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Electrically and magnetically switchable nonlinear
photocurrent in РТ-symmetric magnetic topological
quantum materials
Hua Wang1 and Xiaofeng Qian 1✉

Nonlinear photocurrent in time-reversal invariant noncentrosymmetric systems such as ferroelectric semimetals sparked
tremendous interest of utilizing nonlinear optics to characterize condensed matter with exotic phases. Here we provide a
microscopic theory of two types of second-order nonlinear direct photocurrents, magnetic shift photocurrent (MSC) and magnetic
injection photocurrent (MIC), as the counterparts of normal shift current (NSC) and normal injection current (NIC) in time-reversal
symmetry and inversion symmetry broken systems. We show that MSC is mainly governed by shift vector and interband Berry
curvature, and MIC is dominated by absorption strength and asymmetry of the group velocity difference at time-reversed ±k points.
Taking PT -symmetric magnetic topological quantum material bilayer antiferromagnetic (AFM) MnBi2Te4 as an example, we predict
the presence of large MIC in the terahertz (THz) frequency regime which can be switched between two AFM states with time-
reversed spin orderings upon magnetic transition. In addition, external electric field breaks PT symmetry and enables large NSC
response in bilayer AFM MnBi2Te4, which can be switched by external electric field. Remarkably, both MIC and NSC are highly
tunable under varying electric field due to the field-induced large Rashba and Zeeman splitting, resulting in large nonlinear
photocurrent response down to a few THz regime, suggesting bilayer AFM-z MnBi2Te4 as a tunable platform with rich THz and
magneto-optoelectronic applications. Our results reveal that nonlinear photocurrent responses governed by NSC, NIC, MSC, and
MIC provide a powerful tool for deciphering magnetic structures and interactions which could be particularly fruitful for probing
and understanding magnetic topological quantum materials.
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INTRODUCTION
Magnetic topological quantum materials have attracted a lot of
interest as the interplay between magnetic ordering and topology
may enable exotic topological quantum states. For example,
antiferromagnetic (AFM) topological insulator1 can host topologi-
cal axion states with nonzero quantized Chern-Simons magneto-
electric coupling2, which was recently predicted in the class of
layered MnBi2Te4 materials3–5. The nontrivial topological surface
states have been experimentally verified in MnBi2Te4

6–8. While
various experiments have been carried out to study their
electronic structure and transport properties, optical probes,
especially nonlinear optical spectroscopy, may provide a rich set
of alternative tools to probe their topological nature and
understand the inherent electronic structure in these exotic
quantum materials.
Nonlinear optical responses play a key role in understanding

the symmetry, ordering, and topology. Materials with strong
nonlinear responses are particularly valuable for ultrafast non-
linear optics9, efficient generation of entangled photon pairs10,11,
and phase-matching free nonlinear optics12,13 using 2D materials.
Recently, nonlinear photocurrent responses including normal shift
current (NSC)14–18, normal injection current (NIC)17–21, and Berry
curvature dipole-induced current22–24 have been observed in
time-reversal invariant noncentrosymmetric systems. Recently,
nonlinear shift current was proposed in centrosymmetric crystals
via geometric photon-drag effect25. In particular, Berry curvature
dipole induced photocurrent is closely coupled with ferroelectric
orders, offering a unique approach to detect low-energy

ferroelectric transition. This was recently theoretically proposed
and experimentally verified in ferroelectric few-layer WTe2
semimetal, opening avenues to the development of nonlinear
quantum memory24,26. Compared to few-layer WTe2, layered
MnBi2Te4 is magnetic with tunable nontrivial topology, which may
lead to magnetically and electrically controlled large nonlinear
photocurrent responses. The effect of magnetic ordering and
intrinsic topology on nonlinear responses in MnBi2Te4, however,
has been largely underexplored.
Here we provide a microscopic theory of two types of second-

