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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 two anti-ferroelectric bilayer In,Ses
structures by atomic first-principles calculations. It is found that, due to the absence of inversion sym-
metry and the presence of strong spin—orbital interaction (SOI) in anti-ferroelectric bilayer In,Ses, the
photoinduced charge-to-spin conversion can be achieved via the PGE. The generated spin-dependent
photocurrent is largely spin-polarized and the corresponding spin polarization can vary from 0% to 100%
depending on the photon energies, polarization and incident angles. Furthermore, it is found that, by
tuning the polarization and the incident angles of light, the fully spin-polarized and pure spin photo-
current can be obtained. Most importantly, the spin dependent photocurrent can be largely tuned
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through the transition between two anti-ferroelectric bilayer In,Ses states by the gate voltage. The
defined relative spin dependent photoresponse change ratio ns between two states is extremely large and
its maximum value can be in the order of ~10%. Therefore, our work demonstrates the great potential of
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1. Introduction

Ferroelectric materials attract growing research attention due
to their spontaneous electric polarization." More impor-
tantly, the corresponding two ferroelectric states of the
materials can be switched by an external electric field, which
is not only fundamentally interesting but also important in
practical applications.* In addition to ferroelectricity, ferroelec-
trics also have many other interesting properties, such as
piezoelectricity, dielectricity, and pyroelectricity, and exhibit
the photoelectric effect and photorefractive effect.”® Based
on these fantastic electrical properties, ferroelectric materials
are built into a variety of electronic components with different
functionalities, for example, large-capacity capacitors, diodes,
ferroelectric field-effect transistors, ferroelectric tunnel junc-
tions, non-volatile ferroelectric random-access memories
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bilayer In,Ses's novel application in two-dimensional non-volatile opto-spintronic devices.

etc.'”™ With the continuous miniaturization of electronic

devices, traditional three-dimensional (3D) ferroelectric
materials like barium titanate (BaTiO;) are facing huge chal-
lenges in the nanometer scale dimensions. Since the depolar-
ization is enhanced and the long-range Coulomb coupling is
further reduced as the films scale down, it is difficult to stabil-
ize their ferroelectricity in the nanometer range.'® Therefore,
people are trying to find ultrathin materials that present
robust ferroelectricity at room temperature. Besides the tra-
ditional three dimensional materials, several two-dimensional
ferroelectric materials have been theoretically predicted and
experimentally confirmed recently.’* In 2D van der Waals
materials, the intra-layer chemical bond is strong while the
inter-layer interactions are weak, which provides a pathway for
realizing electric polarization in the 2D limit thickness.
Among them, two dimensional In,Se; is a narrow bandgap
semiconductor with a direct bandgap in the near infrared
range. It is found that, in addition to the out-of-plane ferro-
electric polarization, two dimensional In,Se; also has in-plane
electric polarization at room temperature.*'***>® When the
out-of-plane electric polarization is reversed, the in-plane elec-
tric polarization direction will also be reversed accordingly. On
the one hand, this feature ensures that few-layer and even
mono-atomic layer o-In,Se; can break the critical size limit
existing in traditional bulk ferroelectric materials and form a
stable out-of-plane electric polarization. On the other hand, it
also provides a new method for the external electric field to

Nanoscale, 2021, 13, 8555-8561 | 8555


www.rsc.li/nanoscale
http://orcid.org/0000-0002-2364-7611
http://orcid.org/0000-0002-8634-8037
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr00369k&domain=pdf&date_stamp=2021-05-07
https://doi.org/10.1039/d1nr00369k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013018

Published on 29 April 2021. Downloaded by Shanxi University on 5/14/2021 1:18:25 AM.

Paper

regulate ferroelectricity between the ferroelectric phase and
different anti-ferroelectric (AFE) phases.'>*’

More recently, two dimensional few-layer In,Se; has been
made into photodetectors, which show an unexpected broad
range from ultraviolet to short-wavelength infrared.**** On
the other hand, the spin-orbital interaction (SOI) of two-
dimensional a-In,Se; is quite large due to the presence of In
and Se atoms.*® Lately, many photogalvanic effects (PGE)
induced spin-dependent photocurrent are proposed in systems
without inversion symmetry.*>*° Since the inversion symmetry
of a-In,Se; is automatically broken,>* it will be interesting to
know whether the spin dependent photocurrent can be gener-
ated via the PGE in a-In,Ses, which has not yet been explored.
If possible, we try to answer the following questions: is the
photocurrent spin-polarized or not? Can we obtain the pure
spin photocurrent? Can the PGE induced spin dependent
photocurrent be further tuned?

