conduction band minimum (CBM) in the electronic structure of Si2SbBi monolayer,
which is not found in Si2Sb2 and Si2Biz monolayer systems. This Rashba splitting
phenomenon we analyze by using the k-p perturbation theory based on

Keywords: DFT, Electronic symmetry group and get the first-order Rashba Parameter a; = 1.84 eVA, and a; =
Structure, Janus, Rashba 1.73 eVA, for I'-K and I'-M direction, respectively. Given its robust intrinsic Rashba
Splitting, Spintronics Splitting, the Janus Si2SbBi monolayer exhibits promising potential as a

semiconductor material for spintronics devices.

Informasi Artikel Abstrak

Penelitian ini kami menginvestigasi struktur elektronik dari material Janus
Proses artikel: Si2SbBi monolayer dan membandingkannya dengan material non-polar Si2Sbz
Diterima 22 Januari 2024 dan Si2Sb2 monolayer berbasis perhitungan Density Functional Theory (DFT).
Diterima dan direvisi dari Berdasarkan perhitungan first-principlessemua sistem menunjukkan sifat
25 Jnauari 2024 semikonduktor dengan energi gap yaitu 0.674 eV, 0.28 eV, dan 1.13 eV untuk
Accepted 26 Januari 2024 masing-masing dari material Si2SbBi, Si2Biz, dan Si2Sb2 monolayer. Selain itu

instrinsik Rashba Splitting juga teramati di sekitar I point pada conduction band
minimum (CBM) di struktur elektronik dari Si2SbBi monolayer yang tidak
ditemukan pada material Si2Biz, dan Si2Sb2 monolayer. Fenomena Rashba
splitting tersebut kami analisis menggunakan teori gangguan k-p yang

Kata kunci: DFT, Janus, dikombinasikan dengan symmetry group dan memperoleh parameter Rashba
Rashba Splitting, Struktur order pertama a, = 1.84 eVA, dan a, = 1.73 eVA, untuk masing-masing arah I"K
Elektronik, Spintronics point dan arah I'-M point. Sifat instrinsik Rashba splitting yang kuat membuat

materal Janus Si2SbBi monolayer memiliki potensi yang baik sebagai kandidat
material semikonduktor untuk divais spintronics.

1. Introduction

In recent years, research on two-dimensional materials has been widely studied by researchers after
discovering graphene as a pioneering two-dimensional material due to its outstanding electronic and spintronic
properties (Hanna et al., 2018; Lee et al., 2017). However, graphene has a small energy bandgap and weak spin-orbit
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interaction (SOI), so it cannot be used for semiconductor applications. As a result, research to find new two-
dimensional materials having hexagonal structures, such as graphene with semiconductor properties, has attracted
much attention from researchers ever since. These new materials are including MXenes (Huang et al., 2020; Nan et
al., 2021), hexagonal Boron nitride (Garcia-Miranda Ferrari et al., 2021; K. Zhang et al., 2017), transition metal
dichalcogenides (TMDs)(Affandi et al., 2018; Affandi & Ulil Absor, 2019), Janus transition metal dichalcogenides
(Janus TMDs) (Putri et al., 2021; Sino et al., 2021) and monolayer IV-V materials(Morales-Ferreiro et al., 2017).

Materials with strong SOI are particularly interesting because they lead to various phenomenons such as spin
Hall effect (Bandurin et al., 2017; Qi et al., 2006), Zeeman effect (Wang et al., 2020), Topological Insulator (Huang et
al., 2020), and Rashba effect (Bychkov & Rashba, 1984). In particular, Rashba effect attracts much attention due to
its potential in spintronic devices like spin field effect transistor (SFET). The Rashba effect is a momentum-dependent
spin splitting in materials with a non-centrosymmetry structure(Affandi & Ulil Absor, 2019; Putri et al., 2021).
Experimentally, Rashba effect is observed in AlGaAs/GaAs by magnetotransport measurements(Stein et al., 1983).
In a theoretical study, Rahba effect predicted appears in many 2D materials such as in heavy metal film (Mihai Miron
et al., 2010), in TMDs (Affandi & Ulil Absor, 2019), and Janus TMDs(Putri et al., 2021). Interestingly, Rashba effect
is tunable by some external effects such as by external electric field (Affandi & Ulil Absor, 2019)and by strain
engineering effect(Anshory & Absor, 2020; Putri et al., 2021).

