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Light-assisted Néel spin currents in PT -symmetric antiferromagnetic semiconductors
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Néel spin current is defined as the staggered spin current across different magnetic sublattices and can
manipulate the Néel vector of the antiferromagnet by its associated spin-transfer torques. Currently, it is believed
that Néel spin currents are only generated through electrical driving in PT -symmetric antiferromagnetic metals,
which is a linear effect. In this paper, we propose that Néel spin currents can be induced through the nonlinear
optical effect (spin photogalvanic effect) in PT -symmetric antiferromagnetic semiconductors. Using CrSBr and
CrI3 as representatives, we predict that light can generate Néel spin current in antiferromagnetic semiconductors,
with both staggered and antiparallel spin currents distributed across different magnetic sublattices, depending
on the PT symmetries of their corresponding spin photogalvanic coefficients. We show that the origin of the
diverse manifestations of light-assisted Néel spin currents lies in the nonlinearity of the spin photogalvanic effect,
resulting in the current not necessarily being the staggered spin current. Our work proposes a nonlinear effect
that may have tremendous application potential in future antiferromagnetic devices.

DOI: 10.1103/PhysRevB.109.085201

I. INTRODUCTION

Antiferromagnets possess several advantages over ferro-
magnets, including ultrafast terahertz (THz) spin dynamics,
robustness against external magnetic perturbations, and the
absence of stray fields, which makes antiferromagnets highly
promising for next-generation highly integrated and ultra-
fast memory devices [1–3]. Ferromagnetic memory devices
achieve storage functionality by controlling the relative
alignment of magnetic moments between two separate fer-
romagnetic electrodes [4,5]. Unlike ferromagnetic memories,
the functionality of antiferromagnetic (AFM) memory relies
on the manipulation of the Néel vector (MNe′el), which is
defined as MNe′el = M1 − M2 (M1 and M2 represent the mag-
netic moments of the first and second sublattices, respectively)
[6]. Controlling the relative orientation of Néel vectors en-
ables the realization of tunneling magnetoresistance (TMR)
effect in tunnel junctions composed of the antiferromagnetic
metals [7]. Furthermore, the modulation of Néel vector is of
significant importance for exploring novel physical phenom-
ena such as the hidden spin polarization [8,9] and spin-neutral
tunneling anomalous Hall effect [2].
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Recently, Shao et al. proposed that due to symmetry con-
straints, the spin currents from different magnetic sublattices
in PT -symmetric AFM systems are opposite in spin but of
equal magnitude [Fig. 1(a)] [10]. They referred to this stag-
gered spin current as the Néel spin current for it can reverse
the Néel vector through the spin-transfer torque (STT) effect
[11]. When applying a bias voltage to AFM metals, the Néel
spin current manifests as two spin-polarized currents with
the same transport direction but opposite spin orientations
[Fig. 1(b)]. However, this definition holds true only when the
PT symmetry of the spin-polarized current (Jup/down) is even,
i.e., PT Jup = Jdown (up and down refers to different spin
orientations). If the spin-polarized current possesses other PT
symmetry types (e.g., PT odd), the manifestation of the de-
fined Néel spin current will be completely different [12–14].
For example, when the spin-polarized currents are PT odd,
the resulting Néel spin current manifests as two counter-
propagating spin-polarized currents, distributed on different
sublattices, with opposite spin and transport directions. In this
paper, we refer to such a Néel spin current as the “antipar-
allel spin current.” The antiparallel spin current carries the
same angular momentum for different sublattices, leading to
a tendency for antiferromagnetic order to transform into the
ferromagnetic order [10,15].

In semiconductors, it is challenging to excite Néel spin
currents electrically due to its poor conductivity, whereas
the optical or thermal assistance are more desirable [16,17].
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FIG. 1. (a) Schematic diagram of the Néel spin current JS
N . A (red ball) and B (blue ball) denote the atoms in different magnetic sublattices.

