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Tunable spin photogalvanic effect in two-dimensional van der Waals ferroelectric semiconductors
with spin-orbit coupling
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Spin photogalvanic effect is a nonlinear effect that can generate spin currents through optical excitation in
intrinsic semiconductors without parity inversion symmetry. The efficient control of the spin photogalvanic
effect is of great significance for the research of computing-in-memory devices. In this work, we investigate
the ferroelectric modulation of the spin photogalvanic effect in two-dimensional (2D) van der Waals (vdW)
ferroelectric semiconductors with spin-orbit coupling, including the in-plane, out-of-plane, and in-plane/out-
of-plane-coupled ferroelectrics. We provide the general form of the spin photogalvanic effect controlled by
ferroelectricity in 2D vdW spin-orbit coupling ferroelectric semiconductors by the second-order perturbation
theory. In the in-plane ferroelectrics excited by circularly polarized light, we discover an effect where the
reversal of the ferroelectric polarization will maintain the spin current unchanged but change the direction of the
charge current. We name this effect the hidden spin current modulation. Using first-principles quantum transport
simulation, we validate our theory with three cases of the black phosphorus-like Bi (in-plane ferroelectric),
monolayer «-GeTe (out-of-plane ferroelectric), and «-In,Ses (in-plane and out-of-plane coupled ferroelectric).
Our study paves the way for the research of next-generation low-dimensional computing-in-memory devices.

DOLI: 10.1103/PhysRevB.109.195202

I. INTRODUCTION

The spin photogalvanic effect (SPGE) refers to a phe-
nomenon where spin currents are generated by illuminating
intrinsic semiconductors without spatial inversion symmetry
[1,2]. This effect was named and extended from the photogal-
vanic effect [2,3]. Similar to the photogalvanic effect, SPGE
also arises from the second-order perturbation of the dipole
electron-light interaction and relates to the band topology
[4,5]. However, unlike the photogalvanic effect, which focuses
on the charge current, SPGE focuses on spin currents and it
requires the presence of the spin-momentum locking [6,7]. To
the best of our knowledge, the spin-momentum locking effects
can be classified into two categories: the relativistic type and
the nonrelativistic type. The former includes the Rashba effect
and the Dresselhaus effect, where the spin splittings originate
from the high-speed motion of electrons in the Wannier orbit
[8,9]. The latter includes the conventional ferromagnetic
systems [10-12] and the antiferromagnetic systems that
do not possess the PT-symmetry (parity-time), such as the
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altermagnets [13,14] and the noncoplanar antiferromagnets
[15]. Furthermore, if we only consider the local characteristics
of the PT-symmetric antiferromagnets, there is also an
interesting phenomenon called the “hidden spin polarization”
[16—-18]. Recently, an interesting development is that in the
antiferromagnetic systems with P7T symmetry but broken
P and T symmetries, the system can generate a pure spin
current by spin photogalvanic effect due to the hidden spin
polarization [7,19].

In recent years, the spin-orbit coupling effect has become
a focal point in condensed matter physics [20]. From the
perspective of material preparation, the existence of spin-
orbit coupling enables the long-range magnetic ordering at
the thermodynamic level in magnetic two-dimensional (2D)
materials such as the Crl;, CrPS4, and Fe,GeTe, family
(x =3, 4, and 5) [21-24]. For the theoretical research, spin-
orbit coupling plays a crucial role in the strong correlation
effects [25], topological band theory [26], valleytronics [27],
and macroscopic topological structures [28]. For example, a
recent intriguing study revealed that in certain strongly cor-
related systems such as transition metal compounds with 3d
orbitals, the spin-orbit coupling splitting would be enhanced
by the strong on-site Coulomb correlation, thereby en-
abling the realization of designing strong effective spin-orbit

©2024 American Physical Society


https://orcid.org/0000-0002-8073-5474
https://orcid.org/0000-0002-6517-4461
https://orcid.org/0009-0008-7585-2749
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.195202&domain=pdf&date_stamp=2024-05-03
https://doi.org/10.1103/PhysRevB.109.195202

FANG, WANG, YANG, YANG, LI, LUO, AND LU

PHYSICAL REVIEW B 109, 195202 (2024)

Spin Current

X

®) ight

Polarization Down

Spin Current

FIG. 1. Schematic illustration of the ferroelectric-controlled spin photogalvanic effect in van der Waals ferroelectric materials with spin
orbit coupling. (a) and (b) correspond to the different ferroelectric polarization states.

coupling materials composed of light elements [25]. From the
applied perspective, the spin-orbit coupling encompasses the
electricity and magnetism, holding great potential for manip-
ulating magnetic states via electricity [20]. For instance, the
spin transistors [29], which have the potential to become the
next generation of logic devices, and spin-orbit torques [30],
which have already become the next generation of magnetic
storage devices, heavily rely on the assistance of spin-orbit
coupling. As for the light-matter interaction, spin-orbit cou-
pling (SOC) also plays an indispensable role. For example,
the Rashba effect is considered to be one of the reasons for the
long lifetime of photo-generated charge carriers in perovskite
photovoltaic materials [31,32].

Recently, the successful preparation of the van der Waals
(vdW) ferroelectric materials has injected tremendous vital-
ity into the development of the novel ferroelectric devices
[33,34]. Due to the atomically flat interfaces in vdW ferro-
electric materials, they overcome the issue of ferroelectricity
suppression at extremely low scales caused by the inter-
face effects in traditional perovskite ferroelectrics [35]. This
makes vdW ferroelectric materials highly suitable as raw
materials for the next generation of ultrathin ferroelectric
devices with novel properties [36,37]. For example, the
ferroelectric diodes fabricated from the monolayer vdW
ferroelectric «a-In,Se; and vdW metal NbX, (X =S, Se,
and Te) are predicted to exhibit symmetric and highly-
responsive bidirectional tunable photocurrent, providing an
ideal solution for the study of the artificial visual neural
synapses [38].

