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Fig. 1. Schematic diagram of experimental setup and sample structure information. (a) Experimental setup of the terahertz emis-

sion system. BD, balanced detector; WP, Wollaston prism; \/4, quarter wave plate; SW, silicon wafer; M, aluminum mirror; P1-P4,

90° off-axis parabolic mirrors; S, sample; (b) and (c) definitions of n~ and n*. When the laser pulses first incident onto the glass sub-

strate, it is defined as n-, while the other case is defined as nt. HM, heavy metals including W and Pt; FM, ferromagnetic metal

CoFeB.
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Fig. 2. (a), (e) Bilayer structure diagram of CoFeB(2.0)/W(2.2) and CoFeB(2.2)/Pt(4.0); (b), (c) terahertz temporal waveforms
from the CoFeB(2.0)/W(2.2) samples with and without annealing, for the cases of n* and n , respectively; (f), (g) terahertz temporal

waveforms from the Pt(4.0)/CoFeB(2.2) samples with and without annealing, for the cases of n* and n ', respectively; (d), (h) te-
rahertz spectra obtained from CoFeB(2.0)/W(2.2) and CoFeB(2.2)/Pt(4.0), respectively, with and without annealing.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Annealing effect on terahertz emission enhancement from
ferromagnetic heterostructures”
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Abstract

We systematically investigate the influence of annealing effect on terahertz (THz) generation from
CoFeB/heavy metal heterostructures driven by femtosecond laser pulses. The THz yield is achieved to increase
triply in W/CoFeB through annealing effect, and doubly in Pt/CoFeB. The annealing effect originates from
both the decrease of synthetic effect of THz absorption and the increase of hot electron mean free path induced
by crystallization, with the latter being dominant, which is experimentally corroborated by THz transmission
measurement of time-domain spectrum and four-probe resistivity ¢ Our observations not only deepen
understand the spintronic THz radiation mechanism but also provide a novel platform for high speed spintronic

opto-electronic devices.

Keywords: terahertz emission, ferromagnetic/heavy metal heterostructure, annealing effect, super-diffusion

model
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Tl KHfZZBREERT

BHER FARBZ R RER

PR UDE KL U2

N

7K B 55 2
& A

HEEY REEY

M g D2

1) (ALEzs R R T2 e, KERRLF 5L B S kg R AF bl dbat 100191)
2) (LMK KA BRI IE B, AL 230012)
3) (ALE AR = FF B TR, Jbs 100191)

(2020 4F 4 A 27 HYFE; 2020 4E 5 A 23 HIEMERH)

R 25 5 BEAE PG b 5 T LD AN A B 2 18], e B St 1 L AR RENE | ool | 48 SOk SR 2SR,
TEMUZE LR | TCLRAE £ | 1R B 22 4 APRERE | AW By AR U B AT S W TSR RO 24 )2 5 BOoR i &
JEANNE HAEAR KA JEE b 52 IR T IR K-, 7 B Kb 2 8 S5 D5 ) AL BT 58 M P E ) 255G T 22, A e Kb 28 4
SEAGUNYIBE b PR AL T 4R A B A T RE, 1T ELAT B O T — AR A L RS | R AR B K 2% TR
AT, ASCRGEHLEIR T AR T R 22 IR A D e | SCU e B R BTHLER , Arebi i, LUK R 2,
HAA G T ORGP A BE I Bk A S 5 R A B 4 L R R 2% S S A BRI AR 75 1k
MBI TEHERE . AR SCGER MBI TR T E SR . MBS IR | Rashba St A1 FAARSER R A BER T B2

KR KBREIR, BREE/ARREST LS, BPRIR R, FRE R A

PACS: 07.57.Hm, 65.80.—g, 64.70.Nd, 85.75.-d

1 # %

e R AR, R CRNEOG R Fidds
WA B 1 R — BRI BRI 58 k. 1996 4F
Beaurepaire 55 [ 17K & B CEMEOGTE Ni iR -
BT T WA A PR W . R PR RSN, Y
(8] RS/ NF H et sl E] ) Beaupaire 45 WA FA
PRSI | A T NATOHESRE AL 5 12 W DG R

TREDHOE K b AT [ R] AR ELAE LR AT AT
VAFENY B RbE (] RUBE b SE 8 A s, XTHA~ [ i
P2 SR R I T . Bl e SCik bl 1
2 R AR PRI S . SC5 L PR

DOI: 10.7498/aps.69.20200623

BN 1 T2 EEAIE 5E T B B (8] 4 B 4 v SR R
(time-resolved magneto-optic Kerr effect, TRMO-
KE), fHRfE X PR REHLE IR AT ST, AR
PR PRI B RUBE EREOGIR T AFEARREYE R TTRR,
M AR PR 1 ST 295 2R 1) T S MR A A A T B A
Frig PR ) 1 2 R AR S ST T TR-
MOKE S5 /7 %€ . 2004 4F Beaurepaire &5 ) 3%
FE I FH RGP AR 8 TR 2% T 3 15 BF 5 R PRAR 3L
IE, AT TR 2] R A O RS BIREVER R A 1R
R 2Z Dk . 3205 SR A2 v 37 5 o SRR 1 D B
RVER PRAR 1% 7 A A RE AR A 8 A P A R 24 0k
AR5

TG TSR R 7 A 1 Rl 2% S S o

* EEHREER S (S 11904016, 61905007, 61627813). JLii& AL BIF A I BTl H (it #ES: BHKX-19-01, BHKX-19-

02) AL FARBREEES (S 4194083) ¥ B AL
# [a| BTk
t iBIE1E#E . E-mail: xiaojunwu@buaa.edu.cn
1 BIE1E#E. E-mail: weisheng.zhao@buaa.edu.cn
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W T R 2% % S TS A B A I ] N — EAE A IEE
RIS T2 R A B T B, RS2 Rz i H
LG SR, BkHE (ferromagnetic, FM) /4R (non-
magnetic, NM) 5 BT 45 () Kbk 24 & S T5IA T
H Jité -H, faf I #% # (spin-charge conversion, SCC)
LA 2. 2013 4F, Kampfrath 45 B #3E
T Fe/Au Fl Fe/Ru 53 5 25 H 1Y A 2% & 5 52 56
AT & BRA 335 H e RS JRRLN (inverse spin Hall
effect, ISHE) AJ LA 2 Hb A #A L )2 [H] 9 105 | i
FREPI e A0 R THD P A FL AT I, DT e bR %
AT EBE. 2016 4F Seifert 5 ) HE — 2 Xk #g /E
Wk Bt AT TR RS — RSk, JF Bt
BRI /AR RS2 25 R R W/ CoFeB /Pt — J2 4%
F. AT A IAE 10 fs BOCASTRI ST, A e
BERAN AT RASE B 130 THz 988 97 S 48, ifi FL
FEZAAE T RBRZE A3 | 2 D8 S48 brabs 1 5l
3 T A Y O 3 R AR Ze M . Wu &5 10
WARIE Tl AE R AUZ B Kbk 2% & S5 e L ik
#7765 dB.

AL FE A R PR S ST 45 A Rt S 30 R bk
25 RSN SIS I AL Ty TN R, [R1JBR 1 2% bR
PRZ Y B R 2% A ST o i i, T 1 R R
WAL B )5 BRI EE | F e H fr i S e b | A1
BHAR PEREIRALSE 2 J7 .

2 AMEZLKLKE
2.1 KFFZZRHE & B it

T S i e W T QU Sl R (B g i
PR 7= A R 22 kv T 1971 4R 4KA5 11 5@ i e &
N HG

KR 7= A R 28 ik b 1 1981 ARS8 12, SR, D
IR S 2 1Y Auston 45 131 SR FH H G R A 5 v S PR
T IR ZZ AR TR, 4531 1 A 2% I8 1) IR g
. 1995 4%, HOCHUREROR B4 s 1. Aligr+ K
R 22 U 1) S 56 A 9 3 AR B DR 2% 15 0O 15 A
(terahertz time-domain spectroscopy, THz-TDS).
BT & R R B THz-TDS H i B 2845 B
[ENZ LA TS

THz-TDS HJ S RDE R A 1 s, ik
FRHOEHE o Btz Y FERIMDG, PIOBZ 1R
2 P SEIR 245 iz Sk A 24 5™ KR4
U, 90° B R A T B 1101 FH T o BRI SR B A 2% 0%
28 28— ME LIS RABTERFIUARE L |, 23 i
sl 325 S P R 2% 10 28 3k — R 1S SR AR A Kb
2ZERMA b BRISCAE T AR 22 2RI A5 A I Ze vk
FL DA B3 1 PR 0007 1) T R AR 4% U8 1 I
IF g, Bt SRR G 8] B 22 AT LIS
B K24 W W B ERIEOE . kB A BRI 5 Kbk 24
Jk e AR AT LAXS A 2% Kk oA T I SR A,
e L P2 o T A5 B R 1 P AR

BT BB O R e, R i ke
B i g B S e R R 2% 50 T Lk
1T RSO SE. AR S8 AT LU
TERRE RENEO R G iz, s rT LU T e b
HOCHUORARTIZ . S, 77 A 0 Rk 2% R 5 BE v
TEHE MR L) B RAEN ], ] T 537 bk 4%
AELRAEMTE. AN, FBERS T b 1 KR 2% K 5 R T
TGS B PR A bk b, PRI THz-TDS & 9%
FHTHEFE R R R R 31 1 2247 A E AR SC 1Y
WBAT A R ZE A SFHEH T RESE 2 ] T
FAESERBER T FER AL HL T A i iz

s WP Y

BT B

B O 25 A A 1S Ol B T A

Fig. 1. Schematic diagram of experimental setup of spintronic terahertz emission spectroscopy in transmission geometry.
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2.2  KHFZZiR

THz-TDS Hv LAY Kk 2% IR A5 6 L R 2k
P RS R AR fh AR, G 5 R AR
i GaAs 5 InGaAs, i 13 Y6 H ROV 7= A4 Kik2%
FES. R MR M7EH R A~
WA AR, AP B R e 1w = A e A 4
FE T HL R 22 (8] A 5 FL S/ R e, T8 iR A R
ik, MR SR AR 2% i . L2 T2 (] L A7 2000
ML g, JCIR I RT3 A iz OB R
S HL I, DRLCBIR A T bk 7 A R 24 5 S R K
R —Jr, r AL B RN T T 2
K, e A s, H AR,

A L M AR 3 A Y B RO 7 A A 24 4
SF. M4 RO S R AR, ORI R
B4 B G AE SR b i 25 000 4 7 s — AR
R ra Y, DA 1] S0 5 KR % i1 . BR T LiNDOs,
ZnTe %% HIMTCHLERASN, DAST, DSTMS, OH1
LR MLE AR RE S R EOGAE 7 A A 1) bk

(@)

THz electric field/arb. units

—1.5 0 1.5
Delay time/ps

Amplitude/arb. units

0 1 2 3
Frequency/THz

B2 Bemh /ARG B A Rk 2Z RS (a) ISR

(b) Htik

Fig. 2. The time-domain waveform and frequency-domain

spectrum of the terahertz wave emitted by FM/NM hetero-

structures: (a) The time-domain waveform; (b) frequency-

domain spectrum.

2ER AT 1018 R M AR S AN E R AR
K% R 5 ELA (5590 5 A L A 31 Pl 9 A P
{H i F AR LM A A A 75 IR A B 45 45 19 (1 45
R, ML — 4 E s o R &, ek
FEAE TSR A R 2Z R . A, xRt A
At A K, Mirdsder, HRSTAz 8 R

i L ROBR 22 TR (1 2) FF RRb O Fnddk
i T B ) R B A P 7 A RO % D% 1 e P SR 2%
PEANA AT L7 A 8 Sy Kb 2z fm s, i HLd m] LASE
USRS AR 2L R AT, Al iR ELA Rk . BRA B A
HERZ KR IR T, AR, MR Tk
A AR RS 32 B, W 22 2 I mT DA fe P i s T S 1%
R I RA L 516 4. 2017 4F, Seifert 45 19
PEH T LAY S B3Ok p (BBEE M 5.5 mJ,
HUL I R 800 nm, REEEET[E] K 40 fs, HEZ MR
1 kHz) el & i Kk 2% & 4. AR Ak &
Yk 4.8 cm [ CEMHOGAE B TR [ i AR
b, B AR TR 230 fs A4 BRLRE A KRR 2%
foknp, HIEME R 58 300 kV /cm.

3 HBEH T K% IRLE S LA
3.1 BREMERI = EMKEIE

HE AR DR R BT SR, &JE
H2E M MER M R R AT 7 = n 4 ik RAE, Hp
n NPTHIR, s IHCRE. K2 2RSS P A
ZANZ B, F5 275 RO 22 5 (R Y S it
2. LM YL (transfer matrix method) 7E62%
i T AT CHE 2 450 TP SR A . s
T SCRR G T 38 e R T A B AR TEOT Y RO
AR ZE A 21 A7 ik mT ot — 25 R A 2S [] B A
W, TRENEO K AR TR R S A AN, Wang 45 22
FERUHIE SERR TR A T — X RNk, 3 it ek
AR PRS2z (8] ) Bsf 8] 22 AT LA 06 S 7R s
[) - A 531

T UL RENE S JEm AR, 65 &R Z A B AH
HAEH R AT G M 8 T B ZH). DT
1 LI 2l o R RS B i -, ZefimdiRot S+
LA AH B 3 2RI RE £ 19 %38 . Beaupaire
W R ] = BEEBLAY (three-temperature model)
WESGHBAR RS T Ni B PR BN — il B AL
WAHAEH T (o). HE (s) Ffmt (p) = EH ML+
ARG, =D TREWIRE (T) 735K T,, T, M T,
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A (C) 4351 C,, C 1 C), =ASTF REGEANY
RERALIB A G, G, Al Gy, IR, 1 T2 5
CEMHOEHOR R, B ER I R T T A IR R
et . = IR B AU B I 52 b gt B N R )
B AP IR 2. (E AU HE TR B
TRERN i Z [H] A RE A% 32, T AR oA DRUR #3500,
W) £ Bl AL % . Koopmans 45 P i — 2% 18T
TOULEY) [ Tié BR % BT (Eillot-Yaffet HUSY) 1272, 42
H T O = IR R (microscopic three-tempera-
ture model). ZAR NI RE T AE L VE 4 @ A R
FFR LR A IR SR A TR

B T sk id g st i AN L 21, JE RS
F e i i . 5% 1) 5 R PRAR A5 P L A2 TRORD
WOCHCR BB e b s+, 7 B A ot
RE A AR S S 30T H e AL A i+ 19
iz (ABER). P His 2R TR B R
HBERC 2. RIS EU /T, LT ASZ B
(%) HL iz Ry IE Iz TESREUR &, fns a2
PSR, Choi 45 I WFSE T R BUR S50 T 19 e
iz #, TR E Pt (30 nm)/FM/Cu 5#4H,
RO R Pt — MR FM 2. T
Pt HHL - R -5 U R, vl ik
PR B AN 5 nm, K IERKR FM 2R #E
T EER R R A . AR s A sh B <FE, FM 2
DI A IR RS A2 T FiEE. TRMOKE
SEHUIESE A Teiis i 2 Y U . Bergeard 45 20
1 Xu 55 PTHESE T 55 H0R AT AR BEARN. A
1% 3 Pt(5 nm)/Cu(5—300 nm) /FM Z5# 1, Pt
(5 nm) 52 CRPBOC R 7 AR I, I 5
it Cu B3k FM Z I 77 AR IR BEROW . A7 & 324
Cu JZHEE/NT 200 nm B, 553 Cu EHFE T
FEIYLH SR 1 )R A

B Y 12 R A AR i A2 RN S s 2 (A
A € TR SN 1115 o YA R i W N SR = O BT
iz, T RER TR T2 Y. Battiato 55 2529 $5
Y HU A2 T B 5| & PR RE RN . AE R LAY
3d BRWE A JE i R T R B 280 A e DA
JiE L F AR A AN A, 28 A S A B
e, MBI F B R 2. 28 A RS
T P FEE v R 22 0 AR e R T ™ A IR
AN, B T4 8 (W Fe, Co A1 Ni) #1 [ Ji ]
b (28 BFREE AR T A
BEm T (ADE) HLF R | A SO A A 3R,

B i 7 AR ) HL 2 A BE K1Y . Nenno
SR BRI T — P T I % = i Oy RR S
T3 AT R 7 k. BIUAE SRR TR B Y LS
T, CEMBOERK bl T BAA B R I A Y A g
izt . BT AR s K Eh ok A T
FE it s (8] b AR RS, PR R RO 1 A iE
i 3z L AT LA AR 2 — R e PR B e AR DG Y 2 DL 5
(Seebeck) ZHR [25:31:32],
311  ATRREORhA

XFTEET NM/FM 2591 24 @it 2 2 1%,
SCHRHRAE T ] W B L1 2 A K s oL
SRR GZ AT A IR . 2R Y R s HOGAE
HLF RGP AR RERE, TS OGO R
RSN K. A TS F iz bk i & i
A [, PIrs RR D AR A A SR/ N 3-991,
SR, it Cheng 55 B9 7E FM/MoS, 45 #4 H ¥
P A U AT TR IR RHRLZE MoS,, I &
SRR K . TR A R o AR R A 2
ETE, IR R A e A s ZU AR T+

PNTE=X

He =L
3.1.2 AR AEAR K6 KAk K4t
M B CVE FHTZEA B LI, OBk FAf R}
ZIBR T e LR AN RS A s A%, Bl ik
HERIE T A — A AT TORBR B A 3G, X
AR FR R IEPI RN (inverse Faraday effect,
IFE). ¥ 3 5B 7R 0 E 5 5 i i M T 1Y) 420
% (all-optical switching) H & 2 R H Z1I1E
FHBT3SL gE AR, 2 S b I 58 UE S 8 i 4 ' 48 ]
DLVEAEEA T A H e AR i FL T AR BRI B
ERRE N, IR PR 6T LAFE s ™ A6 B et Ak e
+. FERETEE SR AR A R AR A e
i#$%f (optical spin transfer torque, OSTT) YEHF
e AR RO RE R B0, R I 3d R 4 R . B
YT RIS e 25 R 42 HRUESE IFE A OSTT
FEFE R B AFAE. Huisman 55 9 95256 & 38 Co/Pt
ST ) T PN R 2 TR i I DG i e A A, I HL
T 2k 39 e L E % A (inverse spin-orbit
torque) “CRDIK R I A SRR 2% 0%
T 32 B G R FH TR 5 )& (M % o],
H o B PATEUSCEAT THOUARE i S ok i 149,
JOT 255 L TR 25 8] 5 0 R P i ke A e i

H
=)
It
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A, BIRGCIS T AR MR o f 1 e
4 (inverse spin orbit torque) ;= A % HL i j. =
xn x [M x o] I, Hri J2—A~ R, n At mkm
i, TR Rm IR ARG, Huisman 55 93] 38 53[5 fi
P& Co/Pt T I KBH2Z ST, KIAGHL
FIBE R TR IR ). il Li 55 1 B
5% 1 Co/Pt FLIRI OIS ¥4 R PEZE G HL R 9 7= A
rhE i) E . Jungfleisch 45 49 $2 i T Rashba 5
I Ag/Bi ITEC AR I K BR2% & 5. AH LT
PR ™ A M TC O KR %% & 5, TeErEAH
ORI A 2% ok o8 30 2 55— B P B .

3.2 HIlE-RBaki

2013 4F Kampfrath %5 B i i [ BEFE R 5K
BT - HL AT I B A, IR AR & 1 e i
JBERA A 2% A SRR TR R 2% i s e 2k
i (FM) FIAEZRRE (NM) 4 8 B2 A 0 U2 2%
Fy. TREMBOL K R 7 A FM/NM 1)
Ptz R, ABER A NM 8 [ 5E- i
BRI NE D 2 L T W NS S
PRI R PRGR 7 A R PR 8 D A g LA I Y
HL.

321 #FARERAN

if 2% 10 4F LA @R R0 (spin Hall effect,
SHE) J2& F JiE f 7~ 27 35 5 1% BR 19 AF 58 7 ) 146481,
SHE H4AERE A} v (7% v Y 5 45 RS ) B @ 0, A
MR 7 A A e B WA SHE it se e h
TR, 5280 b, OB 1) F Az ] )
UESE T2 ARPR P B R AN AT AR
MRS R INAE TR A EPERN S (spin orbit coupling,
SOC) M HE 4 &8 H 4, SHE #5319 A e it fJ
VLA 2800 75 5 400 DK G A A7 %) 1 R B e R A
#5152,

H BB G WA R T SHE i #2, R
H i€ % /K 2L 0 (inverse spin Hall effect, ISHE).
ISHE R — N\ 1) (1) FBEUR j e T it 1a] ) i i it
je o Osugs, Herh 05y AR T APRHN F e R . 7R
BREGAER I, A 2 206 ISHE T 3 i
VLA ERIN ey B354 SRl BEPERTRHE RAMEOEHY
YERR 7 At A et , JF HIEA R SOC Ak
Tk )2 v, TSHE Kt 9 e U % 11 o 1 v i 37
TP R R 2% 4 5 (81 3).

Pel 3 THI PN RE AL B AR T FM 4 REMBORE R, H ER
Py R A B T AR JZ . AR A B R, 2
G R (O v R R e N i R NI R NS it =2
e T B LRI, 0 A T RO 2E R

Fig. 3. The in-plane magnetized ferromagnetic layer is ex-
cited by the femtosecond laser, which induces the injection
of non-equilibrium spin-polarized hot electrons into the non-
magnetic layer. The spin-majority electrons and the spin-
minority electrons are deflected into opposite directions due
to inverse spin Hall effect. The longitudinal spin current is
converted into a transverse electric current and leads to the

terahertz emission.

3.2.2  #3R1E RN (Edelstein) B2

M ZGARNR FR TP AFTERR H - BB AR EAE R,
PORHR AT B> A e 7 2468a07 . ZkPiva s b/
T REA 1Y A e Z Y U B /35 T Y -2 i
% (spin-momentum locking). | FH 4 46 2k 4k
[T /ST AT e AR e i A A e, B
BRAEIR Wi (Edelstein effect, EE) (WL 4),
3 5 AR 51 PR Ry b 3R R W JH A%V (inverse
Edelstein effect, IEE). X4 AP 2k (FM) 2
HEA HBER 5, 2 Dirac R AR, @i IEE K-
A ) 2 AT LR e = Aeeds, FoP A AR A
e - FL Ay A 4 503 . SIE 3 R 5 g IR 1)
PR BRI AN LR, SCHR [56—59] HhifiE
T o-Sn, BiySes % #1 F 48 Sk 1A 119 [ JiE - Ha o 55 462

BR¥Fh o Ak 48, 78 4k i T 4K (2DEG)
TP B Rashba A1 0 28 30 H =200 1 JE-H foy
A E G, fF—2L S g, T ATE-PLER G L
o3 1] B 6 R B B, Rashba FLTHITE B T
W I RET S A, Hoh B e AN B i B K.
5RZUEY Rashba Hi&—BH 2 Bi, Pb, W 45 SOC
MY 42 )| 19001, Rojas-Sénchez %5 02 iff5% T Bi/Ag
SRS A EnTE 5 IEE R0 e 28 b 4% 46 L 1o 37
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Bl 4 (a) HFMNAE AR T B9 RE & (218 0C R [&]; (b) Rashba
Tt A9 BE (0 BIOC R B, Rashba 5 25 Al Fh & 2 4 i
BT SR AN [ BE-Sh B UE ; (o) ML S AR K T Y
¥ Edelstein 24 ¥ ; (d) Rashba 3t i {30 Edelstein 2LV , ¥
Ay WA I E 2 BE 5 0 o) 114 LA 3t )

Fig. 4. (a) Energy dispersion of the Rashbainterface; (b) energy

dispersion of the topological insulator. Strong spin-mo-
mentum locking can be observed in interface states of the
Rashba interface and surface states of the topological insu-
lator; (c) the inverse Edelstein effect of Rashba interfaces;
(d) the inverse Edelstein effect of topological insulator sur-
face states. The y-polarized spin current induces a charge

current in the z direction®”.

