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Abstract; Organic-inorganic hybrid perovskites ( OIHPs) are one of the most novel optoelectronic
hybrid materials at present. They have been widely studied in the fields of solar cells and light emit-
ting devices. Nevertheless, these materials have been demonstrated to exhibit relatively stronger
spin-orbit coupling( SOC) and Rashba effect, as well as larger carrier mobilities and extinction coef-
ficients. Thus, these form important bases for realizing spin injection and spin manipulation. Here-
in, spin-optoelectronics of OIHPs will be discussed by three aspects. First, the spin-polarized elec-
tronic transport and ferromagnetic-OIHPs spinterfaces are introduced. Then, magnetic field effects of
OIHPs at excited states are given. Finally, the future development of OIHPs in the spin-optoelec-

tronics is deeply discussed and commented.
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Fig.1 (a) Crystal structure of the perovskites'™'. (b) Va-

lence and conduction bands ( VB and CB) in the

presence( absence) of Rashba splitting""!.
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Fig.2 (a) Without consideration of SOC effect, electronic

energy band structures for the cubic crystal Pbl;

(green dash lines) and CH,NH,Pbl, ( black solid

lines), and their projected DOS. (b) Electronic

band structures of the cubic crystal Pbl; with ( red

solid line) and without ( green solid line) the SOC

effect. (¢)Quasi-particle self-energy and SOC effect

induced energy change and non-degenerated energy

splitting for MAPbL, 7.
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Fig.3 (a)Schematic diagram of spin valve device based on OTHPs. (b) — (d) Giant magnetoresistance( GMR) response of spin
valve based on MAPbBr; (b), MAPbL, (¢) and FAPbBr,(d) measured at 10 K with an applied bias voltage of 0.1 V.
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Fig.4  (a) Perovskite interlayer thickness-dependent GMR,

curves for the three OTHPs-based spin valves. (b)
Temperature dependence of spin diffusion length for

the three OIHPs, plotted from 10 to 200 K™
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Tab.1 Summary of the obtained spintronic properties of three OIHPs™’

HOIP A /nm g T./ps D./(em® - s7") Ay = /3l)7/nm
MAPbBr, 221 £ 18 0.55 802 +32 0.14 £0.04 184 £ 11
MAPDI, 108 =11 0.33 356 £22 0.12 £0.05 113 £7
FAPbBr, 231 +12 0.55 788 +26 0.18 £0.06 206 =12
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Fig.5 (a)Schematic diagram of the Hanle effect in a OTHPs-based spin valve device. (b)- (d) GMR,, responses measured for
MAPbBr, (b) , MAPbL,(¢) and FAPbBr, (d) based spin valves at 10 K™I.

4 A5 B AR IR EA P A RN\
4.1 HrESFEXHREREBFHIZEARMm

6 (a) fy Ni B2 I5E 1Y 4% 1] S M % v BEL
( Anisotropic magnetoresistance , AMR ) 12k, % il
LR Ni BRLJZ (0 NG AT R, A
Al LI Y N LR BT UE R 2 1 mT i,
AMR A3 #5524 B > 15 mT i, AMR #iZk5¢ 2

T, B 6(b) X PRSI (Ni/MAPbL, _Cl #
[ 1 #1 MAPbL, _ Cl/Ni 5t 2) ) AMR th4k, &
SR X PHFR AL Y AMR BHZE5 Ni B2 9 AMR i
RANTE, X PIRN AL A AMR 2R Sz ke i 5%
BT Ni BRZAETmE, H A 1 (e R
T 2 B, X LA & 2 7E Ni/MAPbIL, _ Cl,
FUIH 5 MAPbL,_ Cl /Ni F- 1 [8] i 0 58 470 |
AAHIE TR PR e A v ey i ARG P S
BB B -2 TE HOA S A R 2 1R] A A H ey SR AR



57 M

WEZ, 55 AYL-JOHLAALES B b (Y B ek iz ARG 000 759

BUGE, NI 1 A e 51, (HE 73 2800 1 1 2 45
PRERBNIR S — A, W BRI, W
Tt AL i Fib 2 18 ) — A A e S A R4 | i)
PR BRBEERZ T L B, 5Bk B R 280
F4 11 R 5 T XoF 1 e R A Fi, 1 1) i o R A AR R
LAl