order nonlinear current responses, namely magnetic injection
current (MIC) and magnetic shift current (MSC), which are the
counter part of the well-known NIC and NSC in time-reversal
invariant noncentrosymmetric system. Both MIC and MSC can be
induced in PT -symmetric systems with space inversion (P) and
time reversal (T ) being individually broken. We take magnetic
topological quantum material bilayer AFM MnBi2Te4 as an
example of PT -symmetric system and predict that MIC can be
switched in time-reversal breaking MnBi2Te4 upon magnetic
transition, namely magnetically switchable nonlinear photocur-
rent. In addition, vertical electric field breaks PT symmetry and
enables large electrically switchable NSC. Both MIC and NSC are
highly tunable owing to field-induced Rashba and Zeeman
splitting. Field induced bandgap reduction not only induces
topological phase transition of bilayer AFM MnBi2Te4 from zero-
plateau quantum anomalous Hall insulator into high Chern
number quantum anomalous Hall insulator, but also leads to
large nonlinear photocurrent response red-shifted down to a few
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THz regime, suggesting MnBi2Te4 may serve as a promising
platform for terahertz sensing and magneto-optoelectronic
applications. The rich nonlinear photocurrent responses in time-
reversal and inversion symmetry broken systems are inherently
coupled with their crystal structure and magnetic symmetry,
offering a promising route for probing and understanding the
intrinsic electronic structure and potentially topological physics in
magnetic quantum materials.

RESULTS
Microscopic theory of second-order nonlinear photocurrent
General second-order direct injection current (IC) and shift current
(SC) under monochromatic electric field EbðtÞ ¼ EbðωβÞe�iωβ with
ωβ ¼ ±ω in the clean limit are given by14,17,27

dJaIC
dt

¼ � πe3

�h2

Z
dk½ �

X
mnσ

fmnΔ
a
mnr

b
nmr

c
mnδðωnm � ωβÞEb ωβ

� �
Ecð�ωβÞ;

(1)
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(2)

where a; b; c are Cartesian indices, rbmn;ka ¼
∂rbmn
∂ka � irbmn Aa

m �Aa
n

� �
is

the gauge covariant derivative. rnm ¼ ihnj∂k jmi and An ¼
ihnj∂k jni are interband and intraband Berry connection, respec-
tively. fm is the Fermi-Dirac distribution with fnm � fn � fm, and
�hΔa

mn � vamm � vann is the group velocity difference of band m and
n. dk½ � � dk

2πð Þd for d-dimension. Here e ¼ � ej j carries a negative

sign due to the negative charge of electron. We separate the
product of the electric field amplitude into the symmetric real and
antisymmetric imaginary parts,

Eb ωð ÞEc �ωð Þ ¼ Eb ωð ÞEc� ωð Þ ¼ Re EbEc
�� �

þ iIm EbEc
�� �
; (3)
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�� �
� iIm EbEc

�� �
: (4)

For linearly polarized light, E(ω) is real, while for left/right-
circularly polarized light E(ω) is complex with ImEb ωð ÞEc �ωð Þ ¼
�ImEb �ωð ÞEc ωð Þ≠ 0. After symmetrization with ±ω, we have
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; (6)

where
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ηabcNIC is the well-known NIC susceptibility, which vanishes under
linearly polarized light. ηabcMIC is an additional term, MIC suscept-
ibility, arising from our microscopic derivation, which recovers the
same formula as Yan’s work28. It’s clear that ηabcMIC ¼ 0 under time-
reversal symmetry. Detailed derivation of nonlinear photocurrent
responses using density matrix formalism can be found in
Supplementary Note 1.

Similarly, we can separate SC into the well-known NSC and an
additional term—MSC:

JaSC ¼ JaNSC þ JaMSC ¼ 2σabc
NSCRe EbEc

�� �
þ 2iσabc

MSCIm EbEc
�� �

; (9)

where
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Under time-reversal symmetry, the NSC and MSC susceptibilities
can be rewritten in a compact form as follows,
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where Ra;bmn kð Þ ¼ � ∂ϕb
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nðkÞ is shift vector and
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c
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� �
is the local Berry curvature between band m and n. As indicated by
Levi-Civita tensor ϵdbc , the direction of light propagation for MSC is
along d, i.e., along ðEb ´ EcÞ, The MSC is vanishing in time-reversal
invariant system since Berry curvature Ωa

mn is an odd function and
shift vector is even function with k under time-reversal symmetry.
MSC can be induced by circularly polarized light in gyrotropic
magnetic materials. During the preparation of this manuscript, we
noticed that another paper29 by de Juan derived an equivalent
equation using the similar density matrix approach and Fei et al.30

also proposed giant linearly polarized photogalvanic effect using a
diagrammatic approach which is equivalent to MIC. In the present
study, bilayer MnBi2Te4 is non-gyrotropic, hence it has vanishing
MSC. Nevertheless, MSC in gyrotropic magnetic materials is worth
for a further exploration which is closely related to magnetic bulk
phototactic31. It should be noted that the term of “magnetic”
nonlinear current defined in the MSC and MIC in Eqs. (8) and (11)
is different from conventional spin current. Instead, it refers to the
charge current which is present in magnetic materials but
vanishes in intrinsic nonmagnetic materials. Furthermore, we
can extend the above nonlinear SC and IC to nonlinear shift spin
current and nonlinear injection spin current by substituting the
current operator jasb ¼ �eva ! 1