JAA and JBB correspond to the currents flowing through the AA and BB sublattices, respectively. The orange upward and blue downward arrows
indicate the spin up and down, respectively. The horizontal yellow and green arrows represent the flow directions of spin-up and spin-down
polarized currents, respectively. JS

N in the PT -symmetric AFM semiconductors under (b), electrical driving and optical excitation with the
spin photogalvanic coefficients being PT (c) odd and (d) even.

For instance, the photogalvanic effect and spin photogalvanic
effect allow for the generation of charge current and spin
current in semiconductor systems, respectively [15,18–22].
Recently, research on photogalvanic effect and spin photo-
galvanic effect in PT -symmetric AFM semiconductors has
gained increasing attention. For example, Xiao et al. and Fei
et al. proposed that the pure spin current can be generated
by the linear shift current [13] and circular injection current
[12] in PT -symmetric AFM systems, respectively. However,
the spatial distribution characteristics of that pure spin current
excited in PT -symmetric AFM semiconductors have not yet
been studied. Whether such spin currents can be classified as
the Néel spin current remains unknown.

In this work, we propose the light-assisted Néel spin
current in the PT -symmetric semiconductors. We define the
extended global Néel spin current as a binary vector consisting
of staggered spin currents from different magnetic sublattices
[Eq. (1) and Fig. 1(a)], with their respective basis vectors
corresponding to different magnetic sublattices. Our definition
consists with Shao’s definition for the electric-assisted
systems [11]. By employing ab initio quantum transport
simulations, we investigate the electric current and
photocurrent in bilayer CrSBr and CrI3 antiferromagnetic
tunnel junctions (AFMTJs). Under electrical assistance, the
CrSBr AFMTJ can excite Néel spin currents composed of the
staggered spin current across different magnetic sublattices
[Fig. 1(b)]. Under optical excitation, the CrSBr and CrI3

AFMTJs can excite both the antiparallel [Fig. 1(c)] and the
staggered spin current [Fig. 1(d)] across different magnetic
sublattices, which is determined by the corresponding PT
symmetries of the spin photogalvanic effect. In the presence
of mirror symmetry protection, the photocurrent manifests as
only the antiparallel spin current irrespective of the incident
light [Fig. 1(c)], which is totally different with the case in the
PT -symmetric AFM metals.

II. NÉEL SPIN CURRENT IN AFM SEMICONDUCTORS

We consider a collinear AFM semiconductor that consists
of two magnetic sublattices A and B with negligible spin-orbit
coupling. The intrasublattice distance dAA is always smaller

than the intersublattice distance dAB in the studied systems,
indicating that the currents generated in these two sublattices
are spatially separated and satisfy the criteria for Néel spin
currents [11]. Hence, we assume that the current flowing
through the same sublattice (JAA/BB) dominates and neglect the
influence of the current flowing through different sublattices
(JAB). J and Js(Js = Jup − Jdown) denote the magnitudes of
the charge currents and spin currents, respectively. Here, we
define the Néel spin current JS

N as a binary vector with their
respective basis vectors corresponding to the spin current of
different magnetic sublattices:

JS
N =

(
JS

AA

−JS
BB

)
, (1)

where the positive and negative signs here refer to different
flowing directions, and the first and second dimensions rep-
resent the spin currents flowing through in the sublattice AA
and BB, respectively. Here, we have assigned a negative sign
to the spin current in the second sublattice for the purpose
of consistency with the previous definition in AFM metals.
However, the actual direction of the spin flow in the second
sublattice needs to be determined through further calculations.