(a) 0.3

AMR/ %

AMR/ %

B/mT

Bl6  (a)d: KTEBRHE LAY Ni(30 nm) 52 B
ALRH AR ; (b) MAPBI, _ Cl, 5 Ni Hi bl F 18 A9 AMR
2k, Jorli g T U3 Ni/MAPbL,_ C1, JF i Y
AMR #h£k; th T 183 MAPDL, _ C1 /Ni 5 a) 1
AMR i,

Fig. 6 (a)30 nm thick Ni thin film grown on a glass sub-
strate at room temperature. (b) AMR signals of the
Ni/CH,NH,Pbl, _ Cl, interface (trace I ) and the

CH,NH,PbI,__Cl_/Ni interface( trace I )"

5 7 5% T 8] A R FEL BRL
B 7(a)  (b) 530l 2 iR A5 T i i H e Ry
30 mV F1 60 mV B [ Jig i 25 7 glass/Ni/MAPb-
I,_.Cl/Ni i A Tiéhniz th 4k . MR Hh4k (204 2R
BTE1.7 ~18.5 mT yuE B BLT A BERIZLN,
FEW AR T WA e S Ak SR A Y B e Ak L e
) A TETT [0 M ST ; 4163 B < 1.7 mT B, MR
MM STE B =1 mT &b BRERE LA T o0 % (E R Ni
MVBTA . &7 () H A e R g 1 1Y o0 L 2 R
ELtk, RGO LT, R 13— 2Pk 52 A
7(a) A9 MR {552RIE T Ni 5 MAPbL, _ Cl, [E]AY

4.2

Fig.7

—l
—

0.0t * *" bt
4 ) 60 mV

| | | 1
-300 -200 -100 100 200 300

B/mT
(¢) 612 .
- o ‘
o, o S
AT oW ik
2 .
U-)‘“ ™ Tl
S o - 11
= ~
3 . el
609+ Yoo )
Loas TP oo, -
'\‘}','a"-{": -
] 1 |
608 -0.2 0 0.2
VIV
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MAPbL, _ Cl /Ni 1 | B | <40 mT 3 Pl e BELth
2, Pl @ i B2 4510 glass/Ni/Ag/MAPDL,_ Cl/
Ni 7EAi & LR A 30 mV BRI A5 3 5 (b) f & HL
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oL dizdv k!
Spin valve based magnetoresistance for a spintronic
device consisting of glass/Ni/CH,;NH,Pbl;_ Cl /Ni.
(a) At small fields within | B | <40 mT under a
constant bias of ¥'=30 mV through the junction. The
blue trace was measured for a device consisting of
glass/Ni/Ag/CH;NH,Pbl; _ Cl /Ni under V = 30
mV throughout the junction. (b) At large fields with-
in ‘ B ‘ <300 mT under V =60 mV through the
junction. (c¢) Differential conductance dI/dV curves
for the magnetization parallel ( 77 ) and antiparallel

( 11) configurations respectively ™’
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ISHE ) E g, — A AEZS BP0
Fig. 8

(a)NiFe/MAPbBr,/Cu device used for pulsed spin pumping measurements. (b) Chemical structure of MAPbBr,. (c¢)

Detail of the spin-pumping process. (d)Respective IREE and ISHE processes at the interface and bulk of the MAPbBr,

[12]

film. (e)Directions of spin polarization current, polarization vector and ISHE field in space'”".
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Fig.9 (a)Frequency dependence of the FMR(B) response

for the NiFe/MAPbBr, bilayer at room temperature.
The inset shows the obtained resonant field as a func-
tion of the MW frequency. (b) Frequency depend-
ence of the FMR peak-to-peak linewidth, AH, ‘"'
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(a)Device structure of ITO/PMMA/CH;NH,Pbl,_ -
Cl /Co/PMMA/AL (b)Effect from the three different
device configurations in the dark condition: ITO/PM-
MA/CH,NH,Pbl,_, Cl /Co/PMMA/Al, 1TO/PMMA/
CH,NH,Pbl,__ Cl /Auw/PMMA/Al and ITO/PMMA/
CH,NH, Pbl,_,Cl /PMMA/AL
magnetoelectric signal in ITO/PMMA/Co/PMMA/

