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ABSTRACT

In this paper, we investigate the optical response of the PbBIil single-layer by developing a strain-induced Kane-Mele model from Peierls
substitution and by employing the Kubo formula at low temperatures. We address three different regimes of uniform and non-uniform
classes created by tuning the strength of the strain. From a detailed analysis of the electronic band structure, we find that the Rashba spin
splitting gap is destroyed with strain, while the bulk gap slightly changes. We also find that interband optical transitions exhibit a blueshift
spectrum with strain. Interestingly, all these findings are independent of the regime and class of strain. However, our simulations show that
only the non-uniform class of strain leads to anisotropic optical conductivity. These results enhance optoelectronic applications of low-

dimensional materials. §
«Q
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I. INTRODUCTION band structure of materials, one immediate application can be g
In contrast to the first two-dimensional (2D) topological insu- extracted frc.)m optical fee}tures. . . o .
lator—graphene—with  limited ~ proposals  for  practical In add1.t10n to Ha:ll insulators, strain engineering is believed to
LT 1-3 . : . be an effective and suitable way to tune the electro-optical proper-
applications, ~~ quantum spin Hall insulators (QSHIs) provide . . i :
important applications™ due to the presence of fully spin-polarized ties of .novel 2D monolayer materials which have‘ exceptional
helical edge modes and intrinsic spin-orbit coupling (SOC).""" mechanical flexibility anq str.ength. Ft has béen shown in Mo.SZ a.nd
There also exist compounds of heavy elements such as Bi, Pb, and WS, m.onolayers that with Increasing §tra1n, th.e exciton b1.nd1'ng
W with extrinsic Rashba SOCs''~™'” that have provided interesting energy 1s nearly un.changed, whﬂe .optlcal gap 1 re.duced signifi-
chiral spin textures'*""” for spintronic applications. cantly.” The redshift or blueshift in the photoluminescence and
It has been well known that there are various factors such as absorption spectra has been observed in some 2D transition metal
bias voltage,”” electron-electron interaction,”’*® and magnetic dichalcogenides when applying a tensile or compressive strain.""’
field”’ =" to tune the properties of QSHIs. Applying strain is also a In addition, many interesting nonlinear optical properties, includ-
well-known technique to control the electronic properties of mate- ing second harmonic generation and third harmonic generation,
rials, which, in turn, affects all other physical features of the can be observed under strain in 2D materials with broken inversijon
system.”” " Sun et al.”> showed that strain can switch topological symmetry such as transition metal dichalcogenides monolayers."*"’
phase transition between a QAHI and a 2D topological crystalline Under the strain, the lattice of a 2D material is distorted and the
insulator in an intrinsic ferromagnetic NpSb monolayer. Zhang lattice symmetry is broken, thereby the optical conductivity of the
et al.”® predicted that a unique 2D topological insulator with a material is altered.”” Also, the direction of applied strain can be
sizable bulk gap can be formed by a suitable strain modulation of expressed by polarization-resolved second harmonic generation.*
honeycomb arsenene. Ma et al.”’ showed that an isolated GeCHj Practically, the strain-dependent optical properties are the basis for
layer can be a QSHI under a reasonable strain. Huang et al.’® applications in flexible optoelectronic devices based on 2D materi-
found that the exchange energy and nontrivial bandgap in ferro- als, such as flexible photodetectors’” and phototransitors.”'
magnetic transition metal halides can be modulated by applying In 2016, monolayer buckled PbBil was theoretically reported
in-plane strain. Since these effects mainly appear in the electronic by Mera Acosta et al."* as a proper QSHI candidate for spintronic
J. Appl. Phys. 134, 045104 (2023); doi: 10.1063/5.0154826 134, 045104-1
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applications due to its unconventional spin texture and Rashba-like
SOC. The applicability of this material stems from the time-reversal
symmetry which protects both the edge and bulk states, which, in
turn, means that less energy can be lost by this compound when
coupling to the environment. However, to the best of our knowl-
edge, the strain effect on the optical properties of PbBil has not
been addressed so far. In this structure, the stacking between Pb-Bi
bonds and I atoms is weak* ™" and the effective strain can be con-
sidered in the plane of the system. This means that the contribution
of Pb-I dimers in modulations via strain is negligible.

