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Quantum spin Hall insulators have attracted significant attention in recent years. Understanding
the optical properties and spin Hall effect in these materials is crucial for technological advancements.
In this study, we present theoretical analyses to explore the optical properties, Berry curvature
and spin Hall conductivity of perturbed and pristine PbBil using the linear combination of atomic
orbitals and the Kubo formula. Our calculations reveal that the electronic structure can be modified
using staggered exchange fields and electric fields, leading to changes in the optical properties.
Additionally, spin Berry curvature and spin Hall conductivity are investigated in terms of various
parameters. The results indicate that due to the small dynamical spin Hall conductivity, generating
an ac spin current in PbBil requires the use of external magnetic fields or magnetic materials.

I. INTRODUCTION

In the realm of condensed matter physics, the emer-
gence of topological materials has ushered in a new
era of exploration, leading to the discovery of quantum
phenomena with transformative implications. Among
these materials, quantum spin Hall (QSH) insulators oc-
cupy a pivotal position, representing a paradigm shift in
the understanding of topologically nontrivial electronic
states [I]

The notion of a QSH insulator was first proposed
by Bernevig et al [2], reflecting a revolutionary break
from conventional electronic behavior by introducing the
concept of topological protection for electronic states.
These materials manifest insulating behavior in the bulk
but host robust conducting edge states, ushering in the
promise of dissipationless electronic transport and novel
spin-based functionalities [3H5].

Experimental investigations have validated the exis-
tence of QSH behavior in various material platforms,
ranging from one- and two-dimensional systems to de-
signed heterostructures, expanding the horizons of poten-
tial applications of these topological electronic states [6-
9]. These experimental efforts have illuminated the intri-
cate interplay between topological and electronic proper-
ties at the heart of QSH insulators.

Recent advances in experimental techniques, ranging
from magneto-transport measurements to angle-resolved
photoemission spectroscopy (ARPES), have uncovered
a plethora of materials showcasing QSH behavior, ex-
panding the horizon of potential platforms for exploit-
ing the remarkable attributes of these topological ma-
terials [I0, II]. Such strides in materials discovery and
characterization open avenues for investigating the inter-
play between topological electronic states and intricate
quantum phenomena.

Understanding the implications of QSH insulators ex-
tends beyond fundamental physics, venturing into the
realm of practical applications in electronics and spin-
tronics. The chiral nature of the edge states in QSH
insulators offers the tantalizing prospect of dissipation-

less spin transport, holding promise for the development
of efficient spin logic and memory devices that harness
the spin degrees of freedom of electrons [I2HI5]. More-
over, the intricate interplay between the topological and
electronic properties of these materials underpins their
potential for realizing topologically protected quantum
computation and information processing [16], [17].

Recent theoretical advances have further underscored
the potential of QSH insulators in redefining the lim-
its of electronic and spin-based functionalities. The pro-
posals for utilizing edge states in QSH insulators have
opened up new avenues for achieving dissipationless spin
transport and laying the groundwork for advancements
in spin-based information processing and quantum com-
puting [18] [19]. The foundations set forth by the theo-
retical models have not only provided a roadmap for un-
derstanding the fundamental behavior of QSH insulators
but also set the stage for exploring their transformative
implications [20 21].

Amid these developments, the experimental realiza-
tion of the quantum spin Hall effect and the identifica-
tion of materials exhibiting topologically nontrivial elec-
tronic states have paved the way for exploring unique
opportunities for harnessing their extraordinary proper-
ties [22] 23]. The ensuing synthesis of theory and exper-
iment has propelled the field of topological electronics
into a realm of unprecedented promise and potential.