Fig. 10

(c¢) There is no

Al under the bias voltage of 50 mV''/.
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Fig. 11 (a) Residual electrical polarization from positive-
up/negative-down ( PUND ) measurement for three
devices: ITO/PMMA/CH,NH,PbI,_Cl /Co/PMMA/
Al, ITO/PMMA/Co/CH,NH, PbI, _ Cl /PMMA/ Al
and ITO/PMMA/CH,NH,Pbl;_, Cl /PMMA/AL
(b ) Magnetic M-H hysteresis characteristics for
ITO/PMMA/CH,NH, Pbl, _ Cl /Co/PMMA/AI,
ITO/PMMA/Co/CH,NH,PbI,  Cl /PMMA/AI

and Co film'""’.
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Fig. 12

mechanism in magnetic field effects'™*’ .

(a) = (b) Schematic illustration of the spin process of electron and hole under the external magnetic field. (c¢) Ag
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Tab.2 Photovoltaic parameters and magnetic field effect val-

ues from four devices based on CH;NH,Pbl, _ Cl,

Device PCE/% PC/mA MPC/% EL/mV MEL/%

1 9.3 1.7 0.03 <1 0.01
2 5.7 0.9 0.14 10 0.05
3 1.7 0.3 0.8 280 0.08
4 0.1 <0.1 2.4 990 0.28
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Magneto-photocurrent ( MPC) responses for devices
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field effect within | B | > 160 mT. (b) Device 3

Fig. 13

and 4 show the obvious low-field effect within ‘ B ‘<

40 mT!.

AR S F Y G HL PR RE T L #8037 R
R M L, (ELAS 2 e 2 3007 il 28 97 s et ) 9
FRHLE, P, AMInRE S O AR R H eSS
BRI BRI 225 2o AR 300 T A A2 4 2 v PR 2 A =
LRSI B RTBOR: | e R P B I R

FRERW LA R T 2k A th 3
T R K A AR B 14 (a) NS
R 25 2 FEAS RGO 5 B Y R O 2 - r
FE(J-V) M, SCHURTREER 3.1 eV B I HE15 5
R MPC R8N 14(b) o IR AT LUE H
MPC {4k 5EBE % R 37 B 38 i BR8N | 4R )5
THIF, MPC SN 7ERE 70 + 160 mT Ab ik 3
KAE0.45% , 44~ MPC i &I IE 77 & B
KRR ISR 24 LY, B, =325 mT, 4
fRE B R 1.8 VB A2 E5ERT 25741 MEL 2
BE (& 14 (e)) . MEL £k 6 bifi i 3 3% i pe s
Hahn SRS T, B4R, MEL fiZk 5 MPC



557 1]

WEZ, 55 AYL-JOHLAALES B b (Y B ek iz ARG 000 765

RILSE M, A MEL 4k 32 300 1E fRE
Yo, EE R MK MEL, F15EH MEL, 7§35
SRR, Hod MEL, 8O0 2% H TR 7S 1Ak
RO R A RIE I DR R 1 BRI B
HET A B #1182 Gt 7, R 25505
TR 18] LT . AH B, MELy 200 22k A
FREG RS Ak B R PR %A R T LA

(a) |

J/(mA -em?)
|
S

w=1.6 eV
90 mW

|
0 0.2 0.4 0.6 0.8 1.0

Applied voltage/V

S o4t
=

0

| 1
-200 -100 0 100 200

Magnetic field/mT

LRI TR IR R R R RO T BeAh,
TER 14(d) v S8R B2 Y MPL 2 5 8
1 MEL #2828 JEAH s, fH A1 MPC £ £ A [
OB GEE N RSk B 2 = A 0 A
A FEECIIVE N ST R 12 3RS
WAL T =S 75 (-2 0 Hih )
A LTRSS A X MPL A7 TRk

(b)

0.0
QQ
S
£ -03

_ : 3
-0.6 | | ]
—1000 =500 0 500 1000
Magnetic field/mT

(d)

10° MPL

4 | | L
-200 -100 0 100 200
Magnetic field/mT

Bl 14 (a) ~ (o) #F2 %9 J-V £k MPC Rl MEL ik ; (d) 52 456k5 (19 MPL 28!
Fig. 14 (a)-(c)J -V curve, MPC and MEL curves of device 2. (d)MPL curve of single perovskite film!".