Given this background, in this work, we apply an in-plane
strain (both compressive and tensile) in two uniform and non-
uniform classes to see how strain-tuned hopping energies in the
electronic band structure of monolayer PbBil affect its optical con-
ductivity. In contrast to e.g., silicene with the same buckled struc-
ture, unconventional spin texture in PbBil results in a forbidden
backscattering mechanism of electrons. So, engineering of optical
performance in monolayer PbBIil is highly desirable for practical
applications such that electrons in PbBil have a specific transport
channel rather than scattered ones in other similar systems. In
doing so, we employ the Kane—Mele model and Kubo formula.
The study of optical transitions in this material provides tunable
optoelectronic devices. For instance, the blueshift optical spectrum
is useful for solar cell applications such that the system can absorb
short light wavelengths of sunrise or sunset in addition to the
daytime absorptions.

The organization of the paper is as follows: In Sec. II, we
present the Kane-Mele Hamiltonian of pristine and strained
monolayer PbBil. In Sec. III, we present the Kubo formula for
optical conductivity. In Sec. IV, we turn to the numerical results of
electronic band structure and optical conductivity. Finally, we end
the paper with a brief overview of our findings in Sec. V.

Il. HAMILTONIAN MODEL

Monolayer PbBil has a honeycomb lattice with the bond
lengths d and h along the z-direction, as shown in Fig. 1. It has
been well established by Acosta et al.** that Bi orbitals mainly build
the effective Hamiltonian of the system. Thus, one needs to work
with the SOC basis |J, j;) of Bi atoms with total angular momen-
tum J and spin direction j,.**”" As mentioned in Sec. I, the
|(Pb-1);,j,) contribution is negligible. For the matrix elements of
the Hamiltonian, let us use h;= Z;zl tgpeikp‘ap (including

momentum Ep with respect to the nearest neighbor at the distance

—Q (b)
—{ 1 di E;\‘;\‘;\';

TN _f_‘ Bi  Pb |
e v e e

FIG. 1. (a) Top and (b) side sketch of monolayer PbBil with h =~ 1.35A and
d ~ 1.3 A. The shaded part shows the unit cell of the structure.

(a)
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d,) for six next nearest neighbor hopping terms tgp = (dy,
Bip ;s |H|d,, Biy,,) with i = (J, ;) and j = (J', j,). With the help of
the geometric structure of monolayer PbBil, we find the following

Hamiltonian — matrix elements for basis 1=11/2,1/2),
2=|1/2, —1/2),3=13/2,1/2),and 4 = |3/2, —1/2)**""

3 3
iy = g1+ 2R[1"] ) cos(ky) — 2S[t1] D “sin(k,),  (1a)
p=1 p=1
hia = ~2162 [sin(k) + ¢ 2 sin(ky) + e sin(ks) |, (1b)
3 3
his = 2iS[t7] > " cos(ky) + 2i R[] Y " sin(k,), (1c)
p=1 p=1
hiy = 2R[t"] [cos(kl) + e 1P cos(ky) + e_4i”/3cos(k3)]
+23[14] [sin(ky) + e 2 sin(ky) + e sin(k)|, (1)
3 3
hyy = g1/ + 2R["] Y~ cos(ky) +2S[t"] D sin(k,),  (le)
p=1 p=1
3 3
hy = —2iS[t7°] Y " cos(ky) + 2iR[t7] D sin(ky),  (1f)
p=1 p=1
3 3
hss = 132 + 2R[°] Y " cos(ky) — 28[17) > sink,),  (1g)
p=1 p=1
hyy = =241 [sin(kl) + e 2 3sin(ky) + eZi”/3sin(k3)], (1h)
3 3
has = €13 + 2R[1P] ) " cos(ky) +2S[t°] D “sin(k,), (1)
p=1 p=1

where g =t + 6R[¢"], hyy =y, hos = —hyy, hsy = hys,
h3, = h;3, hy = hyy hyy = h,,, and hy = h;4. For simplicity,
without losing the accuracy of calculations, we simplify these
expressions by taking the low-energy limit around small momen-
tum up to the second order in k (a single momentum left after
expansion up to the second order in all ks). Let us use the nota-
tions {; = 3a?R[t"]/3 (a~4.3 A being the lattice constant),
agij> = 3at'?, and y = 33[t"]. By neglecting warping effects, we

