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The photogalvanic effect induced by quantum
spin Hall edge states from first-
principles calculations

Yaqing Yang,ae Liwen Zhang,b Xiaohong Zheng,*c Jun Chen,de Liantuan Xiao,ae
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Based on non-equilibrium Green’s function combined with density functional theory (NEGF-DFT), we

theoretically investigate the spin-related photogalvanic effect (PGE) in topological insulators BiBr and

SbBr nanoribbons from atomic first-principles calculations. It is demonstrated that the PGE generated

photocurrents by quantum spin Hall edge states (QSHES) are in general pure spin currents due to the

presence of time reversal and mirror symmetries, which is independent of the photon energies,

polarization, and incident angles. Although the QSHES are topologically protected and robust against

defects and impurities during their transport, the spin photocurrent generated by these edge states via

the PGE is particularly sensitive to defects. By tuning the defect position of the nanoribbons, the

magnitude of spin related photocurrent generated by the PGE can be significantly increased compared

with that in pristine nanoribbons. Our work not only reveals the defect effect of PGE but also

demonstrates the great potential of defect engineered topological insulator nanoribbons for novel

application in two-dimensional opto-spintronic devices.

1 Introduction

Topological insulators (TIs) have attracted growing research
attention in the fields of condensed matter physics and materials
science.1–7 Inside, the topological insulators are non-conductive
like ordinary insulators but there are always conductive edge
states on their boundary or surface in two or three-dimensional
systems.4,8–12 The edge state of a topological insulator is
entirely determined by the topological properties of the corres-
ponding bulk electronic state of the material, which is usually
determined by symmetry, and does not depend on the specific
atomic structure of the surface. Therefore, the edge states on
the surface of a topological insulator are topologically protected
and are basically not affected by impurities and defects during
their transport.4,9,10,13–16 In addition, at the edge of topological
insulators, electrons with different spins move in opposite

directions, so the spin degrees of freedom of the electrons
can be used as transport information carriers.4,17 Compared
with the traditional transfer of information through electric
charge, this process ideally has no energy loss, which provides a
new direction for the design of spintronic devices with low
energy dissipation. The discovery and application of topological
insulators have brought tremendous changes to electronics
and microelectronics, and they have potential applications in
the design of new two-dimensional electronic devices.18–24

In recent years, due to the development of topological physics
theory and the excellent photoelectric properties of two-
dimensional materials, two-dimensional topological materials
represented by quantum spin Hall (QSH) insulators have
attracted much attention.25–28 At present, the quantum spin
Hall effect has been experimentally realized in HgTe/CdTe and
InAs/GaSb/AlSb quantum wells.29–32 However, since they have
very small bulk bandgaps, it requires extremely low tempera-
tures to observe the expected QSH effect. Therefore, finding a
two-dimensional topological insulator with a large bandgap is
an important research direction.

More recently, based on phonon mode and finite tempera-
ture molecular dynamics and first-principles calculations, BiBr
and SbBr have been proven to be stable TIs with a large
bandgap, and the edge defects have no effect on the transport
of the edge states.33,34 Lately, there have been reports about the
photogalvanic effect (PGE) in TIs;35–39 nevertheless, whether
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the photocurrent generated by the PGE is robust has not been
explored. Since the inversion symmetry of bulk BiBr and SbBr
is preserved, it will be interesting to know if the pure spin
photocurrent can be generated via PGE in TIs BiBr and SbBr
nanoribbons. If possible, is the spin photocurrent robust
against defects or not? Does the spin photocurrent produced
by PGE depend on the vacancy defect’s location? Can the PGE
induced spin dependent photocurrent be further tuned?

In this work, we demonstrate the effect of vacancy defects on
the spin dependent photocurrent produced by linearly polarized
light PGE in TIs BiBr and SbBr nanoribbons by using first-
principles calculations. It is found that, the pure spin photocurrent
can be generated via the photogalvanic effect, which is indepen-
dent of the photon energies, polarization, and incident angles.
However, the spin photocurrent is not robust against vacancy
defects, which can increase the spin dependent photocurrent
generated via PGE by about 100 times. In addition, the spin
dependent photocurrent can be largely tuned by varying the defect
position of the nanoribbons. Therefore, our work demonstrates
the great potential of topological nanoribbons for novel applica-
tion in two-dimensional opto-spintronic devices.