In this work, we demonstrate that spin-polarized and even
pure spin photocurrent can be generated via the PGE in two
anti-ferroelectric bilayer o-In,Se; based nanoscale devices by
using first-principles calculations. In general, the generated
spin-dependent photocurrent is spin-polarized and the corres-
ponding spin polarization can vary from 0% to 100%. By
tuning the photon energies, polarization and incident angles,
fully spin-polarized and pure spin photocurrent can be
obtained. More importantly, the spin dependent photocurrent
can be largely tuned through the transition between two anti-
ferroelectric bilayer In,Se; states controlled by the external
gate voltage. The relative spin dependent photoresponse
change ratio ngy between two anti-ferroelectric states is extre-
mely large and its maximum value can be in the order of ~10%,
which indicates that the proposed anti-ferroelectric bilayer
a-In,Se; based nanoscale device has potential applications in
two-dimensional non-volatile opto-spintronic devices.

Q¢ State

° Se a;, State
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2. Theoretical formalism and
computational details

As shown in Fig. 1(a and b), the atomic structures of anti-fer-
roelectric (AFE) bilayer a-In,Se; (named a,, and a;, for sim-
plicity) with two different ferroelectric polarizations are fully
relaxed by using the Vienna ab initio simulation package
(VASP).*® During the simulation, a cutoff energy of 400 eV
was set for the plane wave expansion. Both structures were
fully relaxed until the forces acting on each atom are less
than 0.01 eV A™. The optimized lattice constants along the y
and x directions are 7.11 A and 4.11 A, respectively. The
interlayer spacing d (shown in Fig. 1(b)) of the ay, structure
and a, structure is 4.51 A and 4.54 A, respectively. It is
found that the total energy of the a;, structure is 1.7 meV
lower than that of the ag, structure when SOI is included.
Next, the quantum transport calculations are carried out by
using the Keldysh non-equilibrium Green’s function (NEGF)
formalism*'™** combined with DFT, as implemented in the
first principles quantum transport package Nanodcal.*»**™*
In the NEGF-DFT self-consistent calculation, the wave func-
tions and the other physical quantities are expanded with
the linear combination of atomic orbital (LCAO) basis at the
double-{ polarization (DZP) level, the standard norm-conser-
ving nonlocal pseudo-potentials®® to describe the atomic
core, and the generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) formulation applied for
the exchange-correlation potential.** In the self consistent
calculation, the first Brillouin zone of the electrodes is
sampled using a 13 x 13 x 1 k space grid and the tempera-
ture is set at 100 K. In order to get accurate photoresponse
values, the k space grid is set to be 50 x 1 x 1 during this
part of the calculation. The NEGF-DFT self-consistency is

left lead  central scattering region right lead

(b)

Fig. 1 (a) Schematic plot of the proposed opto-spintronic device based on anti-ferroelectric bilayer In,Ses. (b) The side view of the simulated anti-

ferroelectric bilayer In,Ses devices with polarization configuration ao,. The black arrows in each In,Ses layer indicate the direction of ferroelectric
polarization of the corresponding layer. There are three parts in the system, the left and right leads and the central scattering region where the light
with photon energy E,, = ho is shined. The black and red spheres represent In and Se atoms, respectively. Here A is the electromagnetic vector
potential inside the x—y plane, 0 denotes the polarization angle for the linearly polarized light and f is the corresponding photon incident angle with
respect to the z direction.
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deemed to be achieved when the monitored quantities such
as every element of the Hamiltonian and density matrices
differ less than 1 x 107> a.u. between the iteration steps. In a
nutshell, the first principles of quantum transport calcu-
lations are conducted in two steps. Firstly, the two-probe
device’s Hamiltonian without considering electron-photon
interaction is obtained using the NEGF-DFT self-consist-
ently.*' Secondly, the electron-photon interaction is perturba-
tively included as self-energy in terms of NEGF during the
calculation of the photocurrent.*®

For the two-probe device structure (see Fig. 1), the spin
dependent photocurrent can be generated by shining linearly
or circularly polarized light on the central scattering region
which is indicated by the blue box. Moreover, 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. After obtaining the NEGF-DFT self-con-
sistent device Hamiltonian, the spin dependent photocurrent
S Sh ) is calculated in the first order Born approximation using
the following formula,*®>°

