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Due to the rise of applications in several optoelectronic and spintronic platforms, theoretically engineering
the propagation of light in low-dimensional systems dealing with both charge and spin degrees of freedom has
recently triggered considerable interest. By breaking the C;, symmetry through external exchange fields, we
engineer the propagation of an incident circularly polarized light in a noncentrosymmetric quantum spin Hall
insulator, monolayer PbBil, that is active in the near-infrared region of the electromagnetic spectrum. The Kubo
formalism is ideal for optical properties. We endeavor to thoroughly demonstrate that a critical-breaking regime
of three types of fields leads to various anisotropic electronic phases and optical interband transitions. We find
various near-to-far infrared shifts for the optical activity of the system when the Cs, symmetry breaking fields
are turned on. This is proven in the ensuing two ways: The spectrum of optical conductivity components and
the intensities of scattered/absorbed light. We further find the criteria under which the system is transparent.
Finally, depending on the exchange fields, we engineer the eccentricities for the reflected and transmitted lights
in monolayer PbBil to see how the polarization of incident circular light becomes linear and elliptical. The

applicability of results in industry and medicine is also briefly discussed.
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I. INTRODUCTION

The discovery of the integer quantum Hall effect is the
onset of topology in solid-state physics [1,2]. Also, the dis-
covery of graphene as the first two-dimensional (2D) material
[3-5] is the birth of 2D topological insulators with unique
properties of inherent spin-orbit coupling (SOC) and band
inversion [6-9]. These systems are called quantum spin Hall
insulators (QSHIs) due to their bulk states in two dimensions
which indicate an insulating gapped phase and their surface
states which appear with a semimetallic fully spin-polarized
gapless phase associated with helical edge modes. The time-
reversal symmetry is responsible for the protection of surface
states. QSHIs with novel quantum states are a major step
forward in materials science and more importantly in potential
applications for spintronics and topological quantum compu-
tation [10-12]. An extrinsic SOC term of Rashba type also
exists when the inversion symmetry between spin-dependent
surface states is broken, leading to opposite in-plane chiral
spin textures in the band dispersion [11]. This coupling can be
induced into the system by a built-in electric field and it can
tune the spin direction in QSHIs [13-15].

To date, various types of materials formed by heavy ele-
ments with strong intrinsic and extrinsic Rashba SOCs such
as Bi, Pb, and W are found [16-20]. Among others, it
has been recently reported that noncentrosymmetric QSHIs
(NCS-QSHIs) formed by honeycomb lattices of IV, V, and
VII elements [21] pose the simultaneous presence of both
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Rashba and band inversion, resulting in a Rashba-like SOC
and an unconventional spin texture. In contrast to most doped
QSHIs, this type is associated with time-reversal symmetry
protection for both the edge and bulk states. This feature leads
to less energy loss in the system since the bulk backscattering
is forbidden. Thus the integration of topological states in these
materials is much easier and accordingly, a proper spintronic
device can be constructed. Various extensive methods have
been proposed to tune the physical properties of QSHIs. For
example, it has been reported that the inelastic backscattering
and quantum phases in these systems can be influenced by
the electron-electron interaction [22-28]. A bias voltage can
produce a spin polarization in the equilibrium state of these
phases [6,29,30]. An external magnetic field can also affect
the electronic and transport properties of QSHIs [31-35], etc.

In NCS-QSHTIs, the IV-V elements form a honeycomb lat-
tice which is weakly stacked with VII elements [21,36-38].
The PbBil compound (Bi = V, Pb =1V, and I = VII) is an
alternating candidate for the coexistence of both Rashba-like
splitting and band inversion. To confirm that PbBil is a QSHI,
it has been checked that the evolution of the Wannier center
of charges can not be crossed an odd number of times [21]. In
the PbBIl system, the time-reversal symmetry is preserved and
band inversion at the I" point originates from the SOC. The
buckled format of these stable noncentrosymmetric systems
obeys the C3, symmetry that is comprised of three operators:
(i) time-reversal symmetry 7T, (ii) threefold rotation symmetry
R along the z axis, and (iii) the mirror symmetry M, in the
y-z plane.

The by now presented works on these systems have pro-
vided a quite profound understanding of how an external field

©2022 American Physical Society
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FIG. 1. (Left) Top and side views of the lattice geometry for
monolayer PbBil with Bi = V, Pb = IV, and I = VII elements.
The buckled parameter is d ~ 1.3 A, while bond lengths of Pb-I (k)
and Bi-Pb are respectively 1.35 and 3.04 A. (Right) The isotropic
electronic band structure of pristine monolayer PbBil consisting of
four bands &, &, &, and &, respectively from basis |Bi; », +1/2),
|Bi1/z, —1/2), |Bi3/2, +1/2), and |Bi3/2, —1/2>

brings novel physical insights into the system. It furthermore
asserts, the eventually reached insights can generally lead to
amazing electronic and spintronic transport properties. How-
ever, much less attention is paid to an efficient powerful Cs,
symmetry breaking (CSB) protocol about the band engineer-
ing of NCS-QSHIs based on which the optical properties can
also be controlled. And even scarcer are general predictions
describing the competition between the type of CSB field in
tuning the band dispersion. The PbBil compound is optically
active in the near-infrared region of electromagnetic spec-
trum. In this paper, we study the propagation of an incident
near-infrared light in monolayer PbBil under the influence
of two different CSB fields. This problem of engineering
the electronic and optical properties poses novel fascinating
physics useful for industry, science, and medical applications.
The interplay between the proposed fields, bulk, and Rashba-
like states in controlling the optical reflection, transmission,
and absorption of near-infrared light as well as in tuning the
polarization of the incident light in monolayer PbBil are the
overarching theme of this paper.