8 R&E&ELHER

AR LRI ) A BT SR B e R g D
1 A Tl b i iz | 1 e S T DA R 1 3 350 A
58, TEARTEIREE T, —4EE5Eka™ A HE &5 0 B 48
SCEL, IF EAR Bk b i A e B B A A e
FFm ., BLAN, Al v i S ek 22 (8] R B H e
ST, FRB S B R R AR X R R TG A
J& T Y A BE -5 BSR4 RO RRLIE 22 B Y
PHEAEM ., SRS T, HAESR S A e 5w H
W AT A=A HERI RN . i HL, R A e S T 175
T ISHE SN {8k -5 6K e A1 A 1 e
UL Ak F AT FL I, D R R 1 B T A A A
IREE U0 FESERW N 7~ 4 ISHE &0, J34h, K
IO R, A5 R X PP ARG A R R

LR Y 5 G 3 A0, A1 4% MEL, MC , MPC #11
MPL, X2 F Mgl LIS h 5 A
BEAS A SCHY H -5 P B AN A & ok 72 O HLAT R
FRIZS R SRR 7R A [ RS
G35 SO RS SRS I U R e AR
AR ERE

SR, Gan ol 8 45 85 6k 57 A i€ fL 7 2% 44 P i)
F AR 5 A58 24~ 70 16 Pk K 1 DG it ) BT, 32
M T A e AR 5 38 5 32 200 i AR b R 5 ke
TE AL 1S o 2t R 1 T R T A DR R S L
U, ST AR T 1 B I AE TR T O 4 5 EK B 1
A e T AR L E i, [ R
A A B T B B iZ Y TREE (ISHE Fl Ag Y52
BB S BRIk 2 A, R A5 ER 4 = K
P E SR SR b i RE ) T 1R 1



766 ke % M 41 %

MRePE B, BT Z RN BRET AR TSR AR BT A AR AR O DU AR S, B E T
JETASERET A BE AL T AR OF 9 N VR RE, WS ER ANERET ABOLR TR N

2 % X #:

[ 1] LEEM M, TEUSCHER J, MIYASAKA T,et al.. Efficient hybrid solar cells based on meso-superstructured organometal
halide perovskites [ J]. Science, 2012,338(6107) :643-647.

[ 2] KIM HS,LEE C R,IM J H,et al.. Lead iodide perovskite sensitized all-solid-state submicron thin film mesoscopic solar
cell with efficiency exceeding 9% [J]. Sci. Rep., 2012,2:591-1-7.

[ 3 ] BURSCHKA J,PELLET N,MOON S J,et al.. Sequential deposition as a route to high-performance perovskite-sensitized
solar cells [ J]. Nature, 2013,499(7458) :316-319.

[ 4] LIUM Z,JOHNSTON M B,SNAITH H J. Efficient planar heterojunction perovskite solar cells by vapour deposition [ J].
Nature, 2013,501(7476) :395-398.

[ 5 ] MALINKIEWICZ O,YELLA A,LEE Y H,et al.. Perovskite solar cells employing organic charge-transport layers [ J].
Nat. Photonics, 2014 ,8(2) :128-132.

[ 6 ] MEI A Y,LI X,LIU L. F,et al.. A hole-conductor-free, fully printable mesoscopic perovskite solar cell with high stability
[J]. Science, 2014 ,345(6194) :295-298.

[ 7 ] GREEN M A ,HO-BAILLIE A,SNAITH H J. The emergence of perovskite solar cells [ J]. Nat. Photonics, 2014,8(7) :
506-514.

[ 8 ] RASHBA E I, SHEKA V I. Electric-dipole spin resonances [ J]. Mod. Probl. Condens. Matter Sci. ,1991,27 (1) :
131-206.

