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Fig. 1. (a) Experimental setup for THz generation; (b) THz emitter based on spintronic heterostructures, femtosecond

laser pulse excites ferromagnetic (FM) layer (in-plane magnetization M), the spin current Js injects into the adjacent

non-ferromagnetic (NM) layers; (c) inverse spin Hall effect (ISHE) transforms the spin current into an in-plane transverse

charge current J., which is perpendicular to M, an enhanced sub-picosecond charge current is produced within NM; and

NMo, which have opposite spin Hall angles; (d) magnetic hysteresis loop for W/CoFeB/Pt with magnetic field lies in the

film plane.
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Fig. 2. (a) Typical electric field of the THz radiation from
the heterostructures of CoFeB/Pt, CoFeB/W, CoFeB/Ta,
respectively; THz radiation signals from (b) W/CoFeB/Pt
and (c) Ta/CoFeB/Pt for two opposite directions of the
magnetic field, + B (red curve) and —B (blue curve), re-
spectively. The numbers in parentheses indicate the thick-

ness of the layer, unit is nm.

197202-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 19 (2018) 197202

eAmdl g1, P2 (b) B 2 () v, FATT L 14 m
Wi m (+ B — —B), A LLE 2 THz Bk i AH
PLSEA . BT SO0 45 SR & AT TN B T s T
PR T ISHE SEH THz A 5 i 72 A 3 e (39401

SCHR [41, 42) #38, THz AT Bk R8O 0 #
R4 S = A AR A T B AR S R THz 58 56 51
Bik. Seifert %5 [20] )26 45 5136 B 28 £ 85 ) B
P 5 LU AR T THZ 58 S I Th NS %, S2Br |
NM /FM 57 Jii £5 ¥4 () 5% i 350 B DA Je bl b 7= A= 1 22
AR AN RE IR s e DR R GIAER. H4h, ok
H R I SRR S AR Z A A .
b, A AR H T U A -BRE OK 28 3R 15 I 2
T THz fik s 5.

EARFE R B, BRILZ RS RO ik = AR
(1 DRLIE Rt 1T 8 77 A2 H T THz fikab 119441, S6F
PO RN, 2R 2 BT A 1) THz AR T8 5 4 A
NSRS IR E DT ) (R RRE) Bk, BleAR RS
Pt/CoFeB Hl CoFeB /Pt Jiir = 4= ¥] THz Jik i (1) AH A7
ROAZARFE— B SR, 1% 5 BT %2 3 1) S8 25 A
SR, S8 I A5 ¥ THz Jik o (0 AR A7 55 210 b ok T
ek & Bk 2 (CoFeB) A4 & 2 (Pt AT W) 1
NI, Wil 3 Frs, "CAD O AT — S5 AN
& )& Pt — NS0 F THz 58 5 RO S88 . 24
B AR AL 20— A7 100 (8] 8 A3 (e n 77 1),
B O NS B, BT BAE B THz 9% % (1 4% 1
RA180° . JRIRITET AR, MU T RET
H BRI (Js — —Js). MR EHEE R,
—Jo = (—Js) x M, JZ I} HLfaf it SE I THz %8 55 (AR
fi 180°&$§<—E(t) o 00 ) Y
I X TR /ARS8 5 45 1) THz
TS S, BB ) TTRRAR N B T DL
WS ANTE, T E e 5 ISHE 2082 5 4658 £ 5
Hip7.