3.3 KMEZKH
3.3.1 EBARHETF

D25 ML) 2 v i 5 fE G S B T LA R A
WeF-RENS & 0 R REDE , REEM R RO T DL
IO PR RE R T CENEORIA S HiEsh J124 1
— NEERIE, Kbz 12 H e NG 2 G i
ARl e L B E Bk oA T Ok T R R Y
TR T, P —Fh R TR x?‘z‘gﬁj AR REAL,
W25 % B B, (1) = %%@‘fw (- 1)
KF 2% VR 2 07 A&, g v 7 ik,
Horp M JRREFE Y i, v N B REEAR T RO
po NMEZSHER R, ¢ HGIHER. WEARI T A& 5T Kbk 2%
Wk 2 B 75 Fh B R BT (1) 1) — R B0 A2 . 2004 4F
Beaupaire 5 7 i 17 8 PRIR G 75 0O RE AR - HR 5
fift g T BRRE T Or(3 nm) /Ni(4.2 nm) /Cr(7 nm)
(A K s 2% 5 S R0 . 2019 4 Huang 45 G310 & 1
Co(30 nm) MY TRMOKE {55 FIR#5 2% & 5t

5, A TRMOKE A9 — B 5 5505 Wi 21 i K
2z L HHE S —3

A AE 2R FH ARG 2 R A P s SO #s i
R 22 1 TR PR A P At A T AR, oA
K22 & 5L (3.2 715) AT LAZHE. Huisman 5 64
i ESEA SR LT B, AT T
TRMOKE Fl K 2% & 9163 15 2 i 88 P Ak 3l
J125. AT R BAESL Co il GdFeCo H1, #EETE/R
BN I A5 2 2 S 1 0 45 SR A e R A v
5 BT NdFeCo A 2% & 51 1% 2 B i%
MR Sh F12E 1 e TRMOKE 75t 4E s pe,
PIFPRAE 7525 5 T RER IR T Nd FUEREHE 152,
3.3.2 Bk EIR

REARAR 7 & 5 R 254055, 1T Z20%. TR F e
T2 A THE-H far e 4 Ay B AR bk b LTS T, ARV
LI & T R R %% 1 A R V2E + w?pocE =
poiwd , FHer e 2 HE FOCR A% w. 5 T
TR 7 T R 2% % 5 2 o] AR B v 38 ok o = A
) 1], Nenno 45 561 {15 158 bk i L Ao 37 28 8 500 B G
XK, A8 T Kih2E A 1 AT A

4 R T RMZIREAMRHE R

FM/NM 254 gk i )22 14 Rk 328 498 56 R 2% 1
SRR RN, AEREE MR R KB4 (5 S iR
AR . NM JZ A FM/NM S AL i [ ig-
HL A A B AR 25 R 2% 2 S A T R A, LA
TR NM 2 R 24 & 545

4.1 EfE

4 NM 2R E S, ik oo i) Kb 2% &
S e o AL, T PR O ) R 2% K Y iR
1822 55— B P Bk g L i 4R T O B R 2%
et R b A R /RN A, Kbk 2% &
ST HA LR RS 1) TR S R 2% 10 R 46
Pl e, HrL 777 1 3 B TR ARG TT )5 2) Kbk
25K S B YE R AR DT 10 0% 3) M J5
[ % B3 2 FM/NM (9 22 DU PR et Kk
K5 T it

4.1.1  AFHHEREEAL
H HER 2% & SHR AL MARRE Z AR S5
SRR 2 FE g5 R RS | A A K AL AF 2
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AT

1) AEREZERRHMEAL. ISHE 500 K 2% & 5
v, RO 2% 0 AR T R R REZE Y L IERR 2R A AT
P 92067 {5 hn P, Ir, Gd, Ru, Pd 28 K254
StES W, Ta M, AEFLERE GBS Cu
K255 SR, o8 W Il Pt A BEE R AR H
PS5 HR, Seifert %5 9 %31 T W/CoFeB/Pt =J2
ER LR KRR L IR . = R A5 R T TS
PN T AL 4 BETT. Chen 5 8 % 31 Co/IrMn
S, IeMn J2 AT DR B e % A6 hy v e 3t
He K% 5. IeMn R E A 1 nm B K522 15
SR B, RS TeMn [ B EY U

2) S RLEE AL, B AR RGBS T
CoFeB/Pt, Co/Pt, Co/W, Fe/Pt 4k /- 45
A JE FEE AR A PR AFF 9 1101969 Clo /Pt 44 2 H 24 i A
BRIEJRISERE I, bR 24 45 5 i o B3 B Sa b ik
T2 5 BE S 3G R /) s S MU ARG 2 IR BE N, R
0 21 V1R e P 450 I A S i J2 T2 B 1 1 Jin i B4 K
SRIGH THIAN. JEREZE P 7EJEEE N 3 nm A4 K
%A 5 R BE A, 1 AR (0% J B AR 5 22 mT L)l
it FM/NM 4516 i) [ e iz 20 i B . 76 CRb
WOCAE TR P2 A AP B ez NM )2 A TiE
RO BRI 24 NM RN T HEd Sk
BF, A% (5 5 Bl 2 A2 B () 14 I )2 R
FERT AT WU B, 2R AYAERL)Z R Kb 2% &
S DTRR. 1 — 20 T e R )2 B B A O
R E LR G R A A gk . S A g
PRETT LUK S A MR FL A RO R A e (71

3) WK M 2 J2 B AR 25 K4 B 52 . Torosyan
4 M FN Nenno %5 M H 88 T AR E A K FE MgO F
ALO #JE I #Y Fe/Pt S i 45, Hp Fe 78 MgO
ol I BERS A i b AP A L R %% 2 1 3¢ B
MgO #HEH SRS T 3 THz M shS i Bl
T 60dB, B WAL T AlLO; #1JiE. Sasaki %5 [ % Bi
300 °C X%HE X J5 #Y Ta/CoFeB/MgO i K Y A i
2R GTRESR R 1.5 5. B K T 4% T CoFeB
WL AL FREE, IR T CoFeB 2 240 A
T34 B AR

4.1.2 HWE-iTE LR EEE

s £ -3t ¥ 42 J& (real earth-transition metal,
RE-TM) & 4 B PR S, RIRR 1 ks At

V4 AR (AR AE SR RERI &, PRI fb A 1 R £k
5 B ELAT AN R AT BE AR, R] Ll i el R 4
A3 AR AR AT LA AR G A R B . RE-TM
TE IR E M 5 B0 M2 A B v i Al B o
{H RE-TM/NM SUZBATTAT &5 Khz%%. RE-TM
FERME AT AT LA R B 80 F e i, gl s
55 R S B AR 2% A VA AR i 1 DI (6574, 3ot
&)@ S 1) B e o A SRR PORBE R, R,
32 BT A R e O R U A
i V. i % Y EL T SR (7). RE-TM 7 # M2 i
AT I T A ) S T PN AR Sy i B
RS R Kbk 2% & 9 B2 () T B 3 4b, Schneider
S 1077 431 T S[R3 1 GdFe/Pt il ThFe/Pt,
AT % IR 2% & G o B B RE-TM A & P e
- ICER BT HE InTREAR.
4.1.3 BB AR

e P Ak P L R B A S LR AR ) 1) B T
PR B8N R A ] e ZE DL e %00 (spin Seebeck effect,
SSE). X T2 WA ARi &8 (YIG/NM) 55t
45, YIG 7636 B I m 0 e B AR N = A
BEWIFEAZ NM 2, E#EZ 1) ISHE 8500 i —
N B e T AL S TN R A LT . YIG/Cuy_JIr,
1, Cramer 5§ [ 23551 (5 F L0 AR POt ik b
TINERA 5 vk 7 A L AR PR TR B RA P, I HLid
Dt F, e R 2% i 6 R P 5 SSE 175 %7 AR 1
WETE. WA AR B — B 25 R, I SSE 7
T2 A FATY SR LT . Seifert 25 82431 i F ik 55 4
10 fs BIHOEIK i & YIG /Pt 545 B K 2% %
SHEY, I BN BR 2% & g 2 B SSE 7™
A1 AT AR A AR AT R 3R B B A R
BAERE RPN, A RIRE S Pt B FRE T
o X I Py i ) RO — 25

4.2 HRIMRGEK

B THFNE AR B R IR A EE R TR S
EAJE, W R Pt. Pt (%) A BERE KA KA 0.1,
1M 2018 4F Khang %5 ™ % B Bi, oSby ; MK H HiE
FEIRAATIA R 50, B AFEFIFHALEL B - iy e 46
BRI R AR R Z W S B4 b, NML 22 i b
Y % A ) R 25 R S SR v T NMOh HL 4 R
FIEEE. 2018 4F, Wang %5 B9 2R F FM/BiySe;
S L5 R I bR 2%, A KT - HR far e 46
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%)% (ISHE il IEE).
T D A A 1 1A e v A A AR
IR R ARTE RO A S S TER T K AR — 20

RN, WGBSR (photo Dember effect)

JCEE W L JGAE I RN, AT LURR S Rk 2%
2012 4F-, Mclver 45 BU 35 15 800 4 4 246 25 1R 2 T 14
JEHLT RIS (W) B EOEA S B 3H e 2 1A
B, SAHEL MR A, BRI Ry M2
Bl A SO0 I T SR, R A PTG R0,
(photogalvanic effect). 7E 2016 4 Braun 5§ 2 Fl|
FHAR N GARBI R, HEAT M 4% I 1) S S5 & S5 5
5, RIH THiFMa SR r 2 2A Ak e S vt
Rk, AR L (drift current) . B LI (shift
current) FI7E A HL i (injection current) [ 7= 4=
HE AR ST R RBR 2% I, ELAR S H I R 2% 18 5 A
PO IR RS AR OC. AR T2 () [
TRdRC A RIS Ak, Rk kb wisfirh A
e b (51 F) B, S DR
Y5152 A R HL . 2017 4, Seifert 55 B3 & BER T
FRHEFER G5 EMIES BTSN, Y63 Dember &5
RN OE A= G R TR AT S = € 1T E A A CE2 QLN T3
5. 2019 4F, Fang 45 B 3@ 150 I 55 KR 2% S 56 & 33,
K IN BiyTey MY HL LAY DT RAEE LU HCH 8 1 BT
BRI —A g, MRS E F U i DT mk A o 1 VRS
FEL Y A B 3 A9 BTk, TR BA T $R N S AR R 1)
el ks 22 e T VA N TR 7 BUNENECRE A GE2 JTN
Kg% 2 IR R R, (5580, BBk
Y AR Ry R 2% 4 SR IR AR A

4.3 Rashba 5iH
431 T2

Bi(111)/Ag # T HA R 52 1 Rashba H g4
BHE, 2018 4 Jungfleisch 45 (9 11 Zhou %5 #9] 43
BIRGE T Bi/Ag M RBEZZ &S00 . 53 [ e
IR (A 2% % B R LG, Bi/Ag AR R 1K
RR AT FEAA R PR

B AN R Ag Bl Bi AR KU TR
25 % SHE 5 AR . FERE A BEER IR, 1) A 2%
RSP R R RE S FM/NM, B RE S, AT LS
F HOBESR AY J7 81, ATT Z SF A5 A . T Zhou
4 80 % BLAE Ag Il BiJE A & W, Fe/Ag/Bi
Fl Fe/Bi/Ag & HH 0 Kbk 2% 55 £ TR A5 B |

JLF AR, 155 BAF S IE G A R BT i
U7 2 AE [ . T Ag/Bi 7R BEAR WA I
RAFEE e BLER, INIE &1y Ag/Bi
[F) IS 77 6 390 F 5 2 2K 2800 Ml Rashaba 5 1] 240
B AgBi R TTRU A] LASUE TEE Kk 2% A& 5t
AIARDL, TS ISHE S5 B9 A 2445 5 A 2
s FARTH.

5 ANRR RS Bi/Ag MR A B AR OL TR
R AR 24 WA AETAT TREFE T 1) 19y ik, IR HOK
o 2% R A L7 R A IZ RO L R R, 0T o™
WOR 8RR 22 FL R A AR 22 180°. 3 B TR JH
() 2 7 18 o3 AR L,y O 18] A45 59 B8 R R IR
PIR R LR B,/ E, =~ 0.03.
432 ARBRE=LELT

Zhang 45 B i T ALY —4EHL T4 FM/
LaAlO;/SrTiO; KM% & HHi, I H A hé-H far i
T i R P DATE S 1) R R R RO I R
R ZEE B T SrTi0, ZEAIRIR T I +
.
4.3.3 WLIEEEFENEY (transition metal

dichalcogenides)

R E & R GGG Y (TMDs), 1 MX,
(M = Mo, W; X = S, Se, Te) [A]iHH A58 H e
TH AR B R R o R PR B 5 57581, Battiato 45 B9 B
FEAEFRIS FArHT T REPEOCAE R B Ak R
PR B e AR Bl Cheng 45 PO 7ESCH -
UE B R B BE U 1T v AP SRR L MosS,,
Jf Hid ik MoS, 1Y H BEFLIE R & 188 P B e i
SR R BRZE K .

RSO RN AE R )2 A R A 2 T
TEY BT R A BRI IR . T s RE - H A
T HARELE ATEAXTFRYE, D8 A TEHR PR
Pt T A A, 240 AT IS R R i Ty
5 g5 N TN Boi 7 R v NP SR R N T el
HA WML RS TR B A e ap it SR
J2. PR, S8 A R A R B e R A R
1Y A e AL 2. TR B e H fap e s A LR S AL T
PRt 4 )8 ARG A Jm A, (HIE T HOEE AR &
PRALE I ANTE], Co/MoS, & 5t i Kk 2% ik vh i 51
AR TOLFRER. MG FRER F < 0.55 eV I,
PR S Y L B2 R IO AR B 17 g R e Ik
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Co/MoS, M s}, Kifhsés5 5 Co G5k
B—8, ERRMEESEH Co JZHPLRRE;
OETRER 055 eV < E < 1.2 eV i, —#B4r A
TR AL B IR T RS I RE I E A MoS,, Jf I
L 3 Bifi O F RE R MR PR R N MO T RER E >
1.20 eV i, FHEM AR 2 7 MoS, B 5 1
6, E— AL g [ R I

5 R4
5.1 BB FRRZZIERERE

JLT ISHE B9 F i€ it 5 b 2% IR A B8 5875 |

{995 N S35 AN [ Bl B ) N S VAR E s ]
HAT MIETH. 2016 4, Seifert 45 0 & #H 10 fs
R DK PO CAE REPE R W/ CoFeB /Pt A1
KF2E 55T REAS 7 55 0.1-—30.0 THz, I HAEMHF
J R LA T Bt P M ™ A 1) O 24 4 S AN 2
L AR B P T IR BRI, LA & S SR
Ty L TAE SR T P Rk 24006 5 R 2k, RITE R
A 2E G R T AT AR R . X T8
Sk (< 30 fs) fhiz AL, SRS IR TCIE 2
2 S A 22 = e — R
32 BN IK T B 1 2 el T A5 A OV P IR e A
i, PRI A RO %% i S TR AR R R ARG % ok
TR, MRk b R E T R 7 R
IR, REGEM oIk AR = otz ae i, ™
A IR R 26 35CR M S AR, TR S o 485 1) R
2RSS BT LASRRD b TP AR B s pa, 7 A
oy B AR L k. 5 RRERR v 1 45 TR
TRAR B, Bk sl 2 2 S A R 2408, Fe
B, 3K AR R BRI S T 4 ok e R B T AR 2% 5 P
FHBEE T AR A1) 3L A,

XF 3T ISHE 724 i Kbk g& FR 5, Hofi o 2
BT ). Rtk ZEEA T ELAAR A 07 FH S5 56 g sl
0, JC T e A FR ST IE R U P Bk ), AN 2
TR AR K ARG R B e W Rk S5 )5 1,
AT ARG AN [R5 1] B A I AR 4% % . 30— LE55
B 2 A i Ty ) ) S AR R A L R AL it
FM /NM 5 5t 45 Fir 5 55 9 R 2% 0% 9 D 41 25 7T LA
i 15 ARG S AR X 2 8 5 . Hibberd 45 901K H
JHE VAR B T PR A AR A [R) SSORE S bl rh ). 7E 7Kk
WG SRR B LT, A eI ™ A et A )

KRZEWE ; ARG R X, [ e AR~ A 28
BLT DU P 4 19 KBk 2% . i — 2, Kong 55 1
I FH PR A 3 R A ) R A 5 30 7 A R 8 ) R
Gy, SEBL T B AT IR A A W IR AT A
R Ak KB 2% . Chen %5 192 T5 43 ) K A JiE
P R 4% U A 0 B v i R 2% 18, S8 T %R
0 %% I T L R RN [5R 3E S 22 E E  4
Qiu 55 % 7E FM/NM S5 84 () 3600 151 T WA
TG, BT RS AR 2% I i) R R A T 3 5 A b e 7 R 42
i 49 R0 2] QA ) 70 4. A P R 4 DA % o S
RSB A€ ) J12F LR 50 F Tk A BOR R 2%
TCLR B 5507 A N FH Y AT BE.

5.2 BB FRHZIRSE

TE R A T TR 2% R a7 T, AU 4
B 55D T IRARBESY, Yang 55 0 if 42
HR I 22 Rl R Al R 1 RO 22 R S PERE . AT 30
3T JAIAY Pt(2 nm)/Fe(1 nm)/MgO(2 nm)
R A 5 0t HE B A0 T B RS 254 . Feng 45 P 421
i & - ROE 7 SRS A, I HDE TR iR 2
FHCH M S RIS, M e 2 Jm W RO L
WS,

Chen 25 4 75 =y BELAEA I L ] 9 WA 1L 5 T 46
It H A BRI B T A7 4E ISHE £ 3/ A iEX
2% R ESHLEI S, B IREOEEE S A P I AR
WESOGHLI R ABRZE. th TROEk b R T RE &
KT, L7287 O Y R A i B A 2
KM TR, 2B ARIE E AP SR0 ™R T b
BARBZEAF S PO 6T A KR 2% 1
BN TARKBR2E A B

Jin A5 050 F 4T B A BELASORE 5230 1 RO 2% 5t
JERBRE AR, 350, A €22 AT LAy 4 ik
A7 P A A JHEDA T 18] 42 DR 2% 5 ) iR J3E | A AR A
W . Yang 55 04 Fe/Pt ¥ I T2 5 45 80K,
1 S R AN 3 T S S e A AT LUWL I 3] R
255 1) iR B A8 A RIS (RO AR A i B, 77 A 4% 1] 7
PR R 2% K . IR BOR 254 o A7 LAY 3 4%
R 1961,

DL F i3k SE g R O 500 B8 B e oK
R Z AR ST IR A PERE DT TS T RO R STk, (ELR B
SEHLTE AR B ARSI REAL AR UL Y F
HLF R 2L IR, b5 EtE— PR ARIBIFSE.
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53 BEAMETEREEBRRETER
T R

i T ZRREERL S TR ZE A, SRR B RER
W 5 6 RO 25 0% . RO FRL N1O 2 e MR AL R
T3 Ik b S AR B R 35 1 K 2% Dk 1.
Mikhaylovskiy 4% P79 Fi] H Kk 2% & ST F o8 17
FeBO;, TmFeO;, ErFeO 55— R 51 ) Bk i 4R
T B I Bk sh 127 B SORREA BHE S T8
ZRHT . BTN TR = AR AR R Rt
HAT A A e A ). (H2 2 B ATR
1E, SORRGIA L A SRR % I 22 FH T 0F 98 REDOG
59 B EAE R RPLER 7 T, 7 BRI R R BR 24
577 TR ST 58 178 i A 22 Jk i 6 A 5 g 4k
wEAT B R A e T8 ) S R A R
I

TERFH B e & S0 Kbk 2% 3 J7 1T, Seifert
G WMl R RBOC R Gz T HAN 7.5 cm 1Y
i AbRaZ A5 e, ™A Tk 0.3 MV /em
(SRR 24 5. XA IR 5 b 24 37 (1) A1 7 i 1 ]
TE 1—10 THz Z [A], T30 A 1Y AbR 24 bk o i) 5
JETE 230 fs ZeAq. XA EAT R Dk i o 2 1 2 47K
M 2% % T LA FH B 9 5i Kb 2% 175 3 ) R DR
FORHr RN A, R A5 B A A ) R
2% K o AE L, BT InERE i FE TR K
A 25 IR AR WT & Ji , 537 A 2% 50T I eEdda
B AR B — A F BT 5T T ). R 2% 0T H g
(Y HRAE ] BB o bR 2616 e 5 A TR
W% HL 3 53 1 55 L A TR & LA B b 24 )%
AN ST S B AR 1 T A 4 rh 7 J
S T F B 2% e S B 7 A R S RGP E A R
AN EAE 7.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics
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Research advances in spintronic terahertz sources
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Abstract

The terahertz frequency band is located between infrared and microwave in the electromagnetic spectrum.
The interesting properties such as broadband, low energy, high permeability, fingerprint, etc. make terahertz
wave important for applications in the fields of aerospace, wireless communications, security, materials science,
biomedicine, etc. The development and application of terahertz science and technology are largely limited by
the terahertz sources, therefore it is crucial to develop new terahertz radiation sources. Recently, it was shown
that terahertz spintronic not only provides the possibility of physically controlling the femtosecond spin current,
but also expects to be the next-generation ultra-wideband, low-cost, high-efficiency terahertz sources. In this
paper we systematically review the historical development, experimental devices, emission mechanisms, material
selections, and future prospects of the spintronic terahertz sources. We present the research advances in the
physical mechanisms of ultrafast spin current induced by femtosecond laser, the spin charge conversion at
ferromagnetic and non-magnetic interfaces, and the terahertz emission triggered by ultrafast pulses. This review
also introduces spintronic terahertz sources based on heavy metals, topological insulators, Rashba interfaces,

and semiconductor systems.

Keywords: terahertz source, ferromagnetic/non-magnetic heterostructure, ultrafast demagnetization, spin-

charge conversion

PACS: 07.57.Hm, 65.80.—g, 64.70.Nd, 85.75.—d DOI: 10.7498 /aps.69.20200623

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11904016, 61905007, 61627813), the
Beihang Hefei Innovation Research Institute Project, China (Grant Nos. BHKX-19-01, BHKX-19-02), and the Beijing
Natural Science Foundation, China (Grant No. 4194083).

# These authors contributed equally.

1 Corresponding author. E-mail: xiaojunwu@buaa.edu.cn

1 Corresponding author. E-mail: weisheng.zhao@buaa.edu.cn

200703-13


http://doi.org/10.7498/aps.69.20200623
http://doi.org/10.7498/aps.69.20200623
mailto:xiaojunwu@buaa.edu.cn
mailto:xiaojunwu@buaa.edu.cn
mailto:weisheng.zhao@buaa.edu.cn
mailto:weisheng.zhao@buaa.edu.cn
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

Chinese Physical Society

%fg%"—*&Acta Physica Sinica

Institute of Physics, CAS

EERERRZE LS WRIMNAEA SRR IER T
IMR RAEE BRRR ARE AR RAM
High-performance THz emission: From topological insulator to topological spintronics

Wang Hang-Tian ~ Zhao Hai-Hui ~ Wen Liang-Gong ~ Wu Xiao-Jun  Nie Tian-Xiao  Zhao Wei-Sheng

5] Fi{5 B Citation: Acta Physica Sinica, 69, 200704 (2020) DOI: 10.7498/aps.69.20200680
TEZE[R]1E View online: https:/doi.org/10.7498/aps.69.20200680
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

LG AR PR AT FiEsh o

Ultrafast charge and spin dynamics on topological insulators

PIFEAEAE. 2019, 68(22): 227202 hitps://doi.org/10.7498/aps.68.20191433

5 = AESH ML AR S REMER N SRR M 2 BOE L T RETE AT T I
Angle resolved photoemission spectroscopy studies on three dimensional strong topological insulators and magnetic topological

insulators

YrE2E 4. 2019, 68(22): 227901  https://doi.org/10.7498/aps.68.20191450

HET 8 BT A P T AR PR R U PR I R R

Dual-band acoustic topological insulator based on honeycomb lattice sonic crystal

YrHE2#4R. 2019, 68(22): 224301  https://doi.org/10.7498/aps.68.20190951

e S R antidot 4 BS54 RGBT ST

Magnetotransport in antidot arrays of three—dimensional topological insulators

YIER2AHR. 2018, 67(4): 047301  https://doi.org/10.7498/aps.67.20172346

WA

Superconductivity in topological materials

WAL 2020, 69(2): 020301  https://doi.org/10.7498/aps.69.20191627

T A MR BT
Research progress of two—dimensional organic topological insulators

WIFEAEA. 2018, 67(23): 238101 hitps://doi.org/10.7498/aps.67.20181711


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200680
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20191433
https://doi.org/10.7498/aps.68.20191450
https://doi.org/10.7498/aps.68.20190951
https://doi.org/10.7498/aps.67.20172346
https://doi.org/10.7498/aps.69.20191627
https://doi.org/10.7498/aps.67.20181711

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020)

200704

Tl KHfZZBREERT

BB KA K G IR B G
B4EH B T

EHED REED BRED

ZRBVIT R DY

R BEAED

1) AEsEfiss A KRS 50, SRRAEafsbe, Jbs 100191)

2) (LA AR B

WFFERE, 5 266000)

3) (AbHEUMAs AT R I 75 B TR 0E, Jbat 100191)

(2020 4E 5 A 8 HYHl; 2020 4 6 A 4 HUEIE M)

FF RER O ko 80 R TG /AR R S Tt 4 A A R 5 IR e RO b 2% 8 5, DA TR T ot 249 TR 2% g AR Pl &
JEEBRA. F 4240 S5 A — BB B e AR, HE A R AR A R T E SR AR, AT LU R R 45 A R R A e
KR 25 K 5 4% O T R TSNS G /AR R S T 45 v B0 R 2% 77 2R FJR PR LB, A 23838 RN UK B0
PR LTI LA T, 285 40 D8 G AR 1) i (A 45 K 5 v S5 R, O T T 2 G AT v ) R 2% e ST LB,
878 T AN R AR SR PR RIONE 7™ A B4 DR ' HE U B AP S A BRI OC R GRS T ] 2 B0 T B R b G R
S AR LR AR KRB 2% 8 S B T e s DABREE /T G S A D B, RIE T A BER R 28 A S R LS S IR O ik
X PR K ST LR, e A AR 2 M R 2% 5 E R R 2% B9 5 P L, T LS BTE A G A BRI S 5 S v i

3R T RTIE ) A 2% A

KA ABZZIR, MBS, EPOCHRI, A RERH2Z

PACS: 07.57.Hm, 85.75.-d, 64.70.Nd, 73.50.Pz

1 5 =

M 25 0 48 1) 2 M4 T 0.1-—10.0 THz Z
V) %) Pl B0, LA B P 0 i v 7 T B R 41
HPZIE], FETCHAG I | fR 2 T | 5 R A B A5 4
SCERAT )3z R S 00, T ik Z AT L =AL
R4 SR H R 20 KR 26 H AR & i R &K
MHT, Y0 P B S TR R A i R AR i
AR AR I 1 AR ARAT 58 37 R 2% 5 3 7). 8%
7, 33 A A AN AT AR 57 DC E B0 6 oK s, O
S A T EL AR AR A S AR R 2% 4 S A R
ISR, S0 7™ A P v AR 4% i S A B A 2]

DOI: 10.7498/aps.69.20200680

AR FAE T4 775, iR A YL RE
DGR T 18 B9 BT AR AR AR 5 22504 (101,
BET AT B TR R A RALRDOL 3 R A 1142,
AT A BB . BT ARZE T A Y 22N A5 3
AR 2% 0 0 v, ARMERE 2 15 THz LT, [
ek 1 2R 5 i S DR AR B SR S Uk I LT 3
T HIL AR D' R G NG H T R A 2%
W T R B, JORIAGREE AR RY55 37
Kihzzka . Pk, SHOBAIATEHMAR R 5P B4 s
BT S IR Rl 2% U B AT 57 1)

L, —ZR SV WSRO ERK i SR b
FEA R LRSS B SE IR SR T e L A
RENEOCHIBOR T, BEA e AR R DUR o e mT

*EE SRR (HEES: 2018YFB0407602) . [E 5 H AR A I 4 (S 61774013, 11644004) FTE K EHE H AR LI (ki

51 20172X01032101) %% B LS
t BIE1E#E . E-mail: nietianxiao@buaa.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

200704-1


http://doi.org/10.7498/aps.69.20200680
mailto:nietianxiao@buaa.edu.cn
mailto:nietianxiao@buaa.edu.cn
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

Y] 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 200704

PR KR RZ RS 0618, 2 2013 4F, Kamprath
A5 W91 B YR RO K i B R ki /AR G 4 )R
SE4E Fe/Au, N A HEE/REN (inverse spin-
Hall effect, ISHE) 1532 7 KBk gZ 5, JFA) 7 —F
iGN 124 5 B R T BRT AL H KRR 24

J s %R T3 R A R R B

S P T VO PR e AR . AR, Au Y BERE IR R
BN, BT ISHE B E- B A 40, BRI
TERSS OB L SR, HORR 2% & ok B A IRL
PERIAR ZnTe 19 1%. T4k, BEE R 545 FRES
LS AW AR R, HATE AE#E 1 W/CoFeB/
Pt i = )2 5 B4 h SR BEAH S T ZnTe SR
ORTRRE AT 0L KT, A TR 2% A A s A B — Jik
MR M AN RESE IR R IR AR 2% 48 5, BAR AT LA
AU E B B GREO G A P2 R AT R R PR
RARZENE, B IX B RGN B 2%, MELUE AL
5Nk, RSP R

S YEFMEZAAREL, 41 BiySes, BigTes, Sby-
Tes K A5 4 (Bi,Shy,)sSes, (BiSby_,),Tes ¥ fix
WA PR TR IZ 658, 2008 4, Hriffe
KRR E R P9 FE R R S T 4k b
A ARAFTE, BT HAPTR I FDAE-F R, 1
FINAE AP YR 3 A AT 8 D I ol g o SR A
PrER )5 1 AT TR . PN S AR IA 7T DL —
A ) B LB AR P2 A = YRR N SR R
PRREMT BR A ETCRERR 1 — e MRS, Fu Al
Kanel" i i BT SE ) T HL = 4R Fh S
MITRIE T, O HAS 45 TR POLHEFRER (angular
resolution photoelectron spectroscopy, ARPES)
()R, FESCE PR E R UESE T AT LA i O e
A ARk 14 2 TG 28570 T 1 I ] 5 5 A 28 i 2 [ 2 B 2
KRB A YRR 5 o w3 ROk I E Hoe R BA ¥
FIMAE 281, 3o 52 F ] 52 X FR R 4P 18 2R T AS T
MG AIRIR Z R IR PE T, ANJC BT s 2k 7 v 2%
KT, He-gh s giE 2 FICFEHUR et 248 B
R TE SR G A b g | AN EE R BRI
ol B R AASTEK L e S FTITRERR, SEMA A
[F]FRFR MR 5T, HCER S A T DA P AN TRl 4 A
PR, SRETFHERREES. T2, £ -4 b
YL AT USSRV 28T B TR0V, T SR
BRI B Eh A L gl 9 oK 45 B2 R, PR b
GRARBION Ry 2 SEBASRBAR TAE B i i, - 1
HPTAE R EEA R EEEAE, BTN

G HAT SR FUBERIE RS 2800, FE A e /R M
EME SR 1O, B ] A )
AR e dfe, I LA, K 3h M SR S5 R v et
BB AR IS B A R A S S I R ST A R b 2%
W BR T ABERRZEARAT AL, S s of 3 h 4 25
PRAFAEAR LML IR A O L U5 | R ) R 2% 4 S 0-57),
A B o OIS A SRS DI i A1 25 25 T B S B PR R
O 5 R ) 2 o T, S T S R S B AR 2% ) A
R,

AR NI MR BRI AT, 5T
AR ke SN oL iR G ANIE | B2 4 E 0\ 1 P2
STPLER; 45 Bk, 8o o W Bk /AR S B A R i
189 R TE A - FEL e A bIL ) S5 R DR = B,
RAGHE T A BERM 2% A 5t B P iE—2,
TS AR N R A R S T R 4% A Y
BESEHERE, WHE T HhE AR 2% AL RIR A 1Y
KBTI 1.