£:60:€1 €20 1SNBNY €0

J. Appl. Phys. 134, 045104 (2023); doi: 10.1063/5.0154826
Published under an exclusive license by AIP Publishing

134, 045104-2


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

set t3* ~ 0. Hence, we find

—81/2 0 0 0
o 0 781/2 0 0
Hk - 0 0 +83/2 0
0 0 0 +83/2
gl/z"2 iag, k- 0 vk
—iagipks  §)pk vky 0 @
0 vk {30k 0 ’
vk 0 0 - 3/2k2
where £/, =0.1685eV, &3/, =0.1575¢eV, {1/2 = 0.0081870.

008187 eV/A?, ¢/, = 0.0380680.038 068 eV/A%, ag;/, = 3.0919
eV/A, and y = —3.5853 eV/A. In the above Hamiltonian, we use
ky =k £ ik, and K = K2 +k}2,.

The energy dispersion has the form

1
£, = [vawak + e+ 08 +16,0), ()
gv(l_é) = \/CkZ + (g — g’kz)(—ZVOlR’l/zk +&— g’kZ) (3b)

I:Iere, € =283 — €12 = §1/2 - 53/2> E=¢&3+ &1

{=0p+ 83 and C= 9% + afu/z. Also, v = +1 shows the

total angular momentum J =3/2 (v=+1)and J = 1/2 (v = —1),

while 7= +1 shows the spin direction j, = —1/2 (r = +1) and
=41/2(z = -1).

Now, we turn to the strained monolayer PbBil. Although there
are various ways to include strain in the pristine Hamiltonian, an
alternative way is based on a direct expansion of the hopping
parameters t/ such that tethrd — tethrdr g=iedd (5 = 1), where
the extra phase factor is due to gauge mechanical vector potential
A= (Ax, Ay). In this mechanism, the strain due to weak lattice
deformations leads to a linear shifted/tilted momentum space and
the contribution of strains can be expressed by a shift in the
momentum k — k + A, where A is the characteristic parameter for
strain effects in our model.”” It mainly originates from a gauge
mechanical vector potential similar to the Peierls substitution. It
should be noted that there is an inversion symmetry between com-
pressive and tensile strains due to the presence of the Rashba term.

l1l. OPTICAL CONDUCTIVITY

To calculate the optical conductivity of monolayer PbBil in
the absence and presence of strain, we use the linear response
theory in terms of the current-current correlation function®™’

TN s ®) = (K v, nljalks V', 1) 6V gl v m), (4)

where {v, 7} and {V/, 7/} stand for the bands and {a, 8} = {x, y}
refers to different directions for currents. The tensor quantity

J ZZ:W, (E), dipole elements, determines the correlation between cur-

rents along different directions, which can be given by the
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components of the current operator j, = edH; /Oka»

2010k iagyp 0 4
) —iagin 28 ks 4 0
jx=ce , (5a)
0 Y 2830 0
Y 0 0 -2¢ 3/2
2810k, arip 0 —iy
. OR,1/2 251/2ky iy 0
jy=e : (5b)
0 —iy =203k 0
iy 0 0 —2450k,
It is easy to find the eigenstates in the pristine state,
ei"”/zDZ
eivr/2 DZ-%—Z
k; > > .z - T 5 > 6
o =0id == |0 ©
eiwr/ZDerr%
where N; =3 . D' is the normalization factor with
i={1,2,3,4tand D = {y, ¢, . u}.
Accordingly, pristine dipole elements 7% W,(k) can also be
calculated analytically, g
LR = [ZC ke (W — wtith) 5
- aRl/z ('/’71)(“ '/’+%Zil) %
vzt vt v )] o
;xl,,jll,ﬁ»l(k) xX;— 1+1(k)|N3»—>N4andlp—>p’ (7b)
;rxl 11+1(k) ;xl;;_11,+1(l_€)|N1|—>N2 and g ¢ (70)
J le;’—+11,+1(k) = ;xl;’—_ll,ﬂ (k)|Nl N3, N3N and y> i (7d)
with the following set of components:
o1 —ogipk—&+ {K — G, (k)
-1 = > (83)
2'yk+
L ik — £ 0K — Gk
= , 8b
Vi 2k (8b)
g = ok €L OR 4 G-1(k) (3

