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Fig. 1. Schematic illustration of spin thermal transport and spin-charge conversion mechanism: (a) Transversal spin Seebeck effect

N5 (b) Ak SRk 1 e 28 D85 (c), (d) G 1A e 2E 0 s

(SSE); (b) nonlocal spin Seebeck effect; (c), (d) longitudinal spin Seebeck effect, where the spin polarization vector o is (c) perpen-
dicular and (d) parallel to the zaxis, respectively. Jm, AT and H denote magnon spin current, temperature gradient and external
magnetic field strength, respectively. The spin current is detected via the inverse spin Hall effect (ISHE) in the heavy metal layer
(when o L 2) or the anomalous inverse spin Hall effect (anomalous ISHE) in the magnetic metal layer (when o // 2).
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Fig. 2. Schematic illustrations of electron flow, categorized
into two fundamental types: Unpolarized current without
considering electron spin, and spin-dependent currents in-
cluding spin-polarized current, fully spin-polarized current

and pure spin current.
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Fig. 3. Conceptual diagram of magnon spintronics. The information in the charge current or spin current can be interconverted with
that in the magnon spin current-%],
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Fig. 4. Fundamental principle and key experimental verification of the transverse spin Seebeck effect. Schematic diagrams of (a) the
conventional Seebeck effect and (b) the transverse spin Seebeck effect; (¢) schematic diagram of the electrical detection principle for
the spin current; (d) spin-dependent electrochemical potential profile of a Pt/Py sample; (e)-(g) linear dependence of voltage on
temperature difference due to temperature gradient in Pt/Py heterojunction!'”; (h) the transverse voltage vs. the magnetic flux
density; (i) spatial dependence of the spin Seebeck coefficient before and after scratching the sample, where the shaded area indic-
ates the scratched region; (j) after the sample has scratches, temperature dependence of the spin Seebeck coefficient!'8l; field depend-
ence of the hot-side and cold-side voltage for the Py sample with the heater placed on the (k) top and (1) bottom; (m) and (n) the
corresponding measurement results for a 10 nm Pt layer on a 300 nm thick Py film .
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Fig. 6. Photo-generated spin current: (a) Schematic diagram of the Pt/GaAs layer structure; (b) schematic diagram of the spin
photovoltaic effect induced by circularly polarized light in the Pt/GaAs system, where Eisgg represents the electromotive force of
the inverse spin Hall effect!'?; (c) schematic diagram of the experimental device for the spin photovoltaic effect of Pt/YIG; (d) in-
verse spin Hall voltage as a function of time under front-side and back-side illumination of the sample; (e) schematic diagram of the
physical mechanism of the spin photovoltaic effect in Pt/YIG; (f) spatial distribution of spin current generated by hot electrons and
holes!*; (g) spin photovoltaic effect of Pt/YIG under visible light irradiation, where the illustration is a schematic diagram of spin
photovoltaic effect measurement; (h) magnetoresistance curves of Pt/YIG under different light intensities); (i) inverse spin Hall
voltage as a function of time under different magnetic fields for the PtMn/YIG devicel'20); time-dependent inverse spin Hall voltage
for the W (5 nm)/YIG (880 nm) sample measured under (j) the top-illumination of and (k) the bottom-illumination of configura-
tions with magnetic fields applied along different directions; (1) three-dimensional color diagram of temperature gradient in the z