2 TRANB LR KRR

2.1 RINBGERERE

i AR —Fh V-V R AR, F LA #E
Tl B0 B R F DL SR K (BigSey 1%, 9] 41 BiyTes,
ShyTes) /N TT Al &, 2 Al SHE N DY, (R3m). Kl 1
DL BiySes F Il 78 T #1 F 248 S A 1) i A 25 ) B8,
PN S AT A S H 02 e JR B HE S 1 g
MR, THJZEFA—1 QL(quintuple layer)
JZ, JERES 0.955 nm. AHLBH QL 2 2 [i] Hy 555 7
FLE T 1A, IR 2, R G R L
R 5 0390 B0 o e A% 1401 25y vk AT LU AR A A
Gy B AR SR B IR, i AR b 2 A o
IR — P L. B T A bR 2
A, BRI 0 il 4 e AR 1 R
I FRAIMEF AR (molecular beam epitaxy), il it
XA RS 2 a s i, SRS B R A
S I E N DN 0 A B S e 7 e B R oy TS N
YEH AT DL —E R R A A o 7 v PR A Ao
JEE AR ANDCIL = A N 7, BT AFR b S AT LR
2 T B A R A RS A Rk AR A [ AR OB 2% & B
SEEG Y AT R UEAE SO RN BB SR R
I 56 (Al,O5 0001) VE R A K F s kA i
o AL 1421,

200704-2


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

Y] 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 200704

(b)

Sel
Bil

Bil’
Sel’

® Bil or Bil'
® Sel or Sel’
Se2

Oa—0 2

Bl 1 BiySes MARIAEEH  (a) Z4EMIKEEH, 103 U R MY 2L
(c) fE ay P10 A, =MILRGREHA A, B, C =Ff il RERY £ 14 B

Z s
Fl F e
! Yy
*L
Yy
® A site
- x 4 B site
i, o v C site
/. LY VA
N | T
—X——
/ v

K, LT O HE AR T 952 BigSes 19 QL JZ; (b) BiySes B A HLIK X ;

Fig. 1. The crystal structure of BiySey: (a) 3D schematic of the structure, where £1 2,3 present the primitive lattice vector; (b) Bril-

lioun zone of Bi,Ses; (c) the zy-plane triangle lattice has three possible positions A, B and CPl.
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Fig. 2. ARPES measurements of surface electronic band of
BiySe,l*3l.
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Fig. 3. Separation of the photo-currents in topological insu-
lator excited by linear femtosecond laser pulse: (a) The de-
rived terahertz signals due to nonlinear currents as a func-
tion of azimuthal angle; (b) the extracted terahertz electric

field generated by different effects*l.
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Fig. 4. (a), (b) THz signals emitted from Bi;Ses in time and
frequency domains under illumination of left- and right-
handed circularly polarized light where the azimuth
¢ = 30°; (c) THz-wave amplitudes as a function of the po-
larity of pump laser in time (blue curves) and frequency do-

mains (yellow curves)sl.
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Fig. 5. (a) The YIG/Pt heterostructure used by Seifert. et al."; (b) after 1.9 nm Cu insertion, the THz field intensity deteriorates
because the spin injection is impaired™); (c) the Co/W heterostructure used by Wu et al.®%; (d) the THz waves emitted from Co/W

have a peak intensity exceeding that of ZnTe crystalsi®2.
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CPGE KETRImA  MMESd% 20 -FAH
Hekk sin (2a)

LPGE CRIETRImA WS do-JAH
& 1 sin (4a)

PDE & 1S et S B 4o-JE
cos4da

OR & 1S WA R 5% 4o-JE

cos (4av)

3 #kEE/AEEEL RGP E R A2

K 4t

852 W B G T NG SR M
BHOCHLAE R AR RS, SR 2R I K
B2 R R 7 1) R TR L U 7 160, B
Jrih). SR, BT HOBFIE R, Wi 2 1k
TR RAL R R IR A, i T e A, LT 1A
7 AR 5. ORI 5 Bk /- i 5 s
R 2% 2 SRR, 76 CRPIOERIIB T, 11 se
USRI 9970 B [ MR RS (71 45 [ sl 12
VA A 1 SN B 2 T A B AR R
TSELE 65 [0 0 2 0 P, 77 P O (72, 3 T A
KRRk, FLARR T 1003 B T AU, R T
S M U R M /i SR G MR 1 e A
I BRI TR, ¥ e A 2R Bk /A W S R 2
f9 1 JE K2 A DL

3.1 REEFHBREEGEN

Xt g /A e A Tt I — A~ TN B R, AE
S22 3 RO CRRETIS AT RUAEAE )2 G 2]
— P, BRI T ERREE AR R A HER .
Uchida &5 [P Ay X Ff (9 € 0o I8 T Bl b4 et v
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A H Jié 2 D1 7807 . Seifert 55 M 78 YIG /Pt 5 )it
PSR T H e 2E DL s A0 S BOW R B e
A TRENEOE RS ET, 4 )R 2 R R R T
WM, ™ A — A BB S F 1T A v
BE J5, FHor I AL R i o AT TR G
M. BT AR ™A SRR FrIife 5%
TR G, HARRAG U AT e Fb 5, PRI A
JREZE D a5 | AR B e, Hah M AE Kk 2%
Wi, iE—H, hFHERGZ 0 ISHE, A BeEm gt
AR SR ] HL AT, SXCREPE T —/ NI TR

SR, FFAERTA 1Y A e AR AR RE S — i H
F Jié 28 DL S s8R Y REPO LR e 2 B
RGO Y B RS A e (770, 1T R
A BEREA . Kampfrath 25 19 F] ] CEMEOE bk
WA Fe/Au 5, WELE| T Kbkzzmgt, I0H
S R A BEE A A YT A e AL
(superdiffusive spin transport). 7E H W I fE &
BREE, AER LR TR sp PuB R, 1A
] T R RN d HUERHE. BT BT A
HL P SRR R AN R, PRI E 14 B e A
QTR PARRA, RG2S IR T A
RS, S T ABET M HERE 2 E AL XA ROE R
B H A EN, HAh ARG A A e i Fb i
9, P AT DASEIR 2% e 2 ) B2 F e A 7.
55 i E DL e s — 35, X R [ e ey 5
R ZREAL T 1) 2 AH R Y.

BR AL P e E ML Z A0, wEPEA BT
PURMEII G D274 A BENE, XA A BETE AL
FRA A sz 200 (spin pumping effect). 1 &FP
OGS R 0GR G G A R 25 Sk & 269
ZHb AR IE U8 AR PR B A R v BRREE M A
eSS R E AR, ST A ATEEA. H
T ez W REE R [R] 5 [ e E A BAE A O,
L () RUBE Sy B A0 1 4% (790 DR I [R) R T 7 A K
RZZ R, SR, BT REPEOES | A B #ETE S AUAR
NN RVRE D i B VA S G ONED R N T
Kampfrath 55 19 3187 Fe/Au 5 i 45+ A e dh
1B N AR HBE T AR Y BT BOW P B e
NN R D L

EAERERNE, HETH = 54— B kit
SEAE TR R R F e AR, FERiEXT T A e
DU s 0 AR FO N X PR [ i AL, A
(RG22 T B TC B P A A800 T A e

XarIPk. ik, BRAETCE DI As H IR 1 g v
AU B DRSS B AG rb B RBR 2 S s 2SR

3.2  RREHHBiE- B R KL LSt
FE A TER N2 E AR EREZ s, T
w2 AR A TEE RS S AE L, AN BEE )
FL RN R 7 Tl e, Ak e far AR 3R Xl
& ISHE. 7 H g JIEAEEBE TR, HT
ISHE, HieH 73228 m EMER, tE4EZ
F4) PP i e S L g R SR B I A A ) LI T, R
Je. = Disued X o, (5)
Horf Digue N ATEE/RRZEL. | T J ALTE N B AP EY
)RR I, JHLE 0 S %) Pl 0 0 B 1 7 2 A 2%
LR, B, 785 Bas o] DLSC IR 2% & 58, H
%%ﬁftj{l [80,81]

By (w) = Jo () °Zo

d
ny +ng + Zo/ dzp(w, 2)
0

Hrb, ng Mg AR T, e HHEFH
7, Zo HEASBAYL, p ok BT 0] 004 Jm L 5 .
a2 (5) A1 (6) AT %1, ISHE 7= A= 19 I 548 1]
i Je 7 e H T A TR ALK B o, RIS B4
AR 8 A A 2% 8 S i 9k T 1) S LT RGO 1) X
5 Kampfrath % 19 fafF58 455 — 2. Seifert 55 74
WAE YIG/Pt S Bz rh L sl 1 A e Kwkgk &5, Tk
ST REMEOET AR FREZE DL vw 500 A 2 S I
A e AR T B AT Zh AL 53 6
AR B e B, U] T A e ZE DL ason Ee R T
AEfE 2 1) S

GEFIN R /AR R S B s AR 1B 5 A5 H 00
b, BUTE T 2 RE A% S R ARIBURR S o B2 | 47 5 55 D A6
B TE R B 25 SR, W 55 B2 BF5Y T AN [R) JEE
TR 5 AR 2 X AR DR 2% 0 R S, R
B W (6 nm)/Co(3 nm) X2 5 5t 45 Fr & 5 1) Kbk
2R R ZnTe fhR &SR, I H., XFE5H 1Y
FI A 2% & S U530 HAT RN FE R R, RIMEREOL
e IR R 0.6 pJ/cm?, JIRETE S A LR
FE R %% K 5. Seifert 45 PO ffi il W/CoFeB/Pt
Ml = 2 S B e M AN AL e BUZ 4548, th T
W A Pt HAE FRER KA, PR AR Y
R 2% e S AT AAH &, ki =2k 130 THz

, (6)

200704-7


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

Y] 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 200704

ARG SR AR 22 bk o, HLRE R AR SR B LT
FFYEH SRR GaP(110) KF2% & HHE.
i, Zhou 55 1831 ¥ YRR FH AR W8 A1 IR 2 4
J& MnySn 5 48 Pt A8 A Y 57 45 S T Kk
25 R, HT MngSn A =1 A eSS, AW
Al A Y MngSn 7= A= B ) A BE 3 R /INAS ], P
el 28 A AT DA 3 B MingSn J2 19 AR AR #8
S T2, S KRR 2% D R 2 . 53 41, BT MingSn
[ EA B FU e /R 1, X RN AMR P4 T
DI E T4 B 24 L ISHE. Zhou 25 BFFEAMHEIIE
(a)

G
"z
fs laser :;‘?,%';2

p 4
7 Terahertz
wave

Circular teraherhz
wave
Terahertz and
pulse (1st)
fs laser Bt A | =
"‘\___“\-.

v

2nd emitter

d A

1st emitter

Terahertz

pulse
Femtosecond

pump

, || Ern(t)

V JI ."'\'\ e

Pulse 2

Pulse 1

Pt/CoFeB/W

&l 6

(b)

=
2

Ey / arb. units

E,/arb. units

W1 T K 2% T LI IFTE A R i I RESS A4 1Y
— MR T 75, SEIERT T MngSn HUA S H ER
A% K -5 P A R B )

3.3  BRWE/ARWE SR EAE R B ER LA H

A (5) IR, Sl vh A 5T i A EASHE 2%
(%77 )2 BT REA T 1], SRS Hhid a2 1A
SRR REANR], F BRI 2Z AT A Y I
PRARZS . LRI, A BE A 2L IR A ST BE T 58,
RO R EZREACTT ), AT DM IR AR AR 77 150

— 67, ~1 THz
— 67, ~1 THz

/

0.4

E,/arb. units

—0.4F

—-0.4 0 0.4

E,/arb. units

6
7=—0.3 ps
7= —0.325 ps
" 7= —0.35 ps
h=1 7=—0.4 ps
g 4 s 7=—0.5 ps
. i f \ 7=—0.6 ps
Fz% = \ T=-0.7ps
> -
)
el /
=}
h=
e 2r
£
<

1.0 15 20
Frequency/THz

(a) TES Fr4h Bhtn T PEAR 5 A S8R5 S 5 AT LUOAS H 550 KA 2% B ) T (b) 1 () IOAIBE ANt £, Horb ot 5 0= 23331

HFRZE e 5 A B AL R #2515 5 5 (c), (d) Chen % P2 353 A SRR 2% K 0 i, WI 9k S 458 BR B2 WO RE AL D7 180 55 AR D7
T PP TS, 3 2 ) S O A 2% R 57 22 AR I, R0 LAFE AR 755 A B i AR 555 (e), (F) Wang S5 U AT A9 XAt 2 A K

o 5% AT A, T AL AR I e e AEE A DL 4 S R 2% ) I A A S

Fig. 6. (a) Manipulation of the terahertz chirality by changing the twisted magnetic field distribution; (b) the Lissajous curves of
the THz signals of (a), where ot and o~ present the signals with left-hand and right-hand polarity®; (c), (d) the cascade spin-
tronic terahertz emitter designed by Chen et al.l??]] a circularly polarized terahertz waves could be obtained by controlling the phase

difference between two stage terahertz and their amplitude; (e), (f) dual-pulses induced terahertz emitter reported by Wang et al.?!],
the frequency could be manipulated by changing the delay time between two pump laser pulses.
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SRINT, FEXIAIRENE B S R v, 2 S0 e
25— S L ARIR 1, XK PR T B e A 2% U5
IR AR, A T Rt X — R R, Hibberd 45 54
W AR AN I T T, B BRRE Z R A, S
BT XF M AR 24 IR S i s . At D FH
PEAH R B K BERAE ARG TR, NiFe/Pt SERZ51E N
KMFZE K SR, TV A AR R, S sl v
S AR 22 M I . Kong 25 189 U A FRIS T 3iE B
TSRS TSI S ARG A A R A7 A A 15 A R
() A BER AR 258 5. FR b, 78 AN R X s A
R R A5 FLREHE 7 ) A ELAS 3] DAy [
TR PR A KR 2550 5T . A THE T H S AR 24
5] 2% 5 0 7 W AR A B AR 6 22 I S 58 LAIE
S 6(a),(b) B, KEREdh B T IR BER R,
FERGESA TSR, 2% 0 il Ae 7 =X el 20 e
SR ATE. SR, Fh T AR kS v 4 ) B 2 Akl e
W REYE S AT, T DA 3 SO S MRS A R T
T AR S M BEAR K. Chen 25 22 1738 T {8 2%
B A SR 05 P 7= A ] s [l P R 2 8. A
MIHES—GRE S Ftn 7 /K7 ml kg, (=
A8 IR ER P R BR 2 R AT, AR SR G LN T
J7 18] L (R 7 A KPR 0 KB 2Z a5 it ek
70 R 0% R 2 1 B 4 ) S S R 24 I8t P A 7
2, SCILT R I P R 2% i 1 A (B 6(c)). it
—, MliE LT — P R SRR S 5 gk
i TR A X 55— SR S 1 DR 2% D5 A B PR A 5
B, AT LASEER B fm B 2% B m e (1 6(d)).

B T SCERHOR 2 A6, B e R K IR A
T S8 ) T E AT T AT Ee AL L. 2019 4,
Wang %5 2 JF I8 T XS RN T F e A 22 45 1
R E R, IRl 6(e)—(f) Fi, 440 M o &b
WO R B 2 kg /AR R 4 B S B s I, vT LA
T s T Sk e B 22 D 1l 5 e RIS E > 512
BUXT HH S R AR 2% A3 5 B A A

4 SREE YA BN SR S B R
N Y&
41 EIMEZEN BREERATE
o5 3 W EBAG T RRRE /AR T I i
KRR, A (5) A1 (6) WL STE T 1 i
R 221 B 8RR TR 219 1 TETR/R AL,
T e AR R W T 1 HEAR AR 1 s, B

R Z 1Y Oy R, T2 S8 R 28 YRR B, X 5
Wu 45 B2 (R BIFFE 45 32 — B0 A AT 1 4
Co VENERBEZ, AN 6] 0 H 5 J@ A RHE AL JZ
S UGS W R R 22 A SR EE , Z5 R WoR, X WAE R
EREIZET (Osu = 0.419), S BT4S H 5F A KRR L I8 (.
7& Ta(fsy = 0.1557) RN HERLZ I B 10 1. W4
FNEZAREAFFIRY e 2l 2 Bi0E P F R T 2,
5 HERIE FE G AE TR T X R BHI R 1 E e H
AR, A R R A Ll R RS 22,
PRIt T A A 6 T LA 18 19 T R 2% 4 33 i
IS R BRI 2% A5

F Jié- Ha frp % 4 R0 38 48 (R SR T8 A BETE AT, 46
FN AR FI ] ISHE H4 =% Ak i Ha far i Y BE 0. A
T RENE E LTS N SRR - R T A R R
. Wang %5 B8 ffT ] A e /)RR (spin torque
ferromagnetic resonance, ST-FMR) ) J7 i Il &
T BiySe; B ABEE /R M. WE 7(a) Bz, flfiT7E
BiySey/CoyFeynBag(CFB) Pt fill— SR A5 L I,
A 3ok A7 R U P I A e L L RAR S TSR
WA BigSey 25, BT ABEEIRNAE y)yIn &
AR A, P AR Al F eI A BIAEARR CFBH, 2k
A% CFB WA Y PELCHE 5| A WA 2R3, I H A H
WAL RGP E—A y T A 307, Basfl
CFB ZFJIEMER. T ST-FMR HLE(5 5
XFPREIE 43 B KT A e Ak A B R, i SOkt

Bias-tee

@ T

Signal ref
j_— lock-in

z M Ty
z
2 et
(b) y P
. Irp W 4
e e w
BT B
* BN ~_ O o
b 2 7 —
. RF
A &195'@ ! e
< i =

Kl 7 (a) ST-FMR WS B, (S kA4 (SG) 44
R 5 o0 — A S 450 e 3, 3 SRR Y LR AR S R
FIE G AR L BERE R AR5 () 57 DTS Hh 0 B a0 B o R )
Fig. 7. (a) The schematic diagram of the ST-FMR measure-
ment setup, an RF current from a signal generator (SG) is
injected into the devices; (b) magnetization movements in
the ST-FMR measurements/sl.
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PR 531 R TS IR 37 1) BTk 5090 P v LA
I I 5 AELIE ARG 10 F MR B E H e 5
far it B FUAEL, B BERE JR A Osy . Wang 5558 1 115
3t BiySey 19 A BERE /KA R 1.75, Hid & py 4l
(Osu = 2.000) B2, 3% 2 JBIR T RN LR 5 LT
AR [ e R AR L NG 2 AT LUE
FIE SR AR B A JE-FB AT e 4 AR R R Y 10 £
PLE. B, B B bR 2% &5 de 2 ob, bz
PRI Ay S AR AERE PP/ 4% (magnetic
random access memory, MRAM) 4§ #r i H Jig
TR E AR 92

F 2 IEMESI S UM SR e R A B
Table 2. Spin Hall angles of several topological in-

sulators and common heavy metals?.

Material Osu

Ta 0.15

W 0.40

Pt 0.08
Bi,Se; 2.00—3.50

Bi,Se, , 18.80

Bi,Sb, , 52.00

4.2 BEGK /PR R PR B K%
%5t

T N8 S AR R 1 B e - F ey e 4 7
BRHE RN SR A S JS 2 v T D) S s 5 R
2% & 5. 2018 4F, Wang %5 68 & Y F) F BiySey/
Co SJRZESIN T A BERMIZ LS. Kl 8(a) FiR,
AT KR 800 nm TR 60 mW i KAV
JEAE ELA G L, WORTUR M Co JZ2 A A
BRI VE AR BiySe; 11, Fh1 ISHE #5 KFMK
S5 B T 2 1 0 B A RUBE L AR 1) R
Ui, FEM A KL RS, T HERR 2R P 2
A e A L e R A R 2 1 R DA X S B R
25 Tk, B T CEMEOEEUL T BiySey Ml
Co Y KBFZZHR ST, W 8(b) B, BARS 4k
e - H fmr e 45 | AT 18 A 2 28 S A B R R 2%
RS s = AL S AT AR A
SR, KR 2515 5 MM I & A 180° Y L %, TACA% T
HMNEEZ I T 1) 5 U BE L2 B W) R R AR 1 S B
% (I# 8(c)). XA ASS 7 10 SR T g AL B2 1)
J7 a1 43 56 R ISHE H ) A BE Js Fl A BER A6 5%
oM, B (5) ATAL HiEOE R A S

AR AL T 16 SIS ISHE 77 A 4 FL A7 U 1)
BV 2 7 A I R R 2% R G S ).

J T HRAIE BiySes/Co S5 M LSRR, Wang
55 8 fifi 5 BiySes R IHAHIFIERE (2 nm)y Pt E
Xt R, X Fe A AT D™ 26 e R 2% e B2 1 22

(a) BisSes Al2Og

L}
800 nm

51 (b)

4+ —— Co(3 nm)
— BiySes(10 QL)
—— BisSe3(10 QL)/Co(3 nm)

THz E-field/arb. units

—-1.5 0 1.5 3.0 4.5
Time delay/ps

5.0 F (c)

— Front, +B
— Front, — B

2 — Back, +B

= 2.5 — Back, — B

=1

el

-

<

] 0

I

=

&

N

o —25

=

—5.0F, | BiySes(10 QIL)/C0(3 nml)

—4 -2 0 2 4
Time delay/ps

1 8  (a) BiySes/Co 5 Bi 45 #4 /5 B El; (b) H RBP4
MK BiySes/Co, Co, BiySes 7= A4 1 Kk 2415 5 ; (c) B4
A5 10 5 W WG TT 10005, 5 B 4SS 0 OB 2% W
% [65)

Fig. 8. (a) The schematic diagram of the BiySe;/Co hetero-
structure; (b) THz waveforms generated from Bi,Ses/Co,
Co and Bi,ySes; (¢) THz waveforms emitted from the hetero-
structure measured with front and back sample excitation

and reversed magnetic field(.
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SR ZE R R, TEAHF A SURE T, BiySes HIA
SRR P Y 1.7 4%, Hih BiySes (10 nm)/Co
(3 nm) M & B RCFERE ] LIS R ZnTe Mk
FHIESE . RSN, TR TR Fb AR )
I T FL 77 2 50 U BE ) R AR AN SRR Sk SR R S
UL T NG AR /Bl S T 2 %o S AL AR
FE BRI R 2 A S AR RS . IR E, BT
MR RR PR T DRI, A BT DLk S
K2z M55, PR NS AR /s S5 o 25
SR BT IS AN BB 4% K 5 i

4.3 I BREXHZ LSRR

M G A E 5 BR A BHE S F S A R
RS A S AR, AT LA™ AR R B 4 A TR 2%
5, SR B B AR 2% B 2 ik EL D $% 07 1 S
T T B SR B REAC T ). RN, PRI TAT P38 T A,
P MG AR B R P 4 R 2%, o AR LB
SIRPEFN TR BYAE AR Ik 1 F7R, AT LU
BUEHEESE AL | s e AR AR A TR il J7 oz
RS BRI N A BRI R 2% Dl it A T IR 4.
I, T LA 4 i S 75 1 S T A R
BRI GAR P AR R 2E A R 7 18] T
AR 25 A S AN MO TARZRMARE, RIFEZRTER
MR 2% A A BER R AE I IR T 1) A — e fh, o
PR FEL I A O R REIE T A BETE A, RV AROR AR 2%
W Z I8l —EAAE—FIOL2E. e RO GIUR
i, S0 S G P AROR R 2% T AR 25 ] B A5
JCRRE AR A P R R 2 0. 1 — 25, 3 Ao s ) o 22
AMEGAR P AGR PG RN, AT LSS
KAf2E TR .

15 2.2 TR DHE T M SR Y 25 T AR 2o
JEHLTANE, 1] AT 3 M SRR 4 K 2%
IS FKP TR M ASA S, SR, 78 REMHOLH
K, i T REOR T RO B, Hh e 2
A AR A R BROG F IR I T RE 2 BBl 931, [, mT
AU SR M SR B9 3K RELR, (V& 7R A RERT
b, AR TR, T R A S B R 2% iR
JE. AES2E b 3E w T AR e 0199) s 2
EIRICER T BITIE RN ZAR I PR RELL.
Pan 45 8 il £ 74 AT TR Y (B1,Shy_,),Se; B
JEMIRRER (18] 9(a)), BFFE T WENEOGHA T #0$h
YR N POE R SRR ISCER. Wk 9(b)
JiR, MR E R R 0 VOB, B A LB R,

K, DU RE L oK BE AL 7R (A B, O HLGH
T |O| ek, X 5B —EY. Luo 5 1%
WARE T ARG, Al AR R e R T
ARV T BE Y BioSes, 43 & T A RIRE A HY
SR BRZZIRE . W 3 FiR, A4l 2k,
H S A A % D ) e 8 o 2 9 R R ) 2 T 4
FEGHE, S Cu 245X BiySes MYk 1k B
Ji, G B R b 2% W (5 FE 3 N 50 £% . Pan 45 A1
Luo 55 15256 45 R B T (5 F 625 2 AN 7 vk
FEAR L KR 2% R B 1) ] B

(a) Var
e )f I
ITO
In In
Ti AlO3
Sapphire
b ]
®) 45 T=15K
16
14 + 15
< G
& 12 <~
T 10f
O |, =
8 -
6 -
4 - 1 1 1 1 1 1 3
—-15 —-10 -5 0 5 10
VGT/V

9 (a) Pan % A s AU TR S 08, Hirh ALO; 1E 44
HLJZ, TTO E R B Al A K (b) (Bi,Sby,)oSes 19 HE A4 G HL IR
552 1o e BEL i v, ) A AL 17 2 108

Fig. 9. (a) The Schematic diagram of the top-gate device
prepared by Pan et al, where the Al,O3 is dielectric layer
while the ITO serves as top gate material; (b) the gate-de-

pendent longitudinal resistance and nonlinear current in
(Bi,Sby_,)sSes filml.

