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Two-dimensional centrosymmetrical antiferromagnets for spin
photogalvanic devices
Peng Jiang 1,2, Xixi Tao1,2, Hua Hao1, Yushen Liu3✉, Xiaohong Zheng1,2,4✉ and Zhi Zeng1,2

Spin-dependent photogalvanic effect (PGE) in low-dimensional magnetic systems has recently attracted intensive attention. Based
on first-principle transport calculations and symmetry analyses, we propose a robust scheme to generate pure spin current by PGE
in centrosymmetric materials with spin polarization antisymmetry. As a demonstration, the idea is successfully applied to a
photoelectric device constructed with a zigzag graphene nanoribbon (ZGNR), which has intrinsic antiferromagnetic coupling
between the two edges and spin degenerate band structure. It suggests that spin splitting is not a prerequisite for pure spin current
generation. More interestingly, by further introducing external transverse electric fields to the two leads to lift the spin degeneracy,
the device may behave multifunctionally, capable of producing fully spin-polarized current or pure spin current, depending on
whether the fields in the two leads are parallel or antiparallel. Very importantly, our scheme of pure spin current generation with
PGE is not limited to ZGNR and can be extended to other two-dimensional (2D) centrosymmetric magnetic materials with spin
polarization antisymmetry, suggesting a promising category of 2D platforms for PGE-based pure spin current generation.
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INTRODUCTION
The photogalvanic effect (PGE), characterized by a finite direct
electric current produced in materials lacking space inversion
symmetry by the light illumination without any applied bias voltage,
has great potential in the field of the photoelectric devices due to
the great advantages of its self-powered function1–9. This important
concept is first predicted by Pikus and Belinicher independently1,2,
and then quickly observed in tellurium crystal in experiment3,
followed by considerable investigations since then4–17. Inspired
by the recent progress in the fields of two-dimensional (2D)
semiconductors and ferromagnets with atomic thickness18–25,
substantial efforts have also been made in generating photocurrent
by PGE in 2D materials, where the structures are designed to lack
structural inversion symmetry purposely by various ways, such as
atom doping26, chemical decoration27, heterojunction28, and gate
voltage29, etc.
In spintronics, the generation of fully spin-polarized current and

pure spin current without accompanying net charge current is a
fundamental, but critical task in developing future spin-based
devices30,31. To date, the scaling of the traditional electronic
devices has almost reached the bottleneck in semiconductor
industry. Fortunately, the successive discoveries of the intrinsic
magnetism in 2D materials have provided a new platform for low-
dimensional spintronics22. These theoretical and experimental
advances have also intrigued more research efforts on the PGE-
induced spin-dependent transport in these 2D magnetic systems
or their hybrid systems, especially for the generation of the fully
spin-polarized current and pure spin current27,28,32,33. For example,
Xie et al. have theoretically proposed a spin battery that induces
pure spin current by PGE based on Ni/phosphorene/Ni junction28.
Very recently, we have also designed a spin-photovoltaic device
based on silicene nanoribbon with asymmetric hydrogenation
that breaks the structural inversion symmetry, in which a fully
spin-polarized current and pure spin current is obtained27. Besides

ferromagnetic systems, PGE-induced pure spin current is also
predicted in antiferromagnetically ordered hexagonal SiC zigzag
nanoribbons33. However, in all the above systems, the conditions
for obtaining pure spin current are extremely strict since it can be
achieved only by precisely tuning the photons at specific energy
or specific polarization/helicity angle, which is rather difficult in
practice. In addition, previous attention was mainly focused on
magnetic materials with spin splitting in the energy band
structure. In magnetic systems with Cs symmetry, it is interesting
that pure spin current is predicted at special polarization angles 0∘,
90∘, and 180∘; however, it demands an external magnetic field
applied to one of the ferromagnetic leads to achieve an
antiparallel magnetic configurations of the two leads27,28. A
natural question to ask is that, are there schemes for pure
spin current generation with PGE that are not limited to any
particular photon energy or polarization angle, not limited to
materials with spin splitting band structures, and demand no
external magnetic fields?
In this work, we intend to provide a solution for this problem.