W 4 (a) Fros, TERR B, RATH = 2 5 7
JR 25 K () THz 4851 5 0.5 mm J§ Zn'Te & 7R 48 5 1
THz Bk fgE AT b S5 B 1 R oL e B %
JE91.4 mJ/em?. SKEREEREH], W/CoFeB/Pt Hil
Ta/CoFeB /Pt Fi 4 5t 1) THz ik e e AE 8 5 7 4
A SZ56 261 K 0.5 mm f) ZnTe (110) &b A& KI5 5o
£, K 4 () BTSRRI B, (1) 2000 48 B AR
43 3 B IRME S | B, (w)|, WE 4 (b) B, w0,
FE120 fs FIBOCIKMEOR T, B e 15 7 L4 1)
() THz 4% 5 451 55 FE 5 Zn'Te fi AR ARG, A% 5

Bl 78 55 17 0—2.5 THz, O.2 5% 24 %11 1\ THz
3l e i 4 P 7 R

40

30

20

10

0

—10 F

—20 F

730 -

THz electric field E(t)/arb. units

W(4)/CoFeB(4)/Pt(4) )

—40

1
0 2 4 6 8 10 12
Time/ps

3 JJF4iH W/CoFeB/Pt 5 HUR IR A F] (114 &
AR THz ikt Sebe b il 75 et € 4 + B
Fig. 3. The orientation of the structures with re-
spect to the pump beam and the generated THz pulses
for W/CoFeB/Pt layer structure, measured under the
magnetic field of +B.

K545 1 7 AN FM/NM 5 45 ¥ THz & 5t
Jik e ) U U 4 o 4t 32 O BB R RE P IR AROR &R
FEIMWOL Y R B BEFR I 2 IRIFFEOGRIOGBE
RNAAR, 38 5 o A% o P AT R 22 ek DA e T
Ot B Ty, DT IS 0 = 0E /N N Sk B A 3 T Y
BOtRE TR, EL MMzt E
Y A, THz Jik i I8 1) Ve e {6 26 0 fie & %
FEE T 38 o0 3G 00, e £ TR, SIS B T
DL 1 7 A I B, (Fp) o< Fp/(Fp + Fuay) $H
AU A Fe RS G REREE, Fla, 2 A
REEZE. MAgRwES iR, W/CoFeB/Pt
H1 Ta/CoFeB /Pt [¥] THz % 5 1 A1 G 2% 5 7373 A
Fyap = 0.47 mJ/cm? #10.61 mJ/cm?, /NF 5L a7k
T8 [¥) Fe/Ru X2 5 45 14 o THz 8 5 (10 10 50 58 7L 2%
fE1 mJ/cm?.

W Fe 2 B, VR B 2 5 R AT LLE M M A R B
JiE A 45 )@ 7 16 )2 P I B e AR R A B R
e s b Re B % T, A e B RN B
T &R ) B A T, W ek 2%
T THz %82 5 B iz e B9 hn i s K & %, i
4E LKW, Ta/CoFeB /Pt {118 Al At & %5 FE % kT
W/CoFeB/Pt, X KM LT W, Ta i 2+ 1
H e R AN AR X . B AT S 56 2 R R
P Ff = JZ i Ta/CoFeB /Pt fll W/CoFeB /Pt 5 i &%
FA LE e PR UK e 5% B2 T BT 4 S 1 TH z 0 U

197202-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 19 (2018) 197202

BRT 0.5 mm JF ] ZnTe & A 7EAH 7] 5256 26 14 T
(FrAE S R BE. BLAh, SKIR SRR, AT
8 55 1R THz JK o 10 985 58 52 2R R | 5 ik 12Ot RE

HEETLL. DA MBS R, THz ik i) 5
R T L R AS BRI BN ) R AR A g
thig [24-27,36]

W(4)/CoFeB(4)/Pt(4) Ta(4)/CoFeB(4)/Pt(4) ZnTe(0.5 mm)
40 T T T T 40 T T T T 40 T T T T

; (a-i) (a-ii) (a-iii)
£

g

2 301 . 30 . 30F T
8

=

<

=

2 b 201 b 201 b
R

el

2

=

8 101 b 10 b 101 b
3

i)

©

o}

°

N

jas)

=

—10

/arb. units

Frequency spectrum

0.5 1.0 1.5 20 25 3.0
Frequency/THz

0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.5 1.0 1.5
Frequency/THz

Frequency/THz

2.0 2.5 3.0

K4 Z=ZB5F L W/CoFeB/Pt fil Ta/CoFeB/Pt 5 0.5 mm /& ZnTe (110) § &S THz Bk £E (a) I35 _EA1 (b) s 1

ERESE S

Fig. 4. THz radiation from the heterostructures of W/CoFeB/Pt and Ta/CoFeB/Pt, compared with 0.5 mm-thickness ZnTe

(110) in (a) time- and (b) frequency-domain.