%3 KRB THIET BiSe; MAHH A%
{3

Table 3. Carrier concentration and THz peak amp-
litude for Bi,Se; films!??.

an  own SRR e
1 Bi,Ses 755 1.24
9 Bi,Ses 346 7.75
3 Bi,Sey -31 5.27
4 BiySes -15.6 11.10
5 Cuy oBisSes -3.66 54.39
6 Cuyg sBisSes -4.23 55.77
7 Cuy 1 BisSes -1.96 39.37
8 Cuy 125BisSe; -1.17 52.32
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

High-performance THz emission: From topological
insulator to topological spintronics”

Wang Hang-Tian"?  Zhao Hai-Hui) Wen Liang-Gong!?
Wu Xiao-Jun?®  Nie Tian-XiaoY?t Zhao Wei-Sheng 1)?)

1) (Fert Beijing Institute, School of Microelectronics, Beihang University, Betjing 100191, China)
2) (Qingdao Research Institute, Beihang University, Qingdao 266000, China)
3) (School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

( Received 8 May 2020; revised manuscript received 4 June 2020 )

Abstract

Ferromagnet/nonmagnet (FM/NM) heterostructure under the excitation of femtosecond laser has proved
to be a potential candidate for high-efficiency terahertz (THz) emission. Topological insulator (TI) is a novel
two-dimensional (2D) material with a strong spin-orbital coupling, which endows this material with an
extremely large spin-Hall angle. Thus, TI appears to be an attractive alternative to achieving higher-
performance spintronic THz emitter when integrated with ferromagnetic material. In this paper, we discuss the
ultrafast photocurrent response mechanism in TI film on the basis of the analysis of its crystal and band
structures. The discussion of the mechanism reveals a relationship between THz radiation and external
conditions, such as crystal orientation, polarized direction and chirality of the laser. Furthermore, we review the
spintronic THz emission and manipulation in FM/NM heterostructure. The disclosed relationship between THz
radiation and magnetization directions enables an effective control of the THz polarization by optimizing the
system, such as by applying twisted magnetic field or fabricating cascade emitters. After integration, the
FM/TT heterostructure presents a high efficiency and easy operation in THz radiation. This high-performance
topological spintronic THz emitter presents a potential for the achievement of arbitrary polarization-shaping
terahertz radiation.

Keywords: terahertz source, topological insulator, ultrafast photocurrent, spintronic terahertz

PACS: 07.57.Hm, 85.75.—d, 64.70.Nd, 73.50.Pz DOI: 10.7498/aps.69.20200680
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e 19, Wang 45 DR Hh ML 214 BiySes 1R
Rkt )2 5B E A Co 254, &I BiySey/Co A7
BRI KM 2L RS, I X T HHM K BiySe,
FI B 1 TR AT 1 JE-F A B 1) mumk, Herp [ -
arflede hy B TTWR. TIAE FBE-HLfar e qe v, SR
¥ Edelstein 8500 2 3 2 A4EH, (HARETE 2 HERR &
FHA I F BERR IR I AEAE. BRILZ AN, Fhafhdask
KA B2 RN GRS T DUE SHRIRZE ). Braun
A 07 HREMEOG IS M AR BiySes B, 1
HoFR R B 5 R L, X e i T T U
Se—Bi #WBEA M S R, AT H TS5 T RIH
LY MR N, 1T ] MRS R %% 0% . Fang 45 181 R A
oy F AR ANE T L& T N G Ak BiyTes Wi,
FEWFSE T RENEOEHNE BiyTes MR A4 1 K524
BRI, AT % PR BiyTey HOTEAS HEL IR A TR ZE LD
BRI ) DR — A~ 2, TR L i 1Y) Bk )
AT TR A R R 0 DR, R T AR
GARF AT BARAE LM Ry, 48R T AEZetk i
WU Bi—Te #m30.

H T, FFNEZRARR LR Z R 3 F FRANE T
Bl WY 1, o0 RAME Ty ik AR et
il 2% HH o i T ) B R (PR A RSEAZ R, B
il AR . R P RGP I S v i A M %
K /Rt s, K REsAtt AR K 48k 4 in (1 in =
2.54 cm) B SR G RST R, AR AR, A
SR B RV ACR . AR R I S 7 i il 25 1
P F AR /R S S 205 ) R 2% % S B A DL 4
B . AR SR FH R AR I S O A T A A A
Bi,Tey /8 CoFeB WUZ 5 ik, F|FH A 24 it 35
ik R GE X BigTey/CoFeB 1) A ik 2% & 5 Pk fig 7
5 THRAB Y, KIAE PO O Sk vh V8
T, BiyTey/CoFeB I =0 M) Kbk 4% & 5t it

B RS A B E— 2L, BiyTes/CoFeB KA 2
AR R R ATRCR, B AR I 77

2 LEE 4
2.1 Hmul&

ARSI TR ELEE BigTes(4)/CoFeB(2),
BiyTes(4), CoFeB(2), W(4)/CoFeB(2.2) Fl Pt(4)/
CoFeB(2.2), i o U7 RRIEE, ALK,
TEHL I MgO #JIE % BiyTez(4)/CoFeB(2),
BiyTes(4), CoFeB(2) iX =FhHE A, . MgO o IS JE &
0.5 mm. KT BN RIS 152, S0 7E 3%
TN BRI b1 %5 BiyTey(4)/CoFeB(2) ki,
L FE AL AN R B AR AT R X0 0.5 mm. W(4)/
CoFeB(2.2)  Pt(4)/CoFeB(2.2) ¥efh HHH AR
SEBE. RIS AJA TR 2R G0l 2 X Se e i,
I RBIN AL E 2SN 2.0 x 108 Torr (1 Torr =
133.322 Pa), T A FE M EBZEMLT 2 mTorr RS
JE 73 R UL, BiyTey(4)/CoFeB(2), BiyTey(4) Fll
CoFeB(2) it ¥ 3 — 2 3 nm JE 1) SiO, 1
JRHE . BiyTes, CoFeB, SiO,, W I Pt A4 K
B 4 5 24 0.067, 0.006, 0.008, 0.021 nm/s Al
0.077 nm/s.

2.2 FEmBIKHERZZ & SR

R 2% I O6 1% 28 58 HEA TR Il ) R 2%
RASPEREIIA, SCEE ENE 1(a) Fis. SeBarh i
FHRBOE R = A AR S (B Bk
800 nm, kM FEE 35 fs, MR N 1 kHz). #R
EMHO B 2 B S I SRR DG ER 43 2
F R 18 mW LB A/NA 3 mm (0.255 mJ/cm?)
(332 S PRE i — ) L TE A S 14 =2 e AR
7 AR T DR 2% Tk b R i S Tl A i A 3R A B

BiQTeg

.

)
e

B 1 (a) SCE2E E/RER; (b) BigTey(4)/CoFeB(2) F B4k iy 45 # /R 2 A

Fig. 1. (a) Schematic diagram of experimental setup; (b) schematic illustration of BiTe/CoFeB heterostructure structure information.
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2 mm JE[# (100) ZnTe fhik EE4T A %8 B H G
RFE. LR R T, Kbz R A s
FFEA TR HRBR K 22200 TR L i g
W R/N14 1000 Oe (1 Oe = 1.0 x 104 T), J5[n]
AT TSR, il 1(b) B,

3 #X5it%w

N T WH5E BiyTez/CoFeB 5 Jit 4 i & Hh 4 JiE
FRISZNR, PRI 230 e MgO, o LA AR
X =R IR EAEK T BigTey(4)/CoFeB(2), I A
FH AR 24 1o 301 2R G XX = SRR b ilE AT T Rk
25 R SRR, S5 an1& 2 Firzs. MR 2 HaT IBH
WA, A KA MgO #JJiE LY BiyTes(4)/CoFeB(2)
R BRI 2% e A o, BAT R B 1 R 24
FRETVERE, 50Tk [19]) B IS5 R — B X2
THHEA RS MgO AL, WU 2 1 Kk 2% 1%
T B AR B 1) B A IE B Y BiyTes(4)/Co-
FeB(2) &5t B R 2% W5~ 7555 T MgO #HiE b
f) BiyTey(4)/CoFeB(2). & BHHE B 4R Xt Kk 2% I
{18 W ST R AR /I 201 H 2 37 ok 9 ) 3R A iz ot
JSE D IS SR S N a1 R = R ED A EE = A L
AT e BELAE 8 F S 8 DA T R 2% B i i R
PR AR 3 4 R 24 I A5 28D

| —— MgO sub
Si sub
glass sub

[ V)

—

(=)

THz electric field/arb. units

|
-

Delay time/ps

B 2 AR A MgO. = BH EE A B B 41 IS | () BiyTey(4)/
CoFeB(2) 5t J 45 By A 2% 2 5 M fE L4

Fig. 2. Comparison of the terahertz waveforms generated
from the BiyTe3(4)/CoFeB(2) heterostructure grown on
MgO, high resistivity silicon, and glass substrates.

4 T HEB: BiyTes/CoFeB S 5t 45 A Mk 2% & 5
112 BiyTey J2HI CoFeB JZ2 5k, 43 %t40 Biy Te,
MM | CoFeB W 5 Al BiyTey/CoFeB S 5t 45 #E 17
T AR R ST 2% A GiE . ME—As[m]

F) 2 7E DU Biy Teg v 155 5 5 A5 it i 4, i %
CoFeB [l BiyTey/CoFeB 53 i 45 ik 47 iz if
SMINT —ANTE N B RG34 CoFeB M REAL R AT 5E
], MRS AN 3 7R, 4l BiyTe, WilFI CoFeB
TREEE A AN 3 bR 2% 4% 20, 117 BigTes/CoFeB )it
S5 W) 22 S A 9 R 2% 0% . X T4l BiyTeg v E A
CoFeB v JiE i il i 45 2R 5 SR [16] #iiE A — 2.
SCHRA R FH A AR ME T Al M2 A BiySey
B PR, 4l BiySes HERE K& ST KR %% I E 2
H T Se—Bi 8 [ BES LA 6 B 5 [ I RS FL I
M= A . AR TAR SRR FH RGPS S 45 1) BiyTeg
WEREL, Sh 22, AR TR AR L 2 AR
Bi—Te 5 i B S BENLAY, A5 5 i RS v 8 1 o7
] —3, FUILTEZ & BiyTes M5 g i 3 50/ ik
0, PABUOCHEIRI BN K22 55 5. X T CoFeB i#
JBE, JERE A 2 nm, ATRERR TR KW, S8H T
B B AR 7 A B R 22 SRR 55, ME ARSI 3] 3
Ui B W 425 W 559 7 15 1 45 19 BiyTey/CoFeB 57

WA A\

—1F

—2

THz electric field/arb. units

| —— CoFeB(2)

—3 [ —— BiyTe3(4)
r —— BiyTe3(4)/CoFeB(2)

_4 | | | . | . |
-3 -2 -1 0 1 2

Delay time/ps

BiyTe3(4)/CoFeB(2)

Amplitude/arb. units

. 1 . 1 —
0 0 1 2 3

Frequency/THz

Kl 3 (a) CoFeB(2), BiyTey(4) Fl BiyTes(4)/CoFeB(2) 4
SR B2 I 5 (b) BigTes(4)/CoFeB(2) i () A i 2% 45
ik

Fig. 3. (a) Terahertz waveforms generated from CoFeB(2),
BiyTe3(4), and BiyTez(4)/CoFeB(2), respectively; (b) tera-
hertz spectra obtained from Bi;Te;3(4)/CoFeB(2).
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Fig. 4. Terahertz emission from BiyTe;(4)/CoFeB(2) hetero-
structure: (a) Terahertz waveforms emitted from the
BiyTe3(4)/CoFeB(2) heterostructure measured with front
and back sample excitation and reversed magnetic field; (b) the
peak amplitude of the terahertz signal emitted from the
BiyTe3(4)/CoFeB(2) heterostructure as a function of mag-
netic field angle 0, with respect to the a-axis.
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Fig. 5. Comparison of the terahertz waveforms generated

from the BiyTe3(4)/CoFeB(2), W(4)/CoFeB(2.2), and Pt(4)/
CoFeB(2.2).
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SPECIAL TOPIC—Terahertz spintronic optoelectronicss

Terahertz emission generated from Bi,Te;/CoFeB
heterostructures grown by magnetron sputtering”
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Zhang Xiao-Qiang?  Du Yin-Chang?  Wu Xiao-Jun T
Zhao Wei-Sheng 1))t
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3) (School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

( Received 29 April 2020; revised manuscript received 6 June 2020 )

Abstract

High-performance terahertz emitters, which convert the femtosecond laser pulses into terahertz pulses, are
essential for terahertz spectroscopy technology and terahertz wireless communication. Spintronic terahertz
emitters based on ferromagnet/nonmagnet bilayers have attracted tremendous attention due to their high
efficiency, ultra-broadband, low cost and high flexibility. Here, we systematically investigate the terahertz
emission from polycrystalline topological insulator BiyTe;/ferromagnetic CoFeB heterostructure grown by
magnetron sputtering. The BiyTe;/CoFeB heterostructure exhibits high efficiency of terahertz emission, and the
polarization of terahertz waves can be controlled by the external magnetic field direction. The performance of
Bi,Te;/CoFeB heterostructure is almost comparable to that of the Pt/CoFeB bilayer. In contrast, no terahertz
emission is observed in the pure BiyTe; or CoFeB film driven by femtosecond laser pulses, probably because the
BiyTes prepared by sputtering is polycrystalline and the thickness of CoFeB is too thin. We also compare the
performances of BiyTe;/CoFeB grown on MgO, glass and high-resistivity silicon substrates, and find that the
samples grown on MgO substrates exhibit the best emission performances. The glass substrate absorbs more
terahertz waves than MgO substrate, resulting in a slightly weaker terahertz signal emitted from the
Bi,Te;/CoFeB grown on the glass substrate. Although the absorption coefficient of high-resistivity silicon to
terahertz waves is very small, the residual pump light excites the high-resistivity silicon to generate the photo-
generated carriers, which change the conductivity of the high-resistivity silicon and reduce the transmittance of
terahertz wave. We attribute the mechanism of the terahertz emission to the spin-charge conversion at the
interface of BiyTe;/CoFeB. The terahertz emission efficiency of our sample is expected to be able to be further
improved by optimizing the samples. Moreover, with the sputtering method, it is possible to fabricate large area

samples at low cost, which is critical for commercial applications.

Keywords: terahertz emission, topological insulator /ferromagnetic heterostructures, femtosecond laser
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& (varible delay) . B4 Y5 (OPM). #R fh 4K (ZnTe). 536 5 (polarizing beam splitter). & HL R I £ (optical detector) 14

AR A% (lock-in amplifier)

Fig. 1. Typical experimental setup for the time-domain THz emission spectroscopy which generally includes optical elements such as

beam splitter, optical chopper, optical delay stage (varible delay), parabolic mirror (OPM), detection crystal (ZnTe), polarizing

beam splitter, optical detector, and lock-in amplifier.

SEAELMERA (GaP, ZnTe %) AEPIEH (pump)-
R (probe) HEA B e [a] 4354740 4480,

Y 1) 375 S5 N SRR 2% T S ik S 6 4
K1 . OB BB, it s
S3 B DGR, DGR A B AR 2% A S
AR & K, PR SRy A B RO 4% i S B
A, T DR RS 4 sl A TR R e, B
LR o 25 SRR ' 08 2R A 04 D0 ot A ¥y )
—mi b, YOO SE G IR AR BRI A A B, R0 A
PRI e A PE FE R (dichroism ratio) #f A& A el AE,
AR B T LT OO 2% FR A R B, PRI AT DA
W Kbk 2Z Y. 5 2 B, K% Mm% 5
BRI, BT LA 22 1% i X Sl e S s e TR
HHARE .

3 HEMER BT A0 bR mE ROK R %
& S L

FRYE 2 S e ROBRZZ 0 & S el A= ml L
T2 7= Rl S E W iksh ke
ik

V’E - Hoco 53 = Ho 5 (1)
Hrb A i T R
J:L+VXM+%§, 2)

X Jp O H AT, MORERIR S, P
Pes . B3 sh 75 R al AT, A = AL

AT R SR 2c AT (2) RS AL — T2
Wi FF 151 A28 £ P R i FEL AL T . SN () 48] 2O 5 R
LA i OO0 AR R E RPN ) R
RS S B R T IR ORI 22 5 5. (2) U5
S IR S REAAT R RRAE RS, Biltn
FR DGR (0M /o) 35 BB A 2% A 4t 1. (2) 304
SAIRER =IO ACE AT R R 2E RS, W
NPt =2 3 i v e S g I | B2 G S T
TR R 2Z K 5 121,

AR S BRI A B W S B 4G 5 S A K
TR 22 & 5. Herh, OG- T r R PRIB R 80N;
BT OCHEVENE . 2800 AT LU Battiato 55 191 S
FIREY A iEfE s (superdiffusive spin transport)
REARRARGF i B, 1200 A3 BT 53 45 5L 1 1)
7R T A B (ultrafast spin current). S
5 B0 T PRI AP A e, A AN ] 500
RS E e F AT, A A T O (1) A (2)
W OJp/ 0t X — I, S 2B T AT S KR 2%
L

3.1 HEMERBLEPRIBIRIR HERN

REMOCTE R R L5 R BB OB IS
H M EILLRSZ 3 T AR IR RO 1418
Hrh 35 5 AL 2] B Ik E R 58 2. 1]
Z OIS AR A TR P e B S i A (spin-
flip scattering), f & | Elliott-Yafet i ¥-/=F H
JORE M A% TR (10200 | vl -G AIR - I e RS | U R

204202-2


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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 204202

© 280 11 e B O L LA SR X 3 HEL R A A
Y B E B IO P2 X e LRI AR IR SRR TR
WETEATRLN B BRSO DGR . SR TN TR M 57 o
SE S B UL, BIFSY R R 5 A — B O
TR PLUR R R T EZEAEH, RV 8 H ek
iz 181 Z AL A B S E FRBH T RENEOE AT LS
PR F e AL AR, T X Z s
BRI 4.

FEREY L A e R, YRR AT E]
wEbE S RZE R (ANl 2 Ni/Al), £ 3d i IERRRES:
JE RN, JEl— 2 B d 7 (d bands)
F| 2K 28 sp 7 (sp-like bands) P . T
TE d Al () BreAasoX AR R THE A
B HTEsp B FIERRIZERT dHFH
TR, XFEFT LA d A HL /28 SO HERRAS 1Y
e SN 12 e HERET28 sp AP L iz
BMAT 1. 518, BT L S AR/, AT
PLIIA B B L HE 55— IR i 12 Bl 42
S mFEPER (B 2(b)). R M iz D R, 208 T
SR ) SR SN0, HL 10z 3l R 2
HL TR MBI BT OE . TR T s o R v
SRR, RS Bl S A% TR AR Y Rl
St SVEREE, A BRI RE R, T HL AT
FZ A A AR BRI IR AR s R i A, XS A b e
FHURRE IR 1T 2 A ey mBEpLRY . 78
BRuG I E N RV, B B Em B (majo-
rity spin) Al H €A (minority spin) HL ¥ Z Al
1B EE AR ], L AnOE T & By sp # L H
AR A B AR A i r - H A AN A R e A
() A A TES 12440 BT A R FL e F
TR FETT ) 0 F - H AR A —FF, A&t #
H— A JiEJ7 ) (majority spin) 7 fiy f4) HE T8 L
SHRER/N, BB A — i AR E )2
I AR RCR Y F e A FL . [RIESE, AH S5 )
/) H i€ (minority spin) HL T F iy B0, 45 K28
HRESAE 7 A Z S Ul A AR R 2 . AT
I, MR R SRR SR, Y — AT
] () FEL - R ERI SRR, R =M b2 A
BB ek R . LAY g 2 | Battiato
S 152) f o T ELAR I SR A Al P A 2 F 1 3
DALy ¥ S

on n ( 0

Gt = (54 T) (S5, @

A, n N ERARP RS T HE, T AR,
& MIBERFLF, T R, S, Wi FIRFAE, o
RANAT RS 1275 REREHEA TR (K fife.

Laser

K2 g B AE Ni/AL S, BOGIE S R R ¥
YO R B B (a) B AE R AR S — R R, T
HL&Z, S, Al FFEEME, SRR FHLZEENE;
(b) HL T 1E 2 A WK, KA T T i A R 2 4 T IR 12 11
Fig. 2. Schematic of femtosecond laser-induced superdiffu-
sion process!': (a) The electron moves along a straight line
before first scattering, S, is the original position of the elec-
tron, and S is the position after the straight line movement;
(b) the electron is excited at z, and the probability of the

emitting direction is isotropic.

AR, XECREN (5 Wb
X)) BB i o R IR AR E B A B2 B (Brow-
nian motion) Fl & fiiz (ballistic transport) &
AKX AW . FEA Wiz s i3 sl #rp,
TR o? BERTRLEZRMAIG K 02 oc 77(y = 1)
EHERE SR PH 02 oc 77 (y = 2). SR
HFEF, y(> )& — D EP Ry (1), AR TH
TG, Hoaz shigf it DI 6 J st 18] RUBE A i A2
S RE (v = 2), 2o P B A ) ROBE N I 2 b e
iz i (v = 1).

B A e s ML R # i i A R T AR
A R] 4 FERY X ST Zemt — Wbk (XMCD) SZ56 HP it
Z2 B PR W5 BE 1)) HL A Ry AR R 4w RN
A AR IR BERON, B B R 22 FEFR AL Tl 1291,
SR BRI Y HC Rt = b B A et b &
PERYEE PR (I R]RUEE 292 100 fs) s 3F H IRE
B, I, Kampfrath 25 @ 78 2013 4E 18 42 Al
DARI R AR M 4 i b i B BB RS, F R
L e A Ry A PR ar A, T 7 A R I P R 2%
FRI, SR AMEZRIER TR A e, A he- e Bk
AT A AN TR - A500R SE 8. R R e A Tk AT
LU 20 Y 3R

204202-3


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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 204202

3.2 BE-BEHEEENL
321  ARE RZEAE AR E RN

H, - [ Bf 5L L AT R0 R PR X T B T
&, BT A PR AOIRE: BER BT, B
AR MR IRA, AN A BEEE /KRR
(spin Hall effect, SHE) ;=4 TR K248, H e
BRI RARTEANIN R, AR AR 5
FIBEDT e AHOCRIAR B, A erm) b T Ay 1
32 AR S A8 RVE T, DT AR A5 AH S5 P A 1) 3
JE, T A R 1o 1) B, AR T&T 3 s . HLAROuE
B AT 3SR IS B — SRR S R AE A i 7R 2L
N (intrinsic SHE), 53— 285 7% J5t i MU A ¢,
PR A AEAE F I KRB0 (extrinsic SHE). A<
it SHE — & AR 7 HA 800 [ He-BUBE & 14t
B EAE DL FIAH AL (Berry phase) #H 2 9 i L .
1717 D) i 238 AT LA 2G5 77 1] 5 F 5 FREAH G A1
i, A Em AT B L2 3R B SR
162577, A=A AT, mifEdEAE SHE h, £
TEARHSE T FEL T F BT 1) A 2% I A A, AT 32
TN AR T His 3o 8. MBI g E
T E AT, 233 A i Y e ) AN
A, TR 0] T BE RO A PE T, 8 ) A9 eI A8 21 1k 34
FAb 228, I AR E 1 F e AL IR 2R,

-
Jrrrrrrenny

g v F//
[ /s
J<m TR

' EEEEEEEEEE A

P03 TR AR RN P, 33 2 9 BT 2 7R
BT BT B E H A

Fig. 3. In the spin Hall effect, asymmetric scattering of the
moving spin (magnetic) moment causes spin imbalance in

the direction perpendicular to the current.

FEFMFRI RN, 5 SHE AH /e 0949 # i f2 4o
ATRASEEE, NI B e fb i s it , %0 Bt Bl A
R H R RSN (inverse spin Hall effect, SHE).
SHE I ISHE Al LA iz 40k A28 30 i ik 24290

h
J. = 7276"YSHJ53 (4)

2e

J. = _%'YSHJw (5)

Horf vy, Jo R TA AR MR FEEE IR A
FEL i 90 T BE . 3PP e - H e 46 B T A& AR
1 BAT a2 45 1) Sk i ] — 2 S Acrp 20 T 2
KA SRS BATS A - PUERE &R (i
PR fr g R s h . FE R m IR GIOE T,
e A ] DLy A BE AR s R W AR, ©
T T2 SRR, 2 SR 9 ISHE 7T LR
F e S 40 hy LT IAE , I ER R ) S TN A 9L, A
BEAMELLT, B TR A BE-PUERS & JE AR
H R IR ysu FOIE 43 B K, A ALTTRT AR
‘ARl [ e f i U AR RE A, BERS L
AR AR PN B e IR LS R 5 P03,
RS Y HL AT J0 T A R 2 i i, (KDl
B R RO BRI, FAA R TCREN I T, B
DA B AR 2% K 5 i 55 0 A 0 45 6 1) Tkt vk
P o 1028, i B 125 ) R (1) F(2)
VR T () B (] 4 228 Ak A DR %% i 5, 9 AT DA
FI SR 2 35 A 28 1 i SR 2% & S e AR 45
FICFPE . HRAH T 8 e bR 2k R A (7l e
$£3 30 THz), g MBEiRIE S, 4 AR FAESY
20 2016 4Tt i ST JRAH G J T 1) T4 (4361,

3.2.2 Rashba-Edelstein # 2 #=1% Rashba-
Edelstein &

BT B 3C4RE) M SHE 4, FIH Rashba-Ede-
Istein RN (REE) 8 7] LAFE S8 X6 kP 9 1 SR 1)
SIS LR - [ e R BT REE (2 —Fh
FF HE-PUER A (spin-orbit coupling, SOC) [
RN, EAFAE T AR R T A T i B b i 4
H, TS K (two dimensional electron gas, 2DEG)
-2 gy, EERITR BA R SOC 1EH,
W Bi, Pb, W 4%, XFMHEAEHI R T a0E 4(a), (b)
7R e e it e Mg oK, DL A e- 2 it
FE PR A B R T DARR AR R FESMIN R
AIVEFTT SR & A RS, Sl i ) i — 5 1] i e
TorfmEZ, HT AE-shadie, HAEw e A
BE it 2, NI ™A AT k. iX 5 SHE
SRR I R S R Y A BT A BT AN A, REE
SEAE S ECRT b A 0l H ™ AR F e A,
A LA | iéi. 124 M1k, 78 BiAg(111) 54
FE TN Ag(111) WA &L T 5 K1Y Rashba
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() Electron energy (©)

(b) s

Pl 4 Rashba 408 X 17 ) ik 4 4% o % TREE (1) 55 J580 15

9.5 GHz

z

P

T

NiFe

Ag

Ag/Bi interface

Bi

(a) LAY () Rashba 4 i 1< H ESF RO AL, (b) dLALfK 2K

KRR, PR (S B PR R RS ) SRR R AR, M, AR AT A AEE HER A S T B (IREE);
(c) #L9% T 1Y NiFe/Ag/Bi B i 454 J, 0 B A BE LI, 1, o4 IREE 3800 5 faf
Fig. 4. Schematic of Rashba bands and the experimental setup for confirming the IREE!): (a) Typical Rashba spin splitting bands;

(b) typical Fermi surface contour, where the electron flow (a Fermi contour offset along the flowing direction) results in a non-zero

spin density. In contrast, the non-zero spin density generated by the spin injection induces an electron flow (IREE); (c) NiFe/Ag/Bi

sample structure under resonance. J; is the DC spin current, and I, is the charge current arising from the IREE.