When a bias electrical field E is applied to the AFM semi-
conductor with a finite thickness, an electrical current would
be generated, where the current is a first-order response to the
electric field [23]. By using the linear response theory, the real
part of the frequency (ω)-dependent electrical conductivity
σα

E (ω) with spin α in the Bloch system is [24]

σα
E (ω) = μ

ω

∫ ∑
m,n

( fm − fn)〈m|vα (k)|n〉

× 〈n|vα (k)|m〉δ(εmn − h̄ω)dk, (2)

where m, n label the band index with εm, εn the corresponding
eigenvalues and the associated Fermi-Dirac occupation num-
bers f (εm), f (εn).εmn = εm − εn and � fmn = f (εm) − f (εn).
k is the wave vector, vα the velocity operator with spin α, and
μ the constant coefficient. After the PT transformation, the
spin-dependent conductivity coefficient only causes a change
in the spin orientation, i.e.,PT σα

E (ω) = σ−α
E (ω). Due to the
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presence of only one type of spin-polarized current in the A
and B lattices, respectively, under the influence of an electric
field, these spin-polarized currents will all move in a directed
manner towards one direction. We can derive the electric-
assisted Néel spin current:

JS
N =

(
Jup

AA

Jdown
BB

)
. (3)

It shows that the electrically driven Néel spin currents are
globally spin-neutral currents consisting of two spatially sep-
arated and oppositely spin-polarized currents with the same
transport direction [Fig. 1(b)], which is consistent with the
previous works [10,11].

When the AFM semiconductor is illuminated uniformly
with a light, a photocurrent is induced by the photogalvanic
effect, which is the second-order response to the electric field
Jα

c = ηα
abcEaEb (a, b, and c are spatial coordinates). There

are four types of photogalvanic effect coefficients: the linear
shift current, linear injection current, circular shift current,
and circular injection current (see details in the Supplemen-
tal Material [61]). The “linear” and “circular” correspond to
linearly polarized and circularly polarized light excitations,
respectively. The “injection” and “shift” correspond to the
diagonal and off-diagonal elements of the nonequilibrium
density matrix. Unlike the first-order response to the electric
field, the coefficients of the second-order response to the
electric field are not necessarily PT even. For example, the
response coefficient of the circular injection current is [12]

ηα
abc(ω) = − λ

ω2

∫ ∑
m,n

Im
[
vα,a

mn
(k)vα,b

nm
(k)

]
fmn

× (〈m|{σα, vc(k)}|m〉τm − 〈n|{σα, vc(k)}|n〉τn)

× δ(εmn − h̄ω)dk, (4)

where λ is the constant coefficient,vα,a
mn and vα,b

mn are the a-
direction and b-direction interband velocity matrix elements
between the mth and nth states with α spin, respectively. Im
is taking the imaginary part of the function, and {·} is the
anticommutation operator. τm is the minimum value of spin-
relaxation and free-carrier relaxation times of the mth band
carrier. Since there is an imaginary term (PT odd) present in
ηα

abc, while the other terms are PT even, the overall coefficient
is PT odd, i.e.,PT Jup

AA = −Jdown
BB . This leads to the generation

of currents with opposite spin orientations and transport direc-
tions on different sublattices [Fig. 1(c)]:

JS
N =

(
Jup

AA

−Jdown
BB

)
. (5)

As shown in Table I, the spin photogalvanic coefficients of
the linear-polarized shift current (LPS) and circular-polarized
injection current (CPI) are both PT odd [12–14], and the
corresponding Néel spin currents are depicted in Fig. 1(c).
While for the linear-polarized injection current (LPI) and
circular-polarized shift current (CPS; PT even) [18], the Néel
spin currents are depicted in Fig. 1(d). Without loss of gen-
erality, we choose the A-type AFM semiconductors CrSBr
and CrI3 to illustrate our theory (the calculation details of the

TABLE I. Mechanisms of photogalvanic effect for the charge
current and spin current generation in PT - symmetric AFM semi-
conductors. LPI, LPS, CPI, and CPS are the linear-polarized
injection current, linear-polarized shift current, circular-polarized in-
jection current, and circular-polarized shift current, respectively. “�”
and “×” refer to nonzero and zero, respectively.