This paper is organized as follows. In Sec. I, we introduce
the Hamiltonian model of the system in the presence of var-
ious CSB fields. In Secs. III and IV, we then use the Kubo
formula governing the direction-dependent optical properties
with the aid of linear response theory. In Sec. V, we present
the numerical results by focusing on the effect of the CSB
fields on the behaviors of electronic band structure, optical
conductivity in all directions, and the intensity /eccentricity of
scattered light. Finally, we summarize our findings in Sec. VL.

II. MODEL AND THEORY

A. Pristine monolayer PbBil

In the left side of Fig. 1, we start with a sketch of a
honeycomb lattice of monolayer PbBil with Bi = V, Pb =
IV, and I = VII elements. The buckling parameter is given

by d ~ 1.3 A and the bond lengths between elements are
1.35 and 3.04 A for Pb-I (k) and Bi-Pb dimers, respectively.
The ab initio calculations [21,39—41] have presented that the
highest valence band is mainly originated from the p, ,-Bi
orbitals, while the lowest conduction band is mainly formed
by p.-Bi orbitals. Thus the contribution of Pb-I dimers in
determining the effective electronic band structure of PbBil is
negligible. Considering the spin degree of freedom of § = 1/2
and the p-orbital angular momentum of L = 1 for dominated
Bi atoms in monolayer PbBil, one can obtain the total an-
gular momentum of J = {1/2, 3/2} for both spin directions
Jj. = {+1/2, —1/2}. Hence, we continue with the SOC basis
of Bi atoms |J, j;).

Building on these, the total low-energy Hamiltonian of
monolayer PbBil in the vicinity of the I' point constitutes four
elements within the tight-binding approximation [21]:

—€1,2 0 0 0

_ 0 —€12 0 0

Hk - 0 0 +&3,2 0

0 0 0 +83/2
1 2k? iog 1/2k— 0 yk-
n —iog 12ky C10k? vk 0
0 yk_ —{3/2](2 0 ’
vky 0 0 — &30k

ey

where ki = k, £ ik, and k = vk} + k] are momenta and
the constants &2, €352, {172, §3/2, Qr1j2, and y are the
model parameters obtained from the phenomenological anal-
ysis of the electronic structure in the ab initio calculations
[21]2 8]/2 = 0.1685 CV, 83/2 =0.1575 eV, {1/2 = 0.008187
eV/A2, 3, = 0.038068 eV /A2, ag 1o = 3.0919 eV/A, and
y = —3.5853 eV/A. A brief comparison between the PbBil
Hamiltonian model and the Kane-Mele model is based on
the lack of nearest-neighbor hopping terms. In other words,
the Pb-I dimer in this model only mediates the interaction
between Bi atoms through the next nearest neighbor hopping
terms. Note that the warping effect due to the ag 3/ =~ 0 is
neglected throughout the present study.
The energy dispersion for this model has the form

& o= Mvagpk +e+ k> + G, ()], (2a)

G,(F) = |/ + (8 — FO)(~2vatg 12k + & — ER). (2b)

Here e =¢30— €12, { =812 — 832, E=830+ €12,
;= G2 + &2, and C = 4y2 +a12€’1/2. Also, v = £1 shows
the total angular momentum J =3/2 (v =+1)and J = 1/2
(v = —1), while T = %1 shows the spin direction j, = —1/2
(t =41)and j, = +1/2 (v = —1). In the pristine state, the
electronic band structure is isotropic in terms of the momen-
tum £ so close to the T point of the first Brillouin zone and
consists of fourbands & = ! ,& =& & =&, and

k-1 £—1 A+l
&y = ngrl, respectively, for basis [1/2, +1/2), |1/2, —1/2),
13/2, +i/2), and |3/2, —1/2). The bulk gap characterizing
the band inversion originates from the bands close to the zero

energy at zero (&3) and nonzero (£,) momenta, i.e., & — & ~
0.275 eV, while the Rashba-like spin splitting gap originates
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from the bands in the valence side at zero (£;) and nonzero
(&) momenta, i.e., & — & >~ 0.051 eV. This band structure
is in excellent agreement with Ref. [21].

In the case of C3, symmetry which is included in the band
structure, we have

@ T2 W,j) e 2j Ll
(i) Ra: |, o) > YT, fo),
(iii) My |, jo) = =11, jo).

To comprehensively look at the symmetries of the system
shown in Fig. 1, we turn to the band structure of monolayer
PbBil in the right panel of Fig. 1. Far from the I" point, the R
threefold rotation symmetry along the z axis generates non-
linear terms in the SOC such as the three-order Rashba term,
resulting in the hexagonal warping effect in the bulk states.
However, the warping effect due to the found ag 3/, >~ 0 is
neglected in the Hamiltonian. On the one hand, the only con-
tribution coming from the lack of inversion symmetry is the
first-order Rashba term including o 1,2, covering the mirror
symmetry M,. On the other hand, the time-reversal symmetry
supports the I" point itself. From these points, the only avail-
able symmetries in the C;, symmetry of our Hamiltonian are
T and M. By these, we mean that the Cs, symmetry breaking
here stems from the first-order Rashba term.