2 Theoretical formalism and
computational details

The atomic structures of the two-probe device based on the TIs
BiBr and SbBr nanoribbons are presented in Fig. 1, where the
system has mirror symmetry along the x-direction and no
inversion symmetry due to the presence of edges. The device
can be divided into three regions in the numerical simulation:
the central scattering region and the left and right leads
extending to the electron reservoirs in the infinity to collect
current. For a nanoribbon with width W = 8, there are 5.5 unit
cells with a total of 176 atoms in the central scattering region to
ensure the symmetry of the system. The vacuum layers of
sufficient length are set to avoid the fake interaction between
neighboring slabs along the y-direction and the z-direction. In
numerical calculations, the x axis is the electron transport
direction, while the y axis is along the width of the nanoribbon
and the z axis is perpendicular to the two-dimensional system.

Before analyzing the quantum transport properties of the
TIs BiBr and SbBr nanoribbons, the atomic structures are fully
relaxed until the forces acting on each atom are less than
0.01 eV Å�1 by using Vienna ab initio simulation package
(VASP).40 The first Brillouin zone of the unit cell for the
nanoribbon is sampled by a 11 � 1 � 1 k space grid during
the calculations, and the energy cutoff of 500 eV is used for the
plane-wave expansion. The calculations of quantum transport
are performed by using the Keldysh non-equilibrium Green’s
function (NEGF) formalism41–44 combined with DFT, as imple-
mented in the first principles quantum transport package
Nanodcal.41,45–47 In the NEGF-DFT self-consistent calculations,
the linear combination of atomic orbital (LCAO) basis at the
double-z polarization (DZP) level is used to expand the wave
functions and the other physical quantities; the atomic core are

described by the standard norm-conserving nonlocal pseudo-
potentials;48 the generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof (PBE) functional is applied for the
exchange-correlation potential.49 The NEGF-DFT self-consistency
is deemed achieved when the monitored quantities such as every
element of the Hamiltonian and density matrices differs by less
than 1 � 10�6 a.u. between iteration steps.

For the two-probe device (see Fig. 1), the spin dependent
photocurrent could be generated by the linearly polarized light
shining on the central scattering region which is indicated by the
box drawn with a red solid line. Moreover, the direction of the
current flows from the electrode to the central region. In the
following, we consider the photocurrent flowing in the left
electrode of the two-probe structure. The electron–photon inter-
action is treated as a perturbation during our study. Our assump-
tion is based on weak electromagnetic interaction, which does not
appreciably disturb the single-particle state. Thus, the self-
consistent calculation of electron density is performed without
considering the electron–photon interaction. Moreover, only
single photons even enter the physical process since the multi-
photon process would be a very low-probability process when the
photon field is weak.50 After obtaining the NEGF-DFT self-
consistent device Hamiltonian, the spin dependent photocurrent
J(ph)
L,s can be expressed as the following formula,46,51

J
ðphÞ
L;s ¼

ie

h

ð
Tr GL Go

ph þ fLðeÞ G4
ph � Go

ph

� �h in o
ss
de; (1)

Fig. 1 (a–c) Schematic plot of a two-probe device atomic structure con-
structed using BiBr/SbBr nanoribbons with width W= 8. (a) Top view (b and c)
side view for the y–z and x–z plane, respectively. There are three parts in the
system, the left and right leads and the central scattering region where the
light with photon energy Eph = h�o is shining. The purple and red spheres
represent Bi/Sb and Br atoms, respectively. The red circle indicates the
position of the vacancy defect where the Br atom is removed. Here A is
the electromagnetic vector potential inside the x–y plane, y denotes the
polarization angle for the linearly polarized light with respective to the x
direction and b is the corresponding photon incident angle with respective to
the z direction.