Mechanism LPI LPS CPI CPS

Spin current × � � ×
Charge current � × × �
PT symmetry Even Odd Odd Even

bilayer AFM CrSBr and CrI3 are shown in the Supplemental
Material).

In terms of manipulating the Néel magnetic moments,
the PT -odd terms inject the same amount of angular
momentum into both sublattices, resembling a pure spin
current but without time-reversal symmetry [62]. This leads
to a transition from antiferromagnetic order to ferromagnetic
order [4]. On the other hand, the PT -even terms generate Néel
spin currents that induce the rotation of the antiferromagnetic
Néel vectors [11].

III. ELECTRIC-ASSISTED NÉEL SPIN CURRENTS

We design a lateral bilayer (BL) CrSBr AFMTJ based
on a two-probe model and investigate its electrical transport
properties by using density functional theory (DFT) coupled
with the nonequilibrium Green’s function (NEGF) method
(see details in the Supplemental Material). As shown in
Fig. 2(a), the device consists of the electrodes and channel,
with the channel being the intrinsic CrSBr and the electrodes
being the doped metallic CrSBr. The Néel vector of the source
(left electrode) is kept along the +z axis. When calculating the
STT, the Néel vector of the drain (right electrode) is set along
the y axis. As shown in Fig. 2(b), the STTs at Vg = 0 V in the
different layers have opposite directions but the same mag-
nitudes. This implies that the spin orientations of the current
entering the drain from different layers exhibit exact an-
tiparallel alignment, resulting in the emergence of a globally
spin-neutral current across different sublattices. Such Néel
spin currents are confirmed by the spin-resolved transmission
eigenstates [Fig. 2(d) and Fig. S6 for the antiparallel (AP)
state [61]]. When calculating the magnetoresistance, the Néel
vector of the drain (right electrode) is set along the +z and the
−z axis, corresponding to the parallel (P) and the AP states,
respectively. The calculated AFM TMR reaches the consid-
erable value of ∼8 × 105% (Table II), which is much larger
than the calculated TMR (∼500%) of the spin valve based
on the ferromagnetic monolayer Fe3GeTe2 magnetic tunnel
junction [63].

We subsequently investigated the Stark effect of this device
to investigate the spatial distribution of the current. As Vg

increases from 0 to 5 V, the transmission of spin-up elec-
trons at the Fermi surface gradually rises, while that of the
spin-down electrons gradually decreases, as shown in Fig. S7
[61]. When Vg reaches a threshold of 5 V, the spin-up chan-
nel becomes conductive [Fig. S8(c) [61]], and the spin-down
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FIG. 2. (a) Schematic diagram of the electrically driven Néel
spin current in the BL CrSBr AFM tunneling junction. Distribution
of the z and y components of spin-transfer torkance τ in the drain of
the bilayer CrSBr AFM tunneling junction at gate voltages Vg = (b)
0 and (c) 5 V. The spin angle between the left and right electrodes is
90° when calculating τ . Spin-resolved transmission eigenstates for
Vg = (d) 0 and (e) 5 V. k|| = (0.07, 0) and (0.46, 0), isovalue = 0.05
and 0.1 Å−3/2 eV−1/2 for (d) and (e), respectively. The value and the
color of the isosurface represent the amplitude and the phase of the
electron wave function, respectively.

channel remains insulated [Fig. S8(d) [61]]. Here, the STT
and spin-polarized current are locally concentrated in the top
layer, indicating that only the magnetic moments in the top
layer are modulated, as shown in Figs. 2(c) and 2(e). More-
over, the current in the device is no longer a tunneling current
and primarily exists in the upper layer, and the average STT of

the conducting current (Vg = 5 V) is one order of magnitude
larger than that of the tunneling current (Vg = 0 V). A spin-
polarized current is produced with the spin polarization of
88% under zero bias voltage. As the bias voltage increases, the
polarizability of the spin also gradually rises (reaching 92% at
3 V bias voltage; Fig. S9 [61]) and the magnetoresistance is up
to ∼5 × 105% for Vg = 5 V (Table II). Our results shows that
the electrically driven Néel spin current is layer distributed,
and that the Stark effect can generate the spin current that only
exists in a single layer.