B. CSB-induced monolayer PbBil

Now, we turn to define the physical CSB fields. We con-
sider two types of fields here to tune the electronic phase
and optical interband transitions. First, we apply an in-plane
magnetization field Hy = Fut ® o, to affect the orbital
hybridization of the system, characterized by the Bi orbitals
with opposite spin directions j, = {4+1/2, —1/2}. Second, we
apply an inversion symmetry breaking (ISB) potential be-
tween the total angular momenta J = {1/2,3/2} by a field
Hisp = FispTx Q o, to induce two different gauge shifts [42].
In these terms, 7y (t,) refers to the identity matrix (Pauli x
matrix) of total angular momentum space, and o, is the Pauli
x matrix of spin space. These fields are both invariant under
the time-reversal symmetry, but another available symmetry
M, in the G5, symmetry of PbBIl lattice is broken. Working
with both fields together is also possible. Thus let us propose
the following effective CSB-induced Hamiltonians as

Hu(k) = H(K) + Futo ® oy, (3a)
Hisp(k) = H(K) + FispTx ® 0y, (3b)
Hy(k) = H(k) + FJh ® o, (3c)

where in the last term we consider both fields together in-
cluding J, = 1y + 7, as the unit matrix. It should be noted
that Hw/is/ 7 Hy, HM/ISB/}- # My, i.e., C3, symmetry break-
ing occurs. Practically, there are possible methods to induce
such CSB fields. For instance, in the magnetic proximity
effect, magnetic exchange fields can be induced in a material
by proximity to a ferromagnetic/antiferromagnetic substrate.
These fields act on the orbital angular momentum in the
basis of orbitals modifying the corresponding Hamiltonians.
This method has been used recently for monolayer MoTe,
nanoribbons on EuO substrate [43] and graphene on various
substrates [44].

III. OPTICAL CONDUCTIVITY OF MONOLAYER PBBII

Considering the anisotropic electronic band structure of
monolayer PbBil in the presence of the CSB field, we turn to
calculate the optical conductivity components o,4(w) of the
material along different directions {«, 8} = {x, y} when it is
subjected to a light with energy /iw. In doing so, using the
Hamiltonians in Egs. (1) and (3), we invoke the Kubo formula
and the linear response theory given by [45,46]

fk’I _ fkn jﬂﬂ/ (]_é)

v NG afvv’

Ga/s(a))—lz:z _817 o +i8 + &1 — &7
w'ny kv k,v k,v!

“

where
T ®) = (ks v, nljulks v 'YK V' 0 glKs v, m). (5)

The term f'7 = 1/exp([<5'77 — u]/kgT) + 1] indicates the
Fermi- Dlrac d1str1but10n functlon at a given temperature 7T
and chemical potential u. In the denominator of Eq. (4),
8 =3 meV is a small phenomenological broadening factor
for controlling the width of optical peaks. The tensor quantity
j;’gsw,(lz) determines the correlation between currents along
different directions, which can be given by the components of
the current operator j, = edH /dky:

2 ke dagrip 0 14
| ierap 2812k Y 0
= 0 4 —2832k, 0 ’
14 0 0 =232k
(6a)
281 0ky R 12 0 —iy
. oaripn 280k iy 0
b= 0 —iy =24k 0 - (6b)
1)/ 0 0 —2{3/2](),

It is straightforward to find the four eigenstates of Hamil-
tonian in the pristine state:

ivn/2Dn
N eivrr/Z Dn
kyv,n) =1, j:) = —= 3 ; 7
v} = 1. Jo) = == DT ) )
1 n
v/ Du 5
where N; =) |D7|? is the normalization factor with i =

(12,3, 4) and B = (¥, 6. 1. ).

Following these data, the pristine
calculated analytically:

aﬁ - (k) can also be

2

Wt = ok (WG - v )
_aRJ/z(w_llXJ:ll —¥iix)
+y(oixH vt — D —x3))
(3a)
ol T ) = T (O g Ny and s (8b)
u7;;1—?1+1(k) xx; _1 +1(k)|N1r—>N2 and x>¢» (8c)

1,+1
‘chc_—T+l(k) xXx;— 1+1(k)|N1|—>N2 N3Ny and Y>>, x> (Sd)
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with the following set of components for the eigenfunc-
tions

_ —agipk —E + Tk — Gy (k)

-1 _ 9
Vo 2k, ©a)
-1 _aR,]/Zk_g_Ekz_g—l(E)
= , 9b
[ 2k (9b)
- k—&+Lk2+G 1 (k
o) = ag ik —8+ kS +G_(( )7 ¢)
2]/k+
L —aripk —E =T+ G (k)
= , 9d
¢ Ik 9d)
k—&+4+Tk?— Gk
)= taripk =&+ k™ = G( ) %)
2)/k+
L oaripk —E =Tk =Gy (k)
= , 9
X1 2k (9f)
k—&+Zk? k
M:i _ —|—OlR_1/2 E+¢ +g+l( ), (9g)
2yk+
1 +dR,1/2k—5—Ek2+g+l(E)
= , 9h
My 2k (%h)

where G, (12) can be calculated from Eq. (2b). For all eigen-
states, we have {y, ¢, x,u}"} =1 and (¢, ¢, x, u}’| =
k_/k.

Following the transformations x +— y and k. > k,, one
can obtain the same equations along the y direction in the
absence of CSB fields. On the other hand, for the Hall con-
ductivity component, one needs to consider the multiplication
of eignestates along different directions (not shown here).
However, from Eq. (3), we also need to calculate the CSB
field-induced eigenenergies and eigenstates. In contrast to the
pristine case with full analytical expressions, for simplicity,
we calculate the perturbed ones numerically and stress that
the above transformations are not valid anymore as a direct
consequence of CSB fields.

IV. PROPAGATION OF LIGHT IN MONOLAYER PBBII

In this section, we explore the properties of the reflected,
transmitted, and absorbed light, i.e., the propagation of light,
in the PbBil monolayer based on the optical conductivity ten-
sor. To start with, we assume that the PbBil monolayer lies in
the x-y plane, while the incident and scattered light propagate
along the z direction. From the optics, it is well-known that
the wave properties of incident, reflected, and transmitted light
such as intensity and phase can be obtained from their corre-
sponding complex electric fields Ei, Er = Kﬁi, and El = LEi
at z = 0. In these relations,  and ¢ are respectively 2 x 2
complex reflection and transmission matrices in the x-y plane.

