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Spin-orbit coupling (SOC) and spatial inversion asymmetry are together capable of hosting a variety of effects
such as Rashba and SOC spin splittings accompanied with Berry phase effects. Predominantly, spin-valley
coupling and valley-contrasting physics are studied in hexagonal transition-metal dichalcogenides. In this work,
we explore monoclinic monochalcogenide tellurene monolayer in two stable phases (β and β ′) for strain coupled
spin-valleytronic properties using first-principles calculations. A high Rashba coefficient of 0.90 eVÅ is obtained
in strained β-Te while it magnifies to 1.55 eV Å at 8% strain in β ′-Te. Time-reversal-connected valleys in
tellurene lead to an induced Berry curvature (BC) in β-Te by the application of strain. The strain-induced
BC of 21.27 Bohr2 is obtained, specifically at 4.5% biaxial strain in β-Te by undergoing a phase transition,
whereas noncentrosymmetric β ′-Te has a maximum BC of 22.90 Bohr2 at −4% strain. Large Rashba spin
splittings with spin Berry curvature lead to intrinsically large spin Hall conductivity (SHC) in tellurene. Strain
tunable SHC of ∼44 (h̄/e) S/cm is obtained for p-type β ′-Te at carrier concentration nh ≈ 1.1 × 1015 cm−2,
and SHC of ∼3.68 (h̄/e) S/cm is obtained for n-type β ′-Te at ne ≈ 2.3 × 1013 cm−2. Moreover, finite SHC of
2.48 (h̄/e) S/cm and two pairs of edge states crossing in the forbidden region implies inversion asymmetric β ′

tellurene as a potential double quantum spin Hall insulator. The comprehensive study of the mentioned intriguing
properties of tellurene indicates its high technological potential in a merged spin-valleytronic multifunctional
nanodevice and in low-power quantum electronics.

DOI: 10.1103/PhysRevB.107.155420

I. INTRODUCTION

The collective exploitation of spin orientations and val-
ley degree of freedom of charge carriers in two-dimensional
(2D) materials is a novel approach in nanodevice design
for integrating spintronic and valleytronic functionalities. 2D
materials with broken inversion symmetry and large spin-
orbit coupling are profound choices for manifesting the two
phenomena of spin and valley manipulation in a material.
Although the field of valleytronics is relatively new, both
spintronics and valleytronics are emerging fields in the na-
noelectronics regime and require constant groundwork and
assessment. Controlling valley polarization in time-reversal
connected valleys has become an ultramodern approach for in-
formation encoding-decoding [1,2]. MoS2 monolayer serves
as the epitome of valleytronics in two dimensions wherein
valley polarization has been demonstrated experimentally
through optical pumping [3,4]. This creates disproportionate
carrier concentrations in the inequivalent valleys by selec-
tive optical excitation of carriers. The intervalley scattering
is expected to be less as the valleys are largely distant in
the momentum space. Diversified approaches have been uti-
lized to obtain valley polarization such as external magnetic
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field, magnetic doping, proximity effect, vacancies, and het-
erostructure construction [5–8].

In the context of potential application in spintronics,
initially magnetic materials have been explored [9–13]. How-
ever, there has been a subsequent shift towards manipulating
spin degree of freedom in nonmagnetic materials. TMDCs
such as MoX 2, WX 2 (X = S,Se,Te), TaTe2, PtTe2, and per-
ovskite such as KTaO3 [14] are not ferromagnetic by nature,
but it is the presence of large spin-orbit coupling that makes
them potential candidates for spintronics [15–17]. Incorpo-
ration of SOC leads to Rashba-type and SOC-induced spin
splittings that lift the spin degeneracy by an intrinsic electric
field present in asymmetric materials. These materials are
used as the spin channel for spin manipulation and trans-
portation in conjunction with ferromagnetic materials at the
source and drain of a spin FET [18]. Giant Rashba and SOC
spin splittings are useful in miniaturized spintronic device
construction such that large spin-momentum locking leads to
shorter spin channels where the spin precesses by 180◦ at the
channel end [19]. The idea of utilizing nonmagnetic materials
having significant SOC and spin-momentum locking strength
widens up the range of materials that can be employed in
spintronics.

The valley and spin polarizations pave the way for valley-
dependent carrier transport and quantum effects such as the
valley Hall effect [20,21], the anomalous Hall effect [22,23],
and the spin Hall effect [15,24]. These effects are governed
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by the presence of Berry curvature and spin Berry curvature
(SBC). The spin Hall effect emerges from the spin Berry
curvature and the strong SOC, which causes spin splitting in
the material. The quantum spin Hall effect (QSHE) can be
observed in materials having insulating bulk but conducting
helical edge states. These spin edge states are topologically
protected from scattering by the time-reversal symmetry and
thereby they can transfer information without any data loss
in quantum devices. QSHE has been found in graphene [25],
1T ′ TMDCs [26,27], α-Sb, and α-Bi [28]. The concurrence of
spintronic and valleytronic properties in a material is desirable
for a multifunctional nanoelectronic device. Xiao et al. [29]
reported and discussed coupling of spin and valley physics in
MoS2 monolayer, as well as predicting the occurrence of spin
and valley Hall effects in the monolayer.