2 fsb; vag, where sb ¼ �h
2 σb is spin

operator with Pauli matrices σb . The extended nonlinear photo-
spin current responses provide an essential route for exploring
spin physics in condensed matter, which is currently under
exploration and out of the scope in the present work.

Crystal structure and group theory of bilayer MnBi2Te4
Here we present a magnetic group theoretical analysis of bilayer
AFM-z MnBi2Te4 (Fig. 1a, c) with interlayer AFM ordering of the Mn
atoms aligned along the z direction, while group theoretical
analysis of bilayer MnBi2Te4 with different magnetic orderings can
be found in Supplementary Note 2. In general, the dichromatic
group M can be constructed by M ¼ GðHÞ ¼ H� ðG �HÞT ,
where G is the ordinary geometric point group, H is the subgroup
of G of index 2, and T is time-reversal operator. As a result,
magnetic point group of bilayer AFM-z MnBi2Te4 is
3
0
m0 ¼ D3dðD3Þ ¼ fE; 2C3; 3C0

2; iT ; 2S6T ; 3σdT g. The character
table of point group D3d is included in Supplementary Table S1.
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Without considering the ordering of spin, bilayer MnBi2Te4 is
centrosymmetric with vanishing second-order nonlinear current
responses. Taking into account the AFM-z structure, PT symmetry
is preserved in bilayer MnBi2Te4 with individual P and T
symmetry being broken. In addition, as shown in Fig. 1b, bilayer
AFM-z MnBi2Te4 holds a twofold rotation symmetry along x-axis
C2x ¼ MyMz , and a combination of mirror symmetry and time-
reversal symmetry MxT .
For systems holding magnetic point group 3

0
m0 (such as bilayer

and bulk AFM-z MnBi2Te4), both normal magnetoelectric coupling
and topological axion coupling are symmetry allowed. The polar
i-vectors (i.e., time-reversal symmetric and space-inversion anti-
symmetric vector), e.g., electric field E or electric polarization P, are
represented by A2uðzÞ and Euðx; yÞ in D3d group and they are time-
reversal symmetric but space-inversion antisymmetric. A2gðRzÞ and
EgðRx ; RyÞ represent axial i-vectors, which are symmetric under
both time reversal and space inversion. The general transforma-
tion of polar/axial i-/c-tensors under space inversion P, time-
reversal operation T , and PT can be found in Supplementary
Table S2. We can see the two types of vectors are incompatible in
D3d group, e.g., A2u � A2g ¼ A1u does not contain total symmetric
A1g . The magnetic field B or orbital magnetization M are axial
c-vectors, which are time-reversal antisymmetric but space-
inversion symmetric.
For magnetic point groups, we use Birss’s notation32, where Γs is

the total symmetric representation, Γm is the one-dimensional
representation that corresponds to M in which all elements of H
are represented by +1, and Γp is the pseudovector representation
in group G. We shall write the direct product representation Γm�p ¼
Γm � Γp for axial c-vector. For magnetic point group D3dðD3Þ, we
have Γs ¼ A1g; Γm ¼ A1u; Γp ¼ A2g þ Eg: Thus, Γm�p ¼ A2u þ Eu.
Consequently,ΓM � ΓE ¼ ΓP � ΓB ¼ 2A1g þ A2g þ 3Eg. Hence, the
linear magnetoelectric coupling of 3