Large Rashba spin splitting is found in materials
formed by heavy elements with strong intrinsic SOC such
as Bi, Pb, and W, among others [24127] . To date, sev-
eral types of QSHIs have been reported, and recently it
proposed a honeycomb noncentrosymmetric QSHIs con-
sisting of IV, V, and VII elements and Rashba-like SOC
and unconventional spin texture. [2§]

Until now, the properties of this material have been
well studied in the presence of various disturbances. It
has been shown that the thermodynamic properties of
this material can be adjusted by a staggered exchange
field [29]. Additionally, the effect of external fields on
the electronic and optical properties of this material has
also been well studied [30-32]

Spin Hall conductivity (SHC) is a fundamental prop-
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FIG. 1: (a) Side and top view of the geometry structure of the
PbBil with Bi = V, Pb =1V, and I = VII by the buckled
parameter d =~ 1.3 and Pb-I (k) and Bi-Pb bond lengths 1.35 and
3.04 A respectively. (b) 3D band structure and contour plot of
e3 — €2 in the k; - ky plane.
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FIG. 2: (a) Band structure of the pristine PbBil along the ks
direction and ky = 0, and (b) total density of states and (c)
projected density of states for p., py and p. orbitals.

erty of materials that describes the ability of a material
to generate a spin current in response to an applied elec-
tric field. [33H36] This phenomenon arises from spin-orbit
coupling, where the motion of electrons interacts with
their spin degrees of freedom. In the presence of an elec-
tric field, electrons experience a transverse deflection due
to the spin-orbit interaction, leading to the generation of
a spin current perpendicular to the charge current. The
SHC tensor quantifies this effect and provides valuable
information about the spin dynamics in materials. Un-
derstanding and controlling the SHC is crucial for devel-
oping spintronic devices, such as spin-based transistors
and memory storage devices, which rely on the manipu-
lation of electron spins for information processing [37H39].

This paper begins by exploring the theoretical back-
ground in section [ to gain insight into the properties of
PbBil. Next, theoretical frameworks are applied to cal-
culate these properties in section [T} and the results are
summarized in section [Vl

II. THEORY
A. Pristine and perturbed Hamiltonian

The geometric structure of PbBil is depicted in
Fig[l|a) with top and side views, consisting of Bi (V), Pb
(IV), and T (VII) elements. The lattice parameters are
approximately d ~ 1.3 A and h = 3.04A. Our analysis
reveals that the highest valence comes from the p, ,-Bi
orbitals, while the p,-Bi orbitals are linked to the lowest
conduction band. As a result, we can ignore the Pb and
I components in the electronic band structure of PbBil.
Hence, we focus on L =1 (p orbitals), S = 1/2 for spin
angular momentum, and Jy 2 = {1/2,3/2} for two spin
directions with j, = {—1/2,1/2}. The Effective Hamil-
tonian in the basis of —J, £1/2) can be expressed as [2§]
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vkt 0 0 —(3/2k?

(1)

The onsite energies are determined to be €1, = 0.1685
eV and g3/ = 0.1575 eV while other parameters are ob-
tained from ab initio calculations [28] and are (/3 =

0.008187 eV/A2, (37 = 0.038068 eV/A2, api/, =
3.0919 eV/A, v = —3.5853 eV /A, where ky =k, + ik, ,

k= \/k2+ k2.

To introduce perturbations to the PbBil system, ex-
ternal electric and magnetic exchange fields are applied
to the Hamiltonian. The magnetic proximity effect arises
from the induction of magnetic exchange fields in a ma-
terial when it is in close proximity to a ferromagnetic
or anti-ferromagnetic substrate. These induced fields in-
fluence the orbital angular momentum within the basis,
resulting in modifications to the Hamiltonian. Addition-
ally, an external electric field can be applied by plac-
ing the PbBIil between two voltage gates. The modified
Hamiltonian with perturbation terms is expressed as:

H (k) = H(k) + Hr + Hz (2)

where Hr and Hz are the external staggered exchange
field and electric field contributions respectively and are
given by

Ry 0

7‘[72:_|]z|< 0 R,]2

) ®0o,. (3)
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The induced exchange field R, corresponds to the to-
tal angular momentum J; (¢ = 1,2) [40], Here,o, repre-
sents the z-component of the Pauli matrix, and Z denotes
the electric field.

In Fig 2| (a), the band structure of the unperturbed
PDbBIl system, obtained from Eq. [l is illustrated. This
band structure comprises two valence and two conduction
bands, where the valence band at the I' point is charac-
terized by the states {|J = 3/2,j,)}, and the effective
state for the conduction band is {|J = 1/2,5,)}. Con-
sequently, the states include {|1/2,1/2)}, {|1/2,—-1/2)},
{13/2,1/2)}, {13/2,~1/2)}.