For a right-circularly polarized light E; = f/—%(é'x + iéy),
the reflected and transmitted lights in the absence of CSB field
are still circular, while they become elliptical as soon as the
band structure is anisotropic due to the CSB field effect. Thus

we have [47]

R &
E = %(rxx@x +iryé,), (10a)
E = %(txxéx + if,@,). (10b)

If we ignore the effect of Pb-I dimer on the propaga-
tion of electric fields along the z direction, we find ryy =
—4n 04 /4T 04e + 2¢] and 1,4 = 2¢/[4TT 0o + 2c] in Which
c is the speed of light [48,49].

Using the components of r,, and #,, along both x and y di-
rections, the intensities of reflected, transmitted, and absorbed
lights normalized to the incident intensity of light I, = 53
read as

Ir(a)) _ 12 |Jaa(w)|2
& 247 (55 +Re 0 ())? + (Im oy ())?

(11a)
I(w) c? 1
& 8 Z (% + Re 04 ()" + (IM 0 (@))?
(11b)
Lis(@) _ ¢ Re 040 (@)
& 21 A (5 +Re0pa(@)? + (Im 0y (@))?
(11c)

which resultin I, + I, + Ly = Iip = 5& [47].

Having these information, we are also able to address
the properties of polarization ellipse due to the anisotropic
band structure of CSB-induced PbBil. So, let us suppose
that the general elliptically polarized wave is described
by E = L([E4 + E_1é; + i[E+ — E_1é,) where E; = {ry, —
Ty, e — By} and E_ = {ry, + ryy, toy + 1y} [47]. The impor-
tant property is the eccentricity given by

. 2
& = , (12a)
Fex—Tyy ety
\/ Fextryy + \/ Tex—Tyy
. 2
e, = , (12b)

Lxtlyy
Lic—lyy

Ixx _tyy

tctHyy

sl

which both reflected and transmitted eccentricities are be-
tween O and 1 corresponding to the circularly and linearly
polarized light, receptively. On the other hand, the scattered
light is elliptically polarized for 0 < e;t < 1.

V. NUMERICAL RESULTS AND DISCUSSION

As a first step before delving into the analysis of the re-
sults, we would stress that the arbitrary unit values in the
present work for the optical conductivity will not affect the
optical activity quantities. We restrict the thermal energy of
the system to a very low value, kg7 = 0.05 eV, in an undoped
(n = 0) situation. With these conditions, we assume that the
momentum relaxation time approaches zero in the same bands
at zero Fermi energy, which is mostly valid for a clean sample
at a low temperature. This allows us to consider only the
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FIG. 2. Dispersion of monolayer PbBil in the (a) absence and [(b)—(e)] presence of C3, symmetry breaking field Fy = {0.163, 0.25} eV:

[(b) and (c)] along the x direction and [(d) and (e)] along the y direction.

interband transitions and neglect the intraband ones in the
next parts. It should be stressed that intraband transitions
mainly contribute to the optical conductivity in the presence
of the disorder or scattering in the THz region, which can
be described as the Drude-like conductivity. This means that
they mostly contribute to the peaks in the optical conductivity
close to the zero photon energy. However, we do not consider
any disorder or scattering mechanism in the theory for the
optical transitions and with this, we are allowed to ignore the
intraband transitions. On the other hand, for the Drude peaks,
we will have the contribution of interband transitions. For
this reason, we should argue that the modulation of intraband
transitions is qualitatively close to the changes made for the
interband transitions with the CSB fields.

The applied approximations throughout the model for a
pedagogical aim allow us to work with qualitative (quanti-
tative) results for the optical conductivities (intensities and
eccentricities). In the pristine model with a valid approxi-
mation for the momenta so close to the I' point, there is
no priority for the propagation of light in the system due to
the C;, symmetry, and this, in turn, makes the conductivity
strongly isotropic. This implies that although the first Bril-
louin zone of the system is a hexagonal, in order to work in
the vicinity of I'-point, we sum over k in the Kubo formula
circularly, which leads to the isotropic optical conductivity.
However, the CSB field makes it strongly anisotropic. In this
work, we allow the light to enter the system with /iw < 0.5 eV
because of the bandwidth of PbBil, i.e., up to the near-infrared
region of the electromagnetic spectrum. Also, it should be
noted that all possible transitions at various k are scanned
from the band structures in the summation over k in Eq. (4).
However, the peaks corresponding to small currents at relative
minimum/maximum points do not appear in the total optical
conductivity and the contributions are mainly from the other
points.

In the following, we consider the CSB fields individually
and together. For each case, we first show the results of
electronic band structure along both x and y directions to un-
derstand the alteration of bulk and Rashba-like gaps. Second,
we numerically present the behavior of optical conductivity
tensor with CSB fields. Third, the effect of CSB fields on
the intensity of reflected, transmitted, and absorbed light in
the PbBil monolayer is discussed. And, finally, the change

in the polarization of the incident light with CSB fields is
investigated.