We theoretically propose a class of spin photogalvanic devices for
pure spin current generation with PGE based on AFM semicon-
ductors, in which the whole structure holds spatial inversion
symmetry while the real-space charge distribution of neither the
spin-up state nor the spin-down state holds spatial inversion
symmetry. One typical example is zigzag graphene nanoribbons
(ZGNRs) which have special localized edge states, with the two
edges antiferromagnetically coupled. Here, we take 6-ZGNR which
has six zigzag carbon chains as an example. It is found that, under
the illumination of the polarized light, pure spin current can be
robustly generated, neither dependent of the photon energy nor
dependent of the polarization feature of the light. The robustness
is ascribed to the spatial inversion symmetry and spin density
inversion antisymmetry. In addition, by applying an external
transverse electric filed, the symmetry of the spin-dependent
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density of the ZGNR can be significantly modulated, providing a
possible way for tuning the photocurrent generation. We find that,
when two antiparallel electric fields with the same magnitude are
applied to the two leads, pure spin current can still be robustly
generated by PGE due to the preservation of spin density
antisymmetry. In contrast, when the fields in the two leads are
changed to parallel, fully spin-polarized photocurrent can be
achieved. Thus, by reversing the electrical fields in the two leads,
the ZGNR can be conveniently tuned to achieve fully spin-
polarized current and pure spin current, realizing two ideal goals
in spintronics. Further, we demonstrate that pure spin current
generation scheme with PGE proposed in this work can be
extended to other antiferromagnets with spatial inversion
symmetry and bilayer 2H-VSe2 is provided as example of 2D A-
type van der Waals (vdWs) antiferromagnets for the extension.

RESULTS AND DISCUSSION
Electronic structures of 6-ZGNR without and with applying
gate voltages
The photocurrent of two antiferromagnetic systems, namely, a ZGNR
and a bilayer 2H-VSe2, will be studied. As an example, the
photoelectric device constructed with 6-ZGNR is shown in Fig. 1. It
is divided into three parts: left lead (L), right lead (R), and scattering
region (S). The edge dangling bonds are passivated by hydrogen
atoms. The scattering region is chosen to contain 11.5 unit cells
with length 28.29Å so that it is centrosymmetric. To produce
photocurrent, light is normally irradiated at the region containing 5.5
unit cells marked by the dashed line box. Before analyzing the
photon-induced spin transport properties of the proposed spin
photogalvanic device, we first investigate the electronic structures of
6-ZGNR used for constructing the device with and without applying
the transverse electric field. The transverse electrical field is applied
by setting a gate voltage +Vg/2 at one edge and −Vg/2 at the
opposite edge along the transverse direction34, thus, the strength
and direction of the transverse electrical field are indicated by the
magnitude and sign of Vg, respectively. Without applying a gate
voltage, namely, Vg= 0 V, our results show that the ground state of
6-ZGNR is an AFM state, characterized by ferromagnetic coupling
along each edge and antiferromagnetic coupling between the two
edges. The spin-polarized band structure shows that spin-up and
spin-down states are exactly degenerate and both exhibit

semiconducting character with a direct band gap of 0.62 eV, which
is seen in Fig. 2a. These results are in good agreement with previous
studies32. By further investigating the spin-resolved edge states at
the valence band maximum (VBM) and conduction band minimum
(CBM) shown in Fig. 2b, it is clearly seen that spin-up edge states
∣Ψ↑(r)∣ in the valence band are localized at the bottom edge, while
spin-down edge states ∣Ψ↓(r)∣ are localized at the top edge. On the
contrary, in the conduction band, ∣Ψ↑(r)∣ are localized at the top
edge, while ∣Ψ↓(r)∣ are localized at the bottom edge. Due to these
unique localization features of the edge states, by applying a
positive transverse electrical field penetrating from the top edge to
the bottom edge, the edge states of the two spin components in
the bottom edge increase in potential energy while those in the top
edge decrease, which causes the spin-up gap to decrease and spin-
down gap to increase (see Fig. 2a, c). This phenomenon becomes
more remarkable with the increase of the gate voltages and half-
metallicity emerges at a critical gate voltage Vg ~ 10 V, with spin-up
bands crossing the Fermi level. The situation is reversed with the
sign reverse of the gate voltage and half-metallicity with spin-down
bands crossing the Fermi level is induced. An interesting observation
is that after one spin channel becomes metallic, the band gap of the
other spin channel drops suddently, as seen from Fig. 2c. This can
be understood as follows. Within the Hubbard model, i.e.,
H ¼ �t

P
hi;ji;σ½cyiσcjσ þ h:c:� þ U

P
ini"ni#, the band gap is propor-

tional to the Coulomb interaction parameter U. Here, with the
increase of postive gate voltage (similar for negative gate voltage),
for the spin-down channel, the gap increases nearly linearly first, this
is due to the linear shift in potential energy from the external field. If
there were no changes in the states and no charge redistribution,
then this linear increase trend would continue. However, due to the
charge redistribution, the increasing trend deviate from the linear
curve. At ~10 V, the band gap in the spin-up channel closes, and it
becomes metallic. The screening effects from the metallic spin-up
electrons greatly reduces the effective Coulomb interaction para-
meter U and leads to the sudden decrease of gap in the spin-down
channel.