direction distribution obtained through COMSOL heat transfer simulation under the top-illumination configurations!'?7.
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Fig. 7. Light-thermally induced spin current: (a) Schematic diagram of Pt/YIG illumination experimental device; (b), (c) schematic
diagram of laser irradiation from the front side and the back side, respectively; (d), (e) inverse spin Hall voltage-magnetic field
strength curves under the front and the back illumination conditions, respectively, when the laser spot is positioned at the center of
the Pt[?!; inverse spin Hall voltage-magnetic field strength curves caused by illumination from (f) top and (g) bottom of Pt
(5 nm)/YIG (60 nm)/GGG sample; (h), (i) inverse spin Hall voltage-magnetic field strength curves caused by illumination from the
top and bottom of the Pt (5 nm)/YIG (2.7 pm)/GGG (0.5 mm) sample, respectively; two-dimensional color image of the temperat-
ure gradient in the z direction distribution for samples with YIG thicknesses of (j) 60 nm and (k) 1200 nm under bottom-side illu-
minationl®; time-dependent inverse spin Hall voltage for the W (5 nm)/YIG (880 nm) sample measured under (1) the top-illumina-
tion and (n) the bottom-illumination configurations with magnetic fields applied along different directions; (m), (o) the three-dimen-
sional color diagrams of the temperature gradient in the z direction distribution obtained through COMSOL heat transfer simula-
tion under the top-illumination and the bottom-illumination configurations, respectively; both experiments and simulations use laser
light sources!'27,
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Fig. 8. Experimental and applied research on the nonlocal spin Seebeck effect: (a) Schematic diagram of the Pt-YIG-Pt device struc-
ture; (b) optical microscope image of the device; (¢) fundamental wave data in linear coordinates, where the dashed line is the fit-
ting using the diffusion-relaxation model; (d) second harmonic voltage signal in linear coordinates, where the dashed line is also the
fitting using the diffusion-relaxation model®); (e) schematic diagram of the Pt-YIG-Pt device structure; (f) the injector-detector dis-
tance dependence of thermally generated nonlocal signal for the same YIG film at T = 300 K['*?; (g) schematic cross-section of the
Pt-BiFeO3-Pt device; (h) the experimental process and results of the “half” electric hysteresis loop, wherethe stability of the ferro-
electric state after electric field polarization was confirmed; (i) time-dependent measurement of the second harmonic voltagel!'"");

/I\{,]l_,)u

AEIE L1 pm B ER1FH

(j) schematic diagram of the magnetoelectric spin orbit logic device; (k) piezoelectric force microscope image of the device structure;
(1) the electric hysteresis loop of the spin magnon signal read from SrIrO; device is measured through the fundamental wave in a
device with a channel width of 500 nm; (m) the electric hysteresis loop of the thermal magnon signal read from SrIrO; device is
measured through the second harmonic in a device with a channel width of 1 pm!*
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Table 1. Comparison of magnon spin diffusion
lengths ( \) measured in different materials via non-

local spin Seebeck effect.

Samples Thickness/pm Temperature/K ~ A/pm
YIG?2I 0.20 300 9.44-0.6
0.21 300 9.241.0
1.5 300 6.0+£0.3
YIGH3]
12 300 5.04+0.8
50 300 5.7+3.4
2.7 300 15
2.7 3.5 40
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50 300 15
50 3.5 40
0.21 300 9.64+0.9
YIGHH
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NiFe, 0,1
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0.040 2 4.7
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MgAly ;Fe; ;0,47 0.006 300 >0.8

bR T 2ERN SIS, ARJRR SSE 7R rl Ik
FeEd RBL B, G, TR I BiFeO,
MRk R PP S ORI Y Z [ AR £, 7RIS MINE
YA, e 3 B Bk P AL T ), ST
SRR RESRT B VR AL R (1 8(g)— (1)1,
FEICIERT |, Huang %5 42 gF—40R Tt BiFeO,
BRER AR T G IR T s i 4 a2 e A
7 (K 8(j)—(m)). FEmBREIRTTEA /4RI 7 S0
IR 2 ] PO | AR T R AR 1801 AR
K AR BE T 5CHE A

Yo 4 1k, AF JR B SSE L 1E & il 1 b
R R A e P (BuSD); S Bk
(YIG[4U’142’143*153 157]’ TInSFe5O12[146,158]7 NiFeQ
O, 12199 11 MgA]o_5Fe1‘504[147] %% TR /R AL (Cr,y
03[54,160]’ OL—FGZO3[161], NiO[62 Fp BiFeOB[42,15O] g._’rf)’
W REAA (VOLU63) ) DL e — 4 il & (NiPS3l64, Mn
PSS[148,165,166] i CrBr3[167] g(rf) &1k SSE & Tk
PR REAR T ABILTR], B3 i 4 TR A A A A
TERENEL LA 7 A R BEAR BE, MR AR -1
PRT. AN, AT — R T R AR AR R A ek
7720 A E SR PR SHE 748 F et R, lid
T A A 1o A AR AR (951480681 HL 4