R Y e == S | Y

where L indicates the left electrode and s can be either the
spin up or down component; I} = (2] — X}) is the line
width function of the left lead and X! = [32]" is the retarded
self-energy due to the presence of the left lead; fi(e) is the
Fermi-Dirac distribution function of the left lead; G</ 7 =
Gr2</ “G3 is the lesser/greater Green’s function 1nc1ud1ng
electron photon interaction,”" where Z</ ~ 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 linearly polarized light, e = cos 8 e; + sin @ e,, where 0 is
the angle formed by the polarized direction with respect to
the vector e, (y axis as shown in Fig. 1(b)). In our numerical
calculations, the vectors e; and e, are set along the y and x
directions, respectively, i.e., the light is incident along the -z
direction with different incidence angles f, as shown in
Fig. 1. For the elliptically polarized light, the polarization
vector is defined as e = cos¢ e, + isin¢ e,. In particular,
when ¢ = +45°, it represents the left/right circularly polarized
light, respectively.

For simplicity, we introduce a spin dependent
photocurrent response function to represent the normalized

photocurrent,”*"" i.e.,

RS: LS ) (2)

where ]<Lp§h ) is the spin dependent photocurrent defined in eqn
(1); 1, is the photon flux defined as the number of photons per
unit time per unit area. Note that the photoresponse has
dimension of area, a,*/photon where q, is the Bohr radius. In
order to characterize the imbalance of the generated spin
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dependent photoresponse,
defined as,

the spin polarization (SP) is

[ = [Ri]]

SPOO = R+ TRy

100, (3)
where Ry, represents the spin up/down component of photo-
response of the left lead, respectively.

Furthermore, we introduce spin dependent relative photo-
response change ratio n, to denote the relative changes of spin
dependent photoresponse between a,,,: and a;, atomic structures,

|R0ut s Rin.,s|

%
) = ]

x 100, (4)
where Royuin,s represents the photoresponse with spin com-
ponent s in the agyein Structure, respectively.

As shown in Fig. 1(b), the two-terminal anti-ferroelectric
bilayer In,Se; based device can be divided into three regions:
the central scattering region, and the left and right leads
extending to the electron reservoirs to infinity. There are four
unit cells with a total of 80 atoms in the central scattering
region, about 28.44 A. During the simulation, along the z direc-
tion, 10 A vacuum layers are set at the top and bottom of the
device to avoid the fake interaction between neighboring slabs.
The linearly or circularly polarized light is shining on the
central scattering region. In the following, we shall only con-
sider the spin dependent photocurrent flowing into the left
lead. 0 and ¢ are the polarization angles of linearly polarized
light and circularly polarized light, respectively. In numerical
simulation, the x axis is along the transverse direction, the y
axis is along the transport direction, and the z axis is perpen-
dicular to the two dimensional system. According to the photo-
galvanic effect (PGE),”> it is expected that spin dependent
photocurrent can be generated under the irradiation of linearly
or circularly polarized light without applying any external elec-
tric field. In the following section, we shall show that fully spin
polarized photocurrent and pure spin current can also be pro-
duced in anti-ferroelectric bilayer In,Ses.

3. Results and discussion

To start with, we investigate bulk electronic structure pro-
perties of two anti-ferroelectric bilayer In,Se; structures
(@injout)- The atomic structures are also shown in the inset
figures in Fig. 2(a) and (b). It can be found that SOI plays a cri-
tically important role in determining the electronic properties
of the In,Se; structure, because the band structures for both
atomic structures are different with and without SOI. The most
significant difference is the indirect bandgap to direct
bandgap transition feature when the SOI is included. By con-
sidering SOI, the bandgaps of the a,,: and «;, structures are
0.69 eV and 0.63 eV, respectively. To further present the spin
polarization of the bilayer In,Ses;, we first determine a spin
polarization vector P = (P,Py,P;) from the Bloch state for
specific energy E and then obtain the tilting angle @ = arctan
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Fig. 2 (a, b) The band structure of two anti-ferroelectric bilayer In,Ses
systems with different polarization directions aouin, respectively. The
blue and red lines represent the band structure with or without SOI,
respectively. The horizontal dashed green line represents the Fermi
energy. (c, d) The corresponding tilting angle @ versus polar angle 6 with
equal energy for the aouin structure, respectively. Here the blue and red
lines correspond to the energies E; in the valence and E; in the conduc-
tion bands denoted as orange circles in panels (a, b). Note that E; =
—-0.343 eV and E, = 0.351 eV in (a, c) and E; = —0.316 eV, E, = 0.378 eV
in (b, d).