27/k+
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o &a) & 0.5k
S of [ | of 1 o s of s
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ashba sp & ] g
-0.5 splitting ] 0.5/ soia 4= 11% ]
y .A 0% 81 [+ Dashed A = —1% Lo
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FIG. 2. Electronic band structure of monolayer PbBil along the x-direction at uniform strains including bulk gap and Rashba spin splitting gap: (a) Ay = A, =0,

(b) Ay = Ay =1%, (¢) Ay = A
same bands.

= 3%, and (d) Ax =

—ogy ok — & — ER + Gy (F)

b1 = Tk , (8d) etc., whereas we do not have any scattering source in our model.
4 Furthermore, we only focus on the real part of the optical conduc-
tivity tensor since the Kramers-Kronig relations’” simply provide
= +agypk — &+ K — Gy (k) (80) the imaginary part.
-1 — 2 k >
T IV. RESULTS
L togipk—E— e - g, ® ] In (;he f(?llolwmg,dwe ‘sl‘low‘ thehresults of elecftronlc banc‘l struc(i
1= Ik , (8f) ture and optical conductivity in the presence of compressive an -
4 tensile strains. Also, we consider two classes of uniform and non- e
uniform strains. For the uniform strain, we have the same strengths &
api ok — B+ T2+ A along both x and y directions, ie, A= A, = A,, while for the 2
U= R1/2 5 kg Gl ), (8g) non-uniform strain, we have different strengths along the x and y §
[ directions, i.e., Ac < A, or A, > A,. ]
We use the deﬁnltlons & = 511, & = Sa o ,E3 = 5k+1’ and §
+1 w
L tomipk— & - é’k + 9+1(k) Ey= S in Eq. (3) to understand the optlcal interband transi-
Ho = , (8h) tions. We set i = kg = e = 1 in the model so that we have optical

2yk

where gv(E) can be calculated from Eq (3b) For all eigenstates, we
have {y, &, x, u}7} = L and {y, ¢, x, u}*| = k_/k.

Substltutlng x+—y and ky k , the equations along the
y-direction can be obtained in the absence of strain. For the Hall
component, multiplication of eigenstates along different directions
is necessary, which is lengthy (not shown here).

Ay = 5%. Dashed lines indicate the same results for .A < 0. For uniform strains, all directions lead to the

part stems mainly from the scattering mechanisms with disorders,

responses in arbitrary units.

A. Uniform strain

In the absence of strain, the electronic band structure of
monolayer PbBil is isotropic along the x and y directions™"*"**>°
and for this reason, we only show the x-direction. As expected, it
contains four bands characterized by the bulk gap of 0.275eV

Now, we proceed with the Kubo formula,” in which the  between the highest valence and lowest conduction bands, i.e.,
optical conductivity tensor is given by between &, and &5 in Fig. 2(a), and by the Rashba-like spin split-
ting gap of 0.051 eV in the valence band between &, and &,. As a

'l — 'l' rm’ D) benchmark, we repeat the pristine band structure in Fig. 4(a).
Oup(®) = i Z Z . n’ & W’n ) In the presence of uniform strain, independent of the regime
v g g Fz(o +16 + g - g,gvf and class of strain, the immediate result is the disappearance of the

where 6 =3meV is a phenomenological factor and f; ,, is the
Fermi-Dirac distribution function at kg T =~ 50 meV (kg éemg the
Boltzmann constant). In the presence of strain, the momenta in the
eigenenergies are simply shifted by A.