The nonvolatile control of the spin photogalvanic effect is
of great significance for the research of combing the infor-
mation storage and computing functionalities [6]. Combining
ferroelectricity with spin-orbit coupling is the most direct
approach to achieve nonvolatile charge-spin conversion [39].
However, there is currently no systematic study on this issue.
Here, we have chosen to study the aforementioned issues
in 2D vdW ferroelectric systems for the following reasons:
(1) With the miniaturization of memory sizes, traditional
bulk perovskite materials are no longer suitable for contin-
ued use as ferroelectric memories [35], and there is still
debate regarding the mechanisms of the doped HfO,-based
ferroelectric materials [40]. Two-dimensional ferroelectric
materials are currently considered ideal materials due to their

well-understood mechanisms and atomically-thin ferroelec-
tricity [37]. (2) The relativistic effects in 3D crystal systems
are too complex, while relativistic effects in 2D systems are
relatively simple [20,41].

In this work, we investigate the ferroelectric modulation
of the spin photogalvanic effect in in 2D vdW ferroelec-
tric semiconductors with spin-orbit coupling, including the
in-plane, out-of-plane, and in-plane/out-of-plane-coupled fer-
roelectrics, as shown in Fig. 1 and Table I. We provide the
general form of the spin photogalvanic effect controlled by
ferroelectricity in 2D vdW spin-orbit coupling ferroelectric
semiconductors by second-order perturbation theory. Using
first-principles quantum transport simulation, we validate our
theory with three cases of the black phosphorus-like Bi
(in-plane ferroelectric), monolayer a-GeTe (out-of-plane fer-
roelectric), and «-In,Ses (in-plane and out-of-plane coupled
ferroelectric).

This paper is organized as follows: After introducing our
computation method, we first present the theoretical model of
the spin photogalvanic effect and the spin orbit coupling ef-
fect in 2D ferroelectric (FE) semiconductors. Second, through
symmetry analysis, we obtained the general behaviors of the
spin photogalvanic effect in 2D van der Waals ferroelectric
materials under ferroelectric modulation. Finally, we verified
our theoretical model by performing first-principles calcula-
tions on 2D vdW FE semiconductors a-GeTe [6], BP-Bi [42],
and a-In,Se; [36].

TABLE I. Table of the spin photogalvanic effect under the con-
trol of ferroelectric polarization in different ferroelectric materials
with the spin-orbit coupling effect. L and C denote the linearly and
circularly polarized light, respectively. T and N refer to tunable and
nontunable by the ferroelectric polarization switch, respectively.

Polarization Light e S§* SY §°
P, L T N N T
C T T T N
Poop L N T T N
C N T T N
P, L T T T T
C T T T T
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II. COMPUTATIONAL METHOD

The first-principles calculations are based on the density-
functional theory (DFT). A vacuum layer of over 15A in
the atomic and device models, the generalized gradient ap-
proximation (GGA) for the exchange-correlation functional,
and the Perdew-Burke-Ernzerhof (PBE) form [43] are used
for geometric optimizations. The geometric optimizations are
carried out using the projector augmented-wave pseudopoten-
tials and plane-wave basis set, as implemented in the Vienna
Ab initio Simulation Package (VASP) package [44—46]. The
force tolerance on each atom is less than 1072 eV /A, and the
converged energy is less than 10> eV per unit cell. The spin
configuration is calculated with the VASPKIT code with the
k-point grid density of 0.01 A=! [47]. The calculations of the
Berry phase are conducted using the VASPBERRY code [48].
In the structural optimization of the monolayer BP-Bi, a 15 A
vacuum layer, a 12 x 12 x 1 k-mesh, and a cutoff energy of
400 eV are used. In the structural optimization of the mono-
layer o-GeTe, a 15 A vacuum layer, a 12 x 12 x 1 k-mesh,
and a cutoff energy of 400 eV are used. In the structural
optimization of monolayer a-In,Ses, a 15A vacuum layer,
a 12 x 12 x 1 k-mesh, and a cutoff energy of 500 eV are
employed.

The transport simulation is performed with the DFT
coupled with the nonequilibrium Green’s function (NEGF)
approach [49-52]. The transport properties are calculated with
the psedoDojo-SO pseudopotential with high basis set of the
linear combination of atomic orbital for the fully relativis-
tic calculation, as implemented in the QUANTUMATK package
[53]. The generalized gradient approximation with the spin
orbit coupling (SOGGA) for the exchange-correlation func-
tional, and the Perdew-Burke-Ernzerhof form with the spin
orbit coupling (SOGGA. PBE) are used during the transport
simulation. The k mesh grids for the electrodes and central
region are set 20 x 1 x 139 and 20 x 1 x 1, respectively [53].
The electronic temperature of 300 K is used for the transport
calculation. For the transport calculations of BP-Bi, «-GeTe,
and «-In,Ses, the broadening temperatures are set to 1000,
1000, and 500 K, respectively. The periodic, Neumann, and
Dirichlet boundary conditions are set in outward direction per-
pendicular to the plane, vacuum layer direction, and electron
transport direction, respectively.