Spin photogalvanic device based on 6-ZGNR
Note that spin polarization and spatial inversion asymmetry of the
states in each spin channel are essential conditions to achieve
photon-induced spin transport by PGE. Obviously, the pristine

Fig. 1 Spin photogalvanic device model. The a top view and b front view of the proposed spin photogalvanic device model based on
6-ZGNR. e1 ¼ ẑ and e2 ¼ �x̂ are two polarized vectors that determine the incident direction of the polarized light. The red spiral arrows denote
the applied polarized light. A is the electromagnetic vector potential and θ is the polarization angle of the polarized light. The black dashed line
denotes the mirror plane. c Three gate configurations: ZZ, PP, and PN. Here, ZZ denotes that there is no gate voltage applied in device. PP (PN)
denotes that a positive (positive) gate voltage is applied in the left lead and a positive (negative) gate voltage is applied in the right lead.
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6-ZGNR satisfies the above criteria, thus we will study its spin-
dependent PGE in the following. In addition, it is worth noting that
the introduction of an external electric field in ZGNR not only
leads to spin splitting, but also changes the symmetry of the
electronic structure of the pristine system due to the redistribution
of the spin-dependent charge density. Thus, the gate voltage
provides a strategy for tuning the symmetry of the spin
polarization and subsequently the spin-dependent photocurrent
generation by PGE in ZGNR. In this regard, we construct a dual-
gated optoelectronic device based on 6-ZGNR, as shown in Fig. 1a,
b. In-plane gates are applied symmetrically in the left and right
leads, and parts of the scattering region. The signs of the gate
voltages in two leads can be switched individually. Thus, as shown
in Fig. 1c, three gate configurations including zero:zero (ZZ),
positive:positive (PP), and positive:negative (PN) gate voltages for
the two leads will be considered.
Firstly, we consider the case of “ZZ” configuration in which no

gate voltages are applied in both leads. Figure 3a, b shows the
total charge ρ(0)= ρ↑+ ρ↓ and spin density ρs(0)= ρ↑− ρ↓,
respectively. Here, ρ↑ (ρ↓) is spin-up (-down) charge density and
0 in the bracket denotes zero gate voltage. It is found that, the

total charge density exhibits perfect spatial inversion symmetry,
which is determined by the structure being of D2h point group.
However, for the spin-dependent charge densities, both two spin
channels exhibit mirror symmetry (Cs symmetry) with respect to
the black dashed line in the device model (see Fig. 1a), but no
inversion symmetry, which means that they are not invariant
under the spatial inversion operation for each spin component
itself. It has already demonstrated that a finite photocurrent can
be generated in the systems with Cs symmetry and no inversion
symmetry by PGE27,28,35. This means that, although the system has
spatial inversion symmetry in structure, spin-dependent photo-
current can be induced by PGE when the inversion symmetry of
the charge density for each spin component is broken. Indeed, our
numerical results confirm this speculation. Figure 4a, b presents
the spin-up (I↑), spin-down (I↓) photocurrents, and the total charge
photocurrent (Ic= I↑+ I↓) as functions of polarization angle θ and
helicity angle φ under the irradiation by linearly polarized light
(LPL) and elliptically polarized light (EPL), respectively, with
photon energy Eph= 0.65 eV slightly larger than the intrinsic band
gap of 6-ZGNR. It is clearly seen that both I↑ and I↓ are finite and
present a sinusoidal relationship with 2θ (2φ) by LPL (EPL), which

Fig. 2 Electronic properties of 6-ZGNR with and without gate fileds. a Spin-polarized band structures of 6-ZGNR at different in-plane gate
voltages Vg. The dark-pink and blue colors denote spin-up (↑) and spin-down (↓) states, respectively. b The real-space wave function
distributions of the edge states of the 6-ZGNR. c The gate voltage dependence of the band gap for the spin-up (↑) and spin-down (↓) states.
The gray shaded areas denote that half-metallicity can be induced.
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is a unique characteristic of the linear (circular) PGE in the material
with Cs symmetry35. More interestingly, spin-up and spin-down
photocurrents always have the same magnitude but opposite
signs, which results in a vanished total charge current Ic and a
finite spin current (Is= I↑− I↓). Therefore, pure spin current
without any accompanying charge current is generated by PGE.
We also note that the photocurrent induced by EPL is an order of
magnitude larger than that induced by LPL. This phenomenon is
not a general result, and it is highly related to the electrnonic and
structural information of the studied systems. Furthermore, our
further investigations demonstrate that the same features are
observed at increasing photon energies. Specifically, the spin

dependent and total charge photocurrents as a function of
photon energy under LPL/EPL with θ/φ= 45∘ are shown in
Supplementary Fig. 1. It means the robust generation of the pure
spin current in the sense that it is insensitive either to the photon
energy or to the polarization angle and type of the light. Of
course, the photon energy should be larger than the band gap of
the system, since below which electrons can not be excited from
the valence band to the conduction band, thus no photocurrent
can be induced.
To clearly understand the physical origin of the pure spin

current generation in 6-ZGNR, we first present the general process
of the photocurrent in spin photogalvanic device by the schematic