The interplay of spin and valley properties in 2D materials
can be controlled and tuned by strain easily due to their
inherent flexibility. Strain has the potential to reduce spatial
symmetries of a system and can induce noncentrosymmetry
in an initially inversion-symmetric material, thereby inducing
spin splitting and Berry curvature dipole and modulating spin
and valley polarizations present in 2D compounds. Spin and
valley splittings are derived from electronic band structure,
which alters dramatically with strain. Strain engineering has
proved to be an effective method to enhance and achieve desir-
able spin-valley splittings and the corresponding Hall effects.
Moreover, the manufacturing process of materials causes un-
avoided strain in the lattice, which compels us to investigate
the effect of strain on the physical properties. Son et al.
[30] demonstrated strain tuned Berry curvature dipole and
valley magnetization in MoS2. Slawinska et al. [31] discussed
the effect of strain on spin Hall conductivities of group-IV
monochalcogenides.

Strain has become a medium to provoke the evolution of
properties that are generally absent in the material. Recently,
strain-induced piezoelectricity arising due to the breakage of
inversion symmetry in initially centrosymmetric β-Te was
studied in our previous work [32]. Tellurene monolayer was
first predicted by Zhu et al. [33], and then synthesized ex-
perimentally a few years later using various chemical and
mechanical methods [34,35]. Wang et al. [35] fabricated tel-
lurene field-effect transistor (FET) with a high on/off ratio
of the order of 106. This switching ratio can be expected to
be enhanced further by using a spin degree of freedom of
tellurene in a spin-FET.

In this study, the potential of monochalcogenide tellurene
in coupled spin-valley physics is assessed. Tellurene possesses
four important ingredients: (i) lattice inversion asymmetry in
one of its phases or producible in strained conditions, (ii)
strong spin-orbit coupling due to heavy Te atoms, (iii) energy
degenerate multivalleys that can be distinguished in momen-
tum space, and (iv) time-reversal symmetry. These factors are
responsible for generating large Rashba and SOC spin split-
tings as well as valley-contrasting Berry curvature and spin
Berry curvature, essential for spintronics and valleytronics. In
this regard, the Rashba spin splitting and spin Berry curvature
induced significant double quantum spin Hall effect is found
in tellurene monolayer. It is also found that tellurene is a
merger of spintronic and valleytronic properties so as to have
the best of both worlds in this single 2D material. Contempo-

rary electronics is being replaced by spin-valley-tronics, and
so the quest to find novel materials for spin-valley-tronics has
intensified. Our study will promote experimental investigation
of 2D tellurene for extracting quantum Hall effects. The duo
of strain and carrier doping has been employed to obtain the
optimal spin Hall effect.

II. COMPUTATIONAL METHOD

In this work, Vienna Ab-initio Simulation Package (VASP)
[36] has been used to execute density functional theory
(DFT) calculations such as geometric relaxation and elec-
tronic band structure. These first-principles calculations are
performed with projector augmented waves (PAWs) [37,38]
in the generalized-gradient approximation (GGA) [39]. The
Perdew-Burke-Ernzerhof (PBE) [40] functional has been used
to describe electron exchange and correlation effects. The
tellurene monolayer is optimized by allowing its degrees of
freedom (ionic positions and cell shape) to change until the
Hellmann-Feynman forces on each atom are less than 0.01
eV/Å. The kinetic-energy cutoff for the plane-wave basis is
fixed at 400 eV, and the maximum permissible energy differ-
ence for proper convergence in electronic relaxation is set at
10−8 eV. The Brillouin zone is sampled with 14 × 14 × 1 �-
centered k-mesh. Monolayer has a vacuum of approximately
15 Å in the z-direction so as to decouple the periodic layers,
thus eliminating the factitious interactions between them. The
SOC-based electronic band structures have been calculated
using two different first-principles codes, VASP and QUANTUM

ESPRESSO [41], and they are found to be consistent with each
other. Spin-orbit coupling is incorporated in the electronic
band-structure calculations to study the Rashba effect and
SOC spin splitting in valence and conduction bands. The
maximally localized Wannier functions (MLWFs) are used to
determine Berry curvatures using WANNIER90 [42,43] code
in conjunction with the QUANTUM ESPRESSO package. The
Wannier functions are obtained for 12 bands for three Te-
atoms per unit cell. These bands are doubled to 24 in order to
consider two spins per channel for SOC inclusion. The bands
in tellurene are mainly composed of a p-orbital with a small
contribution from an s-orbital. The sp3 hybridized orbitals are
used as the initial projections for calculating Berry curvature.
These calculation details reconcile with the ones mentioned
by Tsirkin et al. [44]. The edge-state band-structure calcula-
tions are performed using WANNIER TOOLS [45], which used
MLWF based on a tight-binding model, constructed from the
WANNIER90 package.

Berry curvature �z,n(k) of the nth Bloch band at a particu-
lar k point is given by the Kubo formula [46,47],

�z,n(k) = �n′ �=n
−2 Im[〈ψnk|v̂x|ψn′k〉〈ψn′k|v̂y|ψnk〉]

(En − En′ )2
, (1)

where v̂x,y is the velocity operator, ψnk is the nth eigenstate at
a k point with eigenvalue, and En = h̄ωkn.