0
m0 structures has two

independent nonvanishing components and corresponding orbital
magnetoelectric polarizability. Now let’s see how c-type second-
order current response under linearly polarized light such as MIC is

enabled in D3dðD3Þ by considering the following direct product
Γm � Γj � ΓE � ΓEð Þs¼ A1g þ 3A2g þ 4Eg , indicating only one inde-
pendent and nonvanishing susceptibility is allowed. For i-type
second-order current response under linearly polarized light such
as NSC, we have the direct product: Γj � ðΓE � ΓEÞs ¼
ðA2u þ EuÞ � ð2A1g þ EgÞ ¼ A1u þ 3A2u þ 4Eu. Hence, NSC is not
symmetry allowed. In fact, NSC is immune to the time-reversal
symmetry and can be determined by nonmagnetic point group. As
bilayer/bulk MnBi2Te4 holds nonmagnetic point group D3d with
inversion symmetry, both NSC and NIC vanish. Similarly, c-type
second-order current response under circularly polarized light such
as MSC is forbidden in D3dðD3Þ by considering the following direct
product: Γm � Γj � ΓE ´ E� ¼ 2A1u þ A2u þ 3Eu which does not con-
tain total symmetric representation. The above analysis can be
extended to other higher order optical/photocurrent responses in
magnetic materials.

Nonlinear photocurrent in bilayer MnBi2Te4
Ground-state crystal structures of MnBi2Te4 were calculated using
first-principles density functional theory33,34 implemented in the
Vienna Ab initio Simulation Package (VASP)35,36 with the projector-
augmented wave method37. We then performed first-principles
calculations of nonlinear photocurrent including MIC and NSC.
Specifically, with the fully relaxed ground-state crystal structure,
we constructed quasiatomic spinor Wannier functions and tight-
binding Hamiltonian from Kohn–Sham wavefunctions and eigen-
values under the maximal similarity measure with respect to
pseudoatomic orbitals38,39. Using the developed tight-binding
Hamiltonian, we then computed MIC and NSC susceptibility tensor
using a modified WANNIER90 code40 with a k-point grid of 1000 ×
1000 × 1. Spin–orbit coupling was taken into account. More details
can be found in the “Methods” section.
Figures 2a and b present the electronic structure and MIC

susceptibility ηxxxMIC in bilayer MnBi2Te4 with magnetic ordering in
AFM-z (↑↓) and time-reversed AFM-z (tAFM-z, ↓↑), respectively.
The corresponding magnetic ordering is shown in Fig. 2a inset.

Fig. 1 Crystal structure and electronic structure of bilayer AFM-z MnBi2Te4. a–c The side and top view of bilayer AFM-z MnBi2Te4.
b Selected magnetic symmetry elements in bilayer AFM-z MnBi2Te4 with the corresponding point group of 3

0
m0 in international notation or

D3dðD3Þ in Schoenflies notation. Two magnetic symmetry elements are illustrated in the plot, including twofold rotation symmetry around
x-axis C2x ¼ MyMz , and the combination of mirror symmetry and time-reversal symmetry MxT . d Electronic band structure of bilayer AFM-z
MnBi2Te4 near the Fermi level. e Contour plot of the energy difference between bottom conduction band and top valence band.
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The k-space distribution of fmnΔ
a
mnfrbnm; rcmngδðωnm � ωÞ with a

unit of Å3 at ω ¼ 120 meV and ω ¼ 600 meV are shown in Fig. 2c,
d for bilayer AFM-z and in Fig. 2e, f for tAFM-z MnBi2Te4,
respectively. This term arises from the large difference of the
asymmetric group velocity Δa

mn and the absorption strength
frbnm; rcmng at time-reversed ± k points, which eventually con-
tributes to the large MIC in bilayer AFM-z and tAFM-z MnBi2Te4.
The peak MIC conductivity is �2 ´ 1010 nm 	 A 	 V�2 	 s�1, two
times the peak NIC in ferroelectric monolayer GeS17. More
importantly, it demonstrates that the MIC can be switched upon
magnetic ordering transition between AFM-z (↑↓) and its time-
reversed tAFM-z (tAFM, ↓↑) configurations. With additional
threefold rotation symmetry, we have ηxxxMIC ¼ �ηxyyMIC ¼
�ηyxyMIC ¼ �ηyyxMIC. Moreover, the presence of MyMz symmetry
leads to vanishing ηyyyMIC. The switching of MIC for bilayer AFM-z and
tAFM-zMBT can be understood from a symmetry analysis. The MIC
is determined by the integral of fmnΔ

a
mnfrbnm; rcmngδðωnm � ωÞ in

the Brillouin zone. Under time-reversal operation, we have

T
P
mnk

fmnðkÞΔa
mnðkÞ rbnmðkÞ; rcmnðkÞ

� �
δ ωnmðkÞ � ωð Þ

¼ �
P

mn�k
fmnð�kÞΔa

mnð�kÞ rbnmð�kÞ; rcmnð�kÞ
� �

δ ωnmð�kÞ � ωð Þ

¼ �
P
mnk

fmnðkÞΔa
mnðkÞ rbnmðkÞ; rcmnðkÞ

� �
δ ωnmðkÞ � ωð Þ:

(14)

Hence, MIC switches the sign in the AFM-z and tAFM-z MBT.
Van der Waals layered MnBi2Te4 hosts rich topology with

varying magnetic orders that are different from the above AFM-z
structure (Supplementary Table S3), subsequently the correspond-
ing nonlinear current responses can be very different. For
example, FM-x and FM-z magnetic ordering under external
magnetic field (i.e., ferromagnetic ordering with magnetization
aligned along x/z direction) holds inversion symmetry, hence has
vanishing even-order nonlinear optical and photocurrent
responses including SHG, NSC, NIC, MSC, and MIC. Supplementary

Fig. S1 shows the band structure for the FM-z magnetic ordering
where each band is symmetric with respect to ±k points with
vanishing MIC. In addition, for bilayer MnBi2Te4 with AFM-x
magnetic ordering, the corresponding magnetic point group
becomes 20=m ¼ C2hðCsÞ ¼ Cs � C2h � Csð ÞT ¼ fE; σx ; C2xT ; iT g,
different from 3

0
m0 for bilayer MnBi2Te4 with AFM-z magnetic

structure. Nonetheless, bilayer AFM-x MnBi2Te4 preserves
PT -symmetry and allows for nonvanishing MIC response ηxxyMIC,
ηyxxMIC and ηyyyMIC as shown in Supplementary Fig. S2. It is worth to
point out that van der Waals layered MnBi2Te4 hosts rich topology
with varying magnetic ordering. Probing MIC response can,
therefore, help directly determine the intrinsic magnetic structure
and hence potential topology of magnetic topological quantum
materials owing to the intimate coupling between magnetic
symmetry and nonlinear photocurrent responses.

NSC in electrically gated bilayer MnBi2Te4
Although both bilayer AFM-z and tAFM-z MnBi2Te4 hold the large
MIC response as shown above, their Berry curvature Ωn kð Þ and shift
vector RamnðkÞ are vanishing due to PT Ωn kð Þ ¼ �Ωn kð Þ ¼ Ωn kð Þ
and PT Ramn kð Þ ¼ �Ramn kð Þ ¼ Ramn kð Þ. Hence, no NSC and Berry
curvature related physics would be expected in PT -symmetric
system. In fact, one can take the wave functions to be real (due to
the PT transformation). Then the phase effect is absent and the
shift vector and Berry curvature become zero in PT -symmetric
system. However, one can apply Berry curvature engineering via
electric gating to break the PT symmetry in the pristine bilayer
MnBi2Te4

41. Here we apply an external electric field along the out of
plane direction to bilayer MnBi2Te4. Figure 3a, b show the
calculated electronic structure and NSC in bilayer MnBi2Te4 under
an external electric field Ez ¼ 10mV Å−1 with magnetic ordering
AFM-z (↑↓). Large Rashba and Zeeman spin splitting are indicated in
Fig. 3a, which we will discuss soon. The peak NSC conductivity is
�1000nm 	 μA 	 V�2, which is 50 times larger than that in GeS17. In
addition, Fig. 3c–f presents the microscopic distribution of NSC,

Fig. 2 Magnetic injection current (MIC) in bilayer MnBi2Te4 with magnetic ordering in AFM-z (↑↓) and time-reversed AFM-z (tAFM, ↓↑).
a Band structure of bilayer AFM-z and tAFM-z MnBi2Te4 with spin–orbit coupling taken into account. b Frequency-dependent magnetic
injection current response of bilayer AFM-z and tAFM-zMnBi2Te4. c–fMicroscopic distribution of MIC fmnΔ

a
mnfrbnm; rcmngδ ωnm � ωð Þ between top

valence band and bottom conduction band at different frequencies of 120 and 600meV in bilayer AFM-z and tAFM-z MnBi2Te4. It shows that
MIC can be switched between two time-reversed magnetic orders AFM-z (↑↓) and tAFM (↓↑).
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P
mnσ fnmðrbmnr