T T T T T T T T T T T T T T
50r e W/CoFeB/Pt
O  Ta/CoFeB/Pt

n
Z
5 a0l A ZnTe(0.5 mm)
_E: Fit lines °
<
~
g 30t i
£ Fyop = 0.47 mJ/cm?
E
g 20 . ) i
° tat = 0.61 mJ/cm?
- 4
=
§ 10f o |
A Fyot = 0.46 mJ/cm?
0 " 1 " 1 N 1 N 1 N | N L N L

0.2 0.4 0.6 0.8 1.0 1.2 1.4

Pump fluence/mJ-cm—2

K5  W/CoFeB/Pt fil Ta/CoFeB/Pt S Jii 45 #J LA &
Zn'Te ) THz %% 5 W W B 58 N 565 016 fik i 8 & % B2 (1% 6
#, B IRF S s ie i, B st g el a A R

Fig. 5. The peak to peak values of THz radiation as
a function of incident pump fluence for W/CoFeB/Pt,
Ta/CoFeB/Pt, and ZnTe, respectively. The symbols

are raw data and the black lines are fitting curves.

ATV TP R R /AR W )R S A
THz %% 5 #%, ¥ %% 5 iF F THz %8 55 1 9 22 51
TEYR T E e E R AR Hk, R =
JZIE W /CoFeB /Pt fll Ta/CoFeB /Pt 57 Jiit 45 #4485
THz AH T ik i 1) B8 J1. 76 SE 56 Bt FH 19 % e & %5
FEVa 9, W/CoFeB/Pt ) THz 4% 5 56 FE 1% 1 1
Ta/CoFeB/Pt, #& 1 Ta/CoFeB /Pt () THz 1 F1 &
B EIS KT W/CoFeB/Pt. i it THz 48 5t (14
FfeE %R, 7T LAE PE o 0T 4 8 7 55 )2 o B etk
I RAR AR, A TAEAL T B e 7 %% THz
EREFIEHTH AR B B, AUz kb B Ok BEE
LY QUL S35 Rl T v o A W i 7 N = A T A
T AR L SR AR 2 Jm 2 AR R e 6 A
B IR 3 B FE 00K R 55 vy B A5 A A o — 20 et

197202-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67,

No. 19 (2018) 197202

ANGLA.  H A S8 45 SR AN E A ST 7T i e 2 W,
BT M /AR < IR S 5 5 A 3 I RO B8 A T
THz Bk 5 1 — R 80T 5.

RPN

(1]
2]
(3]

(4]

(5]

[22]

Tonouchi M 2007 Nat. Photon. 1 97
Ferguson B, Zhang X C 2002 Nat. Mater. 1 26
Jin Z, Tkach A, Casper F, Spetter V, Grimm H, Thomas

A, Kampfrath T, Bonn M, Klaui M, Turchinovich D

2015 Nat. Phys. 11 761
Ulbricht R, Hendry E, Shan J, Heinz T F, Bonn M 2011

Rev. Mod. Phys. 83 543
Fischer B M, Walther M, Jepsen P U 2002 Phys. Med.

Biol. 47 3807

Siegel P H 2004 IEEE Trans. Microw. Theory Tech. 52
2438

Zhang R, Li H, Cao J C, Feng S L 2009 Acta Phys. Sin.
58 4618 (in Chinese) [5K3, B4k, WA, HFAP 2009 )
4R 58 4618)

Jin Z, Mics Z, Ma G, Cheng Z, Bonn M, Turchinovich
D 2013 Phys. Rev. B 87 094422

Lewis R A 2014 J. Phys. D: Appl. Phys. 47 374001
Wang W M, Zhang L L, Li Y T, Sheng Z M, Zhang J
2018 Acta Phys. Sin. 67 124202 (in Chinese) [EAHR, 7k
e, ZEE, BB, kA 2018 MIHEAR 67 124202
Nahata A, Weling A S, Heinz T F 1996 Appl. Phys. Lett.