Paper PCCP

Pu
bl

is
he

d 
on

 1
9 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 S
ha

nx
i U

ni
ve

rs
ity

 o
n 

6/
21

/2
02

3 
12

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d3cp00695f


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 16363–16370 |  16365

where L indicates the left electrode and s indicates the spin
component (s= m,k); GL = i(Sr

L � Sa
L) and fL(e) are the linewidth

function and the Fermi–Dirac distribution function of the left
lead; Sr

L = [Sa
L]† is the retarded self-energy due to the presence of

the left lead; Go/4
ph = Gr

0S
o/4
ph Ga

0 is the lesser/greater Green’s
function including electron–photon interaction,50,52–55 where
So/4

ph is the self-energy due to the presence of the electron–photon
interaction. The information about the polarization of light is
included in the self energy and can be characterized by a complex
vector e. For the linearly polarized light, e = cosye1 + sinye2, where
y is the angle formed by the polarized direction with respect to the
vector e1 as shown in Fig. 1. In our numerical calculations, the
vectors e1 and e2 are set along the x and �y directions and
the light is incident along the �z direction with different inci-
dence angles b as shown in Fig. 1.

For simplicity, we introduce a normalized photocurrent50,51

with respective to the photon flux, i.e.,

Rs ¼
J
ðphÞ
L;s

eIo
; (2)

where J(ph)
L,s is the spin dependent photocurrent defined in

eqn (1); Io is the photon flux defined as the number of photons
per unit time per unit area. Note that the photoresponse has
dimension of area, a2

0/photon where a0 is the Bohr radius.
In order to characterize the imbalance of the generated
spin dependent photoresponse, the spin polarization (SP) is

defined as,

SPð%Þ ¼ jR" � R#j
jR" þ R#j

� 100; (3)

where Rm/k represents the photoresponse of the left lead for
spin up/down component, respectively.

3 Results and discussion

To start with, we investigate the electronic structure and dc
transport properties of BiBr and SbBr nanoribbons with width
W = 8 as an example. The corresponding band structures are
shown in Fig. 2(a and e). The QSHES are located inside the
energy range [�0.25,0.48] eV and [�0.35,0.67] eV for BiBr and
SbBr nanoribbons, which are doubly degenerated due to the
presence of time reversal symmetry. When the electron energy
is less than �0.25 eV, the states of the valence band extend to
the center of the nanoribbon, which can be found in LDOS as
shown in Fig. 2(g). To illustrate the robustness of these QSHES,
we calculated the transmission spectrum of the nanoribbons
with or without vacancy defects in the nanoribbon. Here, the
vacancy defect is represented by removing a Br atom in differ-
ent locations presented in Fig. 1(a and b). It can be clearly seen
that the vacancy defect at different positions does not lead to
any observable effect on the transmission with QSHES of BiBr
nanoribbons, which are still quantized and robust against
defects. In contrast, the transmission with bulk states changes

Fig. 2 (a and e) The band structure of a BiBr/SbBr nanoribbon with width W = 8. The horizontal dashed green line represents the Fermi energy. (b and f)
The corresponding transmission coefficient with/without defect versus the electron energy. Here the blue line corresponds to the transmission
coefficient of the pristine ribbon. The dotted lines with different colors represent the transmission coefficient when a vacancy defect is introduced at the
position shown in Fig. 1 (a). The shadow region denotes the bandgap. (c and d) The isosurface plot of scattering states with two injecting channels from
the left lead of BiBr nanoribbon in the central scattering region without defect and with defect 1 0, respectively. Here the energy E = 0.1 eV denoted as red
circles in panel (a). (g and h) The local density of states (LDOS) of the BiBr nanoribbon in the central scattering region versus the electron energy and
transverse direction without defect and with defect 10, respectively.