In the transport simulation, the nonequilibrium Green’s
function method describes the behavior of a finite quantum
open system under the influence of an equilibrium thermal
reservoir (electronic or photonic) in terms of the current flow.
The physical quantities of the studied system are described by
the reduced density matrix obtained by taking the trace over
the thermal reservoir. The Hamiltonian of the system with the
dipole approximation is [52]

H=Hy+—A, P=Hy+H,, 1)
my

where e is the electron charge, my is the free-electron mass,
i is the reduced Planck constant. Hy is the Hamiltonian
without the electron-light interaction. Hy is the Hamiltonian
considering the interaction between the central region and
the electrodes, commonly used in electronic transport cal-
culations, as shown in these works. Hj is the electron-light

interaction, p the momentum operator, and A, the electro-
magnetic vector potential from a single-mode monochromatic
light source with frequency w. The greater and lesser Green’s
functions G>/< of H are calculated by [54]

G/~ =Gy~ + 2"+ 2,96, )
where G& ™= denote the retarded noninteracting Green’s
functions, and X, , are the lesser and greater self-energies
due to coupling to fﬁe electrodes and light, respectively. The
self-energies are calculated by the first Born approximation,
i.e., £7/°G*/< = H;G; <. The electron-photon self-energies
are [49]

22 = [INH G5 (e)H; + (N + DH,G; (¢ DH 1. (3)
B = INH Gy (e DOH + (N + DH G5 (eHH[l, (4

where e1 = ¢ £ hw, and N is the number of photons.
The photocurrent is in electrode « (left or right) with is
calculated as [54]

p :E/ﬁzmir (e kD[l = £,1G= + £,G71. (5)
““hnl oo o ¢ o

Kl

where ¢ is the energy, k! is the wave vector perpendicular
to the transmission direction, and ', (¢, k) is the broadening
function of the interaction between the systems and the elec-
trodes. Our calculation takes the photocurrent flowing into the
left electrode, which is equivalent to the photocurrent flowing
out of the right electrode, i.e., I[;, = —Ig [54].

When the NEGF method is coupled with DFT, the density
matrix obtained through G, will iteratively self-consist with
the density matrix obtained from the Kohn-Sham equation, ul-
timately yielding the converged density matrix. Subsequently,
the photocurrent is obtained through the aforementioned
non-self-consistent process due to the first Born approxima-
tion [52]. After considering spin space, the electron density
obtained from the Kohn-Sham equation for different spin
components self-consistently matches the electron density
obtained from the Green’s function method, yielding the cor-
responding spin component of the Green’s function.

In the absence of the SOC, considering spin space only
requires taking the direct product of the density matrix in spin
space and the density matrix in coordinate space. However,
when the SOC is included, the spin space and the coordinate
space are entangled. The wave function is a two-component
spinor [21,55]:

_ (ai(r)
vi(r) = (ﬁi(ﬂ)’ (6)

where o, § denotes the spin-up and down, respectively.
Here we can introduce the noncollinear density matrix in
the spin space:

n(r) =3 U i) = [ZZZ Z;ﬂ. @

195202-3



FANG, WANG, YANG, YANG, LI, LUO, AND LU

PHYSICAL REVIEW B 109, 195202 (2024)

The photocurrent is expressed as

1 occ
(1) = Tr[z{ev, a}n(r)} Z Vi (Nfev, odapPip (),
®)

where v is the velocity of the electrons, and o is the
Pauli matrix. For each component, we can obtain the
spin-dependent density matrix in NEGF through the afore-
mentioned DFT+NEGF coupling method, thus obtaining the
self-consistent spin-dependent nonequilibrium Green’s func-
tion and transport properties.

By including the unit matrix /, the photocurrent with non-
collinear spin can be expressed as a 2 x 2 matrix, which
contains the total photocurrent (charge current) and the spin
photocurrent projected to each directions i:

L 1,
Iph _ sum o,
L, I,
Iup ,up + Idown,down

up,down
2Rel oh

up,up
Iph

©))

,d
—2IquP' own Idown,down

The o; denotes the spin projection along the i direction
(i = x, y, and z). The magnetic quantum axis z is chosen to
be vertical to the vdW planes in this work. Here, we empha-
size that the spin current in this work includes an additional
constant, e, compared to the general definition of spin current.
However, this does not affect the main conclusions of this
work.

To normalize the photocurrent with respect to the incident
optical power, we define the photoresponse (R) as the ratio of
the photocurrent to the incident light power [56]:

I
R = Lh7 (10)
Pon
Pon = SI,Epp, (1D

where Py, is the incident light power. S = 64.89, 107.26, and
87.68 Ag are the illumination area of the BP-Bi, «-GeTe, and
a-InySes photodetectors in the calculation, respectively. I, =
15" A=2 is the photon flux, and Eyp is the photon energy. In
this paper, we only consider the case of light being vertically
incident on the two-dimensional plane. The two polarization
vectors of the light correspond to the x and y directions in their
respective figures.

III. THEORETICAL BACKGROUND
A. Spin photogalvanic effect

The SPGE refers to the effect where a system generates a
spin current under a uniform illumination of light, which is a
second-order response to the electric fields. The spin current is
defined as the anticommutator of the velocity operator and the
spin operator, i.e., J = }{v., Si} = $(v.S; + Siv.), where S;
(i =, x, y, and 7) denotes the S,, Sy, and S_, respectively. It is
worth noting that when Si = ¢, the above definition becomes
the definition of charge current. By using the second-order
perturbation theory, the response coefficient o of the SPGE

can be obtained as [1]

dkd flmvblm
w2 (277)d mn — how + l.,:ﬁ

a,S; .a,S;
% Jmn U lﬁ o mn-]nl , (12)
ml + T

Eln + %
where the real and imaginary parts of o refer to the
direct-current conductivities under the linearly-polarized and
circularly polarized light, respectively. By distinguishing the
diagonal (m = n) and off-diagonal terms (m # n) of the
nonequilibrium density matrix, SPGE can also be categorized
into four mechanisms, similar to the photogalvanic effect [4].
These four mechanisms are linear injection spin current, linear
shift spin current, circular injection spin current, and circular
shift spin current, where the injection and shift terms refer
to the diagonal and off-diagonal terms, respectively. We can
drive the following formulas:
The linear injection spin current is

<0bc> ((1) - )

2
i e a ¢
T (@) = = 25— ;dk%m’;,(k)[{s,-, L)

— {Si, v ()} 1 T80 — ). 13)

The linear shift spin current is

2
L.i _ Te 3 _ab ¢ . _
Nape(@) = Y mEn dk’ay, (K){R(k), Si} (@ — @mn).

(14)

The circular injection spin current is
W) = o de3lm U ()0 ()AS; 0 ()Y

— {8, v ()} 178w — @n). 15)

The circular shift spin current is
(@) = —— e de*lm vl (s, O TR (K), S

X 8(w — Wpp ). (16)

Here a“b (k) = [vmn(k)vnm k) + vmn (k)vs,, (k)] is the op-

tical oscillate strength [3], and RS, (k) = ag; + & & 18
the shift vector [19]. Q¢(k) = Im[vj, (k)vnm(k)]E2 is the
Berry curvature [26].