Berry curvature of all the occupied states can be written as
the summation of Berry curvature of each band,

�z(k) = �n fn(k)�z,n(k). (2)
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FIG. 1. (a) Side view geometric representations of β-Te and β ′-Te monolayers using a ball stick model. The plane (in green) passing
through the center of inversion clearly depicts the inversion symmetry in β-Te having same bond lengths on either side of the plane and broken
inversion symmetry in β ′-Te as different bond lengths exist between Te-Te atoms; a schematic representation of a 2D Brillouin zone of a
monoclinic lattice with labeled high-symmetry k points. (b) Variation of area and lattice parameters of β-Te and β ′-Te with strain, representing
explicit as well as coexistence regions of the two phases. Blue dotted lines represent the parameters “a” and “b” of β-Te, while the solid lines
are for the lattice parameters of β ′-Te (specific lattice parameters of β ′-Te are marked with green stars, and area is marked with a green circle).
(c),(d) Spin-resolved electronic band structures of β-Te and β ′-Te for the closed path Y -�-X -A-Y using PBE and SOC. The colorbar indicates
red for spin-up and blue for spin-down contributions.

Berry curvature is a physical property deduced from the
energy-momentum relationship of electrons in asymmetric
materials.

The spin Hall effect is the transport phenomenon governed
by the spin Berry curvature. So, spin Hall conductivity can be
written in terms of spin Berry curvature �s

z(k) as [48]

σ SHC
xy = e

h̄
�k�

s
z(k) = e

h̄
�k�n fn(k)�s

z,n(k), (3)

where fn(k) describes the Fermi distribution function for the
nth band at k. Here, spin Berry curvature for the nth band can
be defined as

�s
z,n(k) = �n′ �=n

−2 Im[〈ψnk| ĵz
x|ψn′k〉〈ψn′k|v̂y|ψnk〉]

(En − En′ )2
, (4)

where ĵz
x is the spin-current operator ( ĵz

x = 1
2 {ŝz, v̂x}, with

ŝz = h̄σ̂ /2 as the spin operator and v̂x as the velocity operator)
[15,49].

III. RESULTS AND DISCUSSION

A. Crystal symmetry and effect of SOC on band structure

As proposed in our previous work [32], the puckered
single-ayer tellurene exists in two different monoclinic phases
having space groups P2/m(10) (β-Te) and P2(3) (β ′-Te). Tel-
lurene is multivalent in nature, and structurally Te-atoms are
covalently bonded to each other with coordination numbers
3 and 4. Upon geometry optimization, β-Te acquires lattice
constants a = 5.69 Å, b = 4.22 Å, and c = 4.12 Å similar
to the earlier reported values [33]. The predicted stable β ′-Te

has lattice parameters a = 5.96 Å and b = 4.51 Å in two di-
mensions [32]. It can be obtained by exfoliating bulk-Te using
mechanical or chemical means, wherein 1D Te helical chains
are stacked and weakly coupled by van Der Waals forces. On
reducing the dimension, β ′-Te attains the monoclinic lattice
from the trigonal bulk-Te. Tellurene monolayer is spatially
inversion symmetric in β-Te, whereas it lacks inversion sym-
metry in β ′-Te phase as shown in Fig. 1(a). The dissimilar
Te-Te bond lengths on either side of the plane passing through
center of inversion in β ′-Te determines the existence of non-
centrosymmetry in the system. This inversion asymmetry is at
the core of inducing various structural-dependent properties
that have been discussed in this paper.

Tellurene can undergo phase transitions between β (P2/m)
and β ′ (P2) by controlling the strain in lattice parameters
“a” and “b” as shown in Fig. 1(b), which represents the
variation in area and lattice parameters with respect to strain.
Blue dotted lines represent the parameters “a” and “b” of
β-Te, while the solid lines are for the lattice parameters of
β ′-Te. Under the effect of strain, lattice parameter “a” of
β-Te and β ′-Te follow the same line but lattice parameter “b”
of β ′-Te follows a parallel line to that of β-Te. The biaxial
strain applied to parameters in β ′-Te from −8% to +8% is
equivalent to −3.6% to +13% in β-Te. At 4.5% biaxial strain,
β loses its centrosymmetry and undergoes a phase transition
from P2/m to P2, that is, transits to β ′-Te. β-Te can have a
maximum area of 26.26 × 10−16 cm2 while β ′-Te can have
a minimum area of 24 × 10−16 cm2. For the smaller lattice
parameters and area, β-Te is dominating, while for larger
parameters and area, β ′-Te is dominating. However, a small
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FIG. 2. Alteration in the band structures of (a) β-Te and (b),(c) β ′-Te by applied biaxial strain in the range of 0–8 % and −8% to 8%,
respectively, along the path X ′-�-X . Strain leads to Rashba-type spin-splitting in the bands by generating noncentrosymmetry in tellurene. Q1
and Q2 represent the Rashba spin-splitting in the top valence and bottom conduction bands, respectively. (d) and (e) Variation in PBE-SOC
calculated direct and indirect band gaps of β-Te and β ′-Te by applied biaxial strain. (f) Spin-resolved top valence band showing Rashba spin
splitting for 4.5% strained β-Te. Red and blue in the colorbar represent spin-up and spin-down states. Rashba energy splitting, 
E , and the
corresponding momentum shift, 
k, are the Rashba parameters.

region of coexistence of both phases is found. This is because
β ′-Te is noncentrosymmetric from −5.5% to +10% biaxial
strain [32]. So, here the combination of small parameters
for compressive biaxial strain in β ′-Te from −5.5% to 0%
corresponds to the biaxial strains of ∼ − 1% to 4.5% in β-Te,
and an overlapping region is obtained. Moreover, β ′ phase
with specific lattice parameters a = 5.96 Å and b = 4.51 Å
has area = 26.87 × 10−16 cm2. It can be seen lying in the
explicit region of noncentrosymmetric space group P2 (lattice
parameters are marked with green stars and area is marked
with a green circle). So, the applied strain of +4.7% in “a”
and +6.8% in “b” to β-Te results in β ′-Te.