PCCP Paper

Pu
bl

is
he

d 
on

 1
9 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 S
ha

nx
i U

ni
ve

rs
ity

 o
n 

6/
21

/2
02

3 
12

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d3cp00695f


16366 |  Phys. Chem. Chem. Phys., 2023, 25, 16363–16370 This journal is © the Owner Societies 2023

drastically with the presence of defects outside the bulk band-
gap region. Comparatively, the transmission of SbBr nano-
ribbons between �0.19 eV and 0.07 eV is sensitive to the
vacancy defect due to the formation of magnetic edge impurity,
which introduces the backscattering in the system.34 It is worth
mentioning that the transmission is close to six when the
vacancy approaches the center of nanoribbons, as shown in
Fig. 2(f). As an illustration, we present the scattering states
injected from the left lead in the central scattering region of the
pristine BiBr nanoribbon at energy E = 0.1 eV in Fig. 2(c). Since
they are QSHES, these states are doubly degenerated and
distributed at the nanoribbon’s upper and lower edges. As
the vacancy defect is introduced in position 10 in Fig. 2(d),
the scattering state in the lower edge is unaffected. Although
the distribution of the scattering state in the upper edge slightly
changes, the corresponding transmission is still quantized
without reflection. Next, we will study the effect of defects
on the PGE-induced photocurrent with particular edge states
involved to see if the photocurrent is still robust against
defects.

After understanding the dc electronic properties of BiBr and
SbBr nanoribbons, we first analyze the effect of defects on the
spin dependent photoresponse of BiBr nanoribbons generated
by linearly polarized light. It is known that the photocurrent
can be generated in the system without inversion symmetry
under light irradiation without the need for applying any
external bias voltage. This phenomenon is dubbed as the
photogalvanic effect (PGE) or the photovoltaic effect.56–65 For
nanoribbons, the inversion symmetry is inherently broken on
the edges. However, the system preserves time-reversal symme-
try and mirror symmetry along the x direction (Mx). According
to the bulk spin photovoltaic effect,66 it is expected that there is
no charge photocurrent generated and the pure spin photo-
current can be produced in the transport direction of the
studied topological insulator nanoribbons. As shown in
Fig. 3(a and c), we find that the charge photoresponse Rc is
indeed zero independent of photon energies in the topological
insulator BiBr. However, the generated photoresponse for the
spin up and spin down components are equal in magnitude
and opposite in direction, which indicates that the pure spin
photocurrent is produced. Furthermore, by tuning the polar-
ization angle y from 451 to 1351, the pure spin photocurrent can
reverse its sign. Then we compare the photoresponse of the
pristine nanoribbon and that with the defect location at 10 by
removing one Br atom at the boundary (see Fig. 1). When
introducing the defect, we notice that the photoresponses of
the spin-up and spin-down components increase significantly
as shown in Fig. 3(b and d). At the same time, the obtained
photocurrent is still close to the pure spin photocurrent,
indicating that the large pure spin current can also be obtained
using defect engineering. Unlike the robust dc transport pro-
perties against defects, the photoresponse for different spin
components is quite sensitive to the presence of defects for
both light polarization cases, indicating that the photoresponse
is not topologically protected. In addition, we find that the
magnitude of photoresponse generated by PGE in the defect

case is usually much larger than that of the pristine system, the
photoresponse can be 100 times larger. This is because the
defect can further increase the asymmetry of the system and
hence the photoresponse.67

Next, we study the influence of different defect positions on
the photoresponse generated by LPGE where eight other places
in the central scattering region as shown in Fig. 1. The numerical
results are presented in Fig. 4. Although the photoresponse is
sensitive to the defect positions, the photoresponses with defect
positions from 2/20 to 4/40 have similar trends. For example, the
photoresponses are relatively small when the incident photon
energy is less than 0.25 eV. When the photon energy is greater
than 0.25 eV, as the photon energy increases, the photoresponse
gradually increases. When the defects are located in the first layer,
the photoresponse is more significant than those in the other
layers, as shown in Fig. 4(a and b). This is because the quantum
spin Hall edge state is located at the boundary of the nanoribbon
when the energy is less than 0.25 eV, as shown in Fig. 2(g). When
the defect is located in the first layer, it will affect the distribution
of the local density of states of the nanoribbon, so it has the
greatest impact on the photocurrent. As the number of layers
increases, the distribution of LDOS gradually approaches 0 as
shown in Fig. 2(h), and the defect hardly affects the distribution
of the local density of states, so it has little effect on the
photocurrent. In order to further illustrate the impact of the