B. Spin orbit coupling in 2D vdW ferroelectric

The spin orbit coupling arise from the motion of the electric
field at a high speed, resulting in a magnetic field, i.e.,Hso =
Betr -0 = A(vxX E)-0 =Ar(k x E) -0 [20]. In 2D vdW fer-
roelectric systems, there are three types of ferroelectric orders:
the in-plane ferroelectricity (Pj,), the out-of-plane ferroelec-
tricity (Poop), and the in-plane and out-of-plane coupled
ferroelectricity (Pc,), corresponding to the electric field of
Ei, = (E,, Ey, 0), Eoop = (0,0, Ez)7 and Ecp = (Ex, Ey’ Ez),
respectively [57]. Here, the in-plane and out-of-plane ferro-
electric polarizations correspond to Ising- and Rashba-type
spin splittings, respectively. The Hamiltonian of the Ising type
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SOC is expressed as:Hj; = (k.E, — E k)0, and that of the
Rashba type SOC is Hg, = E,(kyo — ko) [41,58].

The Ising-type spin splitting causes band splitting in the S,
direction (vertical to the vdW plane), similar to the 2D Ising
model. This phenomenon corresponds to the spin-momentum
locking effect in valleytronics materials such as MoS, and
MoSi;Ny [27,59]. On the contrary, the Rashba-type spin split-
ting causes chiral splitting in the S, and S, components within
the vdW plane [41]. In applications, the Rashba effect is
often used for the spin-orbit torque, which involves injecting a
current into a heavy metal to generate a spin current and twist
the magnetic moment of a magnetic tunnel junction [60]. In
theory, the Rashba effect has also been proposed as a principle
for the Datta-Dias spin transistors [29].

In practical band structure calculations, the SOC effects
are incorporated through perturbation terms. The Rashba and
Ising spin splittings mentioned earlier correspond to first-
order perturbations, while the Dresselhaus effect arises when
considering the higher-order perturbations [61]. Due to the
complexity of higher-order perturbations, the Dresselhaus ef-
fect cannot be expressed in a general formula. We can only
infer that due to the breaking of spatial inversion symmetry,
higher-order perturbations must be odd powers of k. For ex-
ample, the 3D Dresselhaus Hamiltonian with bulk inversion
asymmetry is expressed as y[kx(kg—k?)ax + ky(kzz—kf)oy +
k.(k—k2)o,], where y is a material constant. On account
of the confined electrons along z direction, 3D Dresselhaus
Hamiltonian can be transformed to the 2D counterpart, i.e.,
ﬁ(kxax - kyay) [41]

In the model presented in this paper, we neglect the
Dresselhaus effect for two reasons. Firstly, as a higher-order
perturbation, the Dresselhaus effect is weaker than the first-
order perturbation of intensity, and there are currently no
examples where the Dresselhaus effect can exist indepen-
dently of the Rashba effect. Secondly, the Dresselhaus effect
has various forms of Hamiltonians according to different sym-
metries, which makes it difficult to analyze and impossible to
give a widely applicable form. When encountering the occur-
rence of Dresselhaus effect in materials, a specific analysis
needs to be conducted based on the specific spin splitting
types, followed by symmetry analysis [61].

IV. TUNABLE SPGE IN 2D VDW FERROELECTRICS
WITH SPIN ORBIT COUPLING

A. Theoretical model

We transform the problem of analyzing the symmetry of
SPGE coefficients into an analysis of the symmetry of the four
physical quantities that constitute them. These four physical
quantities are the matrix elements of the optical harmonic
intensity om, (k), Berry curvature €2,(k), group velocity of
electronic wave packets vy, (k), and displacement difference
of electronic wave packets before and after excitation Ry, (k).
In time-reversal invariant systems, vy, (k) and 2, (k) are odd
under the spatial inversion, while oy, (k) and Ry, (k) are even
under the spatial inversion. Based on this symmetry rela-
tionship, it can be derived that linear injection current and
circular shift current only contribute to spin currents in SPGE,
while linear shift current and circular injection current only

contribute to charge currents, which is firstly proposed by Fei
et al. [3]. Besides, as the strength of SOC weakens, the spin
photocurrent vanishes to zero [1].

Next, we consider the symmetry properties of oy, (k),
Qu(k), {R(k), Si}n> and {v(k), S'},,,, under ferroelectric po-
larization reversal. For convenience of description without
loss of generality, we define a certain state before the reversal
as ¢1(k), and a state after the reversal as ¢, (k). It should be
noted that ¢, (k) is not the quantum state obtained by perform-
ing ferroelectric inversion on ¢; (k), but rather a new quantum
state with the same wave function k in the same coordinate
system after the reversal. Since the k-space coordinate system
remains unchanged after the ferroelectric reversal, measuring
the wave vectors of ¢; (k) and ¢, (k) both yield k. However, the
spin and phase information of the original —k wave function
are preserved, resulting in the Berry curvature, Berry connec-
tion, and spin eigenvalues as those of ¢;(—k).