FEL AU, 752 Bi SAEREMEREL (40 Ag, Cu,
Sils43440) B SATE AR AT DUOMWEL R AE R K Rashba
5 ISHE 248\, REE W47 AH R 35500, 4
FRoAY Rashba-Edelstein 300 (inverse Rashba-Ed-
elstein effect, IREE). 7£ IREE "', R % E 5 H
JHRE T 88 B 1) O R [494160;
Jo = Areeds, (6)
Hodr g RN A/m Y H T R T D
A/m? R B A SR A B A BET 2 . Arer A2
IREE & Bl & Aree = ar7s/h = vprs, H A ar
BEFRN Rashba 2%, ML 3RV 401 Y 5th i
WA, ve HPOKBUE. ATLIEH, IREE R%5 Rashba
FEA AR R (KEEFHEE), Bz Al i it
BRI R TRk, it IREE [ FE-F fi7 B IR
FEAL T B & AR FEARREE A R B L TH , i Ag/Bi,
LaAlO,/SrTiOs"=%1. Ik, IREE A3k 2k ik [
EHL FAFBEE TR, I BT A e I R A
W FY H BE A1 A eI e TR %, R T fif B
2DEG St bR AR Z A e BRI C R, Roj-
as-Sanchez 5 [ Y 2k i NiFe 2 F FH 4% i I % 18
b S BT, K A B EA Ag, I iE i H
AZ| Ag/Bi B Rashba S, Rl 1 H £y it 4
P, Zhang 25143 %F Ag/Bi Fll Ag/Sb Rt 1

FI e A1 Rashba-Edelstein %500 325, #E—
HAIESE T IREE AI7E Ag/Bi Ml Ag/Sh it 5t i ik
YEH.

R, B EFRATdml LR IREE HLi 50
4 I 1 S I 2 R DA R SSE S ER  E 1
T, W0 P P B A I PN ) R 2% R S (R
51T ISHE £ K X7 T H IREE 301 H
JiE- LA 4 U e 7E 4 %) Rashba ST 2018 4F
Jungfleisch 5§ PV 5 Zhou %5 PU 43 il #fGE T 5 T4
BILI B T R 24 % St 25 . i HL, BIFSE R ] e
IREE il ISHE ;A i A 2% H 5 vl LIAH & i 1.
PRIk, AT DATE [A]— R S v mT LAt A AL ik —
AR R AR XA S IR R - A R
VR — BT &

3.3 EREMMERREPHRHZES TR
o g

15y ZA

MEIRBHEATAL, G @B B T A IR
T B 5 55 R 2% A S e e R R 11 R T DA O
K. A 5 A SOy BEAL R I T D A e
i8. B LA, FEk A A rp T bR - H e A Y
A% RS PTG R LR 4 AW B R Ok
ARG (LA 5). 1) Sh2Ei ki #: CRp
WOCHCR W R B R B RE R (FM) 2By 24hE
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Laser

FM NM

(b)

Rashba interface

Bl 5 REEOCHK B TS () ISHE 76 68 8 5 A4S Sk (FM) /AR Rkt (NM) GRS 55, 5 (b) IREE 78 6 J® fl 1
5 BUEE FM/NM, /NM, 40K 55 W T 52 IR BR 2% & 41 7R J2 I8 PU. H AN, REAL DT 1045 x P47, J, 2 MO A Bk
T P07 AR A N ] AL, T A B AR it )2 (SR IED ) /i3 ISHE (B IREE) % 48 RS 1) fis £af L J,, 96T 7™ A= Ak 2% 4 45

Fig. 5. Schematic of coherent broadband THz wave emission via (a) ISHE on metallic magnetic heterostructure Ferromagnetic
(FM)/Non-magnetic(NM), or (b) IREE on metallic magnetic heterostructure FM/NM,/NM, under excitation of the femtosecond
laser pulselPll. H is the external magnetic field, and the magnetization direction is parallel to the z-axis. J, is the longitudinal spin

current along z generated by the femtosecond laser. After being injected into the NM layer (or Rashba interface), it is converted in-

to a lateral charge current J, by ISHE (or IREE), and finally produces terahertz radiation.

250 ¢ (a) 800 nm excitation
2z pump power:
E 200 r — 7mW
e 11X S | — 1 mW
= 1550 nm excitation
_qg’ 100 r pump power:
h= 50 b — 7mW
2,
g
@
8
Jus
=
—100 " " i M
0 5 10 15 20
Time/ps

800 nm excitation

106 pump power:
5 — 7mW
HUS 7 B T — 1 mW

1550 nm excitation
pump power:

Spectral amplitude/arb. units

103
w02f FUNT
10* §
100
0 1 2 3 4
Frequency/THz

KBl 6 AR (800 nm Ml 1550 nm) KW HIH (1 mW FI 7 mW) T B R BEZZ & 5 I8 18 LA S A3 el B4

Fig. 6. Time-domain and frequency-domain THz signals for different wavelengths (800 nm and 1550 nm) and different pump powers

(1 mW and 7 mW)P4.

HEEEF L. X BB e Ak Y, IR
St FE AT X — B ek Ak, MR A 500 H e
i QUL (S0 Sy 0 R RSN e M e U= B O N R S
H SR R E, AR R TSAEIL TR
FOP Il BIPRS00 A B ) b i f AR ik F
R e AR, 2) AlEREA: BE A
JiE L R R 2D BRI AR R RE 2 (NM), FHY TR
BT MR 2 B ARG 2 1 FBEDR. 3) A E-H
el T AR ARERREZ TP Y B ERTE A e - A i
BeryHLE T (ISHE 8¢ IREE) fy P4 BLA% ) H 37 53]
W R N IR . R, 1IX HLAY Rashba i — i
PR RE (NM, T NM,) R4 A 4 51, 55
FEARRRER R B TR 4) KOBF2E & 5T TP A HL R
FREzmt ) fe e R g, PRI 2 B i) rL e 7 A

AN, AR, ARG S A RO
FEFI AR P B - i Arr F A0 RN, AT LAAE AR GF 11
AL AL IR, XFPIRFRATT B ATE AR E AT H
JHEHEL 24 AR 2% .

T3Ab, T4 R A T 2T AN RN 2T AT R
AR EANIS, PR s R A 2 MR AR A/ N 154991,
WA 6 7w, 45 800 nm F1 1550 nm ML & 5
PEF, Kbk 25 B S AT A A3 v 5 o
T R AR R R 25 TR, S T K S R Ak A
b, EEW KRR R R S5RTixX —
D5 T, e T X I 2 N 2 A TAH DG A e

{EARHR H 2, BB A - vl A e e AR A
KRNI R R B E CRPIRHR RE Y, X S A
LS 2R W A JE R RN, w5 T LUk AR
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T AR5 2SR P DL 25 21 A T ol 74 21 2 oK 1
IOk e PO o L AN (VEE 2BV e s (@ N 1] ip i
JIr LIRS, 152555 TR R 5 B 4s F A ) 4ot
T2, IXAE H ATER — PR B A PP AR AfE S B
FIHE, T IR RO A% A5 T S AR 2 14 1 ez 2K
R R S s DR PR B ZR A 25 5
2 AT LB

4 HpHETFFRMEZIFE M A
4.1 RRSHERVRIN®ERE

MK RR T SCATAR, X AIHT Y A i T2 Kbk 2% 4R
SRR A fie- A 46, £05% 1 ISHE #1 IREE P4
FRALEL . PRE, 7 s AE o 30 S ) B A, AR
X PRI R R A B 53 A A

TELL ISHE SRR AbRAE At i, SRREZE L
B AR EEA Fe, Co, Ni MH T Iu84s 33561,
ZRI T AL, Pt st W 6 & gemi o1k} 57
AR RE, W 7 FiR. £E3X L8 FM/NM 5 i 4h
i, Fe/Pt, W/Pt 5 it 45 2 JLFM P R A X R 1Y
HE. T B EREEM RS T, Seifert 55 PY &
S AL T S AR AL A W TR R ST A 4
AR RE. A2 50 L Pt R ARk BE A1 R, CoFeB,
DyCos, Gdy,Ferg, FezO, RERERF R IEAT T L
T TAERB, fEX e B, CoFeB/Pt H AT
AERPERE, W 8 R, ABAT5IA T —4 5 R
B (FOM) Sk H# L X/Pt SRR (X NARE FM
FHRL) B B BEHL L FT CoFeB /Pt B 4L 5L 1 H i
ML, AXCH
ikl usxll/ex

FOM s
X [ Sretl| / Cret

2]
AJd

¢= (n1+mn2)/Zo+ fél dzo (z)’ @

1951 & K 2% A7 = W e R fE, C; 725 AIETCKRY
Zin (j = X, ref). A BRFIWHRERTEIREE N d 1Y
FEE T R ISR, I o 53 0l 2 25 SRR DS R T 55
R 7y = 377 Q, o e KBFENR T TR, 5%
&R H CoFeB /Pl 2. MM i) LLEDU
LLASEARER 2 AN IR B F eI R ARCR, T
i 30 HH AR S e B RGP E AL BE, SR ITAG 7 v AT
DIHES™ 2 B 00 RORAR A et T AR AR5

WA, —Beffig /MRS T HABAT B} Cramer

S5 P FERL T Y I WBEVS LN (0.05 < z < 0.70)
M 7428 A 1A - Cuy I, WA ISHE, Brats-
chitsch 4¢ 6Ol & T Tb,Fe, ,/Pt (0 < z < 1) &%
RS W R %% A& S5, Yang 55 O BiF 5% 3V 2k i A4
B Coy_,Gd, FI Pt 415 T 25 45 F Y R 2% K 55
X R WIARIBC Fe G AR AT DU S oKk 2% 56
SRR — Rk

:\ —
% L0 CoggFegBzo(3 nm)/NM(3 nm) 4 ‘E
3 S
g 0.5 19 o E
> AP
= .

= (O - i N -0 S8
) ©3
:
x —0.5[ -2 o
=

—

C.r P.d T.a V.V I;' Pt}g]\‘dﬂ@z P.t

NM material
7 ORTREERBEAORE A Y DK 2% & S 5 BE 5 ISHE
L 5 A9 L

Fig. 7. Comparison between the measured THz amplitude
and the ISHE conductivity for different NM materials57.

80 (a) R _ | L4
a " g °
60 2 H
= ) .
= 20 F 0 50
50 Pump power P/mW
= 0 A )
N 4
£ 20t { — DyCos(3)/Pt(3)
| —— GdaFers(3)/Pt(3
—40 -- CoFeB(3)/Pt(3)
1 1 1 1
0 1 2 3
Time t/ps
®
41 (b) E o
27 e .
3 0 50
Sﬂ Pump power P/mW
N
o
B Fe304(24)/Pt(8)
—2+t -- CoFeB(25)/Pt(5)
1 n 1 z n 1 n 1
0 1 2 3

Time t/ps

P8 AN [l S B 405 B0 KB 2% S S 5 o B2 L )
Fig. 8. Comparison of the emitted THz signals of different

magnetic heterostructures®.

B T MR B RS, AR R T 22
S TAEREM:. Sasaki 55 6203 58 1K AR KO
JEF Ta/CoFeB/MgO H#i i i i HOGE 5 Kbk 2%
RS, HEEREH], 7 CoFeB JZRYEREZ)) 1.0 nm,
2ok 300 C B KT, KMiZE A 555 BE TR B e A,
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WE 9 frs. iR K5 CoFeB B4 L4
T CoFeB )21 HEZ FHUF-3 A AR, M
BT R 2% R SR L AR R, Gao 45 04 3R K ak
o7 AR KR R% K SHE T 2 W /CoFeB fA & H,
SEPR T B K AT 3 AR KRS R R
2% L /NG 1990 3 3k AR5 U /0N B T ) REL RS A AL T
TRA%, IMHAS e 7E A i A LS iR
AT LASRTE, S &SI AR 2% & T 5 3o

80

" T./°C O As depo. [ 300
£ @ A 200 ¥ 400
=] 60 -
w8 AN VARV,
° 3
s [L8A
g5 40t
37 0
&)
&3 e Ve
> 2 A
z L
s vV O
e B
O
0 !
0 5 10 15

tCFB/nm

B9 CoFeB 76 R JORLEE R 72 b 215 B i 0
Fig. 9. Peak THz signals for CoFeB annealed at different

temperatures!62.

5T IREE Y Kb 2% 58 312 3 4 —Fp A [a] 1
ISHE WML . il i B 55 2 B oS fifi F Ag/Bi
MUZER A Je-HLfar fe b ), 78R B e kil A&
T, "TUTE Ag 1 Bi W EEREYERELZ A Rashba
S A BTG, SRS KR kb, Ak
i & B, 7E Rashba Ft I 1) K 2% 74 8 v LA i
JEAYIRTE R (helicity) KM, EARAHICHY P L
RN, 25, R 20 Ag/Sb X
2, KIATE Rashba AL F A n] DLSCEE [ Jié H faf FE
TR A 3], (R, XA BUZ AR B T m] LAAE
S —Fhid it IREE 77 A iy Kbk 2% 5 5 i A4kt
Zhou %I H Fe/Ag/Bibt S B 454 hy Rk 4% 5
MR GHIR, RN R Fe r= B A A TIENL, S8
JEP L E Ag/Bi Ftiit, it IREE 528 A Jig-
fp G4, R P2 AR A S8R 2 5 THz B KR 255 5.
XA G FRATHRAL 138 3 S 10 A S Kb 2%
SRP AT R RIS AT TR SE S R UE R T e ISHE A1
IREE 74 i bR 2% 50 56 AT LASEA 728 1, BR1 e ey
TEICA 18 F AR 1 525 B R 2% 2 563 45 W] LA
H—AH ST ).

A BERAE G ARBRRE AT RL, T Pl & X

FMPEHIBETRIRA , BF5E & B MR s B
FE-BIE A & B EER MR A 00, X TCEEATRAT
BT FE-FEL AT KR 2% & SRS AL TR Ak e 5.
B Yang A1 Chia B4 H1BA B4 R BiySes/
Co 545 S T KMh 2% 0% & 8. X FaxX g Al i
THPEL, BiySey 9)ZHORIR], 77 Az KBF%E 15 b,
Bl AR R, 22 05 AT A BA 4R S R A I TAE,
MALELT T 4ER R MoS, FIEkRE 2 456 T8 i 5+
JOT 45 14 A 2 2% 538 167), Ay bR 1 - A A A 2% T
MRS T — MBAF R 7 1. B T LR rFhFh
Y AR Y FARSL, T a R AR i 2 02
PR, ORI N T 2R BT i
P TR 2% R S 168

4.2 HEEEEH

VFZIIFE &P, FM/NM Ssist v m] DL i
AR 45 23 1 R B A B S 1) KR 2 i 193990,
W7E Fe/Pt H, A 3CEEFH Pt EE 20 3 nm
FLE A IS, Fe BIREZ A 0.6 nm FLEATE P
HILEINN Pt IEEZN 3 nm KA IE, Fe 1
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Fig. 10. Terahertz amplitude as a function of thickness d of
the metallic heterostructure®?. The solid line is a numeri-

cal fit.
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Fig. 11. Terahertz amplitude as a function of thickness d of
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Fig. 12. Terahertz amplitude as a function of thickness d of
the metallic layerP'l. (a) Pt thickness dependence of AV.
The dots represent the experimental data, and the solid
curves represent the fitting based on Eq. (11). (b) Amp-
litude AV as a function of Co-thickness. The dots represent
the experimental data, and the solid curves represent the
fitting based on Eq. (12). The vertical solid line at 2 nm de-
notes the critical thickness for spin reorientation transition.
The inset shows the amplitude as a function of dg, in loga-

rithm scale.
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Fig. 13. The red squares denote the experimental THz amp-
litude as a function of the Pt-layer thickness™. The solid
curve is a fit to the experimental data according to Eq. (13),
which takes into account the interfacial spin loss. As a com-
parison, the dotted curve is obtained without taking into

account the interfacial spin loss.
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'w.“ THz
Pump "W

P14 kA HL- 3 2 SR 107 AR R B S R T A AR AR S B ROBR 2% R A . R R A R IR, %R s DL LR S
R 2 R0 S 1) R 1) L PR VAL g e 8 DA 0 o S P R WA

Fig. 14. Schematic of the thin-film Fabry-Pérot cavity that enhances both the incident pump and emitted terahertz radiation.
Schematic of the trilayer emitter that converts the backward- and forward-flowing spin current j, into a unidirectional charge cur-
rent j, with approximately equal efficiency.
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B (n=1,3,5,7)

Fig. 15. (a) Schematic of a THz emitter made of magnetic multilayers®); (b) the time-domain THz signals on multilayer structure
[Pt(2 nm) /Fe(1 nm)/ MgO(2 nm)], (n = 1, 3, 5, 7).

(2) (b)

(c) Stripe image

Laser Laser

|:®
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Bl16  EIRAMBEYE S AR EE P () FAT TR (b) ®EHT#; (o) BIZ AN Fe/Pt (9 IR 5 (WAL );
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A B T 2 G L 1 £ 6. () 1 () A A BB 77 Sk 7R £ BE 0 B 001 K B 90°

Fig. 16. Schematic of a patterned magnetic heterostructure with the stripes®!: (a) parallel and (b) perpendicular to the magnetic
field; (c) top view of the patterned Fe/Pt sample; (d) and (e) the time-domain and frequency-domain THz signals at different stripe
orientations, respectively. The magnetic field H is fixed along +z direction in the laboratory coordinate system. The orientation

angle 0 characterizing the rotation of patterned heterostructure is defined in (c). The black arrows in (d) and (e) represent the angle
0 increasing from 0° to 90°.
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Fig. 17. (a) Schematic of single-repeat spintronic THz emitter™; (b) schematic of the metal-dielectric photonic-crystal-like spintronic
THz emitter(7.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Terahertz emitters based on ultrafast
spin-to-charge conversion”

Su Yu-Lun®?  Wei Zheng-Xing V?  Cheng Liang? Qi Jing-Bo D21
1) (State Key Laboratory of Electronic Thin Films and Integrated Devices, University of
Electronic Science and Technology of China, Chengdu 611731, China)
2) (Guangdong Institute of Electronic Information Engineering, University of Electronic
Science and Technology, Dongguan 523808, China)

( Received 12 May 2020; revised manuscript received 26 May 2020 )

Abstract

Terahertz technology shows great potential applications in imaging, sensing and security. As is well known,
the conventional solid-state broadband terahertz sources rely primarily on the nonlinear optical crystals and
photoconductive antennas. Therefore, one major challenge for the next generation of terahertz technology is to
develop the high-efficient, ultra-broadband and low-cost terahertz sources. In recent years, much attention has
been paid to the spintronic terahertz emitters made of the metallic magnetic heterostructures on a nanometer
scale. In this paper, the underlying physical mechanisms associated with this type of terahertz emitter is
discussed. They mainly include the ultrafast demagnetization and the spin-charge interconversion processes. In
order to further improve the terahertz emission efficiency, three main aspects are considered: appropriate choice
of the materials (including conditions of the sample growing), film thickness, and new structure design. In the

end, a short conclusion and future perspective for this research direction are given briefly.

Keywords: terahertz, ultrafast demagnetization, superdiffusive spin transport, inverse spin Hall effect, inverse

Rashba-Edelstein effect, magnetic heterostructure
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* Project supported by the National Natural Science Foundation of China (Grant Nos. 11974070, 11734006) and the Frontier
Science Project of Dongguan, China (Grant No. 2019622101004).

1 Corresponding author. E-mail: jbqi@uestc.edu.cn

204202-15


http://doi.org/10.7498/aps.69.20200715
http://doi.org/10.7498/aps.69.20200715
mailto:jbqi@uestc.edu.cn
mailto:jbqi@uestc.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

FIAEERNHE-XFHERMBEARAREBNZ RS HAARERNEE
M 3Ak RMBIR B RA Kip g GARR RRE

Study of phase transition of single crystal and polycrystalline vanadium dioxide nanofilms by using continuous
laser pump—terahertz probe technique

Yang Pei-Di  Ouyang Chen  Hong Tian-Shu  Zhang Wei-Hao = Miao Jun-Gang  Wu Xiao-Jun

5] Fi{i5 &, Citation: Acta Physica Sinica, 69, 204205 (2020) DOI: 10.7498/aps.69.20201188
TELR T2 View online: https://doi.org/10.7498/aps.69.20201188
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT RRROSGER A HA SCEE
Articles you may be interested in

SRBAZH AR AV O, WSS Ay m] 6 R 2% I i A

Tunable terahertz absorber with multi—defect combination embedded VO2 thin film structure
PIBR2E4R. 2020, 69(2): 027801  https://doi.org/10.7498/aps.69.20191511

HL i A SRR A e R - e G A AR O BB

Mechanism of electrically driven metal—insulator phase transition in vanadium dioxide nanowires

PPz 2018, 67(17): 177201 https:/doi.org/10.7498/aps.67.20180835
RS R G- R AL A ISt

Research progress of metal—insulator phase transition in VO, induced by electric field
Pz 2019, 68(10): 107201  https:/doi.org/10.7498/aps.68.20190136

EEREVACT &t e =R AR R1EY EE e

Oxygen vacancy induced band gap narrowing of the low—temperature vanadium dioxide phase

YrE2Ed. 2017, 66(16): 163102  https://doi.org/10.7498/aps.66.163102

I 28 AR 2] S TR P ORBR 2K I AL R

Propagation characteristics of terahertz waves in temporally and spatially inhomogeneous plasma sheath

YrHE2E4R. 2017, 66(8): 084102  https://doi.org/10.7498/aps.66.084102

BT Z B ATHRR AR 2% B 2 O BRS HU Bsr 1:
Retrieval method of cirrus microphysical parameters at terahertz wave based on multiple lookup tables

YIHE2EHR. 2017, 66(5): 054102 https:/doi.org/10.7498/aps.66.054102


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20201188
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20191511
https://doi.org/10.7498/aps.67.20180835
https://doi.org/10.7498/aps.68.20190136
https://doi.org/10.7498/aps.66.163102
https://doi.org/10.7498/aps.66.084102
https://doi.org/10.7498/aps.66.054102

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 204205

E8: AHZEREET
) P SR T A R R AR 5% 88
% B ST T

WmERD BMMERXR? HEXEFY KEXRD wERMNY XA
1) ([LEAnzs AR R 5 B TR, Jb3T 100191)
2) (P EREB IR T, U RER S Y E RS hG, LR 100190)

(2020 4F 7 F 24 HULE; 2020 4F 9 A 8 HUkEIENA)

8 g SR B AR AR AR, AR A B IR D G 3 0 ) AR AR U B — BT B R - SR AR i e AR AT B v & 2
S A% AN [ i 24 14 3 ] S5 96 0F 5 45 2R X — A AR SRS DL BR RO B SR SR T B AR X S S AN RE
0 T TR X 25 b i U < i AR A 0 HR AN TR R B4 R TR R O B P A B AR [ B e DA R L SR 1 L
o R T AEAL LR AR AR DL A 7R 0, (B AR 2 AL AR, AT PR 2 Ja -4 AR AR AL AT 1 TR
55 3, XK PR T 45 26 AR AR LRI ] 2 56 ) S . AR A A PR RN 22 e AR LR R R SOt iz - K
o 2% AR B AR TR LB AT TS, S AR [ iz 3 AT R RO 2% ik e 4 A T S A I A
ATA). AE R G T BACRPE R MR WL Z 5, K 5 i — S A DA RS HLER A 45 O DL 4540 O 32 5 19
Mott BUARAE , Ff 2 it — AL LA AR S HILBE I 45 08 DL I8 Oy 32 5 1 Peierls BUARAS . DAFE A9 627 98 il K 2
HRIETE CEPHOGHIE 2 T HEAT B4, AR S — 0B 09 06 27 98 1 B, 32 AR J2 Xk LAAE 420l 18 ) 52 56 1 #h 58, A

150 Z A PURR 78 BB B0 S A O A 5 )

KB KF2ZUE, St lm, "L, A

PACS: 42.55.-f, 42.62.-b, 74.78.~w, 78.66.-w, 78.66.Li

1 3

T R LR, B W5 S R e ry Wy B
Jit— R BER S M b i AR R —,
TR A 02 23T B Mott 48244 ) S AR 28T
TSR 5 T EERSY AR, Hbh g
JRAE AL — EURIIFE AP TR, I HLASZE5 1k
AR BIEFSLER FTG. V-0 REEA] e A
WSl Rz —, EARZFEEY (1l VO,
V2037 V3O57 V4O77 V5097 VGOH? V70137 V80157
VO,, V.05 )0 ENTH BV 2 AR B SR A 43

i

DOI: 10.7498/aps.69.20201188

JE B G ARBIAAE AT, IF HARE: | s s
FRE=AAE 5 TR AT U A9 AE A B0 SR aLrE
TR A BRI R Z —, e RA T
R AR AR I S A AR SCA LB AT A -1
(I A R 5 G IR AR 2 Y IS W T A T ER
Ryt 61,

FI N 1959 4F S AL BLAYAH AL TP AR PR R B
PASKe 061, JH—E A g SR 4 <5 i -2 G AR B AR 2R 5
PN IZ MR ARIITFE. HAL S BOAR S R P FIAH
AL A — B RS ARNERIHEFE IR, I 4
Kk, FIATEAT R0 5, w] RIS — AL LAY
PR 22 2 i S B B A0 ) ISl PO O 1L T

* EEK A RBERE S (ES: 61905007, 11827807). JbHITH H ARl 4 (HEHES: 4194083) FlE 5¢ & S AF & 113 (b5

2019YFB2203102) %t B i,
t BIEYE#E. E-mail: xiaojunwu@buaa.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

204205-1


http://doi.org/10.7498/aps.69.20201188
mailto:xiaojunwu@buaa.edu.cn
mailto:xiaojunwu@buaa.edu.cn
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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 204205

B2 177 AORAM AL — SRR R 22 B A
AR AR 8, B WL LORS B 4% 1 A i R —
SR AL AR R A TR R 2 s L 1), Sh ] AR B R T
SRIGRAE FH R ot A P 78 (45 AH L ) AL BRAF 52 A2 7
WA, 7E—E BN S A 261 i 2 Bl 2
HABLEZAR 20, BTk SE G FIVLEE , S5 H 9K Sl Y
Peierls ML 2 5% F1 M ALAT AT Mott BT Hk
AL 220 0] B R B AL 2 AR R B R it 4 S A
N T FEIEAE I AT g R — A R DL IE At Mg
B TRACHL, C&ET T2 BRI pE - el
TESER IR, XoF L1 | BUAE T AR A S5 48 22 [R] A

AT AR AR R ) R i R L PR . S T IR
AL AR ARG T R 4R 22 il
FHANRSR (R, AR S) =271 3 mT LAE T N
TR AR AT, SRR, X IR AR
AR H ATERAER . AR, AR HIG — R 5 R,
B QA T | AN ESEME | Bl & S BT
A RS IAE AR B sh A, 5 2 A0 0w shd il
D5 AN i, 2 2o 55 HOn A Y L g A AR
MEBRAE, (EJRBUAE, LT 4 1l PN BB 0 L T 145
A ARG s A AR, L E 0] DR OE 4@ AH 28
SRR A bR s R A, 2 R 30 ) i 4
PE RS RRE, SR RO & — AL, &
A BT R A U 4 Jm AR A AR TR
ASCXF HOBFSE T B R AR IR £ 5 Rk
B 3% SO AR P X A 2% 0k 1) i 4 B 52 B AL
B B, AR B AN R I 3 S O E
T, BE SN AR R% I 19 35 A0 S SR 5 A R
PREF ISR AR . T 22— AR I SL O R
TRESHE S, W, RHE S BRA ARk,

(b)

SIS LA BRI R L, I HOWEEHIAR B &
D2 i G A AS TS A . A SO S s I 4
ATREROMLEEIEA T T e, Bgh o i — A b e %
SLOCVERT BIALECA L4504 = 519 Mott AUAH
AR M2 i AL RN AR A 32 5 Peierls
AHAR. BRULLASE, 3% T AR A 2R 5 — A A9 K
JEE T A SE B N RSO A 3% 2 ] 3 A AR g, O HL
HESEHOGIA A G it mT R AR ] 2544 i AR, A
{E7E e o B T LRSI HLEE R BEmE ) VR ARSI
AR 2E R AT AR R 1 R ).