A. Fy effects

We remark that the band dispersion is the origin of the
interband transitions and it is especially important as we in-
vestigate a range of different values for the Fy. So, first,
we compare the band structures in both directions in Fig. 2.
An interesting behavior observed in Figs. 2(b) and 2(d) is
that a gapless phase appears in the system at Fy = (&1/2 +
€32)/2 = 0.163 eV, independent of the direction. This means
that at this critical value of the field the PbBil monolayer is not
a QSHI. Below and above this critical field, the band-touching
does not occur like the pristine phase. However, for Fy =
0.25 eV, the bands along the x direction, see Fig. 2(c), become
almost symmetric in the valence and conduction sides, while
achieving different velocities and effective masses along the
y direction they hold up their behaviors as the pristine phase,
see Fig. 2(e). This, in turn, means that the effect of Fy on
the electrons contributing to the Rashba-like states along the y
direction is not considerable and bands 1 and 2 always try to
touch each other. This is somehow a meaningful description
of spatial symmetry breaking.

The corresponding optical interband transitions of JFy-
dependent o,4(w) is plotted in Fig. 3 along different
directions. As we discussed before, the electronic band struc-
ture of the PbBil monolayer consists of four different bands
{&1, &, &3, &4} The general setting to be investigated in the
following involves the optical selection rules in Fig. 1 (right
panel). To tackle this problem by means of the above bands,
one can easily write all interband transitions & +— &, & —
&4, & — &, and & — &,. Itis obvious that the two first ones
in the absence of Fy are the same at the I" point. Furthermore,
the intraband transitions & — &, and & — &, are forbidden
based on our approximations. The total optical conductivity
tensor can be evaluated from Eq. (4) right away by measuring
each contribution. Figure 3(a) shows the real part of the total
optical conductivity (in arbitrary units) of the PbBil mono-
layer along the x direction in the absence and presence of CSB
field Fy. We remark that conductivities corresponding to the
transitions from band 1 to bands {3,4} and 2 to 4 in the case
of Fm = 0 (see the black line) is the origin of large optical
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FIG. 3. A comparison between o,4(w) of monolayer PbBil in the
absence and presence of C;, symmetry breaking field Fy [(a) and
(b)] along the x direction, (c) along the y direction, and (d) in the x-y
plane.

peak and it is especially important for the light frequency
hw =~ 0.326 eV. The finite small peak of fiw >~ 0.3 eV stems
from the transition from band 2 to band 3. From these photon
energies, one can argue that monolayer PbBIl is active in the
region of near-infrared of electromagnetic spectrum. This ia
also valid for other directions in the black lines of Figs. 3(c)
and 3(d).

Therein, the optical peak positions are renormalized triv-
ially with the external field and depend on the distance
between bands in the electronic band structure. These peaks
ensure that the band dispersion has the right modulation. We
observe the insignificant of the Fyy = 0.02 eV-induced elec-
tron mode modulation along all directions: Specifically, we
can see that the peaks are nearly shifted, satisfying the energy
level repulsion effect, corresponding to the transitions be-
tween bands {2,3} and {2,4} along the x direction in Fig. 3(a)
and in the x-y plane in Fig. 3(d), while between bands {1,3}
and {1,4} along the y direction in Fig. 3(c), see the blue
lines. At the critical field Fy = 0.163 eV, the only interband
transition between bands 2 and 3 is important. The gapless
phase of the system leads to a large optical conductivity near
the zero photon energy, referred to as a Drude peak [45,50].
The origin of this is lack of interband transition. In this case,
at higher frequencies the spectrum deviates significantly from
the Drude peak and drops down to zero as 1/w?.

Confronted with such a strong static response along all
directions stemming from a single transition, we would imme-
diately declare that for Fy = 0.25 eV, different bands appear
which directly manifest itself in the transitions such that bands
{2,3} and {2,4} contribute to the x direction in the green line
of Fig. 3(a), while bands {1,3} and {2,3} show corresponding
peaks along the y direction and in the x-y plane in Figs. 3(c)
and 3(d).

In a nutshell, it is worth noting that the system experiences
an optical activity from the near-infrared to far-infrared region
of the electromagnetic spectrum with the CSB field Fy;, which
makes it applicable for many practical applications, especially
those invisible to the human eye, from particle physics to
universe physics. Independently of the CSB field effect, one
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FIG. 4. (a) The relative intensity of reflected, transmitted, and
absorbed light in monolayer PbBil with respect to the incident light
with intensity £7 as a function of CSB field Fy. The photon energy
how of bright peak in the optical conductivity is also plotted vs. Fy.
(b) The reflected and transmitted eccentricities of monolayer PbBil
as a function of CSB field Fy;.

expects the same peak positions in the imaginary part of
04(w) due to the Kramers-Kronig relation [51], see Fig. 3(b)
for all CSB fields. For this reason, we mostly focus on the real
part of optical conductivity tensor.

So far, we have discussed the optical conductivity of the
system when it is subjected to a CSB field Fy. Now, we
proceed with the findings of optical activity in Fig. 4, char-
acterized by Eqs. (11) and (12). First of all, the photon
energy of bright peak in the optical conductivity is linearly
changed with Fy; < 0.1 eV and suppressed strongly for 0.1 <
Fum < 0.12 eV, see Fig. 4(a). For 0.12 < Fy < 0.163 eV,
the static bright peaks (the Drude peaks) appear character-
ized by the zero photon energy. And above the critical field
JFum = 0.163 eV, the photon energy again becomes increas-
ingly linear. These energies show interesting physical insights.
As soon as the CSM field is in the region of 0.12 < Fy <
0.163 eV, static phase, the system is half-transparent such that
the reflected and transmitted intensities are both equal to 0.5,
while the absorbed light is almost zero. However, the system
is not transparent at all for fields above 0.163 eV since the
light is fully reflected and transmitted, whereas the absorbed
spectrum approaches zero.