Although Eq. (9) gives rise to both intraband and interband
optical transitions, we choose to only look at the interband ones.
The reason for this can be justified by the fact that the intraband

Rashba spin splitting gap in the valence band, while the bulk gap is
slightly changed compared to the Rashba spin splitting gap. This is
in contrast to the consequence of other sources, e.g., it has been
shown that an inversion symmetry breaking field can significantly
tune the bulk gap,” but our findings show that it is robust against
strain. Another point refers to the conduction band in which two
bands do not touch each other anymore with strong strains. With
tensile strains (A4 > 0), the bands shift to the negative momenta,
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5 (a) A= 0% S - (b) Solid A = +1% -
S, r —Total —253 | @, - Dashed A = —1% 1
—_— | —1-54-—2-4 ] —
\-3/ —1-3 3/
Q @
] 3
S, L.
) )
o T FIG. 3. Optical conductivity tensor of
monolayer PbBil in the presence of
: : : : : uniform strains: (a) Ay = A, =0, (b)
— N — T A=A =1% () A=A
= - (c) soid A=+3%1 3 400 (d) solid A = +5% | Z, and (@) A= A, — 5%
S 100 Dashed A = —3% - &, L Dashed A = —5% A Dashed lines indicate the same optical
— o= responses for A4 < 0.
3 3
Q Q
S S
) )
o o

while they shift to the positive momenta with compressive strains
(A < 0) within the same manner. This confirms the following
inversion symmetry in the structure once the strain is applied:

E(A) = —E(—A). (10)

All these changes made by strain affect the optical interband
transitions since Eq. (9) is tightly connected to the eigenstates and
eigenvalues of the Hamiltonian. In the next analysis, we turn to the
optical conductivity tensor. To address the interband transitions,
we proceed with & — &3, & — &, £, — &3, and £, — &4 in
Fig. 1(a). In this setting, from the electronic band structure, the two
first jumps are the same, while the two latter jumps are different
due to the Rashba spin splitting gap. In the absence of strain,
Fig. 3(a) and Ref. 59 first confirm the contribution of
&1 — & =& — & This can be understood from Egs. (7a)
and (7d) such that terms in Eq. (8) lead to the same contributions
of dipole elements. Second, two peaks appear in the optical con-
ductivity; the first peak comes from &, — &;, while the second

0.5 (@) €. /1
= &3
2 of .
T
W 52

-0.5 _ 1

A=0% 51
-0.1 0 0.1
k.a

peak originates from three other transitions. However, the domi-
nant contribution belongs to £, — &4.

In the presence of 1% strain (almost independent of the type),
we have three peaks in Fig. 3(b), but the third new peak is very
small at a phonon energy of 0.37 eV. Two original peaks still corre-
spond to & — &; and &, — &, while the third one comes from
the same contribution of £, — &3 and £, — &4, which are not the
same anymore. Turning to the 3% strain in Fig. 3(c), one finds two
and three extra peaks with compressive and tensile strain, respec-
tively. Two extra optical peaks in the case of compressive 2% strain
come from the different contribution of & — &3 and & — &,.
However, three extra peaks in the case of tensile 3% strain appear
due to transitions £ — &3, & — &4, and &, — &;. Interestingly,
for the same range of photon energy, a stronger 5% strain n Fig. 3(d)
does only lead to two extra peaks from £, — &3 and £; — &4

Overall, the appearance of extra peaks above two pristine
peaks demonstrates that the system experiences a blueshift spec-
trum with uniform strain independent of direction. With blueshift,
we mean that the strained lattice shows optical peaks at higher
photon energies compared to the unstrained one such that the
optical activity of the system is blueshifted with strain.