2 MEREREE

AR S B I AR LA R SRR 1) S RSy
10 mm x 10 mm, 5 A 200 nm, &8 4 (001).
FE il S IS 2 B i 4Bk, ROSP2H 10 mm x
10 mm x 0.5 mm, AAE, & mh (001). £
i A ALPUHEIE RN S 10 mm x 10 mm, JEEE K
200 nm, FF IR = AR, RSN
10 mm x 10 mm x 0.5 mm.

27 VR i R 2% e ) S 36 R — 2 B ATHE
YA 53 BB 4% I OGS SCR S B8E. — 6 60 fs 1Y
JeLF RENEO GBS (15 FemtoFErb FD 6.5, I
80 mW, % K~ 1550 nm, Toptica 23 7) filliz
— MR A K AL T R ™ A KB 1 K
whaz kb, fegeadES 1 (FEE £, = 50 mm) 548
e B, P2 ESE 2 (B £, = 100 mm) A
FRESD B A AU S A T s Y
WEFE AR p, A SO A i 22 5 W R 4% ik e,
B (A £, = 100 mm) 2R 4 H
B 4 (FERE f, = 50 mm) HEH B R LR |

O ()
107
Losf — VOu/TiO: :
10° s
Q
5

; T V0,(002)

Intensity/arb. units

15 30 45 60
20/(%)

-3
ot
©
[=)

F1 o (a) SETRSA BB 2% I Ot 1 R A B AL (b) IR AL (o) X i oik

Fig. 1. (a) Experimental setup of optical modulation angle resolved terahertz time-domain spectroscopy; (b) schematic diagram;

(¢) X-ray diffraction spectrum of single crystal VO,.

204205-2


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 20 (2020)

204205

WO LN T U R L iR K R i PUE S|
FHAEIR 2R, FIFHBHORHA, SEXT Kbk 25 )
IR AR BN

A S H A R S RO IE T — &2 K%
Se#s, TAEP K A 780 nm, i KHi 213K 10 W,
I — LT oW L B R BRE i L DEEE
BEARZN 5 mm, 385 OGE R
SEH T, ARSI R Kb G I AR s
HAARS, MHREHR R EA /K ZERRTE N T
3. B ALY X B AT SR AE WA 1(c)
BT/,

3 LBER5ITH

3.1 fa — L EST N ST

T, AR SOK LR ROE IR S 2 B0 — A kLR
Tl S 705 St S50 7 e =Rl )= A I N 7 Y23
WIS F ek 30°, ' B IR G B0AE 5 2.
MPEHDEDIRM 0 W KR 5.4 W, [[IFFZ 0.5 W
Rt AR B 2(a) 45 H T R E hE 38 5 T Y KBk
WITIERE S, A T B BoRE S AR

—
=}
=

[y
ot

—

THz signal/nA
I

THz signal/nA

R i 'L\‘
~

s 20 L

% of B

=

T _y "

H 0 2 4 6 8

B 2(b) SR T B R (B Y SRR &L mT
LA 5 7 S R TR RSO G203 K, Kbh% %
SHE T BN, I EHE N 0 W /em? B, KBk
25 B EHE WA 1.53 nA. 248 H 6 1 in 2
7 W/em? i, Kk 2% & 5HE S0 /h ] 1.19 nA. A
SCRE SRR B 1) 2 50K FRAE X R 2% 0% 1)
PEHIRE ST, PHIR R S
M = AT/Ty = (To — Th)/To, (1)
Fovr 1o Sk A A I il 5 9 K %% s 38
MIIBAEAR 5 RN, T R i e (A 55 K.
E 2(c) 4 T R IRlhiz 18 T IR SITREE , 78 bk
250% 30° REAGHIE LT, 7 55 0 5 KR BR B
21.9%. R T it — 20RO TIGR B, A SCAk SR
HEEEEOCIIE, BB T BRI T R A
ARSCIRIL I T AR 20 AT FA R 30° B
FSHE S BEVA S G0 BE AR O R . AOBR 2L IR
SRNRPIE NE 2(d) Fras, 5 2(b) AR Y
) B S A 0 )R R L A 8] 2(e) B . Bl
& VR G 3E A RS R, SO S o B R
TR SHE T A (A A 4.19 nA BB K 2
T 4.54 nA. ARSCE HE 5 BRI Mg,

[\
o

= = N
(=} at (=}

Modulation degree/% ~
ot

6 7
Modulation fluence/W-cm~2

Bl 2 REFEIEAS AN 30°  (a) BT BETEAS T (b) JR s8I Y 5 5T W B A SR A5 5 () AN [l R 6 38800 A 980 A S 2

(d)—(f) 5B GGG NI 46 RE(E 5

Fig. 2. When the incidence angle of the terahertz pulses was fixed at 30°, the variations for (a) the transmitted terahertz temporal

waveforms; (b) the zoomed in temporal transmission waveforms; (¢) modulation depth under different optical modulation fluences;

(d)—(f) the corresponding reflection spectra.
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Fig. 3. (a) The effect of the rotating sample azimuth on the transmission signal; (b) with the increase of the fluence, the variation of
peak value of the reflected signal, the transmitted signal, and the terahertz absorbed by the sample; (c) the linear increasing con-
ductivity with respect to the pump fluence under two exemplified frequencies 0.79 and 1.09 THz; (d) the wide-spectrum extinction

coefficient, (e) refractive index, (f) conductivity of single crystal vanadium dioxide in terahertz region under the different pump flu-

ences.
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Fig. 4. Experimental results for terahertz modulation in polycrystalline vanadium dioxide illuminated by various modulation flu-

ences: (a) The transmitted THz signal peak values as a function of the illumination time and crystal cooling time under various

modulation fluences, respectively; (b) modulation fluence dependent on THz modulation depth.
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Fig. 5. The crystal structures of different phases of vanadium dioxide and the corresponding band structures.
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Fig. 6. Schematic diagram of Peierls-type phase transition. (a) Thermal excitation directly leads to the excitation of phonons or

photoexcitation with 800 nm (1.55 eV) pump pulse results in the excitation of free electrons and indirectly results in excitation of

phonons, which map the insulating lattice onto the metallic lattice. (b) If the external environment always provided the latent heat,

the phonons would diffuse from the nucleation center to the surroundings until the phonon density exceeded the critical density and

destroyed the monoclinic structure to complete the insulating metal transition and realized the expansion of the metal domain.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Study of phase transition of single crystal and polycrystalline
vanadium dioxide nanofilms by using continuous
laser pump-terahertz probe technique®
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Abstract

As a typical phase transition material, vanadium dioxide has attracted much attention in the study of
metal-insulator transition behavior since its phase transition temperature is close to room temperature. The
experimental results of various modulation provide important clues to studying the vanadium dioxide phase
transition mechanism. These experiments not only deepen the understanding of the strong correlation between
electrons with different spins in various transition metal oxides, but also make an opportunity for exploring
their potential practical applications. Although the phase transition mechanism of vanadium dioxide is still
controversial, one has already made tremendous efforts to understand the mechanism of metal-insulation phase
transition in the past few decades, which is stimulated from various experiments on vanadium dioxide
modulation. Here in this work, the single crystal and polycrystalline vanadium dioxide are investigated. Their
modulation mechanisms are studied by using the continuous laser pumping-terahertz probe technique, and it is
found that the absorption behaviors of terahertz pulses at the same pump fluence are obviously different. After
systematically discussing the representative phase transition mechanism, it is found that the phase transition of
single crystal vanadium dioxide is attributed to the Mott-type phase transition dominated by the electronic
structure, and that the polycrystalline vanadium dioxide originates from the Peierls-type phase transition
occurring during the lattice distortion. In the past, most of the optical modulation was implemented under the
condition of femtosecond laser pumping. The new optical modulation method given in this work, is a
supplement to previous all-optical modulation experiment and more likely to be conducive to a more in-depth
understanding of the modulation mechanism of vanadium dioxides.

Keywords: terahertz wave, optical modulation, vanadium dioxide, phase transition
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Fig. 1. Crystal structure and magnetic structure of Fe;Mo30g.
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Fig. 2. schematic diagram of the measurement of the THz
emission spectrum: (a) optical path of the experiment sys-
tem; (b) schematic diagram of the THz emission from optical

pump.
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Fig. 3. THz emission spectra : (a) Time domain spectrum of ac plane at 60 K; (b) Fourier transform spectrum of (a); (c) time do-
main spectrum of ac plane at 10 K; (d) Fourier transform spectrum of (c); (e) time domain spectrum of ab plane at 60 K; (f) Fouri-

er transform spectrum of (e); (g) time domain spectrum of ab plane at 10 K; (h) Fourier transform spectrum of (g).
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Fig. 4. (a) Fluence dependence of the THz intensity; (b) Op-
tical conductivity of Fe,Mos;Og measured by Fourier trans-

form spectrometer.

4 o5 HE

MRAE DL b SR 25 3L, T LAXF FeoMosOg 485 K
LA T 0. P2 MPRHE 3 3] RO IR
SN BEAE A KR 2Z F S, e Ar AR 2 R L,
N

P oJ 0
ETHZO(W+E+§(VXM)7 (1)

A 3 =0 AN [ KRR 2% P AR ML, Hed Py
M 535 AR AL, YA HL R R AL s

LA 77 A K 2% L 3 i — B O ik
A At TR R S MR S A AR P R S S R N [,
IR —Fh W, Tl
PP(02) o Y X2, 0+ 2, —w) Bj(w + Q) B (w),

N
J 2)

o ) g TR, w WEBOEER, o
TEZEW R HP R ORI R 2% AE e i R vp
DR [ — OGN R Bl o Rl 2% OBk T
HLAE . IOk v E RN, PR AR R 220005 S
TERBFZEIEE. N (2) NPT LIER], — Bt fb
FER 1050 = 1 R B 5 = o 17 P g8
i T BT i 25 M I 23 TR X FRPE . FeaMosOg
B A A X AREE A P6yme, FHR A — il fb R ok
B T N D N R LBV | P =N
FHARFE EE. T TR AT JoIS 28 R e A i
PRT7 VRS T5 T, 7= A K 2% FL 7 1) 2 B0 R
ek ity I E R VR B3I FER (DEES N R A B A 25
L VBT = A R 25 B L AN 2 G EE SRR . 3 Ah,
AL RN 1 AR R REBR A A kAR AT R 2R
HOLRE R T HORIRERL. M 800 nm AYYG T2
T T ISR R PR ERAE, FRATTR A AR e 21
ANETEASGIN BT RE S PEAR B8 6 B Y R ) R R
i1 Kramers-Kronig A8 #: 5¢ 2215 26§38, 10
& 4(b) B Rt T3R80 o BB, W] LLA 2
800 nm [T RE K T FeoMosOg [ E B,
S HE I R RE B A FEL O

TEMEER G T RA R Bk i 5 e PR
BRI IR T, an SR A FL 378K X
e e sh H 25 i%, XSRS ALt R AR
2377 KO 2% 58 5t B, o 0J /0t Kbk 25 FL 3 1
PR 7 10 5 A n e 37 1 77 ) — 25 061 X Ao AR

204206-4


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 20 (2020)

204206

P RBR LR S 0 1%, T LA HL 37 LB Bl
ATz Eh. BRIk, ok B o R
FREE SRR R AT ESMIE I Re s A
i, B HLIR (shift current)!. HAT Fe,MosOg
IBAT R TOCRIR A SR AGE , ZEUER AR H
TOGHL I TTRR A KB 22 0, T SR T
DR, DL ST A e i S 179 52 3 . B
Al REAYRS IR JE R H T LT SZ SIS X AR
A B & R ASR FE R PR 08200 FEE ey
R0 e 8 o O B T o = St [ £ I R )
OrES, FEOE M — A p, JIF BB
9 H R AR AL P = np (n g B AR A L (4

FECH). fEs2 BIBK b IR, —3R 5’ T B
MmO B a7, X BT AN DRk A,

FH IS B AR Al 5 B2 YBR[ T B Py = (n—m)p.
KA TR A A e HERSOW, X —id B AR
AR, BARE PR A REE, DT A2 bR 2% F
Ery, x 0?P/0t?.

TE T LAIF, LI035 155 R
A TR TR I FIEDE . 1T TR0 B AR Ak R £ 1 ol
A R R 2% 0% 1) FEL G A RE S AE T HbIRUR: B e, i
S 1 il B — B AL 1 5l , R SRS S A
CU R AH [ 1 R bR 2% 0%, BRI EE S22 5,
HL 3798 B8 14 Rl M AR 15 ),

Sl A RE S S R R, JREETE 0.5 mm
Phb L AHRARIRLLAM IS I R 25, W UG5
800 nm [FHYEFE FeoMosOg I ZEERE R 150 nm.
WU, WOt Rk THEMIER)ZE, A X —
WEETE I R 2%, AR F 40 S i S 78 WSO o
%%, 14 FeoMosOg X T Kk 4% H A BT 1 35 i
B H AR A FAR Y R 2% A SRR i, AT
T A AR B T 2 e o P A

5 & @

1 800 nm KFMEOEHA B PERE IR Fe,Mo,Og
AT 2R, DN R 2% & S . 0 101 33 Bl A
0.1—3.5 THz M RMFZZ K. & H B R % 5 3
ASBH AR T2 B I IRAR T ), i KRR 2E 1 FE

TrRERD ¢ 7). KRS SR A ] RESR IR N K
FRBHOCRTRE b FURR A8 B2 P BRI . AR R A
BEAT Y I, I ke b S 2 Jo S P4 4 SRR
WREEAR S, XLEA5 5ok [T RO T30 9 S Bk F
JREE. X eI 4G SRA By T B 22 B AR A TR
IS ST VINES Eb 458 )i UNE /W E 27 X %Y o b
P Rl ) 753k, oA T A RO 2% IR 4R
HE%.

S 30k

[1] Kawayama I, Zhang C H, Wang H B, Tonouchi M 2013
Supercond Sci. Tech. 26 093002
[2] Turner G M, Harrel S M, Beard M C 2004 Appl. Phys. Lett.
84 3465
3] Klatt G, Hilser F, Qiao W, Beck M, Gebs R, Bartels A,
Huska K, Lemmer U, Bastian G, Johnston M B, Fischer M,
Faist J, Dekorsy T 2010 Opt. Exzpress 18 4939
[4] Fiebig M, Lottermoser T, Meier D, Trassin M 2016 Nat. Rev.
Mater. 1 16046
[6] Wang Y Z, Pascut G L, Gao B, Tyson T A, Haule K,
Kiryukhin V, Cheong S W 2015 Sci. Rep.-UK 5 12268
6] Kurumaji T, Ishiwata S, Tokura Y 2015 Phys. Rev. X 5
031034
[7] LiY, Gao G, Yao K L 2017 EPL (Europhysics Letters) 118
37001
[8] Kurumaji T, Takahashi Y, Fujioka J, Masuda R, Shishikura
H, Ishiwata S, Tokura Y 2017 Phys. Rev. B 95 020405
[9] Kurumaji T, Takahashi Y, Fujioka J, Masuda R, Shishikura
H, Ishiwata S, Tokura Y 2017 Phys. Rev. Lett. 119 077206
[10] Yu S K, Gao B, Kim J W, Cheong S W, Man M K L, Madéo
J, Dani K M, Talbayev D 2018 Phys. Rev. Lett. 120 037601
[11] Shi L Y, Wu D, Wang Z X, Lin T, Hu C M, Wang N L 2020
arXiv 2004.05823
[12] Strobel P, Page Y L 1983 J. Cryst. Growth 61 329
[13] Strobel P, Page Y L, McAlister S P 1982 J. Solid State Chem.
42 242
[14] Zhou R Z, Jin Z M, Li G F, Ma G H, Cheng Z X, Wang X L
2012 Appl. Phys. Lett. 100 061102
[15] Xu L, Zhang X C, Auston D H 1992 Appl. Phys. Lett. 61
1784
[16] Liu T A, Tani M, Nakajima M, Hangyo M, Sakai K,
Nakashima S I, Pan C L 2004 Opt. Ezpress 12 2954
[17) Sotome M, Nakamura M, Fujioka J, Ogino M, Kaneko Y,
Morimoto T, Zhang Y, Kawasaki M, Nagaosa N, Tokura Y,
Ogawa N 2019 P. Natl. Acad. Sci. USA 116 1929
[18] Takahashi K, Kida N, Tonouchi M 2006 Phys. Rev. Lett. 96
117402
[19] Takahashi K, Tonouchi M 2007 Appl. Phys. Lett. 90 052908
[20] Rana D S, Kawayama I, Mavani K, Takahashi K, Murakami
H, Tonouchi M 2009 Adv. Mater. 21 2881

204206-5


http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1088/0953-2048/26/9/093002
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1063/1.1737467
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1364/OE.18.004939
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/natrevmats.2016.46
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
http://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1103/PhysRevX.5.031034
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1209/0295-5075/118/37001
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevB.95.020405
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.119.077206
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1103/PhysRevLett.120.037601
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-0248(83)90370-6
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1016/0022-4596(82)90003-2
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.3682082
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1063/1.108426
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1364/OPEX.12.002954
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1073/pnas.1802427116
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1103/PhysRevLett.96.117402
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1063/1.2437076
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
http://doi.org/10.1002/adma.200802094
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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020) 204206

SPECIAL TOPIC—Terahertz spintronic optoelectronics

Terahertz emission spectrum of polar
antiferromagnet Fe,Mo;04"

Shi Li-Yu  Wu Dong  Wang Zi-Xiao  Lin Tong  Zhang Si-Jie
Liu Qiao-Mei  Hu Tian-Chen  Dong Tao  Wang Nan-Lin '

(International Center for Quantum Materials, School of Physics, Peking University, Beijing 100871, China)

( Received 12 June 2020; revised manuscript received 3 July 2020 )

Abstract

In polar materials, the transition of electrons in momentum space will change the spontaneous polarization.
When excited by femtosecond pulse laser, the transient modulation of the electric polarization will radiate
electromagnetic wave at terahertz frequency. In a magnetic ordered system, the coherent excited spin wave
radiates electromagnetic waves of the same frequency in the process of precession and relaxation. The
investigation of the terahertz emission spectra of these materials not only helps us to understand the
ferroelectric and magnetic ordered dynamic processes of materials, but also provides a reference for searching for
new terahertz sources. We study the terahertz emission spectrum of the polar antiferromagnet Fe,Mo30g. Under
the pumping of 800 nm laser, electrons in the material are excited across the band gap leading the electric
polarization to be ultra-fast modulated. The broadband terahertz excitation spectrum from 0.1 to 3.5 THz is
observed, and the direction of the terahertz electric field is along the inherent electric polarization direction of
the material. After entering into the magnetic order state, two new single-frequency terahertz oscillations are
observed, located at 1.25 THz and 2.7 THz respectively, which correspond to the excitation of the two

antiferromagnetic spin waves of Fe;,Mo3Og.

Keywords: Fe;Mo;0g, polar antiferromagnet, THz emission spectrum

PACS: 42.65.Re, 77.84.—s, 75.78.Jp DOI: 10.7498 /aps.69.20201545
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Fig. 1. Schematic illustration of the crystal structure of CST seen from (a) the top view and (b) the side view; (c) experimental

setup for time-resolved ultrafast optical pump-THz probe spectroscopy; (d) the calculated band structure and (e) density of states

of CST single crystal by means of the first-principle with the Vienna ab Initio Simulation Package.
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refractive index of CST in THz frequency range.
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plot of THz transmission of CST crystal at the azimuthal angle 0° (c) and 90° (d) at room temperature.
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Fig. 4. (a) The transient dynamics evolution AT/ T, under various pump fluence at 5 K, inset gives the fluence dependent modula-
tion depth at the delay time of zero, and the solid line is linear fitting; (b) the decay time constants obtained from biexponential
function fitting with respect to pump fluence; (¢) the THz transmission response at different temperature under pump fluence of
482 pJ/cm?, inset gives the temperature dependent modulation depth at the delay time of zero; (d) the decay time constants ob-

tained from biexponential function fitting at different temperature, the solid lines are guide to the eyes.
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at various pump fluence.
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Table 1.
Drude-Smith model at different pump-probe delay

The fitting parameters based on the

time with a excitation fluence of 603 wJ/cm?.
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Table 2.
Drude-Smith model under different pump fluence at

The fitting parameters based on the

delay time At = 2 ps.

Delay time/ps w,/101 Hz T/fs c Fluence/pJ-cm?  w,/10" Hz T/fs c
2 8.62 127 -0.3338 241 7.30 85 -0.3212
5 7.82 109 -0.2768 362 8.36 91 -0.3076
20 5.12 76 —0.2294 482 8.50 114 -0.3929
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Fig. 6. (a) Illustration for THz emission spectroscopy with transmission configuration, and the fs pulse is incident on ab-plane of the
sample; (b) the peak-to-peak value of THz radiation with respect to the pump fluence, and the solid line represents linear fitting; (c) a
typical 3D plot of THz radiation. The purple line shows the projection of the THz wave on time, which indicates the radiant THz
wave is linearly polarized; (d) the Fourier transformation spectrum of THz waves corresponding to the horizontal and vertical direc-

tions in figure (c).
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Quasi-two-dimensional van der Waals semiconducting magnet
CrSiTe; studied by using THz spectroscopy
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Abstract

Quasi-two-dimensional van der Waals ferromagnetic semiconductor CrSiTe; with wide potential
applications in optoelectronics and nanospintronics has aroused the immense interest of researchers due to the
coexistence of intrinsic magnetism and semiconductivity. By combining untrafast femtosecond laser and
terahertz spectroscopy, including terahertz time-domain spectroscopy, optical pump-terahertz probe
spectroscopy and terahertz emission spectroscopy, we carry out systematic investigation into the van der Waals
ferromagnetic semiconductor CrSiTes crystal. The experimental results indicate that the conductivity of the
sample is robust against the temperature change and isotropic terahertz transmission in the ab-plane. Moreover,
it is also observed that the photocarriers induced by 800 nm optical pump exhibit a relaxation in the
biexponential form and the complex photoconductivity can be well reproduced by the Drude-Smith model. The
main relaxation channel of photocarriers is the recombination of electron-hole pairs. With femtosecond pulse
illuminating the surface of sample, a strong terahertz radiation signal with a broad band of 0-2 THz is
observed. The present study provides the responses of CrSiTe; to optical and terahertz frequency and offers

crucial information for the future design of CrSiTes-based electronic and optoelectronic devices.

Keywords: van der Waals ferromagnetic semiconductor, terahertz spectrum, time-resolved spectroscopy
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sRAEZIATE ZnCr,Se, FIFSHI 0]
M Kbk 2% TR AR AL

wKAY A E?

w2

RS AT

1) (BFHIMEIE, RN RE S S LR SR R %, B 236037)
2) (hEREBEA IR AET b, EAERFTT, thEREEB R S, A8 230031)
3) (MEBRERE S IEYBRRATTRBE, MEEARNE TG, WA SRS L A A 0%, 518 230031)

(2020 4E 9 A 9 HYH; 2020 4E 9 A 16 Huk &)

A Sy ST (9 HAT SR s 45 ¥4 B BA B, ZnCorySey AR A T8 AN G VERR & L 1 S50 24 A0 B R 2 T A5 AT BB R 1
Il RE R A 22 RO [ ) B 1 2R . RSO R 2 I SOL ISR DL T ZnCrySey 7RISR EY) (T = 460 K,
H=0-—-10 T) T8 HBESN 12178, HAMNMBES = T 4 T I, T DOULEE 337 A 22 45 3 9 Rl A i 4R I
ISP BERE 3 A R AL . ARG (H) 7 1) 3 BT R BR &R (k) 7 1l i, BSOS 2 B JEgRie i, B
WESAT AT G AR SR UE 1 0C 2. 3X Tl 37 MO IE Xof 10 A% 292 B Bk i 3 4IR , 00R A5 BRE ) S AE v 3 T 1
R R PERRREAS . SRR, A6 HOFD K [R) ISP AT T RE S Y (110) fd ) BC R, MG 5RBE m T 7 T B, JERMh 2% 3k
3R B 5B 2280 e SRR T A W g, - LG e 0 A A B AR R PR RE S OB OC & L X A L E DL AT
(14945 1) S5 PR Kb 2% F1 e 3l 77~ 2800 AT -5 il A B ) i B DX I 5K

KA : ZnCr,Sey, FIESN 1%, 5, Kiha%
PACS: 75.50.-y, 76.70.Hb, 07.55.Db, 87.50.U-

1 5 =

Ph ACr, X, B AR I 5 3R A 45 il ik
B — R SCH L IR R MR, Ho Ort
BH 27 BB A E 3/2 1 343 M &L, Bl 5 ARG I B
T AR X 2RI A4, CrdtREPE B 18] E 2545 Fir
AN, SRR Cr-Cr B 738 A0 BAE R 5 5 AR
2, TR & 9 F e HES =, 1%k R AR A R
SR PR BHLA B0, #E— 2 T R 254 T AR A
JEVK 1, [ He- S ik 2 R i AR a5 Bl
Horp ZnCr,Se, tb AW LR R IR PEM L. ST
4k, BEETE ZnCroSe, BRHR K & B4
FA L SUIZRK | A 4R S5 850 B mT RE TR B H e

DOI: 10.7498/aps.69.20201507

TR I ST e ae s SO o 3 5| | Mo S
1E ZnCrySe, 1, Wi 1E Cr3+v B 47 T /NI K B #%
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1 (a) ZnCrySey MRZEH; (b) MU T ZnCrySe, HEZ
AL ; (c) SN T Kb 2% 85 S 0 ik i R B, R 2%
Wk (k) FAT THNESS (H) Jrie); (d) k3 ET HECE, X
TR A T, B 2% FL 37 O3 R A AR p B R, A
TR DR KA 5% 10630 3 0 7 JH RS 25 A i s 37 PR A IE 52

Fig. 1. (a) ZnCrySe, crystal structure; (b) the evolution of
magnetic structure of ZnCrySe; under external magnetic
field; (c) configuration of THz transmission measurements
under external magnetic field, the THz wave vector (k) is
parallel with external magnetic field (H); (d) the k is ver-
tical with H. In both cases, the THz electric field (Epy,) is
set as p polarization, and therefore the magnetic field com-
ponent of THz waveform (Hpy,) is perpendicular with

steady external magnetic field.
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Fig. 2. (a) In the configuration of k//H, THz waveforms
transmitted through ZnCr,Se, single crystal measured un-
der different magnetic fields at 4 K temperature. The red
trace with the 0.2 scale factor is the reference waveform
trough empty sample holder; (b) corresponding FFT amp-
litude spectra in frequency domain. The y axis is logarithmic

scale. The dotted lines are guides for the eye.
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Fig. 3. Normalized THz transmission spectra with respect
to the spectrum without the application of external magnetic
field: (a) THz wave vector is parallel with the external magnetic
field; (b) THz wave vector is vertical with the external

magnetic field. The measurement temperature is 4 K.
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Fig. 4. The THz absorption spectra obtained under different
external magnetic fields at temperatures: (a) 4 K; (b) 20 K;
(¢) 45 K; (d) 60 K.
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Fig. 5. The frequencies at the maxima of the absorption
spectra as a function of applied magnetic field at tempera-
tures of 4 K (a), and 20, 45 and 60 K (b). In Fig.5 (a), the
red solid line represents the fitting according to the equa-
tion hw = gugH . The grey dash line denotes the linear ex-
trapolation for the low-frequency absorption. In Fig. 5 (b),
the red solid line is obtained from the fitting to the data
taken at 7' = 45 K using the equation, hw = gugH .
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Anisotropic resonance absorptions induced
by high magnetic field in ZnCr,Se,"

Zhang Peng!  Liu Zheng?  Dai Jian-Ming?
Yang Zhao-Rong?®  Su Fu-Hai?"