[P/(P.> + P,*)'?] to characterize the spin texture.*” In par-

ticular, the spin is perpendicular to the 2D plane when @ =
+90°. Fig. 2(c and d) show @ versus polar angle 6 for the
specific energies E; in the valence band and E, in the conduc-
tion band. Here angle 6 is the polar angle in the (kk))
momentum plane, since the equal energy surface with
energy E; is a circle in two dimendion when it is around the I
point. Clearly, @ varies from —90° to 90° for energy E; while @
is around zero for energy E, for both anti-ferroelectric bilayer
In,Se; structures. By comparing Fig. 2(c) and (d), we can find
the spin polarization for both energies is quite different for
the two anti-ferroelectric bilayer structures. This indicates that
the spin polarization of photon excited electrons should be
different even when the photon energy E,,, = E, — E; is fixed.
This provides the possibility for us to regulate the spin depen-
dent photocurrent via the PGE.

Having understood the bulk electronic properties and spin
texture, we firstly analyze the spin-dependent photoresponse
generated by the linearly polarized photogalvanic effect (LPGE)
under vertical irradiation. The numerical results for the two
different structures douyin are presented in Fig. 3. At first
glance, we can clearly see that the generated photoresponse is
in general spin-polarized in the studied photon energy range.
It can be seen that due to the existence of spin-orbit coupling
in the two structures with different polarization directions, the
generated spin-up photocurrent and spin-down photocurrent
are not equal, and they are spin-polarized. The corresponding
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Fig. 3 The spin-dependent photoresponse versus the photon energy
Epn of the vertically incident linear polarized light. (a, c) The calculated
spin dependent photoresponse for atomic structure aoy, When the
photon polarization is along the y-axis and x-axis, respectively. (b, d) The
calculated spin dependent photoresponse for atomic structure a;, when
the photon polarization is along the y-axis and x-axis, respectively. (e, f)
The calculated spin dependent relative photoresponse change ratio ng
versus the photon energy when the photon polarization is along the
y-axis and x-axis, respectively. Here, the red and blue lines represent the
spin up and spin down components. The polarization angle @ is fixed 6 =
0°in (a, b, ) and 8 = 90° in (c, d, f). Note that the light in all these cases
is incident vertically. The triangle, asterisk and square points are
obtained from DFT calculations and the solid lines are fitted curves
based on the calculated points.

spin polarizations are presented in the inset figures in Fig. 3
(a-d), from which we can know that the photoresponse spin
polarization for both structures varies between 0% and 100%
and can be tuned by changing the photon energy. It is interest-
ing that the photocurrent may reverse its sign when the
photon energy is changing, for example, the photocurrent is
positive when Epy, is equal to 0.7 eV while it is negative when
Eyn is equal to 0.8 eV, as shown in Fig. 3(d).*® By further com-
paring Fig. 3(a/b) and (c/d), the generated photoresponses of
the two atomic structures (ao,in) have large differences in the
curve trend and magnitude for two spin components. As an
example, the spin polarization of a,, is 60.7% while it is as
small as 8.88% for a;, when the photon energy is equal to 1.05
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eV. To demonstrate the relative difference, the spin dependent
relative photoresponse change ratios ng, defined in eqn (4) for
two polarization angles, are quite large as presented in Fig. 3(e
and f). These reveal that the proposed anti-ferroelectric In,Se;
can be used as an optical spintronic memory device, since two
ferroelectric states can be switched into each other by an exter-
nal gate voltage. Finally, it is found that the spin-dependent
photoresponses for 6 = 0° and 6 = 90° have distinct features.
Thus, the photoresponse sensitively depends on photon polar-
ization 6. In the following, we shall investigate how the spin
dependent photoresponse reacts with photon polarization
angle 6.

Next, we study the effect of polarization angle € of LPGE on
the spin dependent photoresponse for two In,Se; structures
ain and agye by fixing the photon energy E,, = 0.8 eV. The
numerical results are presented in Fig. 4. It can be seen from
Fig. 4(a and b) that the spin-dependent photoresponse can be
greatly tuned by using the photon polarization angle 6.
Correspondingly, the spin polarization for both structures can
vary between 0% and 100%, as shown in Fig. 4(c). Note that
the fully spin polarized current can be generated in both struc-
tures, while the pure spin current can be obtained in structure
Qout- When the polarization angle 0 is in the vicinity of 11.3°
and 168.5°, the spin up and spin down photocurrent com-
ponents in structure a,,; have the same magnitude and oppo-
site sign. Thus the spin polarization SP is 0% and hence the
pure spin current is generated. For the fully spin polarized

-3 a b
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current, when the photon polarization angle 6 is around 42°,
the spin-down photocurrent of structure ae, is equal to 0.
This results in fully spin polarized current with a spin-up
photocurrent. When the photon polarization angle 6 is around
138° only the spin down photocurrent exists, (see Fig. 4(a) and
(c)). Similarly, there are several specific photon polarization
angles to generate fully spin polarized (only spin up or down
component) photocurrent in structure a;, (see Fig. 4(b) and
(c)). Furthermore, the relative photoresponse change ratio 7
can also be largely adjusted by using the polarization angle 6,
as shown in Fig. 4(d). A big difference between n; and n, is
observed.