Fig. 3 Charge density and spin density distrubutions in different gate configurations. a The charge density ρ(0) and b the spin density ρs(0)
of 6-ZGNR without any gate voltage. A positive (negative) value denotes spin-up (-down) component. The gate voltage-induced c charge
density difference Δρ= ρ(Vg)− ρ(0) and d spin density difference Δρs= ρs(Vg)− ρs(0) in “PP” configuration. The gate voltage-induced
e Δρ and f Δρs in “PN” configuration. Vg is set to 12 V.

Fig. 4 Photocurrent and its generation processes in “ZZ” configuration. The spin-up (I↑), spin-down (I↓), and total charge photocurrents (Ic)
under a LPL and b EPL with photon energy Eph= 0.65 eV in “ZZ” configuration. θ (φ) denotes the polarization (helicity) angle of the linearly
(elliptically) polarized light. φ= 45∘ and 135∘ correspond to right and left circularly polarized light, respectively. c Schematic plot of the
photocurrent generation in AFM ZGNR. The orange and black areas denote the edge state bands of the nanoribbon. The real space
representation of the photocurrent generation is shown by a schematic plot for d spin-up channel and e spin-down channel. “Upper” and
“lower” mean the upper edge and lower edge of the ribbon, while v and c mean the locations of the edge states in the valence band and the
conduction band, respectively. θ is the angle between the incoming and outgoing electron momentum p and the vector potential A.
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diagram in Fig. 4c. Under the irradiation of the light with photon
energy larger than the optical gap, the spin-up and spin-down
electrons will be excited from the valence bands to the
conduction bands. Then the electrons excited will further move
to the left and right leads due to the nonequilibrium between the
scattering region and the leads (we call this outgoing process). At
the same time, the holes left in the scattering region will be filled
by the electrons coming from the left and right leads (incoming
process). The above processes are denoted by the red and blue
dashed arrows as shown in Fig. 4c, where red and blue colors
denote spin-up and spin-down components, respectively. For
each lead, the net photocurrent is determined by the sum of
current components induced in the incoming and outgoing
processes, occurring in the valence band and conduction band,
respectively.
Now we will understand why the photocurrents of the spin-up

and spin-down components always have the same magnitude,
and opposite signs phenomelogically by the schematic diagrams
in Fig. 4d, e. We first focus on the spin-up photocurrent induced
by the excitation of electrons between the edge states of the
valence bands and conduction bands. Suppose the spin-up edge
states in the valence band are located at the lower edge, then
those in the conduction band are located at the upper edge (see
Fig. 4d). When the electrons in the valence band are excited into
the conduction band, they will move from the lower edge to the
upper edge in real space. In a sense, the polarization direction
plays the role of tuning the relative probability of the electrons
incoming from (or outgoing to) the two leads. As indicated in Fig.
4d, the polarization angle θ measured between the incoming or
outgoing electron momentum p and the vector potential A for the
two leads will be supplementary. According to Eq. (4), it will add a
positive or negative term to the Hamiltonian for the electrons
from the two leads, respectively. It can be reasonably supposed
that it is easier for the electrons from one lead with an obtuse
angle θ(>90∘) than the other lead with an acute angle 180∘− θ
(<90∘) to come into (leave from) the central region, then for the
case shown in Fig. 4d, the current flowing in from the left lead will
be larger than that from the right lead, and current flowing out to
the right lead will be larger than that flowing out to the left lead,
as indicated by the thickness of the curves showing the
photocurrent. In this case, the net spin-up photocurrent will flow
from the left lead to the right lead. For the spin-down component,
since the spin-down edge states in the valence band are located
at the upper edge and those in the conduction band are located
at the lower edge, the excitation process will be like that shown in
Fig. 4e and the electrons will flow from the upper edge to the
lower edge. In addition, the incoming current from the right lead
will be larger than that from the left lead and the outgoing current
to the left lead will be larger than that to the right lead. The net
spin-down photocurrent will flow from the right lead to the left
lead. Since the spin-up and spin-down edge states in either the
valence band or the conduction band are exactly degenerate both
in energy and in real space, all the current components
everywhere in the device for the two spin channels will be
exactly equal in magnitude and opposite in flow direction. Of
course, for each spin component, besides the edge states, the bulk
states will also participate. However, since the bulk states at each
energy for the two spin channels have exactly the same real space
distribution, the photocurrent contributed by them for the two
spin channels will also take the same magnitude and opposite
directions. Thus, pure spin current will be generated, independent
of the polarization angle.
For θ= 90∘, the two incoming (outgoing) components from (to)