The Rasbha effect is indicated by the significant spin splitting in the electronic structure of materials around
the Fermi level, which is referred to as Rashba Spin Splitting (RSS). Intrinsic RSS has been reported to appear in
Janus TMDs due to breaking inversion symmetry in the crystal structure(Putri et al., 2021; Sino et al., 2021). Similar
to Janus TMDs, the RSS is predicted to emerge in Janus material from the monolayer IV-V family. Monolayer IV-V
materials are defined by a general formula A>X2 with A corresponding to the group IV atoms and X corresponding to
the group V atom. Recently, A>X> single-layer structure and novel electronic properties have been synthesized(W.
Zhang et al., 2018). On the other hand, Janus IV-V ML materials are derived from the original IV-V ML with the
chemical formula of A>XY, where one of the V atom (X) replaced by a different atom of group V (Y).

Among the Janus IV-V ML materials, the Janus Si2SbBi ML predicted have strong RSS due to strong SOI of Sb
and Bi atoms. Therefore, in this study, by Density Functional Theory (DFT) calculations, we identified the electronic
structure of the Janus material SioSbBi ML and the original structure SioX> ML for comparison. We also analyze the
intrinsic RSS on Janus material Si2SbBi ML by using k - p perturbation theory combined with the symmetry group.
Finally, the possible applications of the present systems for spintronics are discuss.

2. Research Methods

In this study, we employed Density Functional Theory (DFT) calculations using the OpenMX software package
(Ozaki et al., 2009) to carry out the electronic structure of the material. The exchange-correlation functional employed
in this study was the Generalized Gradient Approximation by Perdew, Burke, and Ernzerhof (GGA-PBE)(Perdew et
al., 1996). The norm-conserving pseudopotential(Troullier & Martins, 1991) is applied in our calculation with an
energy cutoff 300 Ry for charge density. We utilized a linear combination of multiple pseudoatomic orbitals to extend
the wavefunction by using a confinement scheme(Ozaki, 2003; Ozaki & Kino, 2004). In this approach, two s-, two p-
, and one d- character numerical pseudo-atomic orbitals were used for each atom. Additionally, our fully relativistic
calculations incorporated the Spin-Orbit Interaction (SOI)(Theurich & Hill, 2001).

In our computational simulations, we represent the two-dimensional configuration of Janus Si2SbBi and Si2X>
(X=Sb, Bi) through a periodic slab, ensuring a substantial 24 A vacuum layer to prevent interactions between adjacent
layers. Employing a 12 x 12 x 1 k-point grid, we conducted a thorough relaxation of atomic positions, adhering to a
stringent force criterion of 1 x 1075 Hartree/Bohr to achieve optimized geometries.
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Figure 1. (a) Top view of both SixX> (X=Sb, Bi) ML and Janus SioSbBi ML. (b)The first Brillouin zone of both SixX»
(X=Sb, Bi) and Janus Si>SbBi ML. Side view of Si2X> (X=Sb, Bi) ML(c) and Janus SioSbBi ML (d) and
presenting bond length between atom Si with X (Sb, Bi) atom (dax ) , and between atom Si with Y (Sb, Bi.
X#Y) atom (da-v )

The crystal structure of Si>X2 (X=Sb, Bi) is formed by group IV-V compounds with an A>2X> ML structure can be
seen in Figure 1. (a) Top view of both SioX> (X=Sb, Bi) ML and Janus SioSbBi ML. (b)The first Brillouin zone of both
Si2X2 (X=Sb, Bi) and Janus Si2SbBi ML. Side view of Si2X> (X=Sb, Bi) ML(c) and Janus Si2SbBi ML (d) and presenting
bond length between atom Si with X (Sb, Bi) atom (da-x ) , and between atom Si with Y (Sb, Bi. X#Y) atom (da-v ). These
compounds consist of quadruple atomic layers held together by covalent bonds and organized in a repeating sequence
of X - A — A - X. These arrangement makes A>X> ML possess crystal symmetry corresponding to the P6m2 space
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group with a Dsn point group. On the other hand, the crystal structure of Janus SioSbBi ML is transformed from A>X>
ML structure, which is formed by replacing group V atom on one side with a different group V atom, resulting a
broken mirror symmetry. Consequently, the Janus SioSbBi ML has crystal symmetry with Cs, point group.