Finally, the spin dependent photoresponse and the corres-
ponding spin polarization versus the incident angle g of the
LPGE are studied and the results are presented in Fig. 5. Here
the photon energy Ep, is also set as 0.8 eV and the polarization
angle 6 = 45°. We found that the full spin polarized current
can be obtained by adjusting the incident angle of linearly
polarized light. For structure ao,, the incident angle f is near
73.7° to achieve fully spin polarized photocurrent with the
spin down component, as shown in Fig. 5(a and c). In com-
parison, in structure a;y, the fully spin polarized photocurrent
with the spin up component can be obtained when the inci-
dent angle is around 80.9°, as shown in Fig. 5(b and c). In
addition, the relative photoresponse change ratio can also be
tuned by the incident angle $ as shown in Fig. 5(d) and the
maximum value can be as large as 2 x 10", In the ESL} the

x10° @
| | nT
L ] lll
S
-4
7]
0
0 30 60 90 120 150 180 0 30 60 90 120 150 180
0(°) 0(°)
Fig. 4 (a, b) The spin dependent photoresponse versus the polarization

angle 0 of LPGE for two InySes structures aqye and a;n, respectively. (c)
The corresponding spin polarization of structures aqy: and ai, versus the
polarization angles 6. (d) spin dependent relative photoresponse change
ratio versus the polarization angles 6. The photon energy E, is equal to
0.8 eV. The triangle, asterisk and square points are obtained from DFT
calculations and the solid lines are the fitted curves based on the calcu-
lated points.
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Fig. 5 (a, b) The photoresponse versus photon incident angle g for two

InySesz structures aqye and a;n, respectively. (c) The corresponding spin
polarization of structures aq,: and a;, versus the photon incident angles
B. (d) The spin dependent relative photoresponse change ratio versus the
photon incident angles f. The photon energy Eg, is equal to 0.8 eV and
its polarization angle is fixed at 6 = 45°. The triangle, asterisk and square
points are obtained from DFT calculations and the solid lines are fitted
curves based on the calculated points.
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spin dependent photoresponse generated by the circularly PGE
(CPGE) is also presented. It is found that the CPGE induced
photoresponses are also spin polarized and can be tuned by
the photon energies, photon polarization angles ¢ and inci-
dent angles p. More importantly, the relative spin photo-
response change ratios for both spin components are in the
same order compared with that of the LPGE. Therefore, circu-
larly polarized light can also be used to generate and tune the
spin dependent photocurrent as linearly polarized light.

The experimental observation of our predicted effects relies
on the ferroelectricity switch of two-dimensional material
In,Se; and spin dependent photocurrent detection. Actually,
in the recent experimental work,’ the ferroelectric domain
(tens of pm?) of thin layer In,Se; (5 nm, around 4 layers) can
be switched by an external electric field at room temperature.
Thus, there is no restriction on the layer number of two-
dimensional material In,Se; for the ferroelectricity switch. To
detect the generated spin dependent photocurrent, it is impor-
tant to contact the ferromagnetic lead with the In,Se; material,
which can be achieved by the present experimental tech-
nique.’® As an estimation, the generated photocurrent can
reach 10”"7 A (photoresponse R is in the order of 0.01) when
the laser power is 1 pW pm ™2 (usually used in the experiment).

4. Conclusion

To summarize, we study the photogalvanic effect (PGE)
induced spin dependent photoresponse in two anti-ferroelec-
tric bilayer In,Ses (injour) Structures by atomic first-principles
calculations. Due to the presence of strong SOI and lack of
inversion symmetry for the anti-ferroelectric bilayer In,Se;
structures, the spin polarized photocurrent can be robustly
generated via the LPGE or CPGE without the need for applying
an external bias. By tuning the photon energies, polarization
and incident angles, the fully spin polarized current can be
produced for both structures. Furthermore, the pure spin
current can also be obtained in the @,y Structure by tuning
the photon polarization angle, which is highly desired in spin-
tronic applications. Most importantly, by switching the atomic
structures between a;, and a.y states, the relative photo-
response change ratio n, can reach the order of ~10%. This
indicates that our proposed anti-ferroelectric bilayer In,Se;
nanoscale device can be used as a non-volatile opto-spintronic
device.
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