the two leads will be equal, leading to zero current for both spin
channels. For θ < 90∘, the left flowing component for both spin
channels will be larger than the right flowing one, thus the
direction of the pure spin current will be reversed. As for θ= 0∘

and 180∘, since the polarization direction is parallel to the

incoming direction of the electrons from the leads, the probability
from one edge to the other one will be zero, thus the current for
both spin channels will be zero. Very interesting is the case θ=
90∘. Although for each spin component in each lead, the incoming
component and the outgoing component cancels each other
exactly, thus the total pure spin current is zero, pure spin current
can still be locally detected everywhere at the edges, since the
incoming path and the outgoing path are located at the upper
edge and lower edge, respectively.
The above phenomenon can further be understood by

symmetry analyses. It is well known that PGE is a nonlinear and
asymmetry-induced optical effect. The photocurrent is propor-
tional to the quadratic relation of the electric filed of the irradiated
light, namely, I ~−βEE*, where β is the PGE coefficient28. The
generation of the PGE-induced current is due to the broken
inversion symmetry of the PGE coefficient, i.e., β(r) ≠ β(−r), which
generally occurs in polar or p–n hybrid systems that lack inversion
center. Note that, for spin-polarized systems, β(r) is spin
dependent, thus β(r)= β↑(r)+ β↓(r), where β↑(r) and β↓(r) are the
spin-up and spin-down components of the PGE coefficient,
respectively. For an AFM system with inversion symmetry we
have spin-dependent charge density ρ↑(r)= ρ↓(−r) and ρσ(r) ≠
ρσ(−r) with σ= ↑, ↓, and total charge density ρc(r)= ρc(−r). It is
well known that the fundamental physical properties of a system
are determined by its charge density. Thus, we can get β↑(r)=
β↓(−r) and βσ(r) ≠ βσ(−r) due to the spin rotation symmetry SU(2).
This means that we will have I↑ ≠ 0 and I↓ ≠ 0, but I↑+ I↓= 0.

Gate-controlled spin photogalvanic transport behaviors
The application of the gate voltage will lead to the charge
redistribution and a significant spin splitting in the band structure,
which creates a possibility to further tune the PGE effect on 6-
ZGNR. In the following, we discuss the gate effect when a gate
voltage of Vg= 12 V with “PP” configuration and “PN” configura-
tion are applied in the device. Figure 3c–f presents the Vg-induced
charge density difference Δρ, and spin density difference Δρs in
“PP” and “PN”configurations. For the “PP” case, as shown in Fig. 3c,
d, we find that both Δρ and Δρs exhibit mirror symmetry due to
the introduction of two symmetric electric fields with same
magnitude and direction, indicating that the inversion symmetry
of the total charge density ρ is broken and further switches to Cs
symmetry, while the charge density for each spin component (ρ↑
and ρ↓) still holds Cs symmetry. In contrast to “PP” configuration,
“PN” configuration presents a different situation. As shown in Fig.
3e, f, it is seen that Δρ is symmetric and Δρs is antisymmetric with
respect to the inversion center along any direction, which means
that the inversion symmetry in the total charge density and
inversion antisymmetry in the spin-dependent density are
retained, when two antiparallel electric fields are introduced.
These particular symmetries will result in very interesting spin
transport behavior under light irradiation, as shown below.
We then study the PGE of the “PP” configuration. When Vg=