3. Results and Discussions

Table 1. Optimized structural parameters of Janus SioSbBi ML and non-Janus Si2X> (X=Sb, Bi) ML for comparative
analysis. Includes in-plane lattice constans a, the bond length between A and X (d,_x), and the bond length
between A and Y (d,_y).

Systems a (A) d,_x(A) d,_y(A) E jop(eV) Ref

Si»SbBi ML 4.010 2.668 2.715 0.674 This work
SixSba ML 4.000 2.633 - 1.13 This work
SiaBis ML 4.128 2.724 - 0.28 This work

Initially, we examine the structural parameters of the Janus Si2SbBi ML, as detailed in Table 1. Our analysis
reveals an optimized in-plane lattice constant of 4.01 A, in line with previously reported calculations (Babaee Touski
& Ghobadi, 2021; Lukmantoro & Absor, 2023). For comparison, we also conducted calculations for non-Janus Si2X>
(X=Sb, Bi) ML and we found the lattice constant are 4.000 A and 4.128 A for Si>Sb. and Si»Bi» ML, respectively. These
findings indicate that the lattice constant of the Janus Si2SbBi ML falls approximately midway between those of

SioSbs and Si2Biz MLs.
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Figure 2. Electronic structures of Janus Si2SbBi ML, Si2Bi» ML, and SiaSb2 ML, without (a-c) and with (d-f)
consideration of Spin Orbit Interaction (SOI), respectively.

Figure 2. Electronic structures of Janus SioSbBi ML, Si>2Bi2 ML, and SiaSb2 ML, without (a-c) and with (d-f)
consideration of Spin Orbit Interaction (SOI), respectively.illustrates the electronic structure of the Janus Si>SbBi ML
in comparison to non-Janus Si2X> (X=Sb, Bi) MLs. The calculations were performed both without (a-c) and with (d-f)
consideration of the SOI. All systems exhibit an indirect band gap, where conduction band minimum (CBM) and
valence band maximum (VBM) are located at the M and I points, respectively. The inclusion of SOI influences the
energy gap in all systems, leading to a reduction in the energy gap when compared to calculations without SOI. The
Janus Si2SbBi ML has an energy gap of 0.674 eV, which is smaller than SioSb> ML 1.13 eV, but slightly larger than
Si>Bi» ML 0.28 eV. Detailed calculation results are provided in Table 1Table 1..

Our attention is directed towards the Janus Si2SbBi ML with Spin-Orbit Interaction (SOI). Notably, the Rashba
spin splitting (RSS) effect manifests in the conduction band near the I" point (Figure 3.(a)), a phenomenon absent in
the non-Janus Si2X> ML system. This occurrence is attributed to the broken mirror symmetry within the Janus
Si>SbBi ML system. Analysis of the band projections onto the atoms confirms that the Rashba-type spin splitting
around I' point arises from significant interactions among Bi-(px+py), Bi-(pz), Sb-(px + py), and Sb-pz orbitals (Figure
3.(b)). The observed spin splitting around I point in the Janus SioSbBi ML is expected to play a crucial role in creating
spin-polarized states via the Rashba effect. This has notable implications for the functionality of spin-field effect
transistors.
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Figure 3. The electronic structure of the Janus SioSbBi ML system, highlighting the Rashba spin splitting (RSS) with
a black rectangle around the I' point in the magnified view (a). The projected orbital band of the Janus
Si>SbBi ML, featuring colored contributions and spectral weights represented by circle radius (b).

To analyze the RSS, first, we can consider that this system is like a 2-dimensional electron gas (2DEG) system.
In a 2DEG system, the energy of RSS can be written as follows Eq. (1).