The electronic band structures for β-Te and β ′-Te are
shown in Figs. 1(c) and 1(d) for the closed path Y -�-X -A-Y
with SOC inclusion. The high-symmetry k points are
displayed in the Brillouin zone of a monoclinic lattice
[Fig. 1(a)]. These spin-resolved band structures show con-
tributed spin states. The obtained band structures using
QUANTUM ESPRESSO completely resemble the electronic
bands obtained earlier using VASP [32]. The contributions of
spin-up and spin-down states in the band are observed in red
and blue, respectively. In β-Te, degenerate spin states exist
without any band splitting in it due to the presence of cen-
trosymmetry. On the other hand, we observe the bands being
split and procuring opposite spins in β ′-Te under the effect of
spin-orbit coupling. SOC produces band splitting with spin-
polarized states for asymmetric materials [50]. Also, tellurene

is a high atomic number element (Z = 52), and therefore it
possesses large SOC (ESOC ∝ Z4). This kind of spin splitting
in electronic states is significant for spin-based application,
and it will be discussed in detail in the next section.

B. Effect of strain on electronic properties

Various intriguing properties of 2D materials such as opti-
cal, thermoelectric, spintronic, and valleytronic properties are
related to their electronic energy-momentum dispersion rela-
tion. These electronic properties are sensitive to the applied
strain. So, it becomes important to investigate the modulation
in electronic band structures due to external strain. A dilating
biaxial strain is applied to β-Te in the range of 0–8 %. This
strain range is chosen in alignment with our earlier report [32].
Figure 2(a) presents the alteration in band structures along
the high-symmetry k points X ′-�-X triggered by strain. The
valence-band maxima (VBM) and conduction-band minima
(CBM) of β-Te lie at the �-point indicating the presence of a
direct band gap. The deformation in geometry from 0% to 4%
does not affect the band characteristic or shape of the valence
and conduction valleys. But small drifting of VBM and CBM
valleys towards each other with increasing strain from 0% to
4% is spotted. At 4.5% applied strain, the inversion symmetry
breaks and the crystal structure transits from centrosymmetric
to noncentrosymmetric [as shown in Fig. 1(b)] that is, β-Te
transits into β ′-Te. This is confirmed by the change observed
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in the band structure, that is, band splitting at valence and
conduction valleys around the �-point at 4.5% strain (in red)
shown in Fig. 2(a). As referred to in the previous section,
SOC plays a crucial role in generating band splittings in
broken inversion symmetry materials. The structure remains
noncentrosymmetric at increasing strains, and accordingly a
similar kind of band splitting is evident in the band structure
at applied 6% and 8% strains.

Figures 2(b) and 2(c) displays the strain modulated bands
of β ′-Te for the path X ′-�-X within energy range −1.2 to
1.5 eV around Fermi energy. Herein, the variation in elec-
tronic properties is observed for strain values −8% to 0% in
Fig. 2(b) and for 0–8 % in Fig. 2(c). As β ′-Te is inversion
asymmetric, split bands or split local VBM/CBM valleys
exist at �-point for this indirect-band-gap material. However,
vanishing band splitting is observed in electronic band struc-
ture under applied −6% and −8% strains, as can be seen in
Fig. 1(b), where β ′-Te transits back to β-Te. This is because of
the acquirement of centrosymmetry by the structure. This type
of phase transition does not occur under mechanical strains
ranging from −4% to 8%, although drifting of bands and
changes in band curvature are visible. It should be noted that
bands are symmetrical for � → X ′ and � → X directions at
all strains. Due to significant band evolution such as drifting
and splitting of valleys by applied strain in β-Te as well as
β ′-Te, a strong strain-valley coupling is found to exist in these
structures caused by geometrical distortion.

Strain-induced valley drifting leads to variation in band gap
of β-Te [Fig. 2(d)] and β ′-Te [Fig. 2(e)]. VBM and CBM
valleys drift and approach each other for β-Te under 2% and
4% strain and thereby reduce the direct band gap by 60 and
130 meV, respectively. The direct-to-indirect crossover of the
band gap occurs at 4.5% strain, and again with increasing
strain, the band-gap reduction happens by 60 meV at 6% strain
and by 220 meV at 8% strain. Looking into the band-gap
evolution of β ′-Te with strain, the direct-to-indirect crossover
is seen at −6% value of strain. The largest indirect band gap
of 1.22 eV occurs at −2% strain and the band gap goes as
small as 400 meV at 8% strain. The direct-to-indirect band-
gap transition is directly correlated to the phase transition in
tellurene monolayers.