In the Ising-type vdW ferroelectrics (assuming the crys-
tal structure perpendicular to the ferroelectric direction is
symmetric), the photocurrent transport direction and the ferro-
electric polarization are set both along the same direction. For
simplicity, we assume that the in-plane polarized ferroelec-
tric materials possess mirror inversion symmetry along the
direction perpendicular to the plane, which is also common
in 2D in-plane ferroelectric materials such as BP-Bi and MX
(M = Ge, Sn; X =S, Se) [42,62]. Therefore, the in-plane
ferroelectric reversal (mirror reflection operation) can be re-
garded as the spatial reversal operation at the gamma point,
which is also very common in ferroelectric materials. The
eigenvalues of S;, {Sj, Rym(k)}, and €2, (k) will change to —S_,
{Si, Ram (k)}, and —2,,(k), respectively.

In the Rashba-type ferroelectrics, the symmetry change
caused by the out-of-plane ferroelectric polarization reversal
(Poop) is completely different. This is because the ferroelectric
polarization is along the direction perpendicular to the vdW
plane, so the velocity and phase of the wave function are not
changed. Only the eigenvalues of the spin in the 2D plane
undergo changes. This is the main distinction between the out-
of-plane and in-plane ferroelectric polarization in modulating
the SPGE. In 2D ferroelectric systems, the Berry curvature
and Berry connection change sign under the reversal of Pj,,
while they remain unchanged under the reversal of Pyp,. For
in-plane and out-of-plane coupled ferroelectric materials, we
only need to combine the above two cases. In the following,
we will discuss the forms of the SPGE under linearly polar-
ized and circularly polarized light in different types of vdW
ferroelectric materials.

B. In-plane ferroelectric

For the sake of convenience, we define |1;) and ||;)(i =
x, y, and z) as the different spin eigenstates of S;, and de-
fine |k, 1;/];) as the eigenstate of the total Hamiltonian
throughout this paper. We first focus on Ising-type SOC
ferroelectric materials, which correspond to materials such
as SnS, SnSe [62], SnTe [63], and black phosphoruslike Bi
(BP-Bi) [42,64]. The spin is split along the S, direction,
allowing for spin current contribution in the S, direction,
while the S, and S, contribute only to the charge cur-
rent, i.e., (1,[Sxy11.) = (L.[Seyl4.) =0 and (1.[Sq,[1,) =
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(1:18: 3142 = g In systems with time-reversal symmetry, the
spin current is contributed by the linearly injection current and
circularly shift current, and is solely in the S; component. In
contrast, the charge current is contributed by the linear shift
current and circular injection current, and is generated from
the S, and S, of the SPGE coefficients (of course, there is
also the role of the identity matrix I, which corresponds to
the photogalvanic effect, but this is not the main focus of this
article). The mechanism of SPGE in the in-plane ferroelectrics
(Ising-type spin split) is summarized as follows:

The linear injection current contributes to a tunable spin
current:

a(v, S}k, 1) > a (k). Sk, 1.). 7)

The linear shift current contributes to a nontunable charge
current:

a{R, Sy y}(k, 1) 5 afR, Sey}(k, o) = a{R, Sxy}k, 1,).
(18)

The circular injection contributes to a tunable charge
current:

Q. Sup k. 1) = —Qv, Sey )k, L) = —Qv, Sy )k 1),
19)

The circular shift current contributes to a nontunable spin
current:

Q{R, S} (k, TZ)—P> —Q{R, S:}(k, ;) = Q{R, S:}(k, 1)
(20)

Here, we only discuss the case where the ferroelectric
polarization direction is parallel to the photocurrent transport
direction, as this is the most relevant aspect of the PGE [65]. If
we replace S; with e, the charge current of the PGE is obtained.
It can be easily proved that the charge current of PGE changes
its sign under the Ising-type ferroelectric reversal, which is
accordance with the previous reports [4,66].

Here is another interesting point: Typically, we tend to as-
sume that ferroelectric polarization reversal accompanied by
SOC would always control the corresponding split component
of the spin current. For example, Fei et al. previously calcu-
lated the SPGE in the Rashba and Dresselhaus semiconductor
(bulk «-GeTe) under the linearly injection current [6]. How-
ever, under the circularly polarized light, the S, spin currents
generated in the Ising-type ferroelectrics is not controlled
by the ferroelectric polarization reversal. This phenomenon
is intriguing because it is counterintuitive; the current along
the transport direction is not influenced by the ferroelectricity
along the same direction, which is also opposite to the PGE.
The reason for this contradiction lies in the time-reversal
symmetry of spin currents, which means that a spin current
flowing upwards and to the left is equivalent to a spin current
flowing downwards and to the right. The ferroelectric modu-
lation simultaneously changes the directions of both spin and
transport, resulting in an apparent preservation of the spin
current. We refer to this effect as the hidden spin current
modulation.

C. Out-of-plane ferroelectric

Similarly, we can derive the form of SPGE in the out-of-
plane ferroelectrics (Rashba-type spin split) that is modulated
by ferroelectric polarization. In practice, this corresponds to
materials such as AgBiP,Se¢ [67], distort 1T-MoTe, [68],
CulnP,S¢ [69], CulnP,Se¢ [70], a-GeTe [71], sliding ~-BN
[72,73], and sliding WTe, [74].