69 2321

Zhong K, Yao J Q, Xu D G, Zhang H'Y, Wang P 2011
Acta Phys. Sin. 60 034210 (in Chinese) [##l, Bz,
BN, k27, I 2011 P24 60 034210]
Matsuura S, Tani M, Sakai K 1997 Appl. Phys. Lett. 70

559

Shi W, Yan Z J 2015 Acta Phys. Sin. 64 228702 (in
Chinese) [fi T, E& M 2015 YH %R 64 228702]
Beaurepaire E, Turner G M, Harrel S M, Beard M C,
Bigot J Y, Schmuttenmaer C A 2004 Appl. Phys. Lett.
84 3465

Hilton D J, Averitt R D, Meserole C A, Fisher G L, Funk

D J, Thompson J D, Taylor A J 2004 Opt. Lett. 29 1805
Shen J, Fan X, Chen Z, de Camp M F, Zhang H, Xiao

J Q 2012 Appl. Phys. Lett. 101 072401

Nishant K, Hendrikx R W, Adam A J, Planken P C 2015
Opt. Ezxpress 23 14252

Gorelov S D, Mashkovich E A, Tsarev M V, Bakunov M

12013 Phys. Rev. B 88 220411
Mikhaylovskiy R V, Hendry E, Kruglyak V V, Pisarev

RV, Rasing T, Kimel A V 2014 Phys. Rev. B 90 184405
Mikhaylovskiy R V, Hendry E, Secchi A, Mentink J H,

Eckstein M, Wu A, Pisarev R V, Kruglyak V V, Katsnel-
son M I, Rasing T, Kimel A V 2015 Nature Commun. 6

8190

Kampfrath T, Battiato M, Maldonado P, Eilers G, Not-
zold J, Mahrlein S, Zbarsky V, Freimuth F, Mokrousov
Y, Blugel S, Wolf M, Radu I, Oppeneer P M, Munzen-
berg M 2013 Nature Nanotech. 8 256

Wu Y, Elyasi M, Qiu X, Chen M, Liu Y, Ke L, Yang H
2017 Adv. Mater. 29 1603031

Yang D, Liang J, Zhou C, Sun L, Zheng R, Luo S, Wu
Y, Qi J 2016 Adv. Opt. Mater. 4 1944

[25]

[26]

197202-7

Qiu H S, Kato K, Hirota K, Sarukura N, Yoshimura M,

Nakajima M 2018 Opt. Express 26 15247

Seifert T, Jaiswal S, Martens U, Hannegan J, Braun L,
Maldonado P, Freimuth F, Kronenberg A, Henrizi J,
Radu I, Beaurepaire E, Mokrousov Y, Oppeneer P M,
Jourdan M, Jakob G, Turchinovich D, Hayden L. M, Wolf
M, Miinzenberg M, Klaui M, Kampfrath T 2016 Nature
Photon. 10 483

Seifert T, Jaiswal S, Sajadi M, Jakob G, Winnerl S, Wolf
M, Klaui M, Kampfrath T 2017 Appl. Phys. Lett. 110

252402
Seifert T, Martens U, Giinther S, Schoen M A W, Radu

F, Chen X Z, Lucas I, Ramos R, Aguirre M H, Algar-
abel P A, Anadén A, Korner H S, Walowski J, Back
C, Ibarra M R, Morellén L, Saitoh E, Wolf M, Song C,
Uchida K, Miinzenberg M, Radu I, Kampfrath T 2017

Spin 7 1740010
Torosyan G, Keller S, Scheuer L, Beigang R, Papaioan-

nou E T 2018 Sci. Rep. 8 1311
Sasaki Y, Suzuki K Z, Mizukami S 2017 Appl. Phys.