B. Density of states

By utilizing the Green’s function approach, the den-
sity of states (DOS) for the PbBil can be computed. The
DOS can be determined by adding up over the first Bril-
louin zone (FBZ),

D(e) = — S[TrG(k, )], (5)

N.m
¢k

where N, indicates the number of atoms in each unit cell.
The non-interacting Green’s function matrix is acquired
through G(k,e) = [¢ + in — H(k)]~!, where 1 represents
the broadening factor
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One can calculate the projected density of states
straightforwardly as

'PDO = —*\SZ O |a aa’ |O’L> (8)

a,a’

C. Optical properties

The optical conductivity tensor, o(w), can be deter-
mined using Ohm'’s law, which states that J = o E, where
J is the current density, F is the electric field, and o is
the optical conductivity tensor.
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To calculate o(w), direction-dependent velocities are

required. The current operator definition along the v
direction is j, = edH'/0k,,
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Also the general form of the current operator is[41]

Ju chckak +i— chckﬂk, (11)

that «of and f; are intra-band and inter-band
direction-depended velocities along the v-direction.

By using linear response theory, the optical conductiv-
ity is given as

), O)]),  (12)

o (W) =

where g; = 2 is the spin degeneracy, w is photon fre-
quency and S is the 2D planar area.
Using Eq. IOC is given as [41] [42]
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where fng = 1/(1 + exp(( R — 10)/kBT)) is the

Fermi-Dirac distribution at a conbtant temperature T’
and chemical potential p = 0, €~ . represents the eigen-
value of the energy, n; denotes the finite damplng be-
tween the conduction and valence bands, and Bj‘]z ?Z” (k) =
(K3 J, el ks 7', 42) and B3V (k) = (ks J', 3Ll k; J, 52)
are velocities along the v and v/-directions respectively.

In the terahertz (THz) region, low-frequency photons
exhibit intra-band optical conductivity as the dominant
factor in their overall optical behavior. Intra-band tran-
sitions occur within specific bands, where Eq. [I4] show

that |J,j2) = 1,70) and (7~ ;)L — <L)
must be interpreted as —8f‘] /864], .

that the Drude-like conductwlty described by [43] is
responsible for most of the low-frequency photon’s
optical behavior.

This means
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where 1, is the broadening width determined by scat-
tering or disorder in the conduction band and. In this
paper, we considered KgT = 0.05eV.

Another important optical property is the EELS. The
energy electron loss spectrum is a type of spectroscopy
technique used to study the electronic properties of ma-
terials. It involves measuring the energy lost by electrons
as they interact with a sample, which can provide infor-
mation about the electronic structure and bonding of the
material. The spectrum is generated by bombarding the
sample with high-energy electrons and then measuring
the energy distribution of the scattered electrons. The
resulting spectrum can reveal details about the valence
and conduction bands of the material, as well as the pres-
ence of impurities or defects. To calculate EELS we need
the dielectric function which is given by

: iorinter )

e (w) —ep = (15)

weodpp
where €, is the relative permittivity and dgp is the
PbBIl thickness. One can calculate the EELS as

1 e’ (w)
W) @) @R
(16)
We can determine the reflectivity by using the refrac-
tive index n and extinction coefficient « and dielectric
function. We have

L, (w)=-9]

mo@) = @t @) ()

and

1 ! vv!
wr) = @ - @) (8)

that we have write €,/ = ET”/ + isg”/. Reflectivity can
be calculated as

(1 — Ny (W))2 + K’lQIV' (w)

R, (w) = (1 + Ny (w))2 + I€12,l,/ (w)

(19)

D. Spin Hall conductivity

We calculate both static (w = 0) and dynamic (w #
0) SHC using the Kubo formula and Berry curvatures.
The component o7, of the SHC tensor represents a spin
current flowing along the x-direction, polarized along the
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FIG. 3: EELS obtained from Eq. in presence of the staggered
exchange field with (a) Ry, =Ry, and (b) Ry, =Ry,/3

z and an electric field applied along y-axis. Kubo formula
for SHC is[44], [45]

€ z
oM (w) = ﬁZZf,iszJ',j; (20)

k Jj-

where dynamic spin Berry curvature, velocity, and
spin-current operators are defined as

Jha (ed  —el' )2 — (hw+in)?’