In the out-of-plane ferroelectric, the linear injection current
contributes to a tunable spin current:

afv, Sey bk, 1ey) > af, Seydk, 4oy). Q21

The linear shift current contributes to a nontunable charge
current:

(R, Sk, 1)) = a{R, S)(k. L,y) = (R, S} (k. 1),
(22)

The circular injection contributes to a nontunable charge
current:

Qv, S3k, 4ry) = QUv, Sk, ) = 200, Sk, 1y)-
23)

The circular shift current contributes to a tunable spin
current:

Q{R, S}k, 1)) K Q{R, Sy y}k, Ly y)- (24)

We can see that the ferroelectric modulation of the SPGE
in both Rashba and Ising types is consistent under the
linearly polarized light, but is exactly opposite under the cir-
cularly polarized light. Under the circularly polarized light,
the ferroelectric modulation of SPGE in Rashba type is ex-
actly opposite to that in Ising type: the spin current can be
controlled by out-of-plane ferroelectricity, while the charge
current cannot. This is because circularly polarized light is
directly related to the Berry curvature. In a system with the
time-reversal symmetry and the broken of the spatial inver-
sion symmetry, the Berry curvature in wave-vector space
is nonzero and odd-symmetric, i.e., Q(k) = —Q(—k). The
Berry curvature changes sign under in-plane ferroelectric po-
larization reversal, but does not change under out-of-plane
ferroelectric polarization reversal. This leads to a distinct dif-
ference in the SPGE effects between in-plane and out-of-plane
ferroelectric materials under circularly polarized light. On the
contrary, the physical quantity corresponding to the SPGE
excited by linearly polarized light is the optical resonance
intensity, which is an even function in k space, i.e., a(k) =
a(—k). Therefore, the behaviors of the Ising and Rashba-type
ferroelectrics under linear polarization are consistent, as both
can have the direction of the spin current components split by
ferroelectric modulation.

D. In-plane and out-of-plane coupled ferroelectric

The in-plane and out-of-plane coupled vdW ferroelectrics
(Pp) refers to materials that exhibit both in-plane and
out-of-plane ferroelectric polarizations, and changing the po-
larization in one direction can simultaneously control the
polarization in the other direction. Currently, there are not
many materials that exhibit this type of coupled ferroelectric
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behavior experimentally, with «-In,Se; being a commonly
observed material with such properties [75]. However, theo-
retically, there are many more materials in this category. For
example, Ji et al. identified 61 out of the total 80 layer groups
for bilayer sliding ferroelectric systems that allow for the exis-
tence of the coupled ferroelectricity [57]. Due to spin splitting
in the S, Sy, and §; directions, the coupled ferroelectrics
exhibit spin-polarized current through all the mechanisms of
SPGE. The specific forms are as follows:

The linear injection current contributes to a tunable spin
current:

{v, Sy 3, Ny > @, ey bk, beyo). (25)

The linear shift current contributes to a tunable charge
current:

R, Yk, 1) > —afR IV, L) = —adR, T (K, £y,
(26)

The circular injection contributes to a tunable charge
current:

Qv, I}k, 1.0 5 -, Dk, Ly
= —Qv, I}(k, 1,,.). (27

The circular shift current contributes to a tunable spin
current:

QUR, Sey )k, 1yy) = —QUR, Sey 3k, by (28)

For coupled ferroelectrics, the manipulation of the fer-
roelectric polarization orientation yields controllable spin
currents in response to both linearly and circularly polarized
light, with the tunability across all three spin projection di-
rections. Due to the time-reversal symmetry of the system,
the charge current can only be provided by the photogalvanic
effect. To summarize, we have compiled the manifestations
of the charge current and spin current under the control of
ferroelectric polarization in different ferroelectric systems in
Table I.

V. FIRST-PRINCIPLES QUANTUM
TRANSPORT SIMULATION

In this section, we employ first-principles calculations cou-
pled with NEGF method to validate our theory in several
van der Waals ferroelectric materials. Here we need to clarify
two things: (1) When using the NEGF method, it is impos-
sible to distinguish between the diagonal elements (injection
current) and the off-diagonal elements (shift current) of the
nonequilibrium density matrix [4,18]. Therefore, the “spin
current” obtained in our calculations contains both the in-
jection current and shift current components. However, due
to the time-reversal symmetry of the system, the spin cur-
rent only includes linear injection current and circular shift
current, while the charge current only contains the linear
shift current and circular injection current. (2) In high-order
perturbation theory, the relaxation time approximation is in-
troduced, leading to the appearance of the relaxation time term
in the calculation results. The value of the relaxation time
is mostly given by experimental values and estimates [7], or
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FIG. 2. (a) Geometry of the black phosphoruslike monolayer Bi
(BP-Bi). Spin texture (b) and (c) and Berry curvature (d) and (e) of
the valence band of BP-Bi under the ferroelectric polarizations of P;,
and —P;,, respectively.

directly calculated by considering phonon scattering effects
[76]. In the NEGF method, the photocurrent is described by
nonequilibrium Green’s functions that take into account the
photoelectric interaction. Taking the general Green’s function
as an example, if we perform a Fourier transform with re-
spect to energy-time, it can be viewed as a quasiparticle. The
imaginary part of the quasiparticle is determined by the self-
energy term of the Green’s function, representing its lifetime.
In the calculations presented in the main text, all our circularly
polarized light is right-handed. Data for the spin currents
induced by left-handed circularly polarized light are provided
in the Supplemental Material [77,78], and they exhibit similar
properties under ferroelectric modulation as those induced by
right-handed circularly polarized light.

A. Black phosphorus-like Bi (BP-Bi): Ising-type

BP-Bi is a 2D vdW ferroelectric semiconductor with the
experimental bandgap of 0.27 eV [42,64]. The atomic struc-
ture of BP-Bi is very similar to that of the black phosphorus,
but BP-Bi possesses a buckling with a polar space group of
Pmn2;, as shown in Fig. 2(a). The relaxed lattice parame-
ter are 4.78 and 4.57 A, respectively. The thickness of the
monolayer BP-Bi is 3.52 A. The monolayer BP-Bi possesses
a calculated in-plane ferroelectric polarization of 44 pC/m,
which is also confirmed by the recent experiment [42,64].
Due to the pronounced relativistic effects of bismuth and the
ferroelectricity exhibited by BP-Bi, we selected BP-Bi as an
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FIG. 3. (a) Schematic diagram of the BP-Bi ferroelectric pho-
todetector with P;, polarization. Photoresponse of the (b) charge
and spin currents (c) Sy, (d) Sy, and (e) S, in BP-Bi under different
ferroelectric polarization states of P;, and —P;, upon the illumination
of the y linearly polarized light.

example for our study on in-plane ferroelectric polarization
control of SPGE.