12 V is applied in the device, both leads now become half-metal
with metallicity for the spin-up channel and a band gap of 0.86 eV
for the spin-down channel (see Fig. 2a), while the illuminated part
of the scattering region, represented by the red dotted line in Fig.
1a, presents semiconducting character since there is no gate
voltage applied in this part. The whole photoelectric device thus
forms a half-metal/semiconductor/half-metal (HM/S/HM) struc-
ture. Figure 5a, b shows the spin-dependent photocurrents (I↑, I↓)
and total charge photocurrent (Ic) as functions of polarization
angle θ, and helicity angle φ under LPL and EPL with photon
energy Eph= 0.65 eV, respectively. It is found that I↑ varies as a
function of sinð2θÞ or sinð2φÞ, while I↓ is always zero. Conse-
quently, the total charge photocurrent is equal to that of spin-up
component and also presents a sinusoidal relationship with 2θ or
2φ, demonstrating a fully spin-polarized current generated by
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PGE. This phenomenon can be well understood by a schematic
plot in Fig. 6a. Under the light irradiation with photon energy
slightly larger than the band gap of the pristine 6-ZGNR, only spin-
up electrons are excited and involved in the whole photocurrent
generation process due to the spin matching of the corresponding
energy range between the scattering region and the leads,
resulting in a single spin flow. When the photon energy is larger
than the spin-down gap of the half-metallic lead, both spin-up and
spin-down electrons will be involved in the photocurrent
generation progress, since the leads and the scattering region
have spin matching states in the corresponding energy range for
both spin-up and spin-down channels (see Fig. 6b). Therefore,
each spin contributes a photocurrent. This is demonstrated in
Supplementary Fig. 2. Note that the spin-dependent and total
charge photocurrents always have a sine dependence on 2θ or 2φ,

regardless of the photon energy, which is consistent with the
previous symmetry analysis, where the distribution of both the
charge density and spin density holds Cs symmetry.
Next, we discuss the PGE of the “PN” configuration. Figure 5c, d

display the spin-dependent and total charge photocurrent by LPL
and EPL with Eph= 0.65 eV, respectively. It is found that both I↑ and I↓
are finite and still present sine dependence on 2θ or 2φ, but there is
significant shift along the vertical axis compared with the case
without applying any gate voltage. In this case, the spin-dependent
photocurrent I"=# ¼ ±a sinð2θÞ± b or I"=# ¼ ±a sinð2φÞ± b. Mean-
while, we notice that although the magnitude a and the shift b are
different for the LPL and EPL cases, as seen from the Fig. 5c, d, I↑ and
I↓ always have the same magnitude but opposite sign, meaning that
a finite pure spin current is always generated, independent of the
polarization/helicity angle or the polarization type. This is due to the

Fig. 6 Schematic plots of photocurrent generation in “PP” and “PN” configurations. The schematic plot of spin photocurrent generation
occurring at: a the photon energy slightly larger than the band gap and b the photon energy much larger than the band gap in “PP”
configuration. The schematic plot of spin photocurrent generation occurring at: c the photon energy slightly larger than the band gap and
d the photon energy much larger than the band gap in “PN” configuration.

Fig. 5 Photocurrent in “PP” and “PN” configurations. The spin-up (I↑), spin-down (I↓) photocurrent, and total charge photocurrent (Ic) under
LPL and EPL with photon energy Eph= 0.65 eV a, b in configuration “PP” and c, d in “PN” configuration at Vg= 12 V, respectively.
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inversion antisymmetry of the spin density and the inversion
symmetry of the total charge density with respect to the inversion
center. Similar curves for higher photon energy are presented in
Supplementary Fig. 3, all unambiguously giving rise to pure spin
current. Obviously, in contrast to the “PP” configuration, both spin-up
and spin-down electrons are involved in the generation of the
photocurrent in the “PN” configuration. However, there is a slight
difference in the photocurrent generation for low and high photon
energy excitations. For a photon energy slightly larger than the band
gap of the illumination region, the flowing of the spin-up electrons
only occur in the region between the left lead and the scattering
region, while the spin-down electrons only occur in the region
between the right lead and the scattering region. This is because the
left lead only provides transport channels for the spin-up electrons,
while the right lead only provides transport channels for the spin-
down electrons, as determined by the band structure shown in
Fig. 6c. With a larger photon energy, both spin-up and spin-down
electrons are involved in all flowing paths between two leads and
the scattering region (see Fig. 6d).
It has been demonstrated that an extremely high electric field is

required to achieve half-metallicity in ZGNR36,37, which is almost
impractical in present industrial technology. Thus, it is essential to
demonstrate if these unique features can be obtained by
decreasing the gate voltage. To this end, we calculate the
photocurrent for “PP” and “PN” configurations at Vg= 5 V. The
results show that the photocurrent behaves in the same way as
that at Vg= 12 V, as shown in Supplementary Fig. 4. This is
because the magnitude change of the gate voltage only affects
the degree of spin splitting of the leads, and does not affect the
symmetries of the spin density and the total charge density.

Extension to known 2D centrosymmetrical antiferromagnets
Note that this mechanism can be ubiquitously applied to other
quasi-1D nanoribbons based on column-IV 2D materials, which
also exhibit ZGNR-like AFM edge states, such as silicene38,
germanene39, and stanene34. More generally, it is also applicable
to any antiferromagnets with spatial inversion symmetry, such as
2D A-type AFM vdWs materials. In the following, we study the PGE
in bilayer 2H-VSe2 (ref.