IV. LIGHT-ASSISTED NÉEL SPIN CURRENTS

The photocurrent of the BL AFM CrSBr photodetector is
also simulated by the DFT+NEGF method [51,53]. The pho-
todetector, as shown in Fig. 3(a), shares the identical device
configuration of the AFMTJ in Fig. 2(a). Upon illumination of
the central region of the device, the photocurrent is generated
and subsequently collected by the electrodes. According to
the previous results of the Stark effect, the energy bands of
bilayer AFM CrSBr can be regarded as a superposition of
two oppositely ferromagnetic (FM) monolayers. We calcu-
lated the spin-resolved in-plane optical absorption tensors xx
and yy of the monolayer FM CrSBr with opposite magnetic
orders, as shown in Figs. 3(b) and 3(c). We find that the
upper layer of CrSBr primarily absorbs photons to generate
spin-up photocarriers, while the lower layer generates the
spin-down photocurrent. This implies that the spin-polarized
current generated in this device is layer distributed, exhibiting
typical characteristics of the Néel spin current.

In the bilayer AFM CrSBr photodetector, due to the mir-
ror (glide) reflection Mz along the transport direction z in
the device, the total charge photocurrent of the device is
constrained to be 0, i.e., Iup + Idown = 0 [15]. The photocur-
rent corresponding to PT -even terms can only remain to be
0(Iup = Idown = 0), while the photocurrent corresponding to
PT -odd terms can maintain Iup = −Idown without necessarily
being 0. Hence, the Néel spin photocurrents manifest as a pure
spin current across different magnetic sublattices, which we
name “antiparallel spin current.” When the linearly [Fig. 3(a)]
or right-handed circularly [Fig. 3(b)] polarized light is ver-
tically incident, the spin-up (Rup) and spin-down (Rdown)
photocurrents exhibit a reverse direction with equal magni-
tudes, irrespective of the photon energy E. When E is fixed
(e.g., E = 1.3 eV), changing the polarization angle θ and φ or
the rotation angle α and β does not alter this relationship (the
definitions of the above angles are shown in the Supplemental
Material), as shown in Figs. S10(a)–S10(d) [61]. Namely, the
generated Néel spin currents are robust against the incident

TABLE II. Calculated spin-dependent electron transmission t↑ and t↓ in CrSBr antiferromagnetic tunnel junction at different Vg. The Néel
vector angle between the two electrodes is 0° and 180° in the parallel and antiparallel states, respectively. The calculation detail of the tunnel
magnetoresistance (TMR) is provided in the Supplemental Material.

Gate voltage Configuration t↑ t↓ tsum TMR

Vg = 0 V Parallel 1.66 × 10−2 1.66 × 10−2 3.32 × 10−2 835000%
Antiparallel 1.52 × 10−6 2.46 × 10−6 3.97 × 10−6

Vg = 5 V Parallel 2.92 × 10−1 1.55 × 10−2 3.08 × 10−1 520000%
Antiparallel 5.27 × 10−5 6.45 × 10−6 5.92 × 10−5
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FIG. 3. (a) Schematic diagram of the light-assisted Néel spin cur-
rent in bilayer AFM CrSBr photodetector. The blue and red arrows
denote the spin-up and spin-down polarized current, respectively.
Spin-resolved optical absorbance tensor of the (b) top and (c) bottom
CrSBr monolayers, respectively. Spin-resolved photoresponse as a
function of the photon energy E in the bilayer antiferromagnetic
CrSBr photodetector under the (d) linearly polarized light and (e)
right-handed circularly polarized light.