When considering spin-orbit coupling, the spin configura-
tion of the valence band of BP-Bi under different ferroelectric
polarizations is shown in the Figs. 2(b) and 2(c). A typi-
cal Ising-type spin splitting occurs in BP-Bi, with the spin
mainly splitting in the S, direction in the k point and the
opposite spin splitting occurring at the time-reversal partner k
point. Under ferroelectric polarization reversal, the direction
of S, also undergoes a corresponding reversal for certain k
points. We also computed the Berry curvature of the valence
band under different ferroelectric polarizations, as shown in
Figs. 2(d) and 2(e). The results demonstrate that the change
in in-plane ferroelectric polarization indeed leads to a sign
reversal of the Berry curvature. The aforementioned variations
in spin configuration and Berry curvature align well with
our model.

The noncollinear spin currents of BP-Bi under different
ferroelectric polarizations are shown in the Figs. 3 (linear
polarized light) and 4 (circular polarized light), where the x
and y components correspond to linearly polarized and cir-
cularly polarized light, respectively. As shown in Figs. 3(a)
and 4(a), the charge current is reversed under the reversal
of P;, regardless of the linearly-polarized and circularly po-
larized lights. The reason is that the charge current is only
provided by the linear shift current and circular injection

BP-Bi under right-handed circularly-polarized light
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FIG. 4. Photoresponse of the (a) charge and spin currents (b) S,,

(c) Sy, and (d) S, in BP-Bi under different ferroelectric polarization

states of P;, and —P;, upon the illumination of the right-handed z
circularly polarized light.

current in the 7-symmetric systems. The symmetry of these
two currents is determined by the Berry connection and the
Berry curvature, respectively, both of which reverse under the
reversal of Py,. Under linearly polarized light, it is observed
that the spin current along the S, component maintains an
inversely proportional relationship in magnitude under differ-
ent ferroelectric polarizations. However, the values of the spin
currents along the S, and S, components remain unaffected by
ferroelectric reversal. In contrast, under circularly polarized
light, both the charge current and the spin currents along
the S, and S, components can be modulated by ferroelectric
polarization, while the magnitude of the spin current along the
S, component remains unaltered by ferroelectric polarization,
corresponding to the hidden spin current modulation as de-
fined in our model. We notice that under circularly polarized
light, the S, and S, components of BP-Bi are not perfectly
symmetric. We attribute this to the presence of some unknown
factors in BP-Bi causing the spin to split not only along the
S, direction. As shown in Figs. 2(b) and 2(c), and Fig. S3
[77], the spin textures in the first and second valence bands
actually exhibit an in-plane spin vortex that is unaffected by
ferroelectric polarization, leading to the asymmetry in the S,
and S, components of the spin photocurrents.

B. a-GeTe: Rashba-type

Monolayer o-GeTe is an out-of-plane ferroelectric semi-
conductor with the space group of R3m and bandgap of 0.68
eV [6]. The relaxed lattice parameters of the monolayer a-
GeTeisa = b = 3.93 A, as shown in Fig. 5(a). The thickness
of the monolayer a-GeTe is 1.58 A. a-GeTe exhibits a large
Rashba coefficient and a pronounced charge-to-spin conver-
sion effect [79]. For example, ¢-GeTe has been successfully
integrated with Si wafers, which provides a basis for the future
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FIG. 5. (a) Schematic diagram of the monolayer «-GeTe. Spin
texture (b) and (c) and Berry curvature (d) and (e) of the valence

band of «-GeTe under ferroelectric polarizations of Py, and —Py,
respectively.

advancement of reconfigurable, spin-based, and in-memory
computing devices [71,79]. Here, we choose the monolayer
«-GeTe as an example to study the out-of-plane ferroelectric
control of SPGE.

In different ferroelectric polarization configurations, the
Berry curvature and spin textures of the single-layer «-GeTe
valence band are shown in Figs. 5(b)-5(e). It can be seen
that, due to the in-plane ferroelectric polarization, the Berry
curvature remains unchanged. From the spin configuration
perspective, the energy bands experience splitting in the S,
Sy, and §; directions. The S, and S, configurations exhibit a
helical Rashba spin splitting, and the handedness of this spin
texture also changes correspondingly with the ferroelectric
polarization reversal. As for the S, component, it originates
from the cubic Dresselhaus effect caused by the C; symmetry
in GeTe, ie., Hsoc = iAg(Z X k) - & + hea(k3 + k2 )0, and
ki = k. £ ik, [6]. At the valence band, we did not observe
a reversal of S, due to ferroelectric polarization. However,
when examining the second conduction band, it is found that
the ferroelectric polarization also modulates the S, compo-
nent due to the cubic Dresselhaus effect, which would have
some impact on our theoretical model that only includes the
Rashba effect.

The charge current and spin current in single-layer o-GeTe
under different ferroelectric polarizations are illustrated in
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FIG. 6. (a) Geometry of the o-GeTe ferroelectric photodetector
with P, polarization. Photoresponse of the (b) charge and spin cur-
rents (c) S, (d) Sy, and (e) S, in «-GeTe under different ferroelectric
polarization states of P, and —P,, upon the illumination of the y
linearly polarized light.

the Fig. 6 (linear polarized light) and 7 (circular polarized
light). As shown in Figs. 6(a) and 7(a), the charge current
is unchanged under the reversal of P, regardless of the
linearly-polarized and circularly polarized lights. The reason
is the Berry connection and the Berry curvature are unchanged
under the reversal of Poy. It can be observed that, regardless
of linear or circular polarization of incident light, the S, and
S, components undergo symmetrical changes in the direction
of optoelectronic current, which arise from the Rashba-type
spin splitting. On the other hand, the S, component exhibits
asymmetrical changes corresponding to the cubic Dresselhaus
effect. This effect leads to a change in the spin current of the
S, component with the variation of ferroelectric polarization.
The above results demonstrate that although our model per-
forms well without considering the cubic Dresselhaus effect,
it may still require modifications in certain specific material
systems.