(1)

27,2

- h°k -
Ei(k) = WiRlel

where E ’—’(E) is the energy band of spin up and down as wave vector k function, # is Plank’s constant, m" is
electron mass, and a; is Rashba parameter. Based on this equation, the Rashba parameter a; equation can be
written as Eq (2).
@)
2AE,
T Ak

ag

Based on this equation, we found that Rashba parameter a; of 3.55 eVA (see Table 2).
The another way to analyze the RSS, we can use the k - p perturbation theory based on symmetry group (Vajna
et al., 2012). The Janus SioSbBi ML has crystal symmetry with Cs, point group. The effective Hamiltonian at the I
point can be expressed as Eq (3).
)
Hi(k) = Ey(k) + a(k)[cos($p)ay, — sin(¢)a,] + a3 k3 cos(3p)a,

where E,(k) = zk—n; and m*is the effective mass, a(k) = a;k + ai, with a;and a} are the first and third orders Rashba
parameters, respectively, while a? is the warping parameter. In addition, we define a polar angle, ¢, in k-space
through the relation ¢ = cos‘l(%). Solving eigenvalue problem associated with the Hamiltonian, we derive the spin
splitting energy expressed in the square form in Eq (4).
“)
[Ac(k)]? = (a k + adk®)? + (a?)?k cos? 3¢

For direction of I'-K point and I'-M point, the polar angle are ¢ = (0°,60°...) and ¢ = (30°90°, ...), respectively.

Table 2 shows the Rashba parameter result from fitting calculation with Equation 4 for small value of k. For
I'-K direction, our fitting calculation, found that a; = 1.84 eVA and a} = —337.95 eVA3 and a? = —236.86 eVA3. However,
for I-M direction our fitting calculation, found that a; = 1.73 eVA and a} = —227.35 eVA3. The calculated value of the
first order Rashba parameter a, for both directions is closely matches the Rashba parameter a; derived for the 2DEG
equation. This similarity indicates that RSS in the Janus Si2SbBi ML system is isotropic, which is further supported
by the relatively small third-order Rashba parameter obtained from the fitting calculation.

Table 2. The Rashba parameter result derived from Equation 2 and fitting calculation with Eq (4).

System ag (eVA) LK I-M
y & a,(eVA) al(eVA3) a’(eVA3) a,(eVA) al(eVA3)
Janus Si2SbBi 1.88 1.84 —337.95 —236.86 1.73 —227.35

ML

In order to validate the existence of Rashba splitting, we conducted spin polarization calculations specifically
around the I point at the conduction band minimum (CBM). Our analysis involved spin texture calculations, where
we plotted the expectation value of spin in the %, y, and z directions. As depicted in Figure 4, the spin textures of the
Janus Si>SbBi ML around the I' point unequivocally affirm the presence of the Rashba effect in this system. The spin
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textures have a circular pattern with two components of spins consist of the clock wise and the counter clock wise
one direction. This pattern implies and confirm that the Rashba effect characteristic of the system tend to be isotropic.
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Figure 4. Spin texture of the Janus Si2SbBi ML system around the I' point in the CBM for small of k.

We observed that the presence of Rashba spin splitting (RSS) in the Janus Si>SbBi ML system could be
experimentally verified (Rezavand et al., 2022), similar to how the spin splitting in the MoS> monolayer has been
observed in experiments(Jin et al., 2015). Given its substantial Rashba parameter, this system holds potential for
future applications in spin field-effect transistor (SFET) devices. Consequently, we anticipate that our findings will
instigate further theoretical and experimental endeavors to explore the Rashba effect in the Janus Si2SbBi ML system,
thereby broadening the range of 2D materials suitable for prospective applications in spintronics.

4. Conclusion

In conclusion, our investigation delved into the existence of Rashba splitting properties in the Janus Si>SbBi
monolayer (ML) system through first-principles Density Functional Theory (DFT) calculations. The findings revealed
a substantial Rashba splitting around the I' point in the Conduction Band Minimum (CBM) with an isotropic
character. The Rashba parameter was comprehensively explained and analyzed using k - p perturbation theory based
on symmetry group, drawing comparisons with the isotropic equation for Rashba in a two-dimensional electron gas
(2DEG). The isotropic characteristic of the Rashba parameter is contributed by the first order Rashba parameter, and
negative contributed by third order Rashba parameter. Therefore, our results provide the Janus Si>SbBi ML system
is well-suited as a potential candidate for spintronic materials in Spin Field-Effect Transistor (SFET) devices.
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