The band splitting observed at the local valence-band max-
ima and conduction-band minima at the �-point in tellurene
monolayers (Fig. 2) is a Rashba-type spin splitting. The en-
larged view of 4.5% strained β-Te is shown in Fig. 2(f) for
the clear demonstration of the Rashba effect in single-layer
tellurene. The two split bands possess opposite spins, that
is, spin up (in red) and spin down (in blue) along the high-
symmetry path X ′-�-X . This is the SOC-induced Rashba spin
splitting and is described by the Hamiltonian [50]

HR = −αRσ × k · r̂, (5)

where αR is the Rashba strength coefficient, σ is the Pauli spin
matrix vector, k is the momentum vector, and r is the direction
of intrinsic electric field. This electric field is produced by
the potential gradient, which is caused by the asymmetry in
the crystal structure of material. So, the two foremost con-
ditions governing the occurrence of Rashba electronic states
are the broken inversion symmetry and the presence of strong
spin-orbit coupling in the material. The Rashba coefficient

determines the strength of spin-momentum locking in the
electronic band structure and is quantified as

αR = 2
ER


kR
, (6)

where 
ER is the energy splitting between the two bands,
and 
kR is the corresponding momentum shift. These Rashba
parameters are depicted in Fig. 2(f).

Further, the energy splitting, momentum shift, and Rashba
coefficient are calculated for tellurene under different amounts
of applied strain as shown in Fig. 3. The spin-splitting energies
of SOC-induced Rashba at the �-point valence bands in β-Te
monolayer vary from 16 to 14.4 meV for strains 4.5–8 % and
the corresponding momentum shift variation is small, as seen
in Figs. 3(a) and 3(b). The obtained Rashba coefficients from
these entities reduce slightly from 0.58 to 0.535 eV Å with
increasing tensile strain. Simultaneously, variation in Rashba
parameters of conduction bands is also studied. Energy split-
ting, momentum shift, and the resulting Rashba coefficients
are higher in conduction bands than the valence bands. Also,
the Rashba coefficient increases with the applied tensile strain
from 0.82 eV Å at 4.5% to 0.9 eV Å at 8%. Figures 3(d)–
3(f) show the variation of Rashba parameters of β ′-Te with
strain. Rashba spin splitting is obtained both in valence and
conduction bands in β ′-Te. The Rashba constant in valence
bands falls at 0% strain in β ′-Te due to a decrease in en-
ergy splitting and an increase in momentum offset value. The
eventual increase in both energy splitting and momentum shift
of the valence bands with tensile strain results in a constant
Rashba coefficient with slight variations. Also, it can be seen
that larger SOC Rashba splitting occurs in conduction bands
than valence bands of β ′-Te under tensile strain from 0% to
8%. The Rashba constant (αR) goes as high as 1.09 eV Å in
the valence band at −2% and reaches a maximum of 1.55 eV
Å in the conduction band at 8%. This is due to more energy
splitting and less momentum shift in the conduction bands,
specifically at 8%. The Rashba coefficient is enhanced by two
times at −2% and by three times at 8% strain in comparison
to the unstrained β ′-Te. Thus, application of in-plane strain
can be an effective method to tune the Rashba effect in the
monolayers.

Microscopically, strain tunes the intrinsic electric field
present in the 2D sheet. Strain causes structural changes that
displace the charges, which in turn alters the electric field
in the 2D sheet. The electric field upon interacting with
spin-orbit coupling induces Rashba-type spin splitting in the
electronic bands of tellurene monolayer. The emergence of the
Rashba effect in β-Te by applied strain was suggested by Cai
et al. [51].

The calculated Rashba coefficient of strained single-layer
β-Te (0.58 eV Å) in valence bands is found to be comparable
to the value of 0.5 eV Å of Janus MoSeTe [52]. In comparison,
the determined Rashba of β ′-Te at conduction bands under 8%
strain (1.55 eV Å) is nearly 1.7 times the maximum Rashba
constant of strained β-Te (0.90 eV Å at 8%) in conduction
bands. Han et al. [53] calculations reveal the Rashba effect
in CBM of 1D helical Te-chain, and by strain engineering
the authors have been successful in enhancing the Rashba
constant from 0.84 to 2.17 eV Å at a high strain of 23%. On
the other hand, 2D β ′-Te monolayer attained a giant Rashba
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FIG. 3. The calculated variation in Rashba energy splitting (
ER), momentum shifting (
kR), and Rashba parameter (αR) of (a)–(c) β-Te
and (d)–(f) β ′-Te monolayers by biaxial strain.

strength of 1.55 eV Å at a comparatively smaller strain of
8%. Reportedly, other 2D materials like Janus WSTe, WSeTe,
and MoSeTe have significant Rashba spin splitting at the
valence bands with coefficients as 0.32, 0.51, and 0.50 eV Å,
respectively [52,54]. Hu et al. [52] also showed that strain can
modulate Rashba constants of these Janus TMDCs and can
increase the constant to 1.1 eV Å for MoSeTe at −3% strain.
These materials have Rashba strength larger at the valence
bands than conduction bands. Janus MoSSe is reported to
have a very small Rashba constant of 0.06 eV Å and it further
reduces with increasing tensile biaxial strain [52,55]. Besides
TMDCs, group III 2D monochalcogenides have considerable
Rashba splitting in conduction bands with Rashba coefficients
of 0.5 and 0.45 eV Å for GaTe and InTe, respectively [56]. Lee
et al. [50] estimated a large value of Rashba splitting (2.16
eV Å) in conduction bands of Si2Bi2 monolayer. Moreover,
β-Te and β ′-Te have Rashba parameters higher than the metal
surfaces such as 0.33 eV Å of Au(111) surface [57] and 0.55
eV Å of Bi(111) surface [58]. Overall, tellurene monolayers
have values of Rashba coefficient (modulated by strain) signif-
icantly large enough to be utilised in spintronic devices. These
devices are generally fabricated from the n-type semiconduc-
tors, wherein electron spin is modulated and transported to
transmit information. This indicated that the Rashba effect in

conduction bands of materials is crucial. However, since the
experimental verification of spin transport in p-type silicon at
room temperature [59], the fact that hole spin can also trans-
fer and store information reliably over a few nanometers is
established. Therefore, large Rashba spin splitting in valence
bands also becomes beneficial in spintronics, and hence spin
of both electrons and holes in tellurene monolayers can be uti-
lized to transfer spin-based information via a spin field-effect
transistor (spin-FET) channel.