Lett. 111 102401
Battiato M, Carva K, Oppeneer P M 2010 Phys. Rewv.

Lett. 105 027203
Eschenlohr A, Battiato M, Maldonad P, Pontius N,

Kachel T, Holldack K, Mitzner R, Fohlisch A, Oppeneer
P M, Stamm C 2013 Nat. Mater. 12 332

Melnikov A, Razdolski I, Wehling T' O, Papaioannou E
T, Roddatis V, Fumagalli P, Aktsipetrov O, Lichtenstein

A I, Bovensiepen U 2011 Phys. Rev. Lett. 107 076601
Rudolf D, Chan L O, Battiato M, Adam R, Shaw J M,

Turgut E, Maldonado P, Mathias S, Grychtol P, Nem-
bach H T, Silva T J, Aeschlimann M, Kapteyn H C,
Murnane M M, Schneider C M, Oppeneer P M 2012
Nature Commun. 3 1037

Cramer J, Seifert T, Kronenberg A, Fuhrmann F, Jakob
G, Jourdan M, Kampfrath T, Klaui M 2018 Nano Lett.

18 1064
Zhang S, Jin Z, Zhu Z, Zhu W, Zhang Z, Ma G, Yao J

2018 J. Phys. D: Appl. Phys. 51 034001
Hao Q, Xiao G 2015 Phys. Rev. Appl. 3 034009
Tanaka T, Kontani H, Naito M, Naito T, Hirashima D

S, Yamada K, Inoue J 2008 Phys. Rev. B 77 165117
Huisman T J, Mikhaylovskiy R V, Costa J D, Freimuth

F, Paz E, Ventura J, Freitas P P, Blugel S, Mokrousov

Y, Rasing T, Kimel A V 2016 Nat. Nanotechnol. 11 455
Huisman T J, Rasing T 2017 J. Phys. Soc. Jpn. 86
011009

Wang X M, Zhao Y, Wang X M, Jiang T, Shen C L, Li
W H, Peng L P, Yan D W, Zhan Z Q, Deng Q H, Wu
W D, Tang Y J 2015 Mater. Lett. 153 81

LiY, Wang X, Xiong Z, Cao L, Chen J, Wang X, Shen
C, Peng L, Zhao Y, Li W, Deng Q, Wang J, Yu J, Yin
H, Wu W 2016 J. Alloy. Compd. 686 841

Kinoshita Y, Kida N, Sotome M, Miyamoto T, Iguchi
Y, Onose Y, Okamoto H 2016 ACS Photon. 3 1170
Zhang S, Jin Z, Liu X, Zhao W, Lin X, Jing C, Ma G
2017 Opt. Lett. 42 3080

Barnes M E, Berry S A, Gow P, McBryde D, Daniell G
J, Beere H E, Ritchie D A, Apostolopoulos V 2013 Opt.
Ezpress 21 16263