JNGL kg k,jL.

and the static spin Berry curvature definition is

-

JJx (7N pd,J
Gy (k) By (k)

Qf,,J;(k:) = Z 2Im (5‘5 — 7 )2 (22)
J',j; k,jz E’];
and
BIIIE) = (s 323y s ', 32) (23)
CHI (R = (s J, 32 SEIFs 7', 70) 24)

where SZ = %{,BEZ,]'Q,}. Here 3,Y, are the well-known
4 x 4 Dirac matrices [45].

III. RESULTS AND DISCUSSION

Fig. [3] displays the EELS results under the influence of
a staggered exchange field for varying values of R;, and
Rj,. The range considered for R, is between 0 - 0.5eV
and Rj, = R;, & R;, /3. In the case where R;, = R;, (as
shown in Fig. a)), distinct peaks are observed, and as
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FIG. 4: Color density of the EELS in the presence of (a) the
staggered exchange field with Ry, =R, (b) Ry, = R, /3 and
(c) external electric field.
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FIG. 5: Real and imaginary parts of the optical conductivity for
polarized light along the z-axis by introducing staggered exchange
field (a), (b) Ry, =Ry, and (c), (d) Ry, =Ry, /3

the strength of the field increases, the peaks shift towards
higher energies. Conversely, for R;, = R;, /3 (depicted in
Fig.[3[(b)), an opposite shift is observed for R;, = 0.5¢V.
To explore the entire spectrum of staggered and electric
fields, contour plots of the EELS have been calculated
within a specific energy and external field range (refer
to Fig. [4). Notably, the majority of EELS behavior is
associated with Ry, = Ry, /3 and Ry > 0.1leV. Com-
paring Fig. 4| (a) and (c) reveals a similarity in the EELS
response to positive values when both a staggered ex-
change field (R, = R;,) and an external electric field is
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FIG. 6: Color density of the real part of the optical conductivity
in subject to the external perturbation (a) staggered exchange
field ( Ry, = Ry, ) and (b) electric field.
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FIG. 7: Reflectivity of the perturbed PbBil in the presence of
staggered exchange field (a) Ry, = Ry, and (b) Ry, =Ry, /3
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FIG. 8: Spin Berry curvature in the Brillouin zone around the I'
point in the form of (a) color density and (b) surface plot.

applied.

The optical conductivity of PbBil with external per-
turbations is computed using the Kubo formula. Due to
PDbBIil’s isotropic nature, we focused on the optical con-
ductivity along the xz-axis and omitted the y-axis. In the
pristine case, a peak in the real part of the optical con-
ductivity aligns with the band gap energy (see Fig. 5| (a)
and (c)). Adjusting the R, and R;, parameters, alters
the optical conductivity and shift peaks energies. It is
evident that regardless of the R, and R, ratio, intro-
ducing a staggered exchange field leads to new peaks in
the real parts, with only their positions changing based
on different ratios. Furthermore, due to the Kramers-
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FIG. 9: Calculated (a) real and imaginary parts of the dynamical
SHC, (b) statical SHC as a function of temperature, and (c)
statical SHC versus Fermi energy.



Kronig relation, a dip in the imaginary parts occurs at
the peak’s energy in the real parts.

Figure [6] showcases a contour plot illustrating the op-
tical conductivity as a function of frequency, staggered
exchange field (Fig.[6] (a)), and electric field (Fig. [6] (b)).
It is evident from Fig. |§| (a) that the peak of the opti-
cal conductivity appears at an energy of 0.3eV. When
Ry, = 0.3eV, it causes a shift towards lower energies
however, for Rj;, > 0.3eV this trend is reversed. The
external electric field also has a similar effect except in
negative magnitudes.

Reflectivity is defined as the ratio of the intensity of re-
flected light to the intensity of incident light, typically ex-
pressed as a percentage. It is a key parameter in numer-
ous applications, including optics, coatings, architecture,
and solar energy technologies, where controlling and op-
timizing the reflective properties of materials is essential
for achieving desired performance characteristics. Fig. [7]
is related to the reflectivity in the presence of the stag-
gered exchange field. As we can see by increasing the
photon’s frequency we have an increase in the reflectivity
and the peaks appear. In addition by comparing Fig. [7]
(a) and (b) we found that reflectivity is greater in case
R, =Ry,.