In addition to this information which is very handful for
the optoelectronic devices, we can also provide some infor-
mation about the light polarization in Fig. 4(b). For 0.01 <
Fum < 0.12 eV, the polarization of the reflected (transmitted)
light becomes fully elliptic (linear), while both become fully
linear for 0.12 < Fyy < 0.16 eV. At the critical CSB field of
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FIG. 5. Dispersion of monolayer PbBil along both directions in
the (a) absence and [(b) and (c)] presence of C;, symmetry breaking
field Fisg = 0.25 eV. The dotted bands show the same results for
—Fis-

Fm = 0.163 eV, the propagating light in the material shows its
initial circular polarization. However, after crossing the bor-
der, one again finds fully elliptic (linear) polarization for the
reflected (transmitted) light. Thus the CSB field is remarkably
able to engineer the incident circular near-infrared light in the
monolayer PbBil for various purposes.

B. Fisg effects

In the next scenario, we work with Fisg field. The band
dispersion of the Hamiltonian of Eq. (3b) is plotted in Fig. 5.
The dispersion changes very strongly for a strong CSB field
and it is only invariant under the operation Fisg — —JFisp
(characterized by the dotted lines) along the y direction, mean-
ing that there is no mirror symmetry around the I point, while
it is the case along the x direction. As seen in Figs. 5(b)
and 5(c), band touching of valence and conduction sides is
independent of Fisg along both directions, in contrast to the
previous CSB field in Fig. 2. While both gaps change strongly
with Figp, interestingly, the bulk gap in the band structure
along the y direction only becomes larger and the Rashba-like
gap remains unchanged.

In Fig. 6, Fisg-dependent optical conductivity for a vari-
ety of current direction are plotted. Similar to the previous
CSB field Fy, the redshift and blueshift phenomena always
occur for finite Fisgs independent of the current direction.
The value Fisgp = 0.05 eV shows a single optical peak along
the x direction and in the x-y plane of monolayer PbBil that
is almost located at the optical energy hw =~ 0.34 eV cor-
responding to the interband transitions & — &3,4. However,
in addition to the role of above transitions, the transition
from band 2 to band 4 is also contributed to this large peak
along the y direction, however, it appears along with a tiny
peak at hiw ~ 0.32 eV because of the interband transitions
& +— &;. For Fisg = 0.15 eV, two peaks at fiw >~ 0.3 and
0.44 eV appear along the x direction and in the x-y plane
corresponding to, respectively, the transitions from bands 1
to {3,4} and 2 to 4, while we have a single peak for interband
transitions £; — &34 along the y direction. A stronger field of
Fiss = 0.25 eV investigated in the electronic band structure
contributes differently to the optical selection rules in such a
way that no peak appears along the y direction but two peaks
appear in the optical conductivities of x direction and the x-y
plane. In contrast to two other strengths of CSB field with the
same treatments, the contribution of & — &3 (& — &) and
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FIG. 6. A comparison between optical conductivity of mono-
layer PbBIil in the absence and presence of Cs, symmetry breaking
field Fisp (a) along the x direction, (b) along the y direction, and
(c) in the x-y plane.

& > &4 (& — &) is responsible for the first (second) peak
of x direction and the x-y plane, respectively. Various types of
transitions confirm the C;, symmetry breaking effect through
FisB.

Despite the different optical peaks in the presence of
Fisgs compared to Fys for various probing optical frequen-
cies, similar elongation patterns can be observed far from
the shifted intensities of reflected, transmitted, and absorbed
lights. Let us compare these intensities for four CSB fields,
namely Fisg = 0.08, 0.163, 0.24, and 0.30 eV in Table L.
It is demonstrated that, in general, the optical energy hw
of bright peak moves toward higher frequencies with Fisg.
The reflected (transmitted and absorbed) spectrum is 1 (0)
for fields below (&1, + €3/2)/2 = 0.163 €V, meaning that

TABLE 1. A comparison between the relative intensity of re-
flected, transmitted, and absorbed light in monolayer PbBil with
respect to the incident light with intensity £ for various CSB fields
Fise- The photon energy /iw of bright peak in the optical conductivity
is considered for these extractions. The reflected and transmitted
eccentricities of monolayer PbBil are also compared.

Fiss hao L& 1/& Lns /&5 e, e
0 0.3088 1 0 0 0 0
0.080 0.3394 1 0 0 0.0044 1
0.163 0.4294 1 0 0 0.0022 1
0.240 0.4234 0.7874 0.0293 0.1833 0.6521 1
0.300 0.4987 0.6394 0.1118 0.2488 0.8496 1
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FIG. 7. Dispersion of monolayer PbBil along the x direction in
the (a) absence and [(b)—(f)] presence of C3, symmetry breaking field
F:(b)0.01, (c) 0.02, (d) 0.08, (e) 0.14, and () 0.20 eV.

the system is not transparent at all. At the same time, the
polarization of reflected (transmitted) light remains almost
circular (becomes fully linear). Above the field 0.163 eV,
at Fisg = 0.24 eV, the incident light is strongly scattered
such that around 79% is reflected from the monolayer PbBil,
18% is absorbed in the system, and 3% is transmitted. For
Fisg = 0.3 eV, however, the percentages are different: We
have almost 64% reflection, 11% transmission, and 25% ab-
sorption. The polarization of scattered lights are, respectively,
fully elliptic and fully linear for the reflected and transmitted
ones.