Analogous to the Rashba effect, spin-orbit coupling in
conjunction with lattice inversion asymmetry leads to SOC
spin splitting, which lifts the spin degeneracy in the bands. As
discussed previously, the spin-polarized states are generated in
the electronic bands of noncentrosymmetric materials by the
inclusion of SOC. The specific split bands having opposite
spins along the particular paths � → X in the top valence
band and � → X , A → Y in the lower conduction band in
a noncentrosymmetric structure can be seen in Fig. 1(d).
The amount of spin splitting has been computed for these
bands, and modulation with compressive and tensile strains
is shown in Fig. 4. Spatially inversion symmetric β-Te does
not exhibit spin-split electronic states, but as soon as it un-
dergoes a phase transition at 4.5% strain, SOC spin splitting
is obtained as 
v(�-X ), 
c(�-x), and 
c(A-Y ) [Fig. 4(b)]. The
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FIG. 4. Band-structure modulations for different values of biaxial strain in (a)–(c) β-Te and (d)–(f) β ′-Te. Inversion symmetrized structures
display the direct band gap (Eg) at the �-point, and structures with broken inversion symmetry have indirect band gaps [Eg(� − XA), Eg(AY −BA),
Eg(AY −AY )]. 
v and 
c [shown in (g) and (h)] indicate the energy change in spin-split top valence and bottom conduction bands along the
different k points in β-Te and β ′-Te. The orange dashed boxes depict the change in shape of the conduction band along �-B for different
strains. Parts (d) and (h) present the resulting large spin-split values in the range of 50–290 meV under different biaxial strains.

computed strain-controlled spin-split valence (VB) and con-
duction bands (CB) values are depicted in Fig. 4(g) for β-Te.

v(�-X ) and 
c(A-Y ) acquire positive incremental slopes for
strain ranging from 4.5% to 8% while 
c(�-X ) displays a maxi-
mum spin splitting of 243.1 meV at 6% and falls to 179.4 meV
at 8%.

Furthermore, opposite spin moments exist in the split
bands of β ′-Te by the incorporation of spin-orbit coupling
in the broken inversion symmetric system. The fulfillment
of both the conditions to obtain spin-split bands is essential.
The absence of SOC does not lead to splitting of bands in
the noncentrosymmetric β ′-Te monolayer as observed in the
earlier report [32]. The large intrinsic spin polarizations in the
unstrained monolayer such as 215.9, 235.8, and 166.0 meV
for 
v(�-X ), 
c(�-X ), and 
c(A-Y ), respectively, are due to
large SOC in tellurene. These spin-splitting values further
amplify to 287 and 237 meV for 
v(�-X ) and 
c(A-Y ), respec-
tively, with expansion in a 2D sheet while 
c(�-X ) follows a
decreasing-increasing trend under tensile strain [Fig. 4(h)].
The compressive strains from 0% to −4% lead to a decrease
in all three spin splittings. The variation in strain-controlled
spin splitting comes from the corresponding variations in the
band structure with strain. The change in characteristic shape
of the split conduction band (�-X ) has been highlighted by
dashed boxes in Fig. 4. The repositioning of VBM and CBM
due to applied strain is also visible.

The above analysis shows that tellurene monolayers have
huge strain-tunable spin splittings in the valence and conduc-
tion bands. The large spin splittings in bands imply a large
energy difference between the two nondegenerate spin states.
This suppresses the intervalley and spin-flip scattering and

thus allows to retain the spin-based information reliably for a
relatively longer time with large spin lifetimes [60]. Strained
β-Te and β ′-Te have spin splittings as high as 243.1 meV (in
the CB) and 287 meV (in the VB), which are large in com-
parison to 2D materials like MoS2 (150 meV, VBM), MoSe2

(180 meV, VBM), MoSSe (170 meV, VBM and 13.7 meV,
CBM), and VSi2N4 (102.3 meV, VBM and 27.3 meV, CBM)
[15,55,61,62]. Tellurene is found to have quite a large energy
difference in the alternate spin orientations of VB as well as
CB. Such giant spin splittings in the valence and conduction
bands are remarkable and significant for spintronic applica-
tions.

The broken inversion symmetry introduces another
geometry-based feature in tellurene known as valley con-
trasting Berry curvature. It emerges from the existence of
inequivalent valleys in the momentum space. Tellurene is
found to have energy-degenerate valence and conduction
bands along �-X and �-X ′ as shown in Fig. 2. These
momentum-inequivalent top valence bands and lower conduc-
tion bands have opposite spins in both � → X and � → X ′
directions. Figure 2(f) depicts this opposite spin occupation in
the momentum inequivalent valence bands. The spin moments
in momentum inequivalent conduction bands are alternative to
the ones present in valence bands. This implies the existence
of spin-valley coupling in tellurene, where energy-degenerate
but inequivalent valleys or valence and conduction bands
can be distinguished by the spin of carriers. Time-reversal
symmetry is responsible for the acquisition of these oppo-
site spin splittings in momentum inequivalent bands [1,15].
Furthermore, TR symmetry in spatial inversion asymmetric
tellurene leads to opposite Berry curvature along � → X and
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FIG. 5. Berry curvature �z(k) of (a) β-Te and (b) β ′-Te monolayers along k points X ′-�-X under the application of variable biaxial strain
values.