[ 9 ] WANG J Y,ZHANG C,LIU H L,et al.. Tunable spin characteristic properties in spin valve devices based on hybrid or-
ganic-inorganic perovskites [ J]. Adv. Mater. , 2019,31(41) :1904059.

[10] WANG K,YANG Q,DUAN J S,et al.. Spin-polarized electronic transport through ferromagnet/organic-inorganic hybrid
perovskite spinterfaces at room temperature [ J|. Adv. Mater. Interfaces, 2019,6(19) :1900718.

[11] LI M X,LI L, MUKHERJEE R, et al. . Magnetodielectric response from spin-orbital interaction occurring at interface of fer-
romagnetic Co and organometal halide perovskite layers via Rashba effect [ J]. Adv. Mater. , 2017,29(6) :1603667-1-6.

[12] SUN D L,ZHANG C,KAVAND M, et al.. Surface-enhanced spin current to charge current conversion efficiency in
CH,NH, PbBr;-based devices [J]. J. Chem. Phys., 2019,151(17) :174709-1-8.

[13] ZHANG C,SUN D,SHENG C X,et al.. Magnetic field effects in hybrid perovskite devices [ J]. Nat. Phys., 2015,
11(5) :427-434.

[14] HSIAO Y C,WU T,LI M X, et al.. Magneto-optical studies on spin-dependent charge recombination and dissociation in
perovskite solar cells [ J]. Adv. Mater. , 2015,27(18) :2899-2906.

[15] TANG X T,PAN R H,ZHAO X, et al.. Achievement of high-level reverse intersystem crossing in rubrene-doped organic
light-emitting diodes [J]. J. Phys. Chem. Lett. , 2020,11(8) :2804-2811.

[16] PAN R H,TANG X T,HU Y Q,et al.. Extraordinary magnetic field effects mediated by spin-pair interaction and electron
mobility in thermally activated delayed fluorescence-based OLEDs with quantum-well structure [ J]. J. Mater. Chem. C,
2019,7(8) :2421-2429.

[17] TANG X T,HU Y Q,JIA W Y,et al.. Intersystem crossing and triplet fusion in singlet-fission-dominated rubrene-based
OLEDs under high bias current [ J]. ACS Appl. Mater. Interfaces, 2018,10(2) ;:1948-1956.

[18] SUN D L,EHRENFREUND E,VARDENY Z V. The first decade of organic spintronics research [ J]. Chem. Commun. ,
2014,50(15) ;1781-1793.

[19] SAGAR R U R,ZHANG X Z,WANG ] M,et al.. Negative magnetoresistance in undoped semiconducting amorphous car-
bon films [J]. J. Appl. Phys. , 2014 ,115(12) ;:123708.

[20] &&F, At ek, F. FHAPREROY AT R PIEACER SO0 T BES AFP R RORALE [1]. F BEAF . H A
5, 2018,48(7) :745-754.



557 1) WEZ, 55 AYL-JOHLAALES B b (Y B ek iz ARG 000 767

PAN R H,TANG X T,DENG ] Q,et al.. Investigation of micro-mechanism in thermally activated delayed fluorescence
quantum well devices by utilizing organic magnetic effects [ J]. Sci. Sinica Technol. , 2018 ,48(7) .745-754. (in Chi-
nese )

[21] DEVIR-WOLFMAN A H, KHACHATRYAN B, GAUTAM B R, et al.. Short-lived charge-transfer excitons in organic
photovoltaic cells studied by high-field magneto-photocurrent [ J]. Nat. Commun. , 2014,5.4529-1-7.

[22] WANG J P,CHEPELIANSKII A,GAO F,et al.. Control of exciton spin statistics through spin polarization in organic opto-
electronic devices [ J]. Nat. Commun. , 2012,3:1191-1-6.

[23] GAUTAM B R,NGUYEN T D,EHRENFREUND E et al. . Magnetic field effect on excited-state spectroscopies of m-conju-
gated polymer films [J]. Phys. Rev. B, 2012,85(20) :205207.

[24] STEINER U E,ULRICH T. Magnetic field effects in chemical kinetics and related phenomena [ J]. Chem. Rev., 1989,
89(1):51-147.