C. F effects

In the last scenario, we work with both fields compacted
in F in Eq. (3¢c). Let us start with the x direction in Fig. 7.
As soon as the CSB field is turned on with a magnetization
induced from the ferromagnetic substrate in parallel to the
spin up j, = +1/2 (solid lines), the Rashba-like gap is dis-
appeared, first. Second, subsequently, two different behaviors
can be distinguished for the bulk gap depending on the critical
field |F.| = 0.14 eV as illustrated in Fig. 7(e). The predicted
critical field is due to the competition between the bulk gap
and CSB field, i.e., |F¢| =~ (&5 — &)/2. Below and above
this critical field, the bulk gap is open, while at this field it
is closed, meaning that the system transits to a new gapless
phase and is no longer a QSHI. If we set the direction of the
magnetization parallel to the spin down j, = —1/2 (dotted
lines), the same behaviors emerge with a mirror symmetry
property around the I point without any new physical impli-
cations.

Following the same procedure presented above and having
new band dispersion as a direct result of F, we plot the
electronic band structure of the system along the y direction
in Fig. 8 to see if different physical insights can be achieved.
First of all, in contrast to the x direction, stronger fields are
required to achieve a gapless state along the y direction such
that our numerical tests need at least 25 eV energy to close the
bulk gap which is of course unphysical because in that case,

(@) (b) AN

0.25F { o025} 1 o025}

FIG. 8. Dispersion of monolayer PbBil along the y direction in
the (a) absence and [(b)—(f)] presence of Cs, symmetry breaking field
F:(b) 0.05, (c) 0.10, (d) 0.20, (e) 0.35, and (f) 0.50 eV.

our low-energy Hamiltonian is not valid anymore. So, we do
not argue a phase transition along the y direction with the same
CSB fields as the x direction. However, for other fields which
can also be applied along the x direction, we obviously find the
disappearance of Rashba-like gap. Simultaneously, the bulk
gap is reduced as the CSB field is increased. These changes
will also be important in the optical properties of the system.

The corresponding optical results for the impact of F are
shown in Fig. 9(a). Let us provide an effective optical se-
lection rule along the x direction from Fig. 7. For 0 < F <
0.14 eV, we expect all transitions to appear effectively in the
optical conductivity. For 7 = 0.01 eV, we observe three peaks
(two large and one small), respectively from low to high op-
tical energies, corresponding to the transition from band 2
3, {1~ 3and 2+ 4}, and 1 — 4. For 7 = {0.02, 0.08} eV,
four peaks (the last one in the case of 0.08 eV locates at fiw >~

T T
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FIG. 9. A comparison between the absence and presence of CSB
field F in the (a) real and (b) imaginary parts of optical conductivity
of monolayer PbBil along the x direction through behaviors of peaks.
The real part of optical conductivity along the y direction and in the
x-y plane are presented in (c) and (d), respectively.
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FIG. 10. The relative intensity of (a) reflected, (b) transmitted, and (c) absorbed light with respect to the incident light with intensity 5& for

different CSB fields F as a function of photon energy hiw.

0.5 eV) appear, respectively, corresponding to the transitions 2
— 3,2+ 4,1+ 3, and | — 4. The position of these peaks is
in agreement with the distance between corresponding bands
in Figs. 7(b)-7(d). Therein, the peak positions are renormal-
ized with CSB field and their intensity strongly depend on the
distance of bands from the I'" point [see the denominator of
Eq. (3)] such that for 7 = 0.08 eV, the height of peak is small
compared to two other cases F = 0.01 and 0.02 eV.

For F =0.14 eV, as discussed before, the bulk gap is
closed and the Rashba-like gap is disappeared. The system
in this gapless phase is also confronted with a tiny peak at
hiw ~ 0.36 eV corresponding to the transition between bands
1 and 3 in Fig. 7(e). Its intensity is too small since the bands
are far from the I" point. Despite the behaviors of CSB fields
below 0.14 eV, for F > 0.14 eV, the bands become closer to
the I" point and the intensity of optical peaks are again visible,
see the green line of Fig. 9(a) at iw =~ {0.04, 0.42, and 0.46}
eV corresponding to the distance between bands {2,3}, {2,4},
and {1,3} in Fig. 7(f). The transition between bands 1 and 4 is
negligible for 7 = 0.2 eV.

Let us only concentrate on the real part of optical conduc-
tivity in Fig. 9 for other components yy and xy by leaving
the imaginary part following the Kramers-Kronig relation. As
expected, in the pristine model, the conductivity is isotopic,
namely oy, = o,, = 0y, as confirmed by the black lines in
Figs. 9(a), 9(c), and 9(d). The most evident result of this
figure is the close intensities of responses at nonzero JF to
the pristine response due to small distance of bands along
the y direction from the I' point, see Fig. 8, in a complete
agreement with the argument mentioned before. Next, we
strive to find the optical peaks corresponding to the transition
between bands by evaluating the CSB field-induced o, (w)
and o,,(w) from Eq. (4). To do this, we consider F = 0.05,
0.10, 0.20, 0.35, and 0.50 eV along the y direction and F =
0.05, 0.14, 0.25, and 0.50 in the x-y plane. Then, we plug their
corresponding transitions into these conductivities. For F =
0.05 eV, the band structure along the y direction, see Fig. 8(b),
still contains the Rashba-like splitting gap and the transition
from band 2 to 4 is negligible. For this reason, the blue line
in oy, (w) shows three peaks: Two large and one small from
the transitions 2 +— 3, 1 — 3, and 1 +— 4, respectively. The
results show that optical responses for 0.05 < F < 0.20 eV
appear with two peaks and move to the lower photon energies
if we increase the field further, originating from the transitions
2+ 3 and {1l — 3 and 2 — 4}, see Figs. 8(c)-8(f). Similar

to the x direction, the y direction of the system undergoes a
near-infrared to far-infrared shift with . For F > 0.20 eV,
we only have a single peak from the bands 2 and 3 as the
effective ones.