� → X ′ as presented in Fig. 5. The effect of biaxial strain
on the Berry curvature of β and β ′ phases has been studied.
Figure 5 represents the distribution of out of plane BC, �z(k)
along the high-symmetry k-path at various strains which is
symmetric about the �-point [�z(−k) = −�z(k)] according
to TR symmetry. Figure 5(a) shows zero Berry curvature
in β-Te for applied strain from 0% to 4%. At 4.5% strain,
the phase transition leads to Berry curvature having large
magnitude of 21.27 Bohr2. The peaks of Berry curvature are
opposite along the k paths � → X and � → X ′. Here, the
inversion symmetry breaking leads to high polarization or
piezoelectricity in the monolayer [32] and thereby large Berry
curvature is obtained. Similarly, Kim et al. [63] has reported
the emergence of ferroelectricity driven Berry curvature in
SnTe. Here, the BC magnitude decreases with increasing ten-
sile strain from 21.27 Bohr2 (4.5%) to 17.90 Bohr2 (8%).
Additionally, the movement of broad BC peaks is evident
from � towards X (or X ′) with increasing biaxial dilating
strain. Next, the obtained Berry curvatures for β ′-Te under
strain [Fig. 5(b)] are analyzed. Here, the maximum obtained
value of BC is 22.90 Bohr2 at −4% compressive strain and it
decreases to 15.66 Bohr2 at 8% accompanied with the drift-
ing of peak towards X (or X ′). The strain modified Berry
curvature in tellurene is comparatively smaller than the BC
of ∼60 Bohr2 in MoS2 [15]. Janus MoSSe monolayer has
�z(k) close to 50 Bohr2 while it gets doubled upon con-
structing the bilayer [64]. Tungsten-based materials such as
WS2 on a MnO substrate has a Berry curvature of approx-
imately 60 Bohr2 [65] and WN2F2 has value equivalent to
68.33 Bohr2 [66].

C. Strain manipulated spin Hall conductivity

The dynamics of Berry curvature influence the valley-
related transport properties. The carriers gain anomalous
velocities to move in opposite time-reversal connected valleys
due to the intrinsic in-plane electric field (E ) according to
the expression v = − e

h̄ E × �z(k), where v is the transverse
velocity perpendicular to both the in-plane electric field and
out-of-plane Berry curvature. The flow of carriers in oppo-
site valleys corresponds to the valley Hall effect in which

the carrier movement can be controlled by external optical
or magnetic means to get unequal concentration in the two
valleys. The Hall effect is normally realized in a material
under external magnetic field while the anomalous Hall effect
is observed in ferromagnetic materials induced due to intrin-
sic magnetic moments. Tellurene is a nonmagnetic material
with the occurrence of valley-dependent Berry curvature in it
which bluffs as the effective magnetic field in the momentum
space. The presence of time-reversal symmetry and opposite
Berry curvature valleys in tellurene lead to equal and oppo-
site transverse charge current in the momentum-inequivalent
valleys. This results in net zero anomalous Hall conductivity
in tellurene monolayer. Tellurene exhibits another transport
phenomenon, that is, the intrinsic spin Hall effect. This ef-
fect owes its origin to the strong spin-orbit coupling and is
governed by spin Berry curvature [shown in Fig. 6(a)]. Spin
Berry curvature (SBC) follows �s

z(k) = �s
z(−k) and remains

unchanged under the effect of time-reversal symmetry as both
sz and �z(k) reverse for t → −t . So, �s

z(k) has the same
sign for broad peaks in � → X and � → X ′ directions. The
spin Hall conductivities (SHC) governed by spin Berry cur-
vature are computed using Eq. (3) (in Sec. II) and plotted
as a function of Fermi energy and strain in Fig. 6(b) for
β ′-Te. The actual Fermi level is set at the zero of VBM and
SHC and is determined at varying Fermi energies. As β ′-Te
possesses broken inversion symmetry, spin Berry curvature-
induced spin transport is attained in it. The maximum SHC
σ SHC

xy ∼ 44(h̄/e) S/cm is obtained at hole doping, nh of
1.1 × 1015 cm−2. Doping of the order of 1013 cm−2 around
the VBM and the CBM is easily attainable. So, the variation
of SHC with strain is presented in the inset of Fig. 6(b)
for both electron concentration ne = 2.3 × 1013 cm−2 and
hole concentration nh = 1.1 × 1015 cm−2. Figure 6(b) (in-
set) shows that compressive and tensile strains decrease the
magnitude of spin Hall conductivity in β ′-Te at the specific
hole concentration. At ne ∼ 1013 cm−2, the magnitude of
SHC is highest at −6% [−18.26(h̄/e) S/cm] and undergoes a
slight increment from 3.68 (h̄/e) S/cm to 5.652 (h̄/e) S/cm
under tensile strains. Hence, intrinsic SHC can be tuned
by the simultaneous control of strain and doping in
tellurene.
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FIG. 6. (a) Spin Berry curvature of β ′-Te. (b) Variation of spin Hall conductivity as a function of Fermi energy and biaxial strain in β ′-Te
monolayer. (c) Calculated edge state band structure for β ′-Te, presenting two pairs of crossing edge states.