1) (Anhui Key Laboratory of Information Function Materials Structure and Devices, Fuyang Normal University, Fuyang 236037, China)
2) (Key Laboratory of Materials Physics, Institute of Solid State Physics, Hefei Institutes of Physical Science,
Chinese Academy of Sciences, Hefei 230031, China)
3) (Anhui Province Key Laboratory of Condensed Matter Physics at Extreme Conditions, High Magnetic Field Laboratory, Hefei
Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China)

( Received 9 September 2020; revised manuscript received 16 September 2020 )

Abstract

As a typical helimagnet, ZnCrySe, possesses fascinating effects including magnetoelectric coupling,
magnetostriction, negative thermal expansion, as well as possible diversity in quantum ground states. Here in
this work, we investigate magnetic excitation arising from spiral spin structure in ZnCrsySe, single crystal by
using terahertz (THz) time domain spectroscopy (THz-TDS) under magnetic fields up to 10 T and at low
temperatures. The magnetic resonance absorption is observed in a sub-THz region as the applied magnetic field
is above 4 T, featuring the blue shift with magnetic field increasing. As the THz wave vector (k) is vertical to
the external magnetic field (H), the single resonance frequency conforms well with the linear Larmor relation,
corresponding to a spin structure transformation from helical to ferromagnetic state with magnetic field
increasing in ZnCrySe,. However, in the geometry in which both k and H are along the (111) direction of
crystal, a well-defined resonance splitting emerges when H > 7 T. Especially, the high-frequency absorption
shows pronouncedly nonlinear magnetic field dependence. It is suggested that such anisotropic spin dynamics

below Néel temperature be linked with the field-driven quantum criticality unveiled in recent work.

Keywords: ZnCrySe,, spin dynamics, high magnetic field, terahertz

PACS: 75.50.—y, 76.70.Hb, 07.55.Db, 87.50.U— DOI: 10.7498/aps.69.20201507
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Fig. 1. (a) Schematic photocurrent experimental setup. f; and f, are focusing lenses. BBO is the doubling frequency nonlinear crys-

tal; (b) the allowed excitation areas by 800 nm (1.55 ¢V, pink arrows) and 400 nm (3.1 eV, purple arrows) pulsed lasers, respectively.

The band structure is adapted from Ref. [35]; (¢

) the four triple points are highlighted by the red circles*].
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Fig. 2. Characterizations of the MoP sample in the photocurrent experiment: (a) SEM image (left panel) and the sample after

adding the electrodes (right panel); (b) Raman spectroscopy at room temperature, two red arrows mark the Raman peaks; (c) tem-
perature dependence of the resistance at 0 and 7 T external magnetic field; (d) magnetic field dependence of resistance at 2 K; (e¢) SEM

image with a resolution of 5 um; (f) SEM image with a resolution of 20 pm.

207801-3


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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 20 (2020)

207801

HoRTm AR W R 38 S F T I S S H A
FRAE. B 2(a) 47 B R T Ao WA AR
UG S 3 Ao A IR RS FE B AT RS, AR AR
20 pm 1Y Pt 22 (1 — By 38 48 FR RS TE A i 7 )
R b, J—smi e NS i b

XPFE i 4T T Raman Flfiiz 3RAE. &l 2(b)
A MoP #£ i 9 Raman UG, KA 532 nm %
. 0.9 mW Bl M i % L OGRS G IR
17 Tk e R R 806 &, & —1> 50x 1Y
Y5 I B B RE G R, Raman G35 09 40 #ER Ny
2 cm L. MARTSH) Raman YGigH vl LIE S, 7F 133.9
F1406.8 cm ™ 4% H B T —4> Raman I, K&
BLA & MoP 40 ) Raman ifF 57 T AE 9% 38 .
l 2(c) i MoP 7€ 0 F1 7 T ity F 47 0y i
i, Horp S 2 g AN s )8l (AT
KFRTHRA ), A alhdh 7T # e &
Bl (L0 67k FoRFER AR, B 2(c) thilliZ
ATLVE ), TEA TR 5, ro B 2R RE R 9 A2
M LA T 5, 7R R Y 50 K BT BLEL 4T

—~
O
~

Ju/PA

X position/pm
o
St
B
o

Y position/pm

0 90 180 270 360
Angle 0/(°)

[l 3

(b) 70&

Ui WG 5 A 23 %8 MoP B4 iz Kk 7 A= 52 el . 7
0 K B HLBHR AR 0, 21153 43 H B (residual
resistance ration, RRR) KZIAH RRR = Ry /R
= 2.87; 5 3CHk [35] M4 R FEAELL, X RRR
A2 5, ATRE SHERVAER SRR Bk BEANR]
P BB 5 A P, B | 80 ot R TR AR A5 G, 8] 2(d)
72 MoP 78 2 K T D45 (% v BELRE 74 2% 1 ik
FE R AR A £, B 2(d) Ao H e BH B 1 SR A
AR A5 SCHR [35] HGE EEA KA, ]
R [ S PR3 8, B0 ZR AN AR ol = B fRT
PR B B —FE AL

3 LI A RFaITib

N TR SR A B A A EEE, A i
S 36 B X D A B AR BipSey HEAT L LU AR
S, AR T X IRAH DR R = (18] 3).
P 3(a) JOL LRSI AR A, o O A 7 )
SFERRTEL A, 0 S N/4 P Teke i fa B

T e

BisSes
60

50 .oi 5. '9 .
% ¢
4 v "‘

40T o =60°

Photo current/pA

4
30} a=30°

| & -~ !
20"' ‘ '9"..

0 50 100 150 200 250 300 350

1/4 X wave plate angle-0/(°)

100

—
£

80

60

40

0 90 180 270 360
Angle 0/(°)

(a) JCHLIRSHR BIEL; (b) A FA MBI T BiySes He il B9/ FiL 3L 3 B2 X0 5 O B i R B2 ) (EOBOC B (7 offiset); (c) O

45° A B BipSes HERMEIE T, 5040 X J7 [l (32 8, DI FRL 3 588 B2 %o it % O OG5 (d) Ol 45° A BipSes BERVFIE T, 130 Y I7 i

B, Ol FL IR B2 X i R ) ARG R K

Fig. 3. (a) Schematic of the experimental geometry; (b) photocurrent intensity depending on the polarization of the laser beam un-

der different incident angles, which is offset for clarity; (c¢) photocurrent intensity depending on the sample position along the X axis,

where the incident angle of ultrafast pulses is 45°; (d) photocurrent intensity depending on the sample position along the Y axis,

with 45° incidence angle.
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Fig. 4. (a) Schematic lattice structure of MoP, purple and brown spheres represent P and Mo atoms, respectively; (b) schematic

diagram of the experiment illustrating the two photoexcitation positions on the sample; (c) polarization dependence of the current

intensity at P; and P, under 400 nm light excitation. Solid dots in red and blue are current intensity data obtained at P; and Py,

respectively. Gray dots donate the situation without any light excitation.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Generation and control of photo-excited thermal currents in
triple degenerate topological semimetal MoP with circularly
polarized ultrafast light pulses”
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Abstract

Ultrafast spectroscopy is a powerful method to generate and control topological phase transitions and spin-
polarized electrical currents in topological quantum materials. These light-induced novel physical properties
originate from the topologically nontrivial states of Dirac and Weyl fermions. The topological semimetal
molybdenum phosphide (MoP) exhibits double and triple degenerate points in the momentum space. We
present the preliminary results of spin-polarized electrical currents and optical response investigations of MoP.
We design and construct an experimental setup to perform the photocurrent generation and control by
circularly polarized light in topological insulator Bi,Se;. The results compare well with those reported, which
confirms the validity and reliability of our experimental setup. Further, we conduct the photocurrent
experiment on MoP by using 400 nm laser pulses for excitation and successfully detect the current signals at
different sample positions. We attribute the observed currents to photo-induced thermal currents (not the photo
current associated with the triple degenerate topological properties), which facilitates generating and controlling
photocurrents in MoP in the future investigation. Our thermal current investigations are of essence for further

exploring the photocurrents in various types of topological quantum materials.

Keywords: photocurrent, triple degenerate topological material, ultrafast spectroscopy, spin polarization
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Tl KifZZBEXtHEF
Ho, .Y _FeO; B 53 B e EE G HI5 e RM 5 w s
R W K ik 2% i

BAEERENEY BETWESHD I
WAREEEEY REED BHLAFEAEEED
L=y HAY EEH

1) (T EREFBE A IEY BRI B, s RFE L, G 230031)
2) (MEBREHAKY:, A 230026)
3) (HREWIE M AR, BHEs MR O, BI8E 220072)
4) (PEBERE_LIEEERRERATSNN, LI 200050)
5) (IRE W CEARWITL AT, 205348 194021)

(2020 4F 9 A 11 HIF; 2020 4E 9 A 24 HIEMEH)

RV R AV
4 7 Y

FIH E 0B 063 T Kbk 25 i 38063 (terahertz time-domain spectroscopy, THz-TDS), R 5 T #in 5
LR E Y3 F 15 445 HoFeOy W i H HEAS L K [ HE = HL 1] (19 52 . 45 R 3R WY Y348 20 7T LUAE R i 2E H i
EI SRS OLT, A AR A 5 B R X, 1 LR BB RIS Ho, Y, FeOy Hu i AR IR X HEZR BB X (g-FM,
quasi-ferromagnetic mode) [ Ji# 3 4z 49 % DL K $2 T} 55 I8 X9 o S BR @B X (-AFM, quasi-antiferromagnetic
mode) [ JEIL PR AR . LU (110) 7 10 KM AN w35 (Hpe) WS OLT, —J7 i, & 3G A (L BE A B8 15
Ho, ,Y FeOs iy o-FM LR 403, 1 HiR 1A S A e T B ; 55— 71, & BUIRJE M [ g E )
R DX 575 e 2R B 1Y R AR AR B, T ELRE S R 0N B I PG S R B R YR AR vk T B . 5
FHH, THz YGIE50HE 7T LLAH TR0 HoFeOy 1 Y B F A9 24 B, i H Y348 2% 1] LL# HoFeOs A H111 A
TERTENMARE , N5 2 /N FHEG R0 . 33X — B HE 5 B 145 Z R0 . BG5BT 5 6 1 7 Lk s 1
TER AR Y B BESS A B IS g TR AL ).

REEIR: AP REITEOLHE, B RIERRSEAR, ABEE U, A etk

PACS: 78.47.J-, 76.30.Kg, 75.30.Kz, 76.50.+¢g DOI: 10.7498/aps.69.20201518
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A AR AP A i Hh B R A R B4 B 120,
X — G — BN R T (Fe®t) M 185 7
(R*) Z IRy S5 AR AR, DL EATT& A T4
PEAT AN — B0 oy B, [ g s AR E A
BESHYHAZ , AT LME B 72 a5 R
AZEAAR, T H AT AE RO T LI AR ASZ R 3L
Hl SRRl i, A BEE AR T RFeO;
WP BN ZS, 5] 1) 2 i oG TE 8142123

—J5 L, AMIAKHRZR AR RFeO; K Z 1 H
i ) A AR BN R AR O — 07 T, A BEE
it 2 AT B I B e B AR AR Y R, Heanot
RBae . NS, DU ORI AU 5 1A
A, ©AFRE, RAMITRBAEEA S
A RA-FeS S e FIRE R, AT AT L% RFeO;
14 JE R B i X 9192024201 SE B A — ok Ry
MBS B AR RGBS 1524 RFeO3 1A R 1Y
1 B 15 2% vh B O R Sm3 R T, SmFeO;
AR EWTE RFeO3 1R F P HAT fe i i 19 T E 30 v i
JE (Tsg 2970 480 K). HHT, AMTAK Sm,R,_FeOs;
S S A i ) A e ER IR ] ) d AR AR 92112426045
W, Wang 45 M A7 @& BT i 1Y Smy 7 Th 3FeOy
B A TE R B R X R 330360 K. B,
Liu & P R IAE Sm* & 115241 DyFeOs H. A
i TP RE Y E EE IR R X A S T2
i35 A WIS 4 3w D B s |03 - 7 P/ S 7
AE T A Fed 48 ny s/ . Rt e
G B F 4B 42 1) RFeO5 1, fiE HE J7 8 b 43 Hr
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M T4 RFeO e 5 R[] AH S 7Y T B 27301,
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AR R AR ER T YRR T,
YFeOs H% A = IR B 1Y Fed BT H iEE
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WESK 0 R 48 24 5 S8 I wG 7 #6 RE A 2000 R
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S AN, FATTIE K BLAN RGN AN BE AT 55k H i 45
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P A e .

SEgs RN LA HoFeOs, HoggY(oFeOy Fi
Hoy6Y.,FeOs K HBIE L B A K3k 1G. b T A
B H A 5K S B (AR i v T D A 1 B )
TR, ARSCESE T RBFZIHEOES (terahertz time-
domain spectroscopy, THz-TDS) £ K. %47 K&
WFFEREPE AR e TR A i o 3 ) Je A R
rkz—, I H il THz bk B HE% /e
it (1 THz, 290 4.1 meV), HBGEW AT LI gk 2
g [14.32-35],

A THz-TDS Y61 52 50 2 7 h B Bh2= B
R 7 B2 b | B WER B AR IR EE N THz-
TDS Mk 2 8¢ 52 LY . % 2R G IR AR Ak i ]
N 5—350 K; Bk B ALIEEIh 0—8 T. RELHTH]
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i B R KA 780 nm, Jik g A 120 fs, T
SEAEN 80 MHz. HOCH M NWR, —HEHR THz
ik b= A0, RERDEH TR L4 %1% THz
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AR ) Ty AT RE - FM HRBEE B KB 2% 1 L
23 (WA 1(a) PRI O EZL). MWAZTR Y25 R ]
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BT BEAIK HoP+-Fe 28 #e fF FH A A B, DT 23
RAEG 11 e B ) A AR IR X 11323 29], AT TR A THz-
TDS i i AT T A Y3 420 % T 1)
Ho, Y, FeOs Hi) q-AFM F1 q-FM He 4 s it 15 135
PSR (K1), SARBZRER MRS, K
WLk b G i S e AT (Hipy,//c i),
FE Ty R g FH A3 R (4 S q-FM 4% 04
M AE Ty A& AR g-AFM JEfRIE.
T, A6 BLE X q-FM R I A5 5 A B A1 o5
N IR ad BV *H@EE/‘JE’%@AJ—?\ T,, -AFM ;j\:flﬁﬂl%}bﬁg
B AR S N Tyy— Ty FAASRYSEAS 15 T,
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BEPRIURE S v A R AR . A ol AN [
T AW s AT LA i THz 3% 28 b FE Y THz 16
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(1-R)%exp(—ad)®, Hr RN REL, o RHRIK
AL, dARESLEEE. DIRE AR A = ad =
~2 In{Eg/[Eg(1-R)]}. LS TEAR RS T 09 S
RAAE, AT DL A e 0 SRR Ay =
Ag-Ay o 1-(Eg/Ey), Hib oy Ey FE4k. 1€ Y5824
90, 0.2, 0.4 ByRE & 43 BITE 60, 45 F1 40 K I,
H e PRI 2, PR e 5 30 BE R 1 Sl SE 4%
B R B WOBOCR Ay T L 3L 0 (Bs/Ey) -1
R BCEERAT . R D iR e B
FEARAL S R PEDL A 1(d)—(f). MK 1(d)—(f) AT
LI & BRI X (1 #1) 19 g-FM iR 06051 % b
R b TR R SR X (D AH) 1 g-AFM
YRS R B 25 TR 09 TR BT X — AR T
ANRIB 2R B HRE AT TS F Y.

I — D, K Y B A HoFeOy fi
b A ES I E R A IRAE P AN T, 55— N THI AT
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B 1 (a)—(c) NIRRT (110) B[ #Y HoFeOs, HoygY(oFeOy Ml Hog oY FeOy B 5 19 THz 5 5 18, A S Kbk 24 1 5 43 ik
(Hry,) AT TR0 il PR rp 20 6 F g 66 i 2 50 ) 45 B U000 3 B A 5K (- M) i e A 0 2 8k 85X (- AFM) L% 05 5
(d)— () AR Y345 2 vk B 55 i 19 11 Bl L U Wi e 1 W T B 10 O 2R TR o 9 0 6 Rl 199 R 2 23 AR R AR IR T - F ML B4R 1 il

R T q- AFM AR 06 B I8 A8 1k

Fig. 1. (a)—(c) THz transmission spectra of the (110) HoFeOs, Hoy Y ,FeOs, and Hoy Y ,FeOj single crystals measured at different

temperatures, the incident THz magnetic component (Hry,) is aligned along c-axis of the crystal. The dashed red and blue lines are

guides to the eye for identifying the quasi-ferromagnetic mode (q-FM) and quasi-antiferromagnetic mode (q-AFM) resonant peaks,

respectively; (d)—(f) temperature dependence of THz spin wave resonance absorption spectra of single crystals with different Y3+

doping levels. The red dotted lines in the figures represent -FM resonant absorption peaks change with temperature at low temperature,

and the blue dotted lines represent q-AFM resonant absorption peaks change with temperature at high temperature.
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Fig. 2. The temperature dependence of q-AFM and ¢-FM
resonant frequencies in Ho,_ ,Y FeOj. Circle, triangle and
square markers show resonant frequencies in single crystals

with Y2+ dopant concentration of 0, 0.2 and 0.4.
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Fig. 3. (a)—(1) Magnetic field dependence of THz spin wave resonance absorption spectra of Ho, ,Y FeOj; single crystals measured at

different temperatures. The incident THz magnetic component (Hyy,) is aligned along c-axis of crystals, and the external magnetic

field Hp is applied along [110] axis of crystals. The blue and red dotted lines are q-AFM and ¢-FM resonant absorption peaks

change with the applied magnetic field, respectively.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Terahertz spectroscopy study of doping and magnetic field
induced effects on spin reorientation
in Ho, .Y _FeOj, single crystals’
Ren ZhuangV?  Cheng LongY?  Sergei Guretskii® Nadzeya Liubochko®
Li Jiang-Tao*  Shang Jia-Min%  Sergei Barilo® Wu An-Hua?
Alexandra Kalashnikova®  Ma Zong-Wei!)  Zhou Chun')  Sheng Zhi-Gao Df
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2) (University of Science and Technology of China, Hefei 230026, China)
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( Received 11 September 2020; revised manuscript received 24 September 2020 )
Abstract

In this paper, the effects of magnetic field and nonmagnetic Y?* doping on spin state and spin reorientation
in HoFeOj single crystal are systematically studied by the self-developed terahertz time-domain spectroscopy
(THz-TDS) under magnetic field. By doping nonmagnetic Y3+, we find that the spin reorientation temperature
range decreases. Meanwhile, we also find the type of spin reorientation of HoFeO; does not change with Y3*
doping, indicating that the Y3 doping can exchange the interaction energy of Ho?**-Fe3* without introducing
any new magnetic structure. Moreover, the resonance frequency of quasi-ferromagnetic mode (q-FM) decreases
with temperature increasing in the low temperature range, while the resonance frequency of quasi-
antiferromagnetic mode (q-AFM) increases with temperature increasing in the high temperature range in
Ho, .Y FeOs single crystals. With the external magnetic field (Hpc) applied along the (110) axis, on the one
hand the magnetic field can not only tune the resonant frequency of g-FM but also induce the spin reorientation
in Ho;_ .Y, FeOj single crystals, and on the other hand this magnetic field induced spin reorientation phe-
nomenon can happen more easily if the temperature approaches to the intrinsic spin reorientation temperature
range of the single crystals. Besides, the critical magnetic field induced spin reorientation increases with the
doping of Y3* increasing. Our research shows that THz spectroscopy data can be used to detect the doping
concentration of Y3+ ions in HoFeOs; in addition, Y3+ doping can make the spin state in HoFeOj; crystal more
stable and not easily affected by external magnetic fields. We anticipate that the role of doping and magnetic
field in spin reorientation transition will trigger great interest in understanding the mechanism of the spin
exchange interaction and the mechanism of external field tuning effect in the vast family of rare earth

orthoferrites.

Keywords: terahertz time-domain spectroscopy, rare earth orthoferrites, spin reorientation, spin resonance

PACS: 78.47.J-, 76.30.Kg, 75.30.Kz, 76.50.4+-g DOI: 10.7498/aps.69.20201518
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Fig. 2. Schematic diagram of electroluminescence measure-

ment system for spin LED.
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Fig. 3. Schematic diagram of time-resolved photolumines-

cence system.
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F Jiekinis A A BERRIN, BEAFIX 3 A7 T B EAL
At A Xt F Spin LED M5 AL f 8 2F 5T =
KEE.

3.1 HEEENAN
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SR SR, T R ERE A A e ik
HL, HATE A B 2R A JRATE A E e R
WOV S5 . KT spin LED Ho i B B0UR SEESE
R LA TE AL I FHERREA B2 AE R A BEE A
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JE BB R, HoAr =R R R REIE A 2L E e
A JE SR AT R o R A o B R RE A A i
TEA UG, W R 2 SR S50, (B b T AEE ™
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AR T 2 AR A A &2 24 B Bk G AR /222
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(EY) #Liil . Dyakonov-Perel (DP) #Liil fl Bir-Aro-
nov-Pikus (BAP) #Liil.
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Fig. 4. Spin relaxation by scattering in (a) EY and (b) DP

mechanisms('].
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Fig. 5. Calculated circular polarization for fully perpendicu-

lar magnetization in remanence over injection path
length!'?l,
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Fig. 6. Electric dipole allowed radiative inter-band trans-
itions and corresponding optical polarization for the cases of
(a) bulk material with degenerate heavy- and light-hole
bands and (b) a quantum well in which epitaxial strain and
quantum confinement have lifted the heavy- and light-hole
band degeneracy!.
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Fig. 7. (a) Temperature dependence of P, (b) temperature
dependence of 7., 7, and the F factor in GaAs quantum well
spin LED!.
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R HETWNRERS e AR ARG FRE RO —

Table 1.  Spin LED based on spin injector with in-plane magnetic anisotropic.
F BEE A LEDZiH Po/T ik fi i
Fe InGaAs QW 2%/300 K ZhuZ1l 2001
Fe/(Al)GaAs GaAs QW 32%/4.5 K Hanbicki%) 2002
CoFe/AlO; GaAs bulk 21%/80 K Motsnyi%.2 2002
CoFe/MgO GaAs QW 52%/100 K Jiang %1%l 2005
Co/AlL,04 InAs QD 15%/1.7 K LombezZ52U 2007
CoFeB/MgO GaAs QW 32%,/100 K Lu%#l 2008
Fe/AlO, GaAs QW 18%/80 K Wi 2010
CoFeB/MgO GaAs QW 25%/25 K Barate%:18 2014
CoFeB/MgO GaAs QW 23%(Sputtering), 18%(MBE)/25 K Barates12! 2017

4.2 EFHEZRRMHBETINE

IR B e A S g A T TN ], AR HE Gk
BN, 5 BRI 2 Ty ) i RE 3 B A e
N it B A7 e TR 7 [R), A RT LAAE IR ) )
M B = A R R R SR I AL R, A 8 BT,

s 1<

Spin aligner tﬂl

Active region

K8 AR A Y Faraday M3 Jy 278 2 1
Fig. 8. Schematic representation of a spin LED under the

Faraday geometries!!.
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W45 ) SR FeTh 1R B e A, A 17420
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B, S Adelmann Z52° Hovel 25201 Grenet 2827
J Zarpellon %5 281 85 73 51| F1| B A T ELRE 5 10 5+
PEH) MnGa, FeTb, CoPt S:4E K [ EH A, i
il 7 A T ERE A 0 5P FERHAERY spin LED
(B IR A Z L3R 2).
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Fig. 9. Schematic Spin LED device structure of the LED
with Tb/Fe multilayer (a) reported by Gerhardt et al.?!],
Circular polarization as a function of the applied magnetic
field at 90 K (b), they observed P¢ of 0.7%.
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F 2 ETIAR I SN ATET AL A TR R
Table 2. Spin LED based on spin injector with out-plane magnetic anisotropic.