The 3D plot and color density of the spin Berry curva-
ture of the PbBil in the Brillouin zone are shown in Fig.
(a) and (b) respectively. The Berry curvature is enhanced
in locations where the bands are close. According to the
figures, the Berry curvature is maximum around the I
point and decreases when moving away from this point.
This is due to existence of the band crossing near the I"
point.

The SHC can be expressed in terms of the spin Berry
curvature (see Eq.[20). Fig.[9](a) represents the dynami-

cal SHC of the PbBil versus frequency. Both the real and
imaginary parts of the ac SHC are small. This suggests
that to generate an ac spin current, one needs to use a
magnetic field or magnetic materials.

The dependence of the dc SHC on temperature is il-
lustrated in Fig. [9] (b). however, a critical temperature
of kT = 0.016eV is identified, beyond which the SHC
decreases sharply towards room temperature, reaching a
minimum for kT > 0.025eV.

The Spin Hall conductivity of the PbBil as a function
of Fermi energy is plotted in Fig. |§| (c). Our calculations
reveal that the SHC is minimal at Fr = 0 and maximum
at EFr = 0.2eV. This is because there are band crossings
induced by spin-orbit interactions at these specific ener-
gies.

IV. CONCLUSIONS

In summary, our analysis involved the computation of
the Berry curvature and spin Hall conductivity, along
with investigating the electronic and optical characteris-
tics of PbBIil under external influences. By introducing
staggered exchange and electric fields, we were able to
manipulate the optical conductivity and EELS of the Pb-
Bil. The peak of the real part of the optical conductivity
is observed at 0.3 eV, with perturbations causing a shift
towards lower energies. The Berry curvature reaches its
maximum near the I" point where band crossing occurs,
diminishing significantly further away from this region.
Given the low dynamical spin Hall conductivity, a mag-
netic field is necessary to induce an ac spin current. Fur-
thermore, the dc spin Hall conductivity exhibits critical
behavior around kgT = 0.016eV.

* Imortezaie.mm71@gmail.com.

[1] M. Z. Hasan and C. L. Kane, Colloquium: Topological
insulators, Rev. Mod. Phys. 82, 3045 (2010).

[2] B. A. Bernevig and S.-C. Zhang, Quantum spin hall ef-
fect, [Phys. Rev. Lett. 96, 106802 (2006).

[3] X.-L. Qi and S.-C. Zhang, Topological insulators and su-
perconductors, Rev. Mod. Phys. 83, 1057 (2011).

[4] D. Hsieh, Y. Xia, D. Qian, L. Wray, J. H. Dil, F. Meier,
J. Osterwalder, L. Patthey, J. G. Checkelsky, N. P. Ong,
A. V. Fedorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor,
R. J. Cava, and M. Z. Hasan, A tunable topological in-
sulator in the spin helical dirac transport regime, Nature
460, 1101 (2009)!

[5] D. Bercioux and P. Lucignano, Quantum transport
in rashba spin—orbit materials: a review, Reports on
Progress in Physics 78, 106001 (2015).

[6] M. Konig, S. Wiedmann, C. Briine, A. Roth,
H. Buhmann, L. W. Molenkamp, X.-L. Qi, and
S.-C. Zhang, Quantum spin hall insulator state

in hgte quantum wells, |[Science 318, 766 (2007),

https://www.science.org/doi/pdf/10.1126 /science.1148047.

[7] B. Yan and S.-C. Zhang, Topological materials, Reports
on Progress in Physics 75, 096501 (2012).

[8] C. Brune, A. Roth, H. Buhmann, E. M. Hankiewicz,
L. W. Molenkamp, J. Maciejko, X.-L. Qi, and S.-C.
Zhang, Spin polarization of the quantum spin hall edge
states, Nature Physics 8, 485 (2012).

[9] E. B. Olshanetsky, Z. D. Kvon, G. M. Gusev, A. D. Levin,
O. E. Raichev, N. N. Mikhailov, and S. A. Dvoretsky, Per-
sistence of a two-dimensional topological insulator state
in wide hgte quantum wells, Phys. Rev. Lett. 114, 126802
(2015).