[25] BLOOM F L, WAGEMANS W,KEMERINK M,et al. . Separating positive and negative magnetoresistance in organic semi-
conductor devices [ J]. Phys. Rev. Lett. , 2007,99(25) ;257201-14.

[26] HU B,YAN L,SHAO M. Magnetic-field effects in organic semiconducting materials and devices [ J]. Adv. Mater. , 2009,
21(14-15) :1500-1516.

[27] NGUYEN T D,HUKIC-MARKOSIAN G,WANG F J,et al. . Isotope effect in spin response of w-conjugated polymer films
and devices [ J]. Nat. Mater. , 2010,9(4) :345-352.

(28] BT i, 44 F D IKCHE, 5. SRS R O B RIS [J]. S SR, 2019,68(15) :158504-19.
QU Z H,CHU Z M,ZHANG X W et al.. Research progress of efficient green perovskite light emitting diodes [ J]. Acta
Phys. Sinica, 2019,68(15) :158504-1-9. (in Chinese)

[29] # 3%, &, % A0, 5. BRI Rashba 0N M BTG IO [1]. HE R, 2019,68(15) :158506-
1-20.
WEI'Y Q,XU L,PENG Q M, et al.. Rashba effect in perovskites and its influences on carrier recombination [ J]. Acta
Phys. Sinica, 2019,68(15) :158506-1-20. (in Chinese)

[30] MOSCONI E, ETIENNE T, DE ANGELIS F. Rashba band splitting in organohalide lead perovskites: bulk and surface
effects [ J]. J. Phys. Chem. Lett. , 2017,8(10) :2247-2252.

[31] AMAT A,MOSCONI E,RONCA E et al.. Cation-induced band-gap tuning in organohalide perovskites ;interplay of spin-
orbit coupling and octahedra tilting [ J]. Nano Lett. , 2014 ,14(6) :3608-3616.

[32] ETIENNE T,MOSCONI E,DEANGELIS F. Dynamical rashba band splitting in hybrid perovskites modeled by local electric
fields [J]. J. Phys. Chem. C, 2018,122(1):124-132.

[33] HU S B,GAO H,QI Y T,et al.. Dipole order in halide perovskites : polarization and rashba band splitting [ J]. J. Phys.
Chem. C, 2017,121(41) :23045-23054.

[34] KEPENEKIAN M,ROBLES R,KATAN C,et al.. Rashba and dresselhaus effects in hybrid organic-inorganic perovskites :
from hasics to devices [ J]. ACS Nano, 2015,9(12) :11557-11567.

[35] KIM M,IM J, FREEMAN A J,et al.. Switchable S =1/2 and J = 1/2 Rashba bands in ferroelectric halide perovskites
[J]. Proc. Natl. Acad. Sci. USA , 2014,111(19) :6900-6904.

[36] GAO W W,GAO X,ABTEW T A,et al.. Quasiparticle band gap of organic-inorganic hybrid perovskites : crystal structure,
spin-orbit coupling,and self-energy effects [ J]. Phys. Rev. B, 2016,93(8) :085202-1-7.

[37] XIONG Z H,WU D, VARDENY Z V,et al.. Giant magnetoresistance in organic spin-valves [ J]. Nature, 20046427
(6977) .821-824.

[38] ZHUMEKENOV A A,SAIDAMINOV M I,HAQUE M A, et al.. Formamidinium lead halide perovskite crystals with un-
precedented long carrier dynamics and diffusion length [J]. ACS Energy Lett. , 2016,1(1) :32-37.

[39] JIA Y F,KERNER R A,GREDE A ] ,et al.. Continuous-wave lasing in an organic-inorganic lead halide perovskite semi-
conductor [ J]. Nat. Photonics, 2017 ,11(12) ;784-788.

[40] GALKOWSKI K,MITIOGLU AA,SURRENTE A et al.. Spatially resolved studies of the phases and morphology of methyl-
ammonium and formamidinium lead tri-halide perovskites [ J]. Nanoscale, 2017,9(9) :3222-3230.