Pl BRIk 5 s LG B ) Iz RS (1091, x4
BIF5E 0 B W R A 5 S T A o ) R K Bl A
Thinis RS B AL PR T B S MK
B, 0 E AL T2 S IR RO A 1 1) A J B8
TE T IS SCHER].

4 RARER Gk

4.1 HEFR: BT EREE e H#IRF
HiERIFR

Ry 2 2 R E B I RE IR F I BETRICR AL,
SSE CfERGT IZR s rh AR 21 2 . #E T
) 2 — 2 HE T e T His 1 A e oA,
ARINFEMHI T FIH SSE P A wEdR T AER, I
T RV R RIRE A 7 10 B4 T SO AT R A, S
PUXHRENR T A BER BT e84, T HEAMRIhFE.
TCHL A A DGR E I AT R MR AR IR B, AR
RS2 B e BE OGTE. AT N SC I S 8 Wy B 5
AR R 3 AT, XA SE U R TR,

& PR G Ry i a2, SEERR T B
JiE i 5 L A e Z A A AR L AR YIG/Au/YIG
S5 RIA A ZE ) PBCR RETR T A TE A Au 2
AL T ABER, FHEASS 2 2 YIG JF7E Pt 2
HiE it ISHE # 46 rT I i e, HOPAT /R4 T4
RIT W55 22 52 1%, 15 0 2 B R 7 I &
N7 AL 9(a)—(c) B 170 2RI, TmyFe;04/
Au/TmyFe;0,, 251 EBLH ZHIERE T, TERETR
Tt 5 32 s 55 7 T B AR A (E T Dy
ifE— DR B4R L SR TN ORFRRE ), 248 %%
T I IFTE R, 92838, 78 YIG/NiO/YIG
ghitrh, BEPRT A BERTE AT 8GR  TEROPAT AR
H, FFCHATIA 1.6, Jf8fi T NiO 7 100—200 K
HIREHR T R BE A 3.5—4.5 nm (K] 9(d), (e))H.
b5, EiE— 2 YIG/CoO/YIG G5 5P T %
TERAE, H CoO BYMEHR ¥ =K BE 20 3.4 nm,
HAE Pt 2RI Z rpoudm )34k Jey 5l [ e e R wERe, 1
RH G P 75 1T B2 T 84 4 T L L 1172,

PO R, 4ask S s ol B AR B AT 5
WERT A BT A B A% I, Al — 2 aK5)
WAL BIEE B A edRs 7. S — B TARIR ), &4
Gt o] R e LB #E SSE SRR TR )
RN, SR FHAREK Sl 5 XS R4 12 58 5 A7 it
AR T A 17,

060703-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060703

‘(a) .
0.8 (c)

(®)

=g==0=0={ 5
L
—_— —
0.4 3 —_— e —
<« o
6§ €—
=
E g f: 2 5
< ~
~ — ; 2
= <_<¢9 Y S e
o4l € ¢ = _—
: «— & «—
(=o=0=0=0= 2
08 : i ; , , ,
~200 —100 0 100 200 —200 —100 0 100 200
H/Oe H/Oe
d I e
@) (_% () T=300 K
1} t =8 nm
—_—
—
—
P
; /
H
2
=0
~
%
= /.-
—_—
. -— >
SSE
—60 —30 0 30 60
H/Oe