[10] F. D. M. Haldane, Model for a quantum hall effect with-
out landau levels: Condensed-matter realization of the
?parity anomaly”, Phys. Rev. Lett. 61, 2015 (1988).

[11] C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang,
M. Guo, K. Li, Y. Ou, P. Wei, L.-L. Wang, Z.-
Q. Ji, Y. Feng, S. Ji, X. Chen, J. Jia, X. Dai,
Z. Fang, S.-C. Zhang, K. He, Y. Wang, L. Lu, X.-
C. Ma, and Q.-K. Xue, Experimental observation
of the quantum anomalous hall effect in a mag-
netic topological insulator, |Science 340, 167 (2013),

https://www.science.org/doi/pdf/10.1126 /science.1234414.


mailto:mortezaie.mm71@gmail.com.
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/PhysRevLett.96.106802
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1088/0034-4885/78/10/106001
https://doi.org/10.1088/0034-4885/78/10/106001
https://doi.org/10.1126/science.1148047
https://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.1148047
https://doi.org/10.1088/0034-4885/75/9/096501
https://doi.org/10.1088/0034-4885/75/9/096501
https://doi.org/10.1038/nphys2322
https://doi.org/10.1103/PhysRevLett.114.126802
https://doi.org/10.1103/PhysRevLett.114.126802
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1126/science.1234414
https://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.1234414

[12] D. Pesin and A. H. MacDonald, Spintronics and pseu-
dospintronics in graphene and topological insulators, Na-
ture Materials 11, 409 (2012).

[13] C.-X. Liu, X.-L. Qi, H. Zhang, X. Dai, Z. Fang, and S.-
C. Zhang, Model hamiltonian for topological insulators,
Phys. Rev. B 82, 045122 (2010).

[14] R. Jansen, Silicon spintronics, Nature Materials 11, 400
(2012).

[15] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A.
Duine, New perspectives for rashba spin—orbit coupling,
Nature Materials 14, 871 (2015).

[16] A. Kitaev, Fault-tolerant quantum computation by
anyons, Annals of Physics 303, 2 (2003).

[17] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and
S. Das Sarma, Non-abelian anyons and topological quan-
tum computation, [Rev. Mod. Phys. 80, 1083 (2008).

[18] S. M. Young and C. L. Kane, Dirac semimetals in two
dimensions, Phys. Rev. Lett. 115, 126803 (2015).

[19] J. Maciejko, C. Liu, Y. Oreg, X.-L. Qi, C. Wu, and S.-
C. Zhang, Kondo effect in the helical edge liquid of the
quantum spin hall state, Phys. Rev. Lett. 102, 256803
(2009).

[20] L. Fu, Topological crystalline insulators, Phys. Rev. Lett.
106, 106802 (2011).

[21] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-
C. Zhang, Topological insulators in bi2se3, bi2te3 and
sb2te3 with a single dirac cone on the surface, Nature
Physics 5, 438 (2009).

[22] S.-Y. Xu, C. Liu, N. Alidoust, M. Neupane, D. Qian,
I. Belopolski, J. D. Denlinger, Y. J. Wang, H. Lin, L. A.
Wray, G. Landolt, B. Slomski, J. H. Dil, A. Marcinkova,
E. Morosan, Q. Gibson, R. Sankar, F. C. Chou, R. J.
Cava, A. Bansil, and M. Z. Hasan, Observation of a
topological crystalline insulator phase and topological
phase transition in pbl, Nature Communications 3, 1192
(2012).

[23] X. Kou, S.-T. Guo, Y. Fan, L. Pan, M. Lang, Y. Jiang,
Q. Shao, T. Nie, K. Murata, J. Tang, Y. Wang, L. He,
T.-K. Lee, W.-L. Lee, and K. L. Wang, Scale-invariant
quantum anomalous hall effect in magnetic topological
insulators beyond the two-dimensional limit, Phys. Rev.
Lett. 113, 137201 (2014).

[24] T. Hirahara, T. Nagao, I. Matsuda, G. Bihlmayer, E. V.
Chulkov, Y. M. Koroteev, P. M. Echenique, M. Saito,
and S. Hasegawa, Role of spin-orbit coupling and hy-
bridization effects in the electronic structure of ultrathin
bi films, [Phys. Rev. Lett. 97, 146803 (2006).