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/nphoton.2007.3
http://dx.doi.org/10.1038/nmat708
http://dx.doi.org/10.1038/nphys3384
http://dx.doi.org/10.1103/RevModPhys.83.543
http://dx.doi.org/10.1103/RevModPhys.83.543
http://dx.doi.org/10.1088/0031-9155/47/21/319
http://dx.doi.org/10.1088/0031-9155/47/21/319
http://dx.doi.org/10.1109/TMTT.2004.835916
http://dx.doi.org/10.1109/TMTT.2004.835916
http://dx.doi.org/10.7498/aps.58.4618
http://dx.doi.org/10.7498/aps.58.4618
http://dx.doi.org/10.1103/PhysRevB.87.094422
http://dx.doi.org/10.1088/0022-3727/47/37/374001
http://wulixb.iphy.ac.cn/CN/abstract/abstract72213.shtml
http://dx.doi.org/10.1063/1.117511
http://dx.doi.org/10.1063/1.117511
http://dx.doi.org/10.7498/aps.60.034210
http://dx.doi.org/10.7498/aps.60.034210
http://dx.doi.org/10.1063/1.118337
http://dx.doi.org/10.1063/1.118337
http://dx.doi.org/10.7498/aps.64.228702
http://dx.doi.org/10.1063/1.1737467
http://dx.doi.org/10.1063/1.1737467
http://dx.doi.org/10.1364/OL.29.001805
http://dx.doi.org/10.1063/1.4737400
http://dx.doi.org/10.1364/OE.23.014252
http://dx.doi.org/10.1364/OE.23.014252
http://dx.doi.org/10.1103/PhysRevB.88.220411
http://dx.doi.org/10.1103/PhysRevB.90.184405
http://dx.doi.org/10.1038/ncomms9190
http://dx.doi.org/10.1038/ncomms9190
http://dx.doi.org/10.1038/nnano.2013.43
http://dx.doi.org/10.1002/adma.v29.4
http://dx.doi.org/10.1002/adom.v4.12
http://dx.doi.org/10.1364/OE.26.015247
http://dx.doi.org/10.1038/nphoton.2016.91
http://dx.doi.org/10.1038/nphoton.2016.91
http://dx.doi.org/10.1063/1.4986755
http://dx.doi.org/10.1063/1.4986755
http://dx.doi.org/10.1142/S2010324717400100
http://dx.doi.org/10.1142/S2010324717400100
http://dx.doi.org/10.1038/s41598-018-19432-9
http://dx.doi.org/10.1063/1.5001696
http://dx.doi.org/10.1063/1.5001696
http://dx.doi.org/10.1103/PhysRevLett.105.027203
http://dx.doi.org/10.1103/PhysRevLett.105.027203
http://dx.doi.org/10.1038/nmat3546
http://dx.doi.org/10.1103/PhysRevLett.107.076601
http://dx.doi.org/10.1038/ncomms2029
http://dx.doi.org/10.1038/ncomms2029
http://dx.doi.org/10.1021/acs.nanolett.7b04538
http://dx.doi.org/10.1021/acs.nanolett.7b04538
http://dx.doi.org/10.1088/1361-6463/aa9e43
http://dx.doi.org/10.1103/PhysRevApplied.3.034009
http://dx.doi.org/10.1103/PhysRevB.77.165117
http://dx.doi.org/10.1038/nnano.2015.331
http://dx.doi.org/10.7566/JPSJ.86.011009
http://dx.doi.org/10.7566/JPSJ.86.011009
http://dx.doi.org/10.1016/j.matlet.2015.03.090
http://dx.doi.org/10.1016/j.jallcom.2016.06.234
http://dx.doi.org/10.1021/acsphotonics.6b00272
http://dx.doi.org/10.1364/OL.42.003080
http://dx.doi.org/10.1364/OE.21.016263
http://dx.doi.org/10.1364/OE.21.016263

) I8 % 48 Acta Phys. Sin. Vol. 67, No. 19 (2018) 197202

Coherent terahertz radiation via ultrafast manipulation
of spin currents in ferromagnetic heterostructures”

Zhang Shun-Nong? Zhu Wei-Hua? Li Ju-Geng" Jin Zuan-Ming"®! Dai Ye!)
Zhang Zong-Zhi?* Ma Guo-Hong"»'"  Yao Jian-Quan?®

1) (Department of Physics, Shanghai University, Shanghai 200444, China)
2) (Department of Optical Science and Engineering, Fudan University, Shanghai 200082, China)
3) (STU & SIOM Joint Laboratory for Superintense Lasers and the Applications, Shanghai 201210, China)

4) (College of Precision Instrument and Opto-electronics Engineering, Tianjin University, Tianjin 300110, China)
( Received 15 June 2018; revised manuscript received 26 July 2018 )

Abstract

The development of efficient terahertz (THz) radiation sources is driven by the scientific and technological applica-
tions. To date