768 ke % M 41 %

[41] LAFALCE E,ZHANG C,LIU X J,et al.. Role of intrinsic ion accumulation in the photocurrent and photocapacitive re-
sponses of MAPBBr, photodetectors [ J]. ACS Appl. Mater. Interfaces, 2016 ,8(51) ;35447-35453.

[42] GRUNEWALD M,GOCKERITZ R,HOMONNAY N, et al.. Vertical organic spin valves in perpendicular magnetic fields
[J]. Phys. Rev. B, 2013,88(8) :085319-1-6.

[43] LOU X H,ADELMANN C,CROOKER S A et al.. Electrical detection of spin transport in lateral ferromagnet-semiconduc-
tor devices [J]. Nat. Phys. , 2007,3(3) :197-202.

[44] KEPENEKIAN M,EVEN J. et al. . Rashba and Dresselhaus couplings in halide perovskites ; accomplishments and opportu-
nities for spintronics and spin-orbitronics [J]. J. Phys. Chem. Lett. , 2017 ,8(14) :3362-3370.

[45] MANCHON A,KOO H C,NITTA J,et al.. New perspectives for Rashba spin-orbit coupling [ J]. Nat. Mater. , 2015,
14(9) .871-882.

[46] DEORANI P,SON J,BANERJEE K,et al. . Observation of inverse spin Hall effect in bismuth selenide [ J]. Phys. Rev.
B, 2014,90(9) :094403-1-6.

[47] JAMALI M,LEE J S,JEONG J S,et al.. Giant spin pumping and inverse spin hall effect in the presence of surface and
bulk spin-orbit coupling of topological insulator Bi,Se,[J]. Nano, 2015,15(10) ;7126-7132.

[48] LESNE E,FU F,OYARZUN S, et al.. Highly efficient and tunable spin-to-charge conversion through Rashba coupling at
oxide interfaces [ J]. Nat. Mater. , 2016,15(12) :1261-1266.

[49] WANG H,KALLY J,LEE J S,et al. . Surface-state-dominated spin-charge current conversion in topological-insulator-ferro-
magnetic-insulator heterostructures [ J]. Phys. Rev. Lett. , 2016 ,117(7) :076601.

[50] ZHANG W,JUNGFLEISCH M B,JIANG W J,et al.. Spin pumping and inverse Rashba-Edelstein effect in NiFe/Ag/Bi
and NiFe/Ag/Sb [J]. J. Appl. Phys., 2015,117(17) :17C727.

[51] NIESNER D, WILHELM M, LEVCHUK 1I,et al.. Giant Rashba splitting in CH,NH,PbBr, organic-inorganic perovskite
[J]. Phys. Rev. Lett., 2016,117(12) :126401.

[52] SHIOMI Y,NOMURA K,KAJIWARA Y et al.. Spin-electricity conversion induced by spin injection into topological insu-
lators [ J]. Phys. Rev. Lett. , 2014,113(19) :196601.

[53] ANDO K,TAKAHASHI S,IEDA J,et al.. Inverse spin-Hall effect induced by spin pumping in metallic system [J]. J.
Appl. Phys. , 2011,109(10) :103913-1-11.

[54] ANDO K,TAKAHASHI S,IEDA J,et al.. Electrically tunable spin injector free from the impedance mismatch problem
[J]. Nat. Mater. , 2011,10(9) :655-659.

[55] SANCHEZ J C R, VILA L,DESFONDS G et al. . Spin-to-charge conversion using Rashba coupling at the interface between
non-magnetic materials [ J]. Nat. Commun. , 2013 ,4.:2944-1-7.

[56] DI SANTE D,BARONE P,BERTACCO R, et al.. Electric control of the giant Rashba effect in bulk GeTe [J]. Adv. Ma-
ter. , 2013,25(4) :509-513.

[57] HE L,LI M X,URBAS A et al.. Optically tunable magneto-capacitance phenomenon in organic semiconducting materials
developed by electrical polarization of intermolecular charge-transfer states [J]. Adv. Mater. , 2014 ,26(23) :3956-3961.

[58] ZANG H D,YAN L,LI M X, et al. . Magneto-dielectric effects induced by optically-generated intermolecular charge-trans-
fer states in organic semiconducting materials [ J]. Sci. Rep., 2013,3.2812-1-6.