B9 RETRSON XL SAERETEAZRIEZAAT L (a) Pt/YIG/Au/YIG/GGC BT UM E 7% 5 (b) R T 1 B RE Ak 35 BE 5 it fin
TEF TN IR R R BOCFR , B KRR I YIG JZ BREAL T 105 (c) Tt At BE R BE IS 1% - I A9 390 e 7K o S5 i ) R G 2R 07
(d) Pt/YIG/NiO/YIG /GGG 1 il 1 26 /s BRI (e) MM BE 16 B2 J5 4 2 Gl IR A9 300 19 8 20K P e A5 3 1Y) BRI B OG 3R [
Fig. 9. Magneton valve effect and its comparison with non-magnetic and insulating spacer layers: (a) Illustration of the
Pt/YIG/Au/YIG/GGG magnon valve effect; (b) the magnetization intensity of the magnon valve as a function of the magnetic
field applied on the plane, where the arrow indicates the magnetization direction of the two YIG layers; (c) the function between
the inverse spin Hall voltage of the magnon valve and the magnetic field after applying a temperature gradient!'™; (d) schematic
diagram of the measurement device for the Pt/YIG/NiO/YIG/GGG magnon valve; (e) the function between the inverse spin Hall

voltage of the magnon valve and the magnetic field after applying a temperature gradient for all-insulating magnon junctions Y.
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Fig. 10. Spatially resolved measurement techniques of the spin Seebeck effect: (a) Schematic diagram of the experimental device
with a scanning thermal probe for detecting the longitudinal spin Seebeck effect in the Pt/YIG sample; (b), (c) the corresponding
magnetic force microscope image and spin Seebeck voltage generated by the scanning thermal probe, respectively'?; (d) schematic
diagram of the experimental device with a scannable laser beam for detecting the longitudinal spin Seebeck effect in the Pt/YIG
system; (e) the relationship between the inverse spin Hall effect voltage and the laser spot position (z, y) under different external
magnetic fields!'®; (f) schematic diagram of the experimental setup with a scannable laser beam for detecting the longitudinal spin
Seebeck effect in the Pt/NiO system; (g) inverse spin Hall voltage imaging with and without charge current applied to the Pt film;
(h) atomic force microscope imagel'*.
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Fig. 11. (a) Schematic diagram of interfacial spin exchange coupling between ferromagnetic insulator (FI) and nonmagnetic heavy
metal (NM). An electron in a nonmagnetic metal undergoes spin-flip inelastic scattering at the interface, creating or annihilating a
magnon in the ferromagnetic insulator, thereby generating interface spin current. (b) The spatial distribution of the magnon tem-
perature Ty, , the electron temperature 7T:, the magnon chemical potential pum and the electron spin accumulation ps. It is as-
sumed that the phonon temperature gradient T}, is constant and the Joule heating effect is ignored. Ty (7Te) and pm (s ) relax

on the length scale lmp (lep ) and Im (s ), respectivelylt1%9.
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SPECIAL TOPIC— Applied magnetism

Research progress of spin Seebeck effect”
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Abstract

Spin Seebeck effect is a key thermo-spin coupling phenomenon in spintronics, which can generate spin
currents in magnetic materials under a thermal gradient, providing a new approach for developing low-power,
nonvolatile spintronic devices. This paper systematically reviews the latest research progress of the spin Seebeck
effect, introduces the excitation mechanism and typical detection methods of spin currents from its basic
physical connotations, and summarizes the main experimental configurations, such as transverse, longitudinal
and nonlocal. Furthermore, this paper compares the characteristic manifestations of this effect in various
material systems, including ferromagnets, ferrimagnets, antiferromagnets, and paramagnets. And the
microscopic mechanisms, including magneton driving, phonon dragging, and chemical potential driving, are
discussed. Moreover, this paper explores the application potential of the spin Seebeck effect in various fields,
such as magnetic valves and magnetic logic devices, and in the probing of microscopic magnetic structures. At
the same time, it is also noted that signal separation, interface regulation, and a unified mechanism description
remain key challenges hindering further development in this field. With the continuous improvement of
theoretical models, the emergence of new material systems, and the development of high-precision detection
technologies, the spin Seebeck effect is expected to play an increasingly important role in spin thermionics and

next-generation information devices.
Keywords: spin Seebeck effect, spin current, inverse spin Hall effect, spin thermoelectric devices
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