C. o-In,Se;: Ising+Rashba-type

a-InySe; is a unique 2D vdW semiconductor that exhibits
both in-plane and out-of-plane ferroelectricity coupling, as
shown in Fig. 8(a). Its monolayer has a bandgap of 1.45
eV, and the atomic structures of ML «-In;Ses are arranged
in a close-packed triangular lattice with an in-plane lattice
constant of @ = b = 4.07 A. The thickness of the monolayer
a-In,Ses is 6.82 A. Tn experimental studies, «-In,Se; has
been extensively fabricated into various ferroelectric devices
with novel properties, such as ferroelectric semiconductor
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FIG. 7. Spin texture of the second conduction band in the mono-
layer a-GeTe with the ferroelectric polarization of (a) P,y and (b)
—P,,;. Photoresponse of the (c) charge and spin currents (d), S,, ()
Sy, and (f), S;) in «-GeTe under different ferroelectric polarization
states of P, and —P, upon the illumination of the right-handed z
circularly polarized light.

transistors [80], nonvolatile artificial neurons [81], and
bidirectional optoelectronic synaptic devices [38]. On the
fabrication front, «-In,Se; nanosheets can now be prepared
on a scale of centimeters [82]. Due to the relatively large
atomic numbers of In and Se, «-In,Ses also exhibits certain
relativistic effects. Here, we utilize «-In,Ses as an example
to investigate the spin photocurrent generation efficiency in
P,-type ferroelectrics.

The spin configurations and Berry curvature of the valence
band in «-In,Se; under different polarization states are shown
in the Figs. 8(b)-8(e). It can be observed that due to the
presence of both in-plane and out-of-plane ferroelectricity,
a-InySe; exhibits spin splitting of both Ising and Rashba
types. Specifically, at the k-point corresponding to the in-
version symmetric reciprocal lattice vector, Sy, Sy, and S,
are all opposite in direction, and S, and S exhibit overall
helical chirality. Under the reversal of ferroelectric polar-
ization, all spin components undergo a change in direction.
Additionally, due to the inversion of in-plane ferroelectric po-
larization, the Berry curvature of the valence band in «-In,Ses

FIG. 8. (a) Geometry of the monolayer «-In,Se;. Spin texture
(b) and (c) and Berry curvature (d) and (e) of the valence band
of a-In;Se; under ferroelectric polarizations of P., and —Pg,
respectively.

also reverses, which is similar to the calculations performed
for BP-Bi.

The photoexcited noncollinear spin currents in «-In,Ses
under different ferroelectric polarizations are shown in Figs. 9
(linear polarized light) and 10 (circular polarized light). It can
be observed that regardless of circularly or linearly polarized
light, the spin currents of S,, S,, and S, components undergo a
change in sign upon ferroelectric polarization reversal, which
is consistent with our theoretical predictions. As for the charge
current [Figs. 9(b) and 10(a)], the ferroelectric reversal does
not result in a sign change of charge current, which in con-
tradiction with the general case of the PGE (photogalvanic
effect). The reason for this phenomenon lies in the fact that in
our DFT+NEGF calculations, the electrodes used are intrin-
sic a-In,Ses, which is a large bandgap semiconductor. This
leads to very small (close to zero) generated photocurrents.
To address this issue, we are only able to resort to doping
the «a-In;Se; electrode and extending the channel to ensure
that the central region is not metallized. Since our calculations
have considered the SOC effect, increasing the channel length
has exceeded our current computational capabilities, and thus
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FIG. 9. (a) Schematic diagram of the «-In,Se; ferroelectric pho-
todetector with the polarization of P,. Photoresponse of the (b)
charge and spin currents (c) S,, (d) Sy, and (e) S, in a-In,Se; under
different ferroelectric polarization states of P, and —P, upon the
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we do not currently have the ability to characterize this ef-
fect. However, previous works have demonstrated that in the
case of electrodes doped with metals (such as the «-In,Ses
p-n junctions with the doped «-In,Ses), the photocurrent can
be effectively tuned by the polarization in the case without
considering the SOC [36,38].

VI. CONCLUSION

In this work, we systematically present a model for
the SPGE (spin photogalvanic effect) in SOC (spin-orbit
coupling) ferroelectric semiconductors under the first-order
relativistic perturbation (Rashba effect), including in-plane,
out-of-plane, and in-plane-out-of-plane coupled SOC. We find
that in the in-plane ferroelectrics, the spin current of the S,
component can be modulated by adjusting the ferroelectricity
under the linearly polarized light, but not under the circularly
polarized light. In the out-of-plane ferroelectrics, both linearly

a-In,Se, under right-handed circularly-polarized light
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FIG. 10. Photoresponse of the (a) charge and spin currents (b) S,
(¢) Sy, and (d) S, in a-In, Se; under different ferroelectric polarization
states of P, and —P, upon the illumination of the right-handed z
circularly polarized light.

and circularly polarized light can modulate the spin currents of
the Sy and S, components by adjusting the ferroelectricity. In
the coupled ferroelectric materials, all three spin components
of the spin current can be effectively controlled by the
ferroelectricity, regardless of the type of incident light.
By employing first-principles calculations combined with
quantum transport, we verify our model using three examples:
BP-Bi, a-GeTe, and «-In,Se;. The results demonstrate that
our model holds true when neglecting higher-order relativistic
perturbations. However, when the ferroelectrics exhibit
perturbations from higher-order relativistic effects (the
Dresselhaus effect), specific modifications to the model are
required. Our work paves the way for future research on
electric-optical-magnetic coupled novel memories.
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