c
nm;ka þ rcmnr

b
nm;kaÞ δ ωnm � ωð Þ þ δ ωmn � ωð Þð Þ, with a

unit of Å3 eVð Þ�1 at two frequencies (ω ¼ 60 meV and ω ¼ 115
meV) in bilayer AFM-z with Ez ¼ ± 10mV Å−1. From the symmetry
transformation MyMzEz ¼ �Ez , we can see that the direction of
NSC along y under linearly y-polarized light can be flipped by
switching the electric field from +z to −z. The electric field of 10
mV Å−1 can be achieved in few-layer 2D materials when the
thickness is on the order of ~nm. Recently, Xiao et al. measured
nonlinear anomalous Hall effect in trilayer and four-layer WTe2
using an electric field up to ~40 mV Å−126. Similar to MIC, NSC, and
NIC, nonlinear anomalous Hall effect is also originated from a type
of second-order nonlinear current responses due to the intraband
Berry curvature dipole. We therefore expect that it may be possible
to carry out experimental measurement of NSC using an electric
field of ~10 mV Å−1.
Similar to the case of MIC, σyyy

NSC ¼ �σyxx
NSC ¼ �σxyx

NSC ¼ �σxxy
NSC

under threefold rotation symmetry, and σxxxNSC vanishes due to
MxT symmetry. It is important to realize that upon linearly
polarized incident light along x direction, the response of NSC in
the electrically gated bilayer AFM-z and tAFM-z MnBi2Te4 is
governed by σyxx

NSC with nonlinear photocurrent generated along y
only. In contrast, under the same linearly x-polarized light, the
response of MIC is dominated by ηxxxMIC with nonlinear photocurrent
generated along x only. Moreover, NSC does not switch in bilayer
AFM-z (↑↓) and time-reversed AFM-z (tAFM, ↓↑) MnBi2Te4,
indicating that NSC cannot be reversed under T corresponding
to its dissipative and non-reciprocal nature42. In addition, as
aforementioned, NSC vanishes when electric field is absent, while
MIC always exists regardless of electric field. As shown in Figs. 2
and 3, both NSC and MIC in bilayer AFM-z MnBi2Te4 have strong
responses at low-energy regime (e.g., two strong NSC peaks at 60
and 115 meV under Ez ¼ 10mV Å−1 and two strong MIC peaks at

120 and 600 meV), making them particularly attractive for
terahertz and infrared sensing.

Tunable nonlinear photocurrent in bilayer MnBi2Te4
Both NSC and MIC are highly tunable under varying electric field.
Figure 4a shows the electric field-dependent band structure. The
bandgap decreases upon increasing vertical electric field until a
critical field of Ez ¼ 25mV Å−1, where it undergoes topological
phase transition from zero-plateau quantum anomalous Hall
insulator with Chern number Cn ¼ 0 to high Chern number
quantum anomalous Hall insulator (Cn ¼ 3). The nontrivial topology
is evinced in the Berry curvature shown in Fig. 4b, which is localized
around the center of the Brillouin zone. The integration of Berry
curvature yields a high Chern number of Cn ¼ 3. As aforementioned,
electric field can introduce large Rashba and Zeeman splitting in
bilayer AFM-z MnBi2Te4. In Fig. 4c, d we show the corresponding
spin polarization at the energy of 0.6 eV with AFM-z and tAFM-z
magnetic ordering under a vertical electric field of Ez ¼ 10mV Å−1,
which confirms large spin splitting with threefold rotation symmetry
under finite electric field. Under the same electric field, spin
polarization in AFM-z and tAFM-z are related by time-reversal T
operation. However, for the same magnetic configuration AFM-z or
tAFM-z, the spin polarization under electric field along +z and −z
are related by PT operation (see Supplementary Fig. S3). Electric
field-induced large spin splitting and distinct spin polarization
suggest that bilayer AFM-z MnBi2Te4 could serve as a rich platform
for developing electrically controlled spintronics.
Electric field-induced Rashba and Zeeman splitting reduces the

electronic gap, thereby shifting the nonlinear photocurrent
responses such as MIC and NSC to the THz regime. Figure 4e, f
shows field-dependent NSC and MIC responses in bilayer AFM-z
MnBi2Te4 under varying electric field. It clearly demonstrates that

Fig. 3 Normal shift current (NSC) in bilayer MnBi2Te4 with magnetic ordering AFM-z (↑↓) under external electric field Ez ¼ 10mV Å−1. a
Band structure of bilayer AFM-z under external electric field Ez ¼ 10mV Å−1. b Frequency-dependent NSC response of bilayer AFM-z MnBi2Te4
under external electric field Ez ¼ ± 10mV Å−1. c–fMicroscopic distribution of NSC