light. When changing the polarization and incident angles,
the photocurrent exhibits a trigonometric function relationship
with the angle, consistent with the photogalvanic effect ob-
served in the experiments [64]. Note that there are still some
small net charge photoresponses (Rsum = Rup + Rdown) under
certain photon energies and polarizing angles. As shown in
Table I, those net charge currents come from linear injection
and circular shift currents. The reason is that the Mz only
approximately holds in the CrSBr photodetector due to the
difference between the NEGF with the perturbation theory
(see details in the Supplemental Material). The maximum spin
photoresponse (Rs = Rup − Rdown) under the linear-polarized
light is 6 mA/W at E = 1.4 eV, and that under the circularly
polarized light is as large as 6 mA/W at E = 2.3 eV. Such
photoresponse is comparable with the common theoretical
values in two-dimensional van der Waals material based p-n
junctions (e.g., 16.8 and 13.6 mA/W in monolayer Bi2O2Se
and Bi2O2Te p-n junctions [65]). In addition, it can generate

FIG. 4. (a) Schematic diagram of the antiferromagnetic CrI3

photodetector. Spin-polarized photocurrent (light-assisted Néel spin
current) of the antiferromagnetic CrI3 under the (b) z linearly polar-
ized light and (c) y right-handed circularly polarized light.

spin current in infrared and visible light regions, making it
widely applicable for practical use [17].

When the mirror reflection symmetry is broken, the gen-
erated spin photocurrent will include both PT -even and
PT -odd terms. To illustrate this point, we calculate the
spin-dependent photocurrent in the A-type antiferromagnetic
bilayer CrI3, which also possesses PT symmetry but the
broken P and T symmetries [26]. Here we investigate its
photocurrent transportation in the absence of the mirror re-
flection symmetry Mz, as shown in Fig. 4(a). We find that
under both (b), linearly polarized, and (c), circularly polarized
light irradiation, the generated photocurrent is not like the
antiparallel spin current in bilayer AFM CrSBr, as shown in
Fig. 3. This is because the loss of mirror reflection symmetry
leads to the generation of the PT -even spin photocurrent. In
this case, the Néel spin currents generated by the PT -even
terms have opposite spin directions but the same transmission
direction, which is the staggered spin current and corresponds
to Fig. 1(d). The photocurrent in this case is contributed by
both the PT -even and the PT -odd terms.

Differing from the PT -even terms, it is difficult to elimi-
nate the PT -odd terms through selecting specific symmetries
[66]. In other words, when illuminating a PT -symmetric an-
tiferromagnetic system with light, it is challenging to generate
only the staggered spin currents as the electric-assisted Néel
spin currents. This is because the PT -odd photocurrents are
generated through either the linearly shifted current or the
circularly injected current, with the primary physical quan-
tities that control its symmetry being the Berry connection
and the Berry curvature, respectively [19,67]. If we want
both of these physical quantities to be zero, the system must
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simultaneously possess T and P inversion symmetry, which
contradicts our assumption. Therefore, in the systems with the
PT -symmetric and broken P and T symmetries, the light-
assisted Néel spin currents can only exist in two forms: either
the purely antiparallel spin currents or a combination of the
antiparallel and staggered spin currents.

V. CONCLUSION

In this work, we extend the generation method of the
Néel spin current from the electric-assisted PT -symmetric
metals to light-assisted PT -symmetric semiconductors. The
light-assisted Néel spin currents consist of the staggered
or antiparallel spin currents distributed across different
magnetic sublattices, depending on the PT symmetries of its
corresponding spin photogalvanic coefficients. We show that
the origin of the diverse manifestations of light-assisted Néel
spin currents in semiconductors lies in the nonlinearity of the

photogalvanic effect, resulting in the current not necessarily
being PT even. Taking CrSBr and CrI3 as examples, we
verify the aforementioned theory through first-principles
calculation combined with the quantum transport approach.
Our work provides a path for utilizing optoelectronic methods
to write in AFM memories.
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