Comparatively, SHC of 44 (h̄/e) S/cm in β ′-Te at
nh = 1.1 × 1015 cm−2 is equivalent to the SHC value in
GeS [43(h̄/e) S/cm] [31] and higher than PtTe2 bilayer
with different stackings [AA ∼ −8.41 (h̄/e) S/cm and
AB ∼ 27.28 (h̄/e) S/cm] [17]. For easy comparison, SHC of
β ′-Te can be written as 0.28 (e2/h) at nh = 1.1 × 1015 cm−2

and 0.023 (e2/h) at ne = 2.3 × 1013 cm−2, respectively.
SHC at the mentioned electron concentration is comparable
to 1T ′-MoS2 [−0.018(e2/h)] but somewhat smaller than
1T ′-WS2 [0.044(e2/h)], 1S-MoS2 [0.86(e2/h)], and
1S-WS2 [0.89(e2/h)] [67]. Monoelemental germanene
and stanene also exhibit higher spin Hall conductivities
of ∼0.98 (e2/h) [67]. Feng et al. [15] reported the
spin Hall conductivity in hexagonal phases of TMDCs
such as MoS2[−0.036(e2/h)], MoSe2[−0.057(e2/h)],
WS2[−0.071(e2/h)], and WSe2[−0.081(e2/h)] at hole
doping of 1 × 1013 cm−2. At this doping concentration, SHC
in β ′-Te is smaller than these TMDCs.

In the band-gap region, β ′-Te has a constant SHC value of
2.48 (h̄/e) S/cm without any charge current. Murakami et al.
[68] suggested the presence of nonzero spin Hall conductiv-
ity in gapped semiconductors such as PbX (X = S, Se, Te)
at zero doping (band-gap region) and termed such semicon-
ductors as spin Hall insulators. Ma et al. [69] predicted 2D
penta-SnX 2 (X = S, Se, Te) as the quantum spin Hall insula-
tor with large band gaps. Similarly, Qian et al. [26] reported
1T ′-MX2 TMDCs as large gap quantum spin Hall insulators.
Feng et al. [15] demonstrated finite values of SHC in the band
gap of bulk as well as monolayers of WS2 and WSe2. In a
recent report, α phase of tellurene has been experimentally re-
ported as a 2D topological insulator by Khatun et al. [70] Also,
the bulk trigonal tellurium consisting of 1D helical chains is
reportedly a 3D topological insulator under strain conditions
[71]. One of the possible reasons for nonzero SHC in the
forbidden region in β ′-Te is the presence of nontrivial band
structure with crossing spin edge states in the gapped region.
This has been confirmed by the edge state band-structure cal-
culation for β ′-Te as shown in Fig. 6(c), wherein two pairs of
helical edge states can be seen crossing in the nontrivial gap.
So, β ′-Te has an insulating bulk band gap and conducting edge
states that are topologically protected due to the time-reversal
symmetry. Therefore, β ′-Te exhibits a double quantum spin
Hall effect (QSHE) in comparison to the conventional QSHE

where a single pair of gapless edge states exists. Recently,
Bai et al. [28] reported a double quantum spin Hall effect in
α-Sb and α-Bi. β ′-Te has the advantage of having a large band
gap, as the small band gaps in spin Hall insulators limit its
operating regime to low temperatures. Also, a large band gap
results in efficient switching between ON and OFF states. So,
tellurene can be employed in low power quantum electronics.

IV. CONCLUSION

In summary, spin-valley coupling modulated by strain has
been demonstrated in tellurene monolayers in view of large
valley and spin splittings. Tellurene harbors valley-dependent
Berry curvature, which is observed in centrosymmetric β-Te
via phase transition under the effect of strain. Precisely, bi-
axial strain of 4.5% breaks the inversion symmetry in β-Te,
and consequently a large BC of 21.27 Bohr2 and a Rashba
coefficient of 0.90 eV Å are achieved. BC of β ′-Te has a
maximum value of 22.90 Bohr2 at −4% compressive strain.
A large Rashba coefficient of 1.55 eV Å is obtained at 8%
strain in β ′-Te. Both β and β ′ phases acquire significantly
large SOC spin splittings tunable by strain higher than MoX 2

(X = S, Se, Te). Additionally, the inherent tellurene spin Hall
effect is managed by the external factors of biaxial strain and
doping. p-type β ′-Te exhibits a high SHC of 44 (h̄/e) S/cm
at nh ≈ 1.1 × 1015 cm−2, and n-type β ′-Te exhibits SHC
of 3.68 (h̄/e) S/cm at ne ≈ 2.3 × 1013 cm−2. Also, nonzero
SHC of 2.48 (h̄/e) S/cm is obtained in the band-gap region
in β ′-Te, which indicates tellurene as a potential spin Hall
insulator. β ′-Te has insulating bulk and two pairs of conduct-
ing helical edge states indicating the presence of a double
quantum spin Hall effect in it. We put forward strain as an
effective strategy to modulate the physical properties, and we
propose piezoelectric Te as a self-powered spin-valleytronic
material. Our results will enrich the understanding of strain
coupled spin-valley physics occurring in monoclinic tellurene,
and they will expand the range of spin-valleytronics materials
beyond TMDCs.
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