P
mnσ fnmðrbmnr

c
nm;ka þ rcmnr

b
nm;ka Þ δðωnm � ωÞ þ δðωmn � ωÞð Þ at

different frequencies in bilayer AFM-z external electric field Ez ¼ ± 10mV Å−1. It demonstrates that NSC can be switched by applying electric
field along +z/−z out-of-plane directions.
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the strength of NSC response increases under increasing electric
field until Ez ¼ 23mV Å−1, and the MIC conductibility remains very
large until Ez ¼ 23mV Å−1. More importantly, the low-energy peak
of NSC and MIC response linearly decreases to ~25meV upon
increasing field up to Ez ¼ 23mV Å−1. It’s worth to point out that
NSC will switch the sign upon the switching of electric field from
+z to −z, however, the sign of MIC will remain the same. This is
another way to distinguish NSC and MIC. We would like to
mention that the NSC and MIC calculated here is solely
contributed by bulk response. Topologically protected edge states
in QAHI will also contribute nonlinear current responses, which is
outside the scope of this work and needs to be explored in future.

DISCUSSION
The distinct directional dependence and switching behavior of
NSC and MIC under different electric field and magnetic ordering
provide a fundamental basis to distinguish these two current
responses in experiment. First, as shown above, under linearly
polarized light, MIC can be generated in PT -symmetric system
such as bilayer AFM-z MnBi2Te4. NSC, though absent in the
PT -symmetric system, can be enabled via electric gating.
Moreover, for electrically gated bilayer AFM-z and tAFM-z
MnBi2Te4 under linearly x-polarized light, NSC susceptibility tensor
element σyxx

NSC contributes a large nonlinear photocurrent along y
only, while MIC susceptibility tensor element ηxxxMIC contributes a
large nonlinear photocurrent along x only. More importantly,
nonlinear photocurrent from NSC can be switched by applying
vertical electric field along +z/−z direction, while nonlinear
photocurrent from MIC can be reversed by inducing magnetic
transition between AFM-z and tAFM-z. Furthermore, different
magnetic orderings (e.g., AFM-z, AFM-x, FM-z, and FM-x) yield
distinct magnetic point group, leading to different directional
dependence of nonlinear photocurrent. Such rich coupling
between the magnetic ordering and nonlinear photocurrent
responses presents itself a powerful tool for investigating

magnetic symmetries, structures, and interactions in magnetically
ordered crystals as well as imaging magnetic domain walls.
Bilayer AFM-z MnBi2Te4 possesses large MIC and NSC that are

highly tunable under electric field with the first low-energy peak
red-shifted down to 25meV (i.e., ~6 THz), offering a promising
platform for THz sensing of extreme nonlinear quantum
phenomena. The large MIC response is originated from the large
absorption strength and asymmetry of the group velocity
difference at time-reversed ±k points due to the breaking of
time-reversal symmetry. The large NSC response comes from the
strong absorption strength and the large shift vector which is
related to large inter-band Berry curvature. Topological insulators
including the MBT studied here usually have small bandgap, large
inter-band transition matrix elements, and large Berry curvature,
which is expected for most magnetic topological insulators with
symmetry-allowed nonlinear photocurrent. PT symmetry plays an
important role in the present case, and it is also crucial for non-
Hermitian magnetic structures with balanced gain and loss43. In
addition to MIC and NSC, MSC presents another interesting
second-order photocurrent response, which vanishes in time-
reversal invariant systems. MSC can be induced by circularly
polarized light in gyrotropic magnetic materials. Furthermore,
nonlinear SC and IC can be extended to nonlinear shift spin
current and nonlinear injection spin current, yielding nonlinear
photo-spin current response. This will provide an essential route
for exploring spin physics in condensed matter, which is currently
under exploration and out of the scope of the present work.
In summary, the intimate coupling between intrinsic magnetic

point group and nonlinear optical/photocurrent responses makes
nonlinear spectroscopy and imaging a powerful tool for investi-
gating magnetic symmetries, structures, and interactions in
magnetically ordered crystals. In particular, we predicted that
PT -symmetric magnetic topological quantum material bilayer
MnBi2Te4 possesses large, magnetically switchable MIC in the THz
regime. Although NSC vanishes in PT symmetric system, electric
field breaks the PT -symmetry in bilayer AFM-z MnBi2Te4, and
enables large NSC response at the IR regime. More importantly,