[25] S. Mathias, A. Ruffing, F. Deicke, M. Wiesenmayer,
I. Sakar, G. Bihlmayer, E. V. Chulkov, Y. M. Koro-
teev, P. M. Echenique, M. Bauer, and M. Aeschlimann,
Quantum-well-induced giant spin-orbit splitting, Phys.
Rev. Lett. 104, 066802 (2010).

[26] H. Yuan, M. S. Bahramy, K. Morimoto, S. Wu, K. No-
mura, B.-J. Yang, H. Shimotani, R. Suzuki, M. Toh,
C. Kloc, X. Xu, R. Arita, N. Nagaosa, and Y. Iwasa,
Zeeman-type spin splitting controlled by an electric field,
Nature Physics 9, 563 (2013).

[27] J. H. Dil, F. Meier, J. Lobo-Checa, L. Patthey,
G. Bihlmayer, and J. Osterwalder, Rashba-type spin-
orbit splitting of quantum well states in ultrathin pb
films, Phys. Rev. Lett. 101, 266802 (2008).

[28] C. Mera Acosta, O. Babilonia, L. Abdalla, and A. Fazzio,
Unconventional spin texture in a noncentrosymmetric
quantum spin hall insulator, Phys. Rev. B 94, 041302

(2016).

[29] L. T. T. Phuong, T. C. Phong, B. D. Hoi, and M. Yarmo-
hammadi, Enhancement of the thermoelectric power fac-
tor in monolayer pbbii: staggered exchange field effect,
J. Mater. Chem. A 10, 16620 (2022).

[30] T. C. Phong and L. T. T. Phuong, Optical refrac-
tion and absorption spectra in perturbed mono-
layer PbBil, |Journal of Applied Physics 132,
014302 (2022), https://pubs.aip.org/aip/jap/article-
pdf/doi/10.1063/5.0097931/16509370,/014302_1_online.pdf.

[31] B. D. Hoi, Effect of Cs, symmetry breaking on the non-
centrosymmetric quantum spin hall insulating phase and
optical characteristics of monolayer pbbii, Phys. Rev. B
106, 165424 (2022).

[32] T. C. Phong, V. T. Lam, and B. D. Hoi, Tuning elec-
tronic phase in noncentrosymmetric quantum spin hall
insulators through physical stimuli, Journal of Physics:
Condensed Matter 33, 325502 (2021).

[33] Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D.
Awschalom, Observation of the spin hall effect in semi-
conductors, Science 306, 1910 (2004).

[34] J. Wunderlich, B. Kaestner, J. Sinova, and T. Jung-
wirth, Experimental observation of the spin-hall effect
in a two-dimensional spin-orbit coupled semiconductor
system, Phys. Rev. Lett. 94, 047204 (2005).

[35] S.  Murakami, N. Nagaosa, and S.-C. Zhang,
Dissipationless quantum spin current at
room temperature, |Science 301, 1348 (2003),

https://www.science.org/doi/pdf/10.1126/science.1087128|

[36] J. Sinova, D. Culcer, Q. Niu, N. A. Sinitsyn, T. Jung-
wirth, and A. H. MacDonald, Universal intrinsic spin hall
effect, Phys. Rev. Lett. 92, 126603 (2004 ).

[37] T. Jungwirth, J. Wunderlich, and K. Olejnik, Spin hall
effect devices, Nature Materials 11, 382 (2012).

[38] 1. Zutié, J. Fabian, and S. Das Sarma, Spintronics: Fun-
damentals and applications, Rev. Mod. Phys. 76, 323
(2004).

[39] A. Hirohata, K. Yamada, Y. Nakatani, I.-L. Prejbeanu,
B. Diény, P. Pirro, and B. Hillebrands, Review on spin-
tronics: Principles and device applications, Journal of]
Magnetism and Magnetic Materials 509, 166711 (2020).

[40] G.Xu, T. Zhou, B. Scharf, and I. Zutié¢, Optically probing
tunable band topology in atomic monolayers, Phys. Rev.
Lett. 125, 157402 (2020).