Fig. 3 The spin dependent photoresponse Rs versus the photon energy
Eph of the vertically incident linearly polarized light. (a and c) The calculated
spin dependent photoresponse for a pristine nanoribbon when the photon
polarization angle is fixed y = 451 and y = 1351, respectively. (b and d) The
calculated spin dependent photoresponse for the nanoribbon with one Br
atom (10) removed when the photon polarization angle is fixed y = 451 and
y = 1351, respectively. Insets in each panel are the corresponding spin
polarization versus photon energies. Note that the light in all these cases is
incident vertically. The width of the BiBr nanoribbon is fixed with W = 8.
The red, black and blue lines represent the photoresponse for spin up, spin
down and charge components.

Paper PCCP

Pu
bl

is
he

d 
on

 1
9 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 S
ha

nx
i U

ni
ve

rs
ity

 o
n 

6/
21

/2
02

3 
12

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d3cp00695f


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 16363–16370 |  16367

defect position on the photoresponse, the photoresponse versus
the defect position is studied and presented in Fig. 4(i) and (j) by
fixing the incident photon energy as Eph = 0.2 eV. It can be seen
that the photoresponse is more prominent when the defects are
located in the first layer. The photoresponse is smaller when the
defects are located in the 2nd to 4th layer. Therefore, the photo-
response can be further tuned by the defect locations. In addition,
when vacancy defects are introduced in the first layer, the photo-
current contributed by the edge states increases significantly due
to the broken inversion symmetry of the system, but as the
photocurrents for different spin components are almost equal
in magnitude and opposite in direction, the spin polarization rate
can reach 105%. Thus, the pure spin current can be obtained. This
provides a novel approach to getting pure spin current in topo-
logical insulator nanoribbons.

Moreover, we study the effect of the polarization angle y of
LPGE and incident angle b on the spin dependent photo-
response for BiBr nanoribbons. Since the spin dependent
photoresponse for y = 451 and y = 1351 have distinct features,
the photoresponse should sensitively depend on the light
polarization y. Thus, we investigate the spin dependent photo-
response versus the polarization angle y. The numerical results
are presented in Fig. 5(a) and (c). It can be seen that the spin
dependent photoresponse can be greatly tuned by using the
light polarization angle y. When there are no defects, the pure
spin current is obtained independent of the polarization angle.
In general, the introduction of defects increases the spin-up
and spin-down photoresponse components by two orders of
magnitude. Therefore, the pure current generated by PGE can
be significantly increased by introducing the defect in the
system. Furthermore, we find that the spin dependent photo-
response can be further adjusted by the incident angle b as
shown in Fig. 5(b) and (d). According to our investigations,

we find that the photoresponse via QSHES is also sensitive to
the defect when the transport direction is along the armchair
direction.

Last but not least, we discuss the PGE induced spin depen-
dent photoresponse in SbBr nanoribbon to confirm the defect

Fig. 4 The spin dependent photoresponse for the nanoribbon with one Br atom removed at different positions versus the photon energy Eph. The
positions of the defects are respectively located at (a) 1, (c) 2, (e) 3, (g) 4 and (b) 10, (d) 20, (f) 30, (h) 40 as shown in Fig. 1(a and b). (i and j) The spin dependent
photoresponse versus the defect position when the incident photon energy is fixed at Eph = 0.2 eV. The defect position at 0 means without defect. Here
the linearly polarized light is vertically incident and the polarization angle y is fixed y = 451 and the width of BiBr nanoribbon is W = 8. The red, black and
blue lines represent the photoresponse for spin up, spin down and charge components.