Fig. 4 Electric field-dependent electric structure, topology, and photocurrent responses in bilayer AFM-z MnBi2Te4. a Electric field-
dependent band structure. b Berry curvature at the critical vertical electric field of Ez ¼ 25mV Å−1 where it undergoes topological phase
transition from zero-plateau quantum anomalous Hall insulator with Chern number Cn ¼ 0 to high Chern number quantum anomalous Hall
insulator (Cn ¼ 3). c, d Spin polarization of bilayer MnBi2Te4 at energy of 0.6 eV with AFM-z and tAFM-z magnetic ordering under a vertical
electric field of Ez ¼ 10mV Å−1 which enables large spin splitting. e Normal shift photocurrent (NSC) susceptibility, σyyyNSC , in bilayer AFM-z
MnBi2Te4 under varying external static vertical electric field Ez and fundamental frequency ω. f Magnetic injection current (MIC) susceptibility,
ηxxxMIC, in bilayer AFM-z MnBi2Te4 under varying external static vertical electric field Ez and fundamental frequency ω.
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NSC can be switched by vertical electric field and MIC be switched
upon magnetic transition, however, NSC (MIC) will not be
switched by magnetic transition (electric field). Due to the
magnetic group symmetry of bilayer AFM-z MnBi2Te4, MIC, and
NSC yield photocurrent that are perpendicular to each other upon
linearly x/y-polarized light, hence can be distinguished. Very
excitingly, electric gating can efficiently tune the large nonlinear
photocurrent response down to 6 THz, suggesting bilayer AFM-z
MnBi2Te4 as an exciting platform for THz and magneto-
optoelectronic applications as well as 2D spintronics that are
electrically and magnetically tunable. The present work reveals
that nonlinear photocurrent responses governed by NSC, NIC,
MSC, and MIC provide a powerful spectroscopic/imaging tool for
the investigation of magnetic structures and interactions, which
could be particularly fruitful for probing and understanding
magnetic topological quantum materials.

METHODS
Ground-state crystal and electronic structure
Ground-state crystal structures of MnBi2Te4 were calculated using the first-
principles density functional theory33,34 implemented in the VASP35,36 with
the projector-augmented wave method37 and a plane-wave basis with
an energy cutoff of 400 eV. We employed the generalized-gradient
approximation of exchange-correlation energy functional in the
Perdew–Burke–Ernzerhof44 form. A Hubbard U correction with U= 4 eV
was applied to Mn atoms to reduce the self-interaction error present in
DFT-PBE. We further adopted a Monkhorst–Pack k-point sampling of 11 ×
11 × 1 for the Brillouin zone integration and DFT-D3 functional45 to
account for weak interlayer dispersion interactions. The convergence
criteria for maximal residual force was set to 0.005 eV Å−1, and the
convergence criteria for electronic relaxation was set to 10−6 eV.

First-principles calculations of nonlinear photocurrent
With the fully relaxed ground-state crystal structure, we constructed
quasiatomic spinor Wannier functions and tight-binding Hamiltonian from
Kohn–Sham wavefunctions and eigenvalues under the maximal similarity
measure with respect to pseudoatomic orbitals38,39. Spin–orbit coupling
was taken into account. Total 120 quasiatomic spinor Wannier functions
were obtained from the projections onto Mn’s s and d pseudoatomic
orbitals, Te’s s and p pseudoatomic orbitals, and Bi’s s and p pseudoatomic
orbitals for bilayer MnBi2Te4. Using the developed tight-binding Hamilto-
nian, we then computed MIC and NSC susceptibility tensor using a
modified WANNIER90 code40. A small imaginary smearing factor η of
5meV was applied to fundamental frequency. A k-point grid of 1000 ×
1000 × 1 was adopted, which is dense enough to reach the convergence as
shown in Supplementary Fig. S4. Tight-binding Hamiltonian was not
directly symmetrized, however, we carefully inspect the resulted electronic
structure by comparing the calculated band structures with the recent
publications by Li et al.4 and Du et al.41 and our calculations are in good
agreement with their results. Second, the electronic band structure of
bilayer AFM-z MBT (Fig. 1d) and the contour plot of the energy difference
between bottom conduction band and top valence (Fig. 1e) demonstrate
the presence of PT and C3 symmetries.
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