[59] LIM X,HE L,XU H X,et al. . Interaction between optically-generated charge-transfer states and magnetized charge-trans-
fer states toward magneto-electric coupling [J]. J. Phys. Chem. Lett. , 2015 ,6(21) :4319-4325.

[60] EVEN J,PEDESSEAU L,JANCU J M, et al.. Importance of spin-orbit coupling in hybrid organic/inorganic perovskites for
photovoltaic applications [J]. J. Phys. Chem. Lett. , 2013 ,4(17) :2999-3005.

[61] KIM J,LEE S C,LEE S H,et al.. Importance of orbital interactions in determining electronic band structures of organo-
lead iodide [J]. J. Phys. Chem. Lett. , 2015,119(9) :4627-4634.

[62] YINW J,SHI T T,YAN Y F. Unusual defect physics in CH,;NH,Pbl, perovskite solar cell absorber [ J]. Appl. Phys.
Leit. , 2014 ,104(6) :063903-14.

[63] MARCHIORO A, TEUSCHER J, FRIEDRICH D, et al.. Unravelling the mechanism of photoinduced charge transfer
processes in lead iodide perovskite solar cells [ J]. Nat. Photonics, 2014,8(3) :250-255.



557 WEZ, 55 AYL-JOHLAALES B b (Y B ek iz ARG 000 769

[64] NAKANOTANI H, SASABE H, ADACHI C. Singlet-singlet and singlet-heat annihilations in fluorescence-based organic
light-emitting diodes under steady-state high current density [J]. Appl. Phys. Lett. , 2005,86(21) :213506.

[65] BALDO M A,ADACHI C,FORREST S R. Transient analysis of organicelectrophosphorescence. II. Transient analysis of
triplet-triplet annihilation [ J]. Phys. Rev. B, 2000,62(16) :10967-10977.

BEZ (1994 ) U5 Hfm#E A, F12(1984 - ) 5 BRIGPILN T,
MRESE A, 2019 4 T 74 g K22 3R R #2015 4F iy 2248 SRR3R
o, EENFOCR MRS - - P2 r, E S A PR AR
a2 B P PEERAT FIOLH T2 BIEE
E-mail ; 19118037@ bjtu. edu. cn E-mail ; kaiwang@ bjtu. edu. cn

BERENE.

T8 (R B — B E FERmZ, 1, B2, BB AR 00,2015 47 9 A T 22 RESC R R ARG i
THE2240,2015 4F 10 A AHRAE 505 K5 B4 B i FHRORBEGE T, R BU1 TANLE AR A RS 8544
B AHLA BOCH 707 RIS, FTE N 2 E A4 A e A e A DL FIEH T 8 PR O TEA i a2
R s gkt A DU REA e s A HLAOCHDGR A FR b 5 ATERS Ot-iFE Sk e A S Bl 2, ©RR
SCI % ARIBIC 40 A3, FA LISH—1E# RS —@ iR AE# & 3R SCL FARIB3C 20 25, 6lFE Advances in Physics , Physical
Review B,Advanced Materials Interfaces,Solar RRL,ACS Applied Materials & Interfaces, Journal of Physical Chemistry C,ACS
Applied Energy Materials ,Scientific Reports , Journal of Material Chemistry C %5 , ¥ TAESZ 8 AE R it ; 2w 50k
SCHR A48 %5 — 22 ( Laser Based Fabrication of Graphene, Advances in Graphene Science,DOI:10. 5772/55821,2013)
LIRS INE BRI AR SOOI S, 45 2014 45 H ASS F1m E PrA Pl S48 H 2L (5th International Meet-
ing on Spins in Organic Semiconductors) 2015 4F- V4 BF 2 8 )i 79+ #42% 231 (5th European Conference on Molecular
Magnetism) ,2016 A R 5 3 T B R K BRI 2 (International Conference on Optoelectronics and Microe-
lectronics Technology) , CLARMREISK ASREI A A TS AA L Ah S BRI 55 2 3 B, 1 S —S
NS INE S F AR R4 1 n 0 BRI B30 H VR0 H 3 TR S N E R A ARSI H |