40), which is a 2D A-type vdW structure with
intralayer ferromagnetism and interlayer antiferromagnetism.
Figure 7a and Supplementary Fig. 5 show the layer-projected
density of states (DOS) and the spin-polarized band structure of
the bilayer 2H-VSe2, respectively. It is found that spin-up and spin-
down states are degenerate and exhibit semiconducting character
with an indirect band gap of 0.34 eV, which agrees well with
previous study40,41. Moreover, it shows that, in the bilayer 2H-VSe2,

spin-up states in VBM are contributed by the second VSe2 layer
(L2), while spin-down states are contributed by the first VSe2 layer
(L1). However, in the CBM, spin-up states are contributed by L1,
while spin-down states are contributed by L2. Based on these
unique properties that are similar to the edge states in ZGNR, half-
metallicity can also be achieved in the bilayer 2H-VSe2 by applying
a proper external vertical electric field40. More importantly, the
spin density in Fig. 7b shows that it is antiferromagnetic coupled
between the two layers and the charge densities of the two spin
components are always antisymmetric under the inversion
operation. This unique feature unambiguously demonstrates that
the robust generation of pure spin current will occur in this
system. We have carried out photocurrent calculations for the spin
photogalvanic device based on bilayer 2H-VSe2, as shown in
Supplementary Fig. 6, in which the spatial inversion symmetry is
maintained. It is periodic in both in-plane directions and the
transport direction is along the zigzag direction. The results show
that pure spin current is obtained, independent of polarization/
helicity angle and the photon energy (see Fig. 7c, d). From theses
results, we can conclude that the generation of pure spin current
in centrosymmetric material originates from the spin polarization
antisymmetry.
Finally, we note that the irradiated region is chosen as small as

nanometers in the examples above mainly because of computa-
tion capability consideration. For practical devices, both the
system size and irradiated region can be much larger for easier
experimental realization. Specifically, if part atoms of the leads are
also under irradiation to increase the irradiated region size,
the magnitude of pure spin current will be increased since
more electrons are excited. In addition, in real implementation,
there may be a number of factors that affect the possibility to
observe the predicted effect, such as temperature, ribbon width,
and disorder, etc. Anyhow, the predicted effect only depends on
whether the system is a centrosymmetric antiferromagnet. For the
ZGNRs, according to a recent experimental report, the antiferro-
magnetic order can persist up to 7 nm in ribbon width under room
temperature42. When the ribbon width is larger than 7 nm, it
will turn to a ferromagnetic metal. Edge disorder is a little more
intricate factor since it may break the centrosymmetry of the
structure, which is the basis of the scheme. However, if the
concentration of disorder is sufficiently low, it can be predicted
that the effect will be negligible. Moreover, with the development
of fabrication techniques, especially the atomically precise control
of structure design, the disorders at the edges can be well
controlled and atomically perfect graphene edges can be
achieved43. Based on these facts, by choosing the ribbon width

Fig. 7 Electronic properties and photocurrent of the bilayer 2H-VSe2. a The layer-projected DOS of the bilayer 2H-VSe2. L1 (L2) denotes the
first (second) layer of bilayer VSe2. Positive (negative) value of DOS represents spin-up (-down) component. b The spin density of the bilayer
2H-VSe2. The spin-dependent and total charge photocurrent under c LPL and d EPL with Eph= 0.65 eV.
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to be smaller than 7 nm and careful control over the edge
disorder, it will be able to observe the pure spin current produced
with PGE in ZGNRs.
In conclusion, based on first-principle transport calculations, we

show a robust route to generate pure spin current in antiferro-
magnetic systems with PGE, in which space inversion symmetry is
maintained in the structure, but is broken in the charge distribution
for each spin channel. Due to the structural inversion symmetry and
spin polarization antisymmetry, the charge photocurrent induced
by the PGE must vanish, while a finite spin-dependent photocurrent
is still generated, resulting in a pure spin current without any
accompanying charge current. By taking a device constructed with
6-ZGNR as an example, we demonstrate that pure spin current can
be robustly generated, neither dependent of the photon energy,
nor dependent of the polarization feature of the applied polarized
light. More interestingly, the device can be tuned to switch between
two states of producing fully spin-polarized current and producing
pure spin current, two ideal goals to be realized in spintronics, by
applying two parallel or antiparallel external transverse electric
fields to the two leads. The results highlight the importance of spin
polarization antisymmetry in centrosymmetric magnetic semicon-
ductors as an effective mechanism to robustly generate pure spin
current by PGE, as further confirmed by the study on 2H-VSe2
bilayer, a 2D A-type vdW antiferromagnet. Given the recent
experimental and theoretical discoveries of 2D antiferromagnetic
materials with spin polarization antisymmetry40,44,45, PGE-induced
pure spin current will be easily realized in them.