I JEE A LED%f# Pe/T SCHk )
FeTb InGaAs QW 0.75%/90 K GerhardtZ:2 2005
MnGa AlGaAs QW ~3%/20 K AdelmannZ29] 2006
FeTh AlGaAs QW ~3%,/300 K Hovel 420 2008
CoPt SiGe QW ~3%/5 K GrenetZ&P7) 2009
CoPt GaAs QW ~2.5%/20 K Zarpellon %% 2012

Ta/CoFeB/MgO GaAs QW ~20%/25 K, ~8%/RT Liang 4§ 2014
MgO/CoFeB/Ta/CoFeB/MgO GaAs QW ~10%/10 K Tao%10 2016
Mo/CoFeB/MgO GaAs QW ~9.5%/10 K Tao¥B 2018
Ta/CoFeB/MgO GaAs QD 35%/9 K Cadiz50 2018

A T R F AN S 000 ELRE S 17 544 Ta/CoFeB/
MgO H BéTE A i i 3 BE A& A (Kl 10 fir
R). M TR R, T CoFeB AR E Y
FEM fb 2, IF H BT F 211 CoFeB J&E B th 45
(%9 1.2 nm), 7TEF#3 T & 2R (10 K)13%
M T 8% B i Ak fb . TR BfFE T
T BEHOR Poi ke, R IRAE TR B /N T 100 K B, P
BE IR R 3G I m A, R R T
100 K J&, PodEAaTARE . 8 R BT E] 40 BE
JeE K MR CaAs 2 SRR T B 80

T s LA S B i HRESBIR I ) -, Ani&] 10 (c)
iR, R F RF 5 BUOCI AR Pobifi R AR
TR a5 —38. t P = Po/FIiTR MY
THEAH T B AR P SR TR, A
& 10 (b) AT LA 2, AT 1 P B RE A 1k
FEARGRARRE, H AR N 16%. XUl P
BEWR A2 A E 22k A T GaAs 2B K& 1B
P BT AR B2 981k, T A BETE AR AEAR IR 25 K F)
L FE N EA R GaAs P FRETFBHOBEF A
ER A FEAAAE,
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I L L L L O
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i 3t P 1 (] 7

(a) 5T T /%45 7] 57 Mk Ta/CoFeB/MgO iy 11 HE HE A (14 5 & 't — 1 8 45 ¥ 7m 3 18]
LA P R A6 /N B TEM B R (b) il AR 04 150 i i A A 28 B T8 AR TS (o) IR F IR T R R 7 A dim LT
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Fig. 10. (a) Schematic device structure of Spin LED and HR-TEM image of CoFeB/MgO PMA injector; (b) temperature dependence
of Py without magnetic field and with 0.4 T field. Temperature dependence of Pg is calculated by Pp = Pc/F from the data
without field; (c¢) temperature dependence of 7g, 7, and F factor deduced from the TRPL measurements.
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Counts/arb. units g

B 11 3Bk 400 °C 5, B A 3 B #E 4% 16 5 P B9 Ta/CoFeB/MgO (a) Fll Mo/CoFeB/MgO (b) F Jig i A i & i HR-STEM-
EELS ¢t 1Y 25 [B] ST R 43453 B

Fig. 11. Chemical characterization of spin-injectors annealed at 400 °C. Dark field HR-STEM images and corresponding EELS map-
pings and profiles for (a) Ta and (b) Mo injectors annealed at 400 °CP!.
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Fig. 12. Spin LED device with p-doped InAs/GaAs quantum dots and polarization resolved electroluminescence of an ensemble of
quantum dots: (a) High resolution-transmission electron microscope image of the injector Ta/CoFeB/MgO/GaAs; (b) schematic

structure of the spin LED device. A single layer of InAs QDs is embedded in the intrinsic region of the p-i-n junction of the LED;

(c) AFM image of InAs QDs; (d) strongly polarized single dot emission at zero applied field®.
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Fig. 13. Schematic of the monolayer TMDC/(Ga, Mn)As
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Research progress of spin light emitting diode”
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Abstract

After more than 20 years of development, semiconductor spintronics has become an important and
interdisciplinary research filed of spin-based physics, materials and phenomenon. Spin light emitting diode (spin
LED) is one of the fascinating topics in semiconductor spintronic, and it is also one of devices in which the
radiative recombination of spin-polarized carriers results in luminescence exhibiting a net circular polarization.
The research of spin LED involves the studies of materials, structures, and spin based physics in spin injector
and active region. The spin injection, spin transport, and spin detection are key factors for understanding the
spin based physics in spin LED. Here in this paper, we comprehensively review the current research status and

the latest results. Finally, we also discuss the future research trend.

Keywords: semiconductor spintronics, spin LED, spin polarization, spin injection
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Fig. 1. (a) Schematic of experimental setup for THz generation; (b) schematic of the YIG/Pt bilayer sample placed in the static in-
plane magnetic field of + 200 mT. A femtosecond laser pulse excites the YIG/Pt bilayer, a temperature gradient V7T'is created at
the interface of ferromagnetic insulator YIG and nonmagnetic metal Pt, launching a spin current (along the —y direction; the red
part means the high temperature side and the blue part describes the low temperature side) from YIG layer into the Pt layer based
on the SSE. Within the Pt layer, the spin current is converted into a charge current (along the —z direction) via ISHE; (c) measured
electrooptic signal of THz emission from GGG//Pt(10) and GGG//YIG(60)/Pt(10) bilayer. THz emission signals are radiated with
front (4N, red) and back (-N, blue) pumps; (d), (e), (f) the THz emission schematics of the three sample cases in (c).
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Table 1.  Preparation processes of five different sample structures and their normalized THz amplitudes.
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(a) GGG//YIG(40)/Pt(3), Si//YIG(40)/Pt(3), GGG//YIG(40)/Pt(3), Si//YIG(40)/Pt(3), GGG//YIG(40)/Pt!s(3) /Pt2w(3)
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Fig. 2. (a) THz emitted EOS waveforms of GGG//YIG(40)/Pt(3), Si//YIG(40)/Pt(3), GGG//YIG(40)/Pt(3), Si//YIG(40)/Pt(3),
GGG//YIG(40)/Pt(3) /Pt>4(3) and Si//YIG(40)/Pt"4(3)/Pt*4(3) heterostructures (layer thickness in nm); (b) schematic view of
THz generation in YIG(40)/Pt"(3) /Pt**4(3) heterostructures on GGG and Si substrates via SSE; (c¢) normalized frequency-domain
THz signals of GGG//YIG(40)/Pt*(3)/Pt>4(3) and Si//YIG(40)/Pt'(3)/Pt**4(3) heterostructures. Inset: the full width at half
maximum (AF) and center frequency (f;) for the normalized THz amplitude spectrum.
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Fig. 3. (a) THz signals emitted from the GGG//YIG(40)/
Pt24(3)/Pt24(3) bilayers applied with +H (blue line) and

—H (red line); (b) THz emission signals with front- (blue

line) and back- (orange line) pumps with +H. Insets:
Schematic view of the laser pulse exciting the sample from

the different sides.
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Fig. 4. Peak-to-peak values of THz radiation from Si//
YIG(40)/Pt'4(3)/Pt?4(3) as a function of incident pump

fluence. Purple circles: experimental data; black curve: fit line.
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Abstract

Recently, ferromagnetic/non-magnetic heterostructures have been widely studied for the generation of
terahertz (THz) emitter based on spin-to-charge conversion. Actually, thermal spintronics effectively combines

thermal transport with magnetism for creating and detecting non-equilibrium spin transport. A spin current or
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voltage can be induced by a temperature bias applied to a ferromagnetic material, which is called spin Seebeck
effect (SSE). In this paper, we present a SSE based THz emission by using the heterostructures made of
insulating ferrimagnet yttrium iron garnet (Y3FesOiy, YIG) and platinum (Pt) with large spin orbit coupling.
Upon exciting the Pt layer with a femtosecond laser pulse, a spin Seebeck current arises, applying a
temperature gradient to the interface. Based on the inverse spin Hall effect, the spin Seebeck current is
converted into a transient charge current and then yields the THz transients, which are detected by electrooptic
sampling through using a ZnTe crystal at room temperature. The polarity of the THz pulses is flipped by 180°
when the direction of the external magnetic field is reversed. By changing the direction of the pump beam
excitation geometry to vary the sign of the temperature gradient at the YIG/Pt interface, the polarity of the
THz signal is reversed. Fast Fourier transformation of the THz signals yields the amplitude spectra centered
near 0.6 THz with a bandwidth in a range of 0.1-2.5 THz. We systematically investigate the influence of
annealing effect on the THz emission from different YIG/Pt heterostructures. It can be found that the THz
radiation is achieved to increase ten times in the YIG/Pt grown on a Gd;Ga;0.y (GGG) substrate through
high-temperature annealing. The mechanism of annealing effect can be the increase of the spin mixing
conductance of the interface between YIG and Pt. Finally, we investigate the pump fluence dependent THz
peak-to-peak values for the annealed YIG/Pt grown on the Si substrate. Due to the spin accumulation effect at
the interface of the YIG/Pt heterostructure, the THz radiation intensity gradually becomes saturated with the
increase of pump fluence. Our results conclude that annealing optimization is of importance for increasing the
THz amplitude, and open a new avenue to the future applications of spintronic THz emitters based on ultrafast

SSE.

Keywords: THz radiation, ultrafast spectroscopy, spin Seebeck effect, inversed spin-Hall effect

PACS: 87.50.U, 78.47.D—, 75.47.—m, 71.70.Ej DOI: 10.7498/aps.69.20200733
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1) (hE TR B RS S R Z 5, BT 610200)
2) (" TR RS b L TRRFSE AT, 48P0 621999)

(2020 4E 5 A 19 HIgF); 2020 45 5 A 27 HUEMEH)

38 A 78 2% T T R /A1 T 98 DA S S5 5 4 A ) A DR 1 R D - P A A A R 2% bk o, R
WA L T ASREE L R AT L AR . AR R AR IR DL AR AR OR DR AR Y G . ASCH e E A 4K
TR 2 . KB 25 11 e FRL 2 B I R AR 2% TR LN 11 e R 2% D 4 P RE AR T L 142 S L T 3 Tl o HE

FEHE SR AT VAR 2538, 300 - 1) He T B e KB 2% U5 AR KRR 22 19 3 i AR

HR A ez | OteE

Ko KM AE T AP REAR TH T8k 2) B K B 2% U5 O IR AN A1) T Sl 4, 3) 1 K B 2% R R 2% B 1
I, B 2 A G I e JSAG . KA 2 768 2 WL 3 AR 45 D TR S T 5 i B 430, i B KRR 4% IR H i A

TE R R, e B e T 1)

REEIR: AOBE, A, R A Bekis, kR s

PACS: 87.50.U-, 85.75.-d, 75.78.Jp, 72.25.Rb

1 5 =

Khzs (THz) =R LM CRRE Z [
FEL R, A% FBLiE 2 SR 0.1 THz % 10.0 THz
(1 THz SPRHEEA 300 pm, RVAYHERH 4 meV,
Xof o7 AR BT RUBE A 1 ps). K% iz R 9 e
FRERAK . L hr . GG PERE J1om | AH T MR
G, FETCEEAE | TRIA MG | B2 Ak
FAE | Ak AU EA Tz 1 W AT S R,
K% CiE o TT R I Bl o8 5 A ) T A
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HEMI R 155 IR SRR T R 2% I Bl
TS ) £ B AR RUBE (12,
HT R ZZ WY L, BRAT e PR R B A 2%
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e (THz time domain spectroscopy, THz-TDS)
HIARZ O Bl R 2% B 3O A SO Rk 24 B 67
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PRW U, B A 555 L, FEATREERAE | fL o v I
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BT WO T 00 KB 2% Dk b R 2 A FOE SR AR
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B RGN R ETERE A | TR 55 TH A
FE—EHH: W ZnTe Al LiNbOs HL Y i 1A A7 1
Vi B B e KB 3 THaz, 38 5 9/ a4 i) JE B AT L4
S TE R, W GaP fh A (0.2 mm JR) ik
7 THz, B4 8RB S 5 R4 i i v
FESN 7 THz, SCFEAX RS, AR B 5t 2835
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BFRTT R 10 THz VL, B REE 4 H AN
AFRUE M ER . TIARLRAE | APy B 2446 10 55 vy
X TR FEAT | RO RAS | [ 4 K bk
2k IR BAA AT R, KSR B A X S R R
K 2E Ik vpils I F I & o, EAT S 2.

H Ji¢ L F-2% (spintronics) 3% F HL F H it J&
RIEH— R ERE R A X RS AR, Kbk
2 AT T 2R R R G, TE L T R %%
H e 2% (THz spintronics) iX—#r%340 177 1m) B,
W TR Z T ARERE 245, 24 T A e F# 1Y
i ) PRI G )RR AR AR AN TR 4% 4 B, i
() Bt ik | PR ¥ (magnon) ., FLFEHR T (elec-
tromagnon) 5 0-81; w34 HLu 4y P ioh A5 G I e (1]
TER RS R, an PR g . J R A e sl 1 27 5 010;
AN, K25 B T — e R AR ARy
R RERLRE . 1 e R R AR 2L KR ZE A e
HL S — RANBER, R RE T KB4 A H
TEHLF-2F T TR B . R % I e 15 Bh 3R A T
PR ZRAE F e i AR BN AR B [, A
HE FL 27 Ay R 2% U0 #8081 3 L i
FH %, WA SCTIR 1) A e K245 (spintronic
THz emitter)'3.

2013 4F | 18 [# Kampfrath % 3 7F Nature
Nanotechnology % 18 3C, #iB T —FlHr 8l pY 5k
TR A e P, . 48 18 DAl 2% Ik v 7 A=
Jrik. Hym AR R ERIE 1 FoR: 1) B TCRENEDE K
IR SR /AR RE (FM/NM) 4 8 40K R S i 4%
¥ (40 Fe/Au, Fe/Ru), #8029 H ém L
FE BE ] T AR 2) B B )
FHAR A AERE 48 )29 8, BT A ém LA E iEm T
(2 - 132 2l 3RS A 22 80K, BOR R TR Y [
WE (Befk) it Js Wkt )2 1 A JEREZ; 3) th T BiE
LRER e (RS T GURN B b 3 e S VANl JANE |
T4 J2 0 R P [ BE T J, e 4 R R AS R AT I (e o
Js x M, M NERRE)ZWEACTREE); 4) BRI J
A TR RUBE SRy S0 R DB, DT[] &N S5 R 2 Jk
BT RS MR (M 55NN VA7),
WK R 22 Ik o 1) D A1 7 1) S 55 AN % H
W R R 2% R A AR, g by a7 5 il 4%
5N SN B I N B S DA S S e - TIPS
YRR T 10 THz, R4 T BUA BT IR 2Z ik o
ERIAS . BT AR O0 S D25 = 3L
fil, 5220 T E NAIMRZ W58 4 G E RS,

1 %4 0 A e Kbk 2% U8 (Spintronic THz emitter),
IR T —RIN R R

AR ST A R 2% 510 1 RE 32 T | 81 45 R
H 3 J7 TN HAFE i RE AT VR AR A S0 : 2 2 o 4k
TORBRLE Y 3 A FE—— itk A gz | Ot
WOR L R 2E AT, 230 2 VR RE S T O 1% 56
3 A G A 2% I R i i A T2 sl s o6
4 T AR 2% IR AE R 2% 8 SE 5k | e 4
AT B BB . R 2 53 3 73 AR 25 T T )i
;5 5 TN TR R S .

/ y
fs laser Fe Au or
Ru THz pulse
sl |
|
|
,’ 4 "l(\ || | ~—
\| V
e V
FM NM Jeoc JgX M

K1 BEARHE 2% U B
Fig. 1. Schematic of the spintronc THz emitter.

2 H e 2% R By A $R T
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R R AEERE, RO E HBEER S IR CHE. s
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PEIES SIENENIPN YAl Uik TilY G S e e 51y
D7 1% FE L T R 2% ok oo A 1) = AN i FR T e
1) JG2E R, CEPBOG K vh BRI /A1 1 5 B 4
MR EAE R, WO T B BER; 2) R H iz,
PR A N ZTE ARG Z, JHAEAERLZ
I BEBE RS G 1 I BR S F AT Ul s 3) Kbk 24
EEIRT B TR]RUBE SA SV B 0 ) 5 25 R A7 i o) /D SR
RZE K . T T3 A A T AN R R 4%
RESE TS 1 .

2.1 ETEREEAEIZHMERERT
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1) BT A I R BEE T ARG Z; 2) T
AAEREIZ R B U e e A B S A I B 24
SRP AR R 2% % HRLAZ 9 B Borwy, () 1E LG T S B 5 4 v
) IHL AL J BTN EE: B 1) o 20
HE OB [ HE T A AR | T - L far i e 4
ROF, DA A S A /N B B ] A2 Ak 38
WKW TTHE, YIS RRR L™ A RCR.

2016 475 [ Kampfrath iff 55 241 16 g — 2 ik
BT AATTAE A e ARBRE IR RE ST B, I
RER T 7 ik R I T A gk iz o fE, EEAHEL
T 4R 1) BREER ARy ARG Z . A e
IR~y AR F B A5 Ay Ha ey i A% 3 O781 g
FEIRAA ~ B, MR %% 7 A= Ry . AT 1Y
TORIRI ARG )2 B R 2% 0 S o FE 5 B e R AR L
(EH T BREER Ay ) BIRER, KIRMRZE 5o
£ IES ABEE R Ay R/ IE A ——Xf i, H
48 PR E R, XY T AvEERA
— ECE L, ERETER. 2) ALk /AR R A
G BHE)E — Y E T A p R R I K
/Ny 53— 7 TSR] (Rt /AR G A TR g e T e R
H e A ARG 2 M RCR. SCI R AN R g )2
(3 nm)/Pt (3 nm) BYARMEZZ HHST98 EE, B Ni 8%
AN A H WG 4 JE A 22 AN K, CoFeB W = T4
)|, 3) UL IE R . JEREZ RS UUE H g
()4 32 4 IO T 52 M S LA 3 /DS, T s ks /3R
12 R A RO CIRSOR FH 28 | RBR%% Hh SR
ARG, T8 A O VR R 4% o B AR AR B P Tt
4) FEA R A A e, ANl 2 B, TEgkwGE/
WA Z T T A5 A k)2 o — s I —JERE 2,
AR AT VA A PINAERE 2 H e Ry 775
FHEC (4 Pt AT W)L T g fap 38 AT AH T, 5259
S5 R BRI KR 225 T T 40%. Bk
L4 W(2 nm)/CoFeB(1.8 nm)/Pt(2 nm);
55 A T FH A bR 2% ok vp il B PR R XT LE AT, &
SPOE WA B K, FEMUER 1 ARA T 55 98 (R A0 58
FE (>15 THz), HAERIB 3R AR T ZnTe fiA
FOGHL R L, B 7R A3 B I 41 JH A R 2%
I8, Bon i B ERe L

(] NS0 N J BT, R R 2 55 i
5558 B R USRI ABA RO B findk Yang
IFFEL P | F5[E Beigang WFFT 4] P2, i RK2F
7 AR W AT BN 23] 24 7 G TR OC B R 4

M

g

fs laser W CoFeB Pt
THz pulse

Je2 /‘ Jon
aTr
8,2 ,.1 5,1

= vy

NM1 FM NM2 Jeoc JgX M

v<0 v>0
B2 =R S5 AR 2% IR
Fig. 2. Schematic of the trilayer spintronic THz emitter.

FAPEAREE . TG AR 258 20 SO SR 3 A 1 e 4
FrEgAE, BT R A BERE A — H iefiis it
FEJ7MH, HA Mizukami BF584 242 R kR 242
Ze IR KRS R AR B BRI, faf == Li A
S¥2H PO 3@ ok s NS EDORDRE B L SRR 4R A O AR
T+ H BERAE A R ARCE; 1AM, Kampfrath A
FEAH 27 BT A e ZE DL e A8 X — A B A T %,
WL 2 45 2% 2 YIG [0 48 Pt b A st B
TR T 7 A 1) R 24 ok o, (BRS8N, FE R A
i@ it - FEL AT It A 3 — I e i R T, BR 7%
1RGSR Pt SRRSO F IR R AT
P T A 2% 7 A2 AR AN 1291, 25 B A T A T
WAL S AR DGRBS B eI - H e i e A5 AL il iz P )
H e RBR g% bk i, WA T s A AR

] T it FEL A YA e e LB AR, — iR TS
IR 385 9 e RN, B — MRS D3 A
F 243 Rashba-Edelstein &0 2, B & —Fp 5w
BN, FEARTE T &R S Es g AE (i Ag/Bi A
1, Cu/Bi A %) M IR R E A L i
B YR TR 2 E Jungfleisch WFER AL B, &2
HIR 225 U RS TR OR A7 SR i Bk
A AN B 35500 F e i MG 2 (CoFeB Fil Fe)
HEA Ag/Bi BUZGOKHNE, WIE] Ag/Bi Fifi ik
Rashba-Edelstein 2 AE R A2z bk, 4l 3(a)
B, HIG BRI T bR 2558 B bl Bi JZ2 55
AR R, FFIERA Ag/Bi 1K £ i Rashba-Ede-
Istein 0N A [ JIERE 7K 800 AT LAAH B in A4
TPz ORI Chia Ml Yang 855 A BA B2 )
BNV ERRE /AN AR 5 BT (Co/BigSey) 1Az Ak
2Z Wk o, Gn &l 3(b) Fros, Jf4R I H EEoRE T
Bi,Se; % Ifil 2 f 3% Rashba-Edelstein 25 ; H )5,
AT B T RAREOG S T R A e i B2
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(a) /, (b) /' (©)
fs laser COEEBAg' ' Bi THz pulse fs laser = Co BirSes THz pulse il ; MoSz = TH, pulse
or Fe ; ’ I"'l 7 I,'ul
: i ||I II ,.' ."ﬂ'l |I II| ’.’ . ,'"n'l II I||
1 J T4 (S > s =t ) i A Js A B e
’ |II I| \ ’ III II| \/ /." |II II| \
’ 'UI ’— | k.a_. \
!

Rashba interface

& 3 % T i) Rashba-Edelstein 500 B K #F2% &K 55 (a) Ag/Bi #tifi; (b) M ALK BisSey R MHIZS; (c) 4k FAEM B MoS,

Fig. 3. Schematic of THz emission via inverse Rashba-Edelstein effect: (a) Ag/Bi interface; (b) surface states of topological material
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Fig. 5. High-field spintronic THz emitter”: (a) Photograph of the large area spintronic terahertz emitter; (b) schematic of the

experimental setup; (c) resulting THz electric fields.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Spintronic terahertz emitter: Performance,
manipulation, and applications”
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Abstract

Spintronic terahertz (THz) emitter, which is based on ultrafast spin-to-charge current conversion in
ferromagnetic/nonmagnetic heterostructures, provides excellent advantages such as ultra-broadband, tunable
polarization, and ultra-thin structure, thereby attracting increasing interests recently. In this review article, we
first introduce the fundamental concepts of THz wave, THz spintronics and spintronic THz emitter. Next, we
focus on the recent progress of spintronic THz emitter by closely looking at the performances, manipulations
and applications. Performance improvement is presented based on the three fundamental processes: optical
excitation, ultrafast spin transport, and THz emission. The active manipulation of polarization and spectral
response, as well as the relevant applications such as ultra broadband measurements, magnetic structure
detection and imaging, and THz near-field microscopy, are reviewed comprehensively. Finally, a brief summary

and outlook are given.
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Fig. 1. (a) Experimental schematic of quasi-continuous phase formation in the high-throughput grown Sm,Pr; JFeO; (z = 0, 0.4,
0.7, 0.9, 1.0); (b) the crystallography structure of the single crystal SmFeOg, PrFeOs, and Sm oPrsFeOs.
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Fig. 2. (a) Experimental setup diagram of THz-TDS. The THz time-domain waveforms transmitted through the b-cut (b) Smy,-

ProsFeO; and (c) Smy,ProFeO; crystal at 300 K and the insets indicate the spectrum of oscillating parts obtained by Fourier

transform of the waveform, which is fitted with a Lorentzian contour (dotted line).
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Fig. 5. (a) The temperature dependent THz waveforms transmitted through the Sm,PrysFeO; single crystal; (b) refractive indices

and (c) absorption spectra of Smg,PrqsFeO; at 40, 80, and 300 K. The inset in (c) shows the energy level splitting of Pr’* ion in the

ground state crystal field.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics

Terahertz spectroscopic characterization of spin mode
and crystal-field transition in high-throughput
grown Sm,Pr; ,FeO; crystals”

Fang Yu-Qing"  Jin Zuan-Ming V%t  Chen Hai-Yang?
Ruan Shun-Yi? Li Ju-Geng?  Cao Shi-Xun?
Peng Yan?  Ma Guo-Hong??*  Zhu Yi-Ming D41t
1) (Terahertz Technology Innovation Research Institute, Shanghai Key Lab of Modern Optical System, and Engineering Research Center
of Optical Instrument and System (Ministry of Education), Terahertz Spectrum and Imaging Cooperative Innovation Center,
University of Shanghai for Science and Technology, Shanghai 200093, China)
2) (Department of Physics, Shanghai University, Shanghai 200444, China)
3) (STU & SIOM Joint Laboratory for Superintense Lasers and the Applications, Shanghai 201210, China)

4) (Shanghai Institute of Intelligent Science and Technology, Tongji University, Shanghai 200092, China)
( Received 15 May 2020; revised manuscript received 13 June 2020 )

Abstract

Terahertz (THz) transient has become an effective method to study the optical and electronic spin
characteristics of the rare earth orthoferrites RFeOs. High-throughput grown crystal sample is sliced at different
locations, then the continuously tunable rare earth elements co-doped single crystal Sm, Pr; ,FeOs is studied
with antiferromagnetic spin mode (qQAFM) and crystal field transitions of rare earth ions under zero magnetic
fields. Using THz time-domain spectroscopy, the qAFM resonance frequencies of Smg,PrysFeO; and
Sm 4P, ¢FeO; single crystals are located on the connection line of the gAFM frequencies of PrFeO5 (0.57 THz)
and SmFeOj; (0.42 THz), therefore the frequency of qAFM increases linearly with doping concentration of Sm?**
ion increasing. The Smy ,Pry¢FeO; crystal undergoes a temperature-induced spin reorientation phase transition
at about 160 K. When the crystal temperature is lower than 80 K, a wide band absorption peak of about 0.5 THz
appears in the absorption spectrum of Smg,Pr,gFeO3 due to the crystal field effect. Our results show that THz
spectral data not only allow us to monitor the quality of rare earth orthoferrite crystals prepared by high
throughput and analyze the rare earth elements of the sample, but also improve the ability to analyze the

physical properties of the co-doped RFeOs.
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Fig. 1. (a) The RHEED spectrum for the growth process of
LAO on STO substrate (001), and the RHEED patterns be-
fore and after the growth of the LAO films; (b) the surface
morphology of LAO//STO films; (c) the schematic dia-

gram of the terahertz emission.
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Fig. 2. Schematic diagram of terahertz radiation experimental configuration. The zoomed area shows the relations between the

sample and magnetic field.
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Fig. 3. (a) Typical terahertz temporal waveforms for LAO samples with different thicknesses, and (b) the corresponding spectra.
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SPECIAL TOPIC—Terahertz spintronic optoelectronics
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Abstract

Since the discovery of the ultrafast demagnetization of the ferromagnetic metal, the spin degree of electrons
is gradually used to generate terahertz radiation. The terahertz radiation generated by the inverse Rashba-
Edelstein effect was confirmed first at the interface of Ag/Bi. However, the spin-to-charge conversion efficiency
of the LaAlO;/SrTiO; interface is one order of magnitude lager than that of the Ag/Bi interface under
equilibrium or quasi-equilibrium condition. Whether the LaAlO3/SrTiO; heterostructures can be used to convert
spin current to generate terahertz radiation remains to be systemically studied. In this work, we fabricate the
NiFe/LaAlO3//SrTiO; heterostructures and investigate the generation of terahertz radiation by femtosecond
laser pumping and its dependence of the magnetic field direction. We change the thickness of the LaAlO; to
show the applicability of the superdiffusive spin transport model and optical transmission model. We find the
multireflections at the LaAlO;/SrTiO; interface weaken the terahertz radiation intensity. This work provides

experimental and theoretical support for further optimizing the generation of terahertz electromagnetic waves.
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