[41] C. H. Yang, J. Y. Zhang, G. X. Wang, and C. Zhang,
Dependence of the optical conductivity on the uniaxial
and biaxial strains in black phosphorene, Phys. Rev. B
97, 245408 (2018).

[42] M. Yarmohammadi, M. M. Nobahari, T. S. Tien, and
L. T. T. Phuong, Linear interband optical refraction
and absorption in strained black phosphorene, Journal
of Physics: Condensed Matter 32, 465301 (2020).

[43] 1. Kupcié, Incoherent optical conductivity and break-
down of the generalized drude formula in quasi-one-
dimensional bad metallic systems, Phys. Rev. B 79,
235104 (2009)k

[44] G. Y. Guo, S. Murakami, T.-W. Chen, and N. Nagaosa,
Intrinsic spin hall effect in platinum: First-principles cal-
culations, Phys. Rev. Lett. 100, 096401 (2008).

[45] G. Y. Guo, Y. Yao, and Q. Niu, Ab initio calculation
of the intrinsic spin hall effect in semiconductors, Phys.
Rev. Lett. 94, 226601 (2005).


https://doi.org/10.1038/nmat3305
https://doi.org/10.1038/nmat3305
https://doi.org/10.1103/PhysRevB.82.045122
https://doi.org/10.1038/nmat3293
https://doi.org/10.1038/nmat3293
https://doi.org/10.1038/nmat4360
https://doi.org/https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevLett.115.126803
https://doi.org/10.1103/PhysRevLett.102.256803
https://doi.org/10.1103/PhysRevLett.102.256803
https://doi.org/10.1103/PhysRevLett.106.106802
https://doi.org/10.1103/PhysRevLett.106.106802
https://doi.org/10.1038/nphys1270
https://doi.org/10.1038/nphys1270
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1103/PhysRevLett.113.137201
https://doi.org/10.1103/PhysRevLett.113.137201
https://doi.org/10.1103/PhysRevLett.97.146803
https://doi.org/10.1103/PhysRevLett.104.066802
https://doi.org/10.1103/PhysRevLett.104.066802
https://doi.org/10.1038/nphys2691
https://doi.org/10.1103/PhysRevLett.101.266802
https://doi.org/10.1103/PhysRevB.94.041302
https://doi.org/10.1103/PhysRevB.94.041302
https://doi.org/10.1039/D2TA03132A
https://doi.org/10.1063/5.0097931
https://doi.org/10.1063/5.0097931
https://arxiv.org/abs/https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0097931/16509370/014302_1_online.pdf
https://arxiv.org/abs/https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0097931/16509370/014302_1_online.pdf
https://doi.org/10.1103/PhysRevB.106.165424
https://doi.org/10.1103/PhysRevB.106.165424
https://doi.org/10.1088/1361-648X/ac05e4
https://doi.org/10.1088/1361-648X/ac05e4
https://doi.org/10.1126/science.1105514
https://doi.org/10.1103/PhysRevLett.94.047204
https://doi.org/10.1126/science.1087128
https://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.1087128
https://doi.org/10.1103/PhysRevLett.92.126603
https://doi.org/10.1038/nmat3279
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/https://doi.org/10.1016/j.jmmm.2020.166711
https://doi.org/https://doi.org/10.1016/j.jmmm.2020.166711
https://doi.org/10.1103/PhysRevLett.125.157402
https://doi.org/10.1103/PhysRevLett.125.157402
https://doi.org/10.1103/PhysRevB.97.245408
https://doi.org/10.1103/PhysRevB.97.245408
https://doi.org/10.1088/1361-648X/abaad0
https://doi.org/10.1088/1361-648X/abaad0
https://doi.org/10.1103/PhysRevB.79.235104
https://doi.org/10.1103/PhysRevB.79.235104
https://doi.org/10.1103/PhysRevLett.100.096401
https://doi.org/10.1103/PhysRevLett.94.226601
https://doi.org/10.1103/PhysRevLett.94.226601

	Spin-Hall conductivity and optical characteristics of noncentrosymmetric quantum spin Hall insulators: the case of PbBiI 
	Abstract
	Introduction 
	Theory
	Pristine and perturbed Hamiltonian
	Density of states
	Optical properties
	Spin Hall conductivity

	Results and Discussion
	Conclusions
	References