Fig. 5 (a and c) The spin dependent photoresponse versus the polariza-
tion angle y of LPGE for the BiBr nanoribbon (a) without defect (c) with
defect 10. (b and d) The spin dependent photoresponse versus the photon
incident angle b for BiBr nanoribbon (b) without defect (d) with defect 10.
Here, the width of the BiBr nanoribbon is W = 8, the incident photon
energy is fixed at Eph = 0.2 eV. The polarization angle was fixed at y = 451 in
(b and d).
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effect on PGE further. As shown in Fig. 6, we find that the
photoresponses with different spin components are equal in
magnitude and opposite in direction in the studied photon
energy region. The pure spin current is obtained, similar to the
BiBr nanoribbon case. By removing a Br atom in position 10 in
the nanoribbon, the magnitude of photoresponse for both spin
up and down components is significantly increased. Note that
the spin polarization is reduced drastically here. This is mainly
because of the backscattering by the defect-induced magnetic
edge impurity in the SbBr system, as discussed above. More
interestingly, as the photocurrent changes its sign when the
photon energy is between 0.05 eV and 0.1 eV in Fig. 6(b and d),
the fully spin-polarized photocurrent can also be obtained by
introducing a defect into the system. In addition, we also
investigated the transport direction of BiBr nanoribbons along
the armchair direction, as shown in Fig. 7(a). First, we calcu-
lated the band structure of the nanoribbon in Fig. 7(b). It can
be found that the edge states also exist along the armchair
direction. Next, we investigated the photoresponse generated
by PGE in the pristine nanoribbon irradiated by linearly polarized
light with different incident photon energies. As shown in Fig. 7(c)
and (d), since there is no mirror symmetry along the armchair
direction, the generated charge current is non-zero, and the spin-
polarized current is generated. When a Br defect is introduced,
as shown in Fig. 7(a), the photoresponse will also significantly
increase. Still, the photoresponse is no longer close to the pure
spin current due to the lack of mirror symmetry. Therefore,
like the zigzag direction, the photoresponse along the armchair

Fig. 6 The spin dependent photoresponse Rs versus the photon energy
Eph of the vertically incident linearly polarized light for SbBr nanoribbons.
(a and c) The calculated spin dependent photoresponse for pristine
nanoribbon when the photon polarization angle is fixed y = 451 and
y = 1351, respectively. (b and d) The calculated spin dependent photo-
response for nanoribbons with one Br atom (10) removed when the light
polarization angle is fixed y = 451 and y = 1351, respectively. The width of
SbBr nanoribbons is fixed at W = 8. The red, black and blue lines represent
the photoresponse for spin up, spin down and charge components.

Fig. 7 (a) Top view of the atomic structure of a two-probe device constructed by BiBr armchair nanoribbon with width W = 8. The red circle indicates
the position of the vacancy defect where the Br atom is removed. (b) The band structure of BiBr armchair direction nanoribbon. (c–f) The spin-dependent
photoresponse Rs versus the photon energy Eph of the vertically incident linearly polarized light. (c and d) The calculated spin-dependent photoresponse
for pristine BiBr armchair direction nanoribbons when the photon polarization angle is fixed y = 451 and y = 1351, respectively. (e and f) The calculated
spin-dependent photoresponse for nanoribbons with one Br atom removed when the photon polarization angle is fixed y = 451 and y = 1351,
respectively.
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direction is also sensitive to defects. Thus, the PGE induced
photoresponse via QSHES depends on the defect.

4 Conclusions

To summarize, we study the photogalvanic effect (PGE) induced
spin dependent photoresponse in topological insulators BiBr
and SbBr nanoribbons from atomic first-principles calculations.
In the pristine system, the pure spin current can be easily
obtained. It is found that, although the dc transport properties
of QSHES are robust against defects, the photocurrent generated
by these edge states via PGE is sensitive to defects. The vacancy
defect positions can severely affect the generated spin-dependent
photoresponse. More importantly, when introducing defects, by
tuning the incident photon energies, polarization, and incident
angles, the spin related photocurrent can be largely tuned, which
paves the way for the novel application of topological insulator
nanoribbons in opto-spintronics.
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