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Figure 1 (a) Schematic of the spin Hall effect. (b) Schematic of the
nonlinear spin Hall effect. E represents the external electric field, and J
represents the spin current. For an alternating electric field with
frequency w, the nonlinear spin Hall effect generates a spin current with
frequency 2w.
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Figure 2 (a) Schematic of the spin texture on a hexagonal warped
topological surface state. (b) First-order (df;) and second-order (Jf;)
response functions of the electron distribution function to an electric
field. (c) Schematic of the longitudinal nonlinear spin current generated
along the direction of the external electric field. E represents the
external electric field, and J, represents the spin current. (d) Schematic
of the nonlinear magnetoresistance effect, where the nonlinear spin
current is converted into a nonlinear charge current J, under a magnetic
field. B represents the external magnetic field. Reprinted with
permission from ref. [34]. Copyright©2018, Springer Nature.
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Figure 3 (a) Schematic of the transverse nonlinear spin current
generated perpendicular to the external electric field in a hexagonal
warped topological surface state. E represents the external electric field,
and J; represents the spin current. (b) Schematic of the nonlinear planar
Hall effect, where the nonlinear spin current is converted into a
nonlinear charge current J, under a magnetic field. B represents the
external magnetic field. Reprinted with permission from ref. [38].
Copyright©2019, American Physical Society.
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Figure 4 (a) Schematic of the linear spin polarization induced by an
electric current E, where the spin polarization Js reverses sign with the
reversal of electric field. (b) Schematic of the nonlinear spin
polarization induced by an electric current, where the spin polarization
os does not reverse sign with the reversal of electric field.

250012-5



EESE. pEREE: MBLSE 1% ROCF 2025 4 555 % H 5

VSe,) AN R S BB AR (MnF, FIRUO,). 1% TAE NAE
LR e LT U R A TR R ER SRR, D SEIG AT
FUNERLE R AL 7RI T 1.

W T H KRR ARG AR, ZRPECISPHR 2 ™
WA IR, FEZ BT RIS IEAE b, XiaoZE NPHRL T
—FHAE O AR ARG A R R 3 S A R CTSPAK
JSE, 235N KR T L B B B2, AN TR R T A 2H 6
If ) 5 38 A5 HIN-CISPP 33 g — Folt bt i) f2 3 48 114
N-CISPF=AEHLHI(ES5(b)), AT BAZE 114N O X FR AR
I TOMNFAE, X MRE 1ZRNAE) 2 Rk 32
SHuAL, SCEARIR T ZRN IR TR R E shE s
W CH E AR 7, 28R TR 2R MR RN SRR
F LR R BTV, R AR IE . 5
MRBEFE I T ST RN R . RETiTe,
R . ZEMnSe, H B A KNI ILIN-CISP, 7] LAAE
SEG ARSI B AE PO X BRI REVE R R, BE AT DL
Az I 8] 2 38 A5 AON-CISP, A1 A] LA A i f s v 4 (1)
N-CISP, {HZEA1HI H eI I7 A —F, [Kknr Lo
TESEBG R X 43T, %A 90 AE 25 18] SO R K ) o 4
U7 — PR B RERIETLE, S AERETE R R
G AL 1t e FE T R R ITRE TR 38

(a)

/6socE2 1M /ZSSKEZ
—_— —_—
E E
(b)
s « E? 8s o< E2
—_— —_—
E E

5 (a) WIA) A I ARZE B e AR R B B SN
Y, MORWEALRRIE J7 1), 6s B35 T IR B etk Ab, &
BEMUS [ T 375, (b) N 1) S s A A AR 2k 1 e Ak s
L os AN IR ) s 38 T A2 N T S8 R 3R ] AR
®

Figure S (a) Schematic of time-reversal odd nonlinear spin polariza-
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represented by the reversal of the magnetic field H.
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Figure 6 (a) Spin Nernst effect. In non-magnetic materials with

(
(

strong spin-orbit coupling, a longitudinal temperature gradient V T, will
induce a transverse spin current J, ; , where the spin polarization direction

is typically perpendicular to both the temperature gradient and the spin
current direction. (b) Anomalous Nernst effect. In magnetic materials,
due to the influence of the net magnetization M, the number of up-spin

and down-spin electrons is unequal, leading to a net charge current J;

accompanying the spin current. (c) Nonlinear spin Nernst effect. In
topological insulators with perpendicular spin-momentum locking and
broken spatial inversion symmetry, a temperature gradient generates a
nonlinear transverse spin current. This nonlinear spin current is
proportional to the square of the temperature gradient. (d) Nonlinear
planar Nernst effect. Due to the Zeeman effect, a planar magnetic field
partially converts the nonlinear spin current into a charge current.
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Figure 7 (a) Schematic of the magnon spin Nernst effect. A
longitudinal temperature gradient ¥V 7 drives magnons with different
spin directions to deflect in opposite directions, resulting in a magnon
spin current J,. A spin accumulation forms at the material’s edges. The
spin current J; is linearly proportional to the ¥V T'. (b) Schematic of the
nonlinear magnon spin Nernst effect. The nonlinear magnon spin
current Jg is proportional to the square of the temperature gradient
v T)z. The direction of the spin current is unaffected by changing the
direction of the temperature gradient.
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Figure 8 (a), (b) Schematic of transverse and longitudinal spin
Seebeck effects. The bottom layer represents a magnetic material, and
the top layer represents a heavy metal. V T is the temperature gradient,
J is the spin current, and B is the magnetic field. (c) Nonlinear spin
Seebeck effect. The longitudinal spin current J; is proportional to the
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Sy g L
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square of the temperature gradient (V 7 )2. (d) Nonlinear Seebeck effect,
where J. is the charge flow.
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Nonlinear spintronics represents an emerging field that combines nonlinear dynamics with spintronics, offering new
pathways beyond traditional spin-related effects. Traditional spintronics primarily focuses on the linear response of spin
to external stimuli, such as electric fields and temperature gradients. However, nonlinear responses can persist even when
linear responses are symmetry-forbidden, offering new opportunities for spintronics development. This article
summarizes recent progress in nonlinear spintronics, focusing on several typical nonlinear spin transport phenomena,
their physical mechanisms, experimental characterizations, and applications in spintronic devices. We emphasize the
importance of these effects and aim to stimulate new research directions. The review begins by discussing the generation
and manipulation of spin currents, which are crucial for spintronic devices. It highlights the nonlinear spin Hall effect,
where the spin current is proportional to the square of the electric field, contrasting with the linear response in traditional
spintronics. The article also covers the nonlinear spin Edelstein effect, where spin polarization is induced by the square of
the electric current, and the nonlinear spin Nernst/Seebeck effect, where a temperature gradient drives the generation of
nonlinear spin currents. Experimental observations of these effects are still scarce, but theoretical predictions suggest that
they can be significant in various materials, including topological insulators and magnetic materials. The review also
discusses the role of symmetry in allowing or prohibiting these nonlinear spin responses, providing a framework for
predicting materials where these effects might be observed. Furthermore, the article explores the potential of nonlinear
spin currents for device applications, such as spin memory devices and logic devices, and their potential for energy
conversion and waste heat recovery. It concludes by highlighting the need for further experimental research to validate
theoretical predictions and the development of new detection techniques to measure these subtle nonlinear effects.
Nonlinear spintronics is a rapidly evolving field with the potential to significantly impact spintronic device performance
and functionality. As research in this area progresses, it is expected to unveil new physics and practical applications,
further expanding the capabilities of spintronics.

spintronics, nonlinear effect, nonlinear spintronics, spin current, spin caloritronics
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