At F = 0.05 eV, the x direction contains all the transitions,
while the y direction does not contain the transition between
bands 2 and 4 (negligible). However, for the transitions in the
x-y plane, we again have all four transitions and that’s why
four peaks appear in the blue line of Fig. 9(d). The peaks
originate, respectively, from 2+ 3,2+ 4, 1+ 3, and 2 > 4.
For F = 0.14 eV, we observe two peaks from the transitions
2 — 3 and 1 — 3. Again, the position of peaks are equal to
the distance between these bands (a three-dimensional band
structure is needed here to confirm it, which is not shown
here). Although for 7 = 0.05 eV, we observe close intensities
to the pristine peaks for the Hall conductivity, 7 = 0.14 eV
demonstrates a higher intensity. The main reason for this
behavior can be traced back to the gapless phase of the sys-
tem at this field along the x direction for which the optical
conductivity appeared with the highest intensities over a wide
range of infrared photon energies. Nevertheless, it is obvious
that the y direction neutralizes the Drude peak effect in the x-y
plane. For F > 0.14 eV, a single Hall peak from the transition
2 +— 3 appears for all CSB fields in the x-y plane. Moreover,
the near-infrared to far-infrared shift with F is also valid in
the x-y plane.

Next, we aim at achieving a quantitative understanding
of F effect on the intensity of reflected, transmitted, and
absorbed light, Egs. (11a)—(11c), in Fig. 10. This figure shows
that the reflection is almost 100% for frequencies below and
above 0.3 eV when the C3, symmetry is not broken and this
energy just leads to almost 99.995% reflection, 0% transmis-
sion, and 0.005% absorption inherently. So, the system is not
intrinsically transparent. Nevertheless, by turning on the CSB
field which results in the band dispersion modulation along
both directions, at F = 0.05 eV from the blue lines of all
three panels, the reflection is suppressed by 1.5%, the trans-
mission is still close to zero, and the absorption is increased
by 1.5% to satisfy the standard sum rule I, + Iy + Ls = 6’5.
At F =0.14 eV from the red lines, only 0.5% is obtained
for both reflection and absorption spectra. For 7 = 0.25 eV
from the dark yellow lines, 1.7% alteration for both reflection
and absorption is obtained. However, for 7 = 0.5 eV from the
magenta lines, 4% reflection and absorption can be achieved.
In all cases, the contribution of transmission spectra is negli-
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FIG. 11. Eccentricity of the (a) reflected and (b) transmitted elec-
tromagnetic wave as a function of the photon energy for different
CSB fields F.

gible in the sum rule, thus, PbBil does not become transparent
with F.

In the following, we would like to address the effect of F
field on the eccentricity of scattered lights to see if our ar-
gument about the circularly-to-elliptically polarized transition

is valid. Figure 11 shows the behavior of the parameters e},

and e; defined in Egs. (12a) and (12b) for the reflected and
transmitted components, respectively. As mentioned before,
when applying a circularly polarized light to the plane of
the material, anisotropy in the optical conductivity due to the
CSB field forms elliptically scattered waves. As indicated in
Fig. 11, both reflected and transmitted indicate zero eccentric-
ities in the absence of F. As soon as we turn on the CSB field,
the reflected light is strongly elliptic in a wide range of photon
energies for all finite CSB fields. Interestingly, the transmitted
light reaches a linear polarization for 7 < 0.14 eV, except
that it becomes elliptic at special photon frequencies corre-
sponding to the peak positions of transmission intensity. For
F > 0.14 eV, however, the transmitted light is more interested
in reaching the elliptical polarization. It seems that transmitted
light even intends to go back to the circular polarization at
some energies depending on the CSB field.

Before scrutinizing the consequences of the CSB field on
the optical conductivity and activity of monolayer PbBil, we
finish our discussion by briefly commenting on the doping
effect. For our intention to relate the behavior of the system
to the doping effect, it should be stressed that our results are
valid for a low-energy approximation model, and the finite
Fermi energy shifts the bands up and down depending on the
electron or hole doping configuration. By this, the selection
rules, optical transitions, and the position of peaks in the
optical properties can not be influenced. Therefore the qual-
itative behavior of responses remains unchanged with doping
process.

The model presented here treats the CSB-dependent elec-
tronic and optical properties well, and this makes various
applications possible. For example, in biological effects, ma-
terials with far-infrared wavebands are nowadays used to
stimulate cells and tissues [52]. Also, they can be generated in
the depletion field near semiconductor surfaces under optical
excitation [53]. In the study of extrasolar planets as well as
photonic applications, the feasibility of infrared optical fibers
formed from the far-infrared-active materials is recommended
[54,55].

VI. CONCLUSIONS

Interests in exploring the physics of topological systems in
the experimental photonic and spintronic setups are becom-
ing increasingly urgent. This paper studies the propagation
of light engineering in a noncentrosymmetric quantum spin
hall insulator, monolayer PbBil, which dealt with special
(3, symmetry breaking fields accompanying the effects of
anisotropic band dispersion on the optical responses. Two
ways are possible to show that the system is near-infrared
active. The first way is focused on the spectrum of optical
conductivity through the Kubo formula. While the second
way is the optical activity of the system stars the intensity of
reflected, transmitted, and absorbed light.

In the spirit of a k- p model, we calculated these quantities.
In particular, we have focused on the effects of special fields to
explore novel insights by examination of the band dispersion
that makes up the contribution to the optical interband tran-
sitions. Detailed analyses showed that the optical responses
of the system reach various activity transitions from near-
infrared to far-infrared with C;, symmetry breaking fields.
Notably, we also observed that, depending on the strength
of fields in the PbBIil single layer, the incident circularly
polarized light is scattered as various linearly and elliptically
polarized light. These results are important for a wide range
of applications in science, industry, and medicine.
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