METHODS
Details on DFT calculations
All structure relaxations are performed by the Vienna ab initio simulation
package46–48, which is based on density functional theory (DFT) using the
projector-augmented wave method and a plane wave basis set. The plane
wave energy cutoff is set to 500 eV. The exchange and correlation
functional is adopted in the generalized gradient approximation with
Perdew–Burke–Ernzerhof (PBE) form for ZGNR and PBE+ U with Dudarev-
type for bilayer 2H-VSe2 system40,49,50. A 1 × 1 × 21 and 16 × 1 × 16
Monkhorst-Pack k-point mesh is adopted in the structure relaxation for
ZGNR and VSe2 unit cells, respectively. To eliminate the interaction from
the neighboring images a vacuum region of no <15Å is applied in the slab
direction. The relaxation process goes on until the residual force on each
atom is <1meV/Å. The photocurrent calculations are performed by the
NanoDcal package51,52, which combines DFT and nonequilibrium Green’s
function for quantum transport study. A double-zeta-polarized basis set is
adopted for describing the electron wave function. Moreover, the energy
cutoff is 200 Ry and the k-point grids of the electrodes for ZGNR and VSe2
are 1 × 1 × 100 and 11 × 1 × 100, respectively.

Theoretical formalism of photocurrent for nanoscale
photovoltaic device
For an electron–photon coupled transport system the total Hamiltonian
can be defined by53

H ¼ 1
2m0

ðpþ eAðr; tÞÞ2 þ VðrÞ þ e
m0

S � Bðr; tÞ (1)

where m0 is the electron mass, e is the elementary charge, A is the space-
and time-dependent electromagnetic vector potential of the light, p is the
electronic momentum operator, B(r, t)=∇ × A(r, t) is the magnetic field
operator, and V(r) is the electrostatic potential. Equation (1) can be divided
into two parts, i.e.,

He ¼ p2

2m0
þ VðrÞ (2)

and

He�p ¼ e
m0

p � Aðr; tÞ þ e
m0

S � Bðr; tÞ þ e
2m0

½Aðr; tÞ�2 (3)

where He is the electron Hamiltonian of the system without the
electromagnetic interaction and He–p is the Hamiltonian with the
electromagnetic interaction included. For He–p, the first two terms is

linearly dependent on A(r, t), while the last term is quadratically dependent
on it. Compared with the A terms, the effect of the A2 term can be
neglected for ordinary light sources since the light intensity is sufficiently
low. Furthermore, the ratio of the second term over the first term is of the
order of a0/λ (a0 and λ are the Bohr radius and the wavelength of the light,
respectively) and a0/λ≪ 1, since a0 is generally much smaller than λ
(ref. 53). Thus the second term e

m0
S � Bðr; tÞ can also be neglected, leaving

the electron–photon interaction term as

He�p ¼ e
m0

p � Aðr; tÞ: (4)

Actually, He–ph is neglected in the self-consistent Hamiltonian calculation
of the two probe system and then is regarded as a perturbation in the
photocurrent calculation after the self-consistent electron Hamiltonian He

is obtained. The photocurrent flowing from the central region to the lead α
can be then expressed as32,54

Iphα;σ ¼ ie
h

Z
Teff;α;σðεÞdε; (5)

where the effective transmission function

Teff;α;σðεÞ ¼ TrfΓα;σðεÞ½ð1� f αðεÞÞG<
phðεÞ þ f αðεÞG>

phðεÞ�g: (6)

Here, α(L, R) and σ(↑, ↓) denote the lead and spin indexes, respectively. Γα is
the line-width function of the lead α describing the coupling between the
scattering region and the lead α. G< ð> Þ

ph is the lesser (greater) Green’s
function of the scattering region with the electron–photon interaction
taken into consideration in the first-order Born approximation55. More
details on the theoretical formalism are found in ref. 54. The polarization of
the polarized light can be characterized by a complex vector A. For LPL,
the polarization vector is defined as A ¼ cosðθÞe1 þ sinðθÞe2 , where e1
and e2 are two perpendicular unit vectors for defining the propagation
direction of light according to the right hand rule, and θ is the polarization
angle formed by the polarized direction with respect to the vector e1. As
for EPL, the polarization vector is defined as A ¼ cosðφÞe1 þ i sinðφÞe2,
where φ determines the helicity of the EPL.
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