FIG. 4. Electronic band structure of
monolayer PbBil along the x-direction
at non-uniform strains: (a) Ay, = A,
=0, (b) (A =1%) < (Ay = 3%),
and (c) (Ax=3%)> (A, =1%).
The  symmetry  Ey,0(Ax < Ay)
= Eok)(Ax > Ay) is valid for non-
uniform strains.
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—Total 253

—1-54-—2-4 _]
—1-3

Ay <Ay

Re [04:(w)] [a. u.]

Re [0,y (w)] [a. u]

FIG. 5. [(a),(b)] and [(c)(d)] Optical
conductivity of monolayer PbBil along
the x (y)-direction at non-uniform
strains: [(@) and (c)] (Ax =1%)
< (Ay =3%) and [(b) and (d)]
(Ax = 3%) > (Ay = 1%). The sym-
metries oAy < Ay) = oy (Ax
> Ay) and oy (Ax > Ay) = oy (Ax
< Ay) are evident. [(e) and (f)] Hall
optical conductivity of monolayer

PbBil at non-uniform strains: (e)

(Ay = 1%) < (4, = 3%) and (f)
S (A = 3%) > (A, = 1%).
S,
3
g
L.
o
o
T B BRI B T B B °
0 0.2 0.4 0.6 0 0.2 0.4 0.6 g
hwleV] hwleV] @
B. Non-uniform strain following Eq. (11), we simply expect B
In contrast to the uniform class of strain, we do not consider &
simultaneous compressive and tensile strains when comparing the oA < A)) = 0, (Ax > A,) and 12)

strains along the x and y directions. Starting with the band struc-
ture in Fig. 4, one can see that the Rashba spin splitting gap is dis-
appeared with non-uniform strains A, <A, much faster than
Ax > A,. Additionally, conduction bands only keep the contact
for A, > A,. Although we have not shown the corresponding
band structure, from the inversion symmetry of the Rashba term, it
is not hard to conclude

Eko0)(Ax < Ay) = Epy(Ar > Ay). (11)

We confirm this in the optical conductivity data in the following.
In Fig. 5(a), we show that the non-uniform strain A, < A,
adds three extra optical peaks at higher photon energies to the pris-
tine ones along the x-direction. Our analysis reports the contribu-
tion of & — &4, £ — &5, and &, — &5 optical transitions for
these peaks, respectively. On the other hand, for A, > A,, one
finds a small extra peak mainly from & — & and & — &,
as shown in Fig. 5(b). This, in turn, confirms the central role of
A, < A, in eliminating the Rashba spin splitting gap. Moreover,

Ol Ae > A) = 0,y (A, < A,).

This is confirmed in Figs. 5(c) and 5(d). So, the above analysis only
needs to be swapped for the optical conductivity along the
y-direction. As for the basic physics behind such anisotropy, we see
that a non-uniform class of strain modifies hopping energies differ-
ently along different directions and this, in turn, leads to an aniso-
tropic optical conductivity as the Kubo formula mainly works with
eigenstates and eigneenergies.

Finally, in Figs. 5(e) and 5(f), we address how strain affects
the Hall optical conductivity of monolayer PbBil. For A, < A,
non-uniform strains, although we still have two optical peaks, their
positions are shifted with strain. We find that the first peak corre-
sponds to the transitions & — & and & — &), while the second
peak originates from & — & and & — &,. However, for
A, > A, strains, we have two extra optical peaks in addition to the
original pristine ones and & — &, and & — &) are responsible
for these extra transitions. In contrast to the uniform strains, such a
structure for optical peaks reports that the system intends to be
anisotropic with non-uniform ones. Furthermore, we still have a
blueshift spectrum with non-uniform strains.
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V. SUMMARY

PbBil monolayer is notable for its Rashba spin-orbit coupling
and unconventional spin texture. Using the Kubo formula, Peierls
substitution, and Kane-Mele model in the presence of strain, we
have shown that strain can destroy the Rashba spin splitting gap,
while the bulk gap is not strongly affected. Consequently, optical
conductivity presents a blueshift spectrum independent of the class
and type of strain. Interestingly, our calculations for non-uniform
strains result in anisotropic interband optical transitions. Overall,
these findings propose a path for tuning the electro-optical features
of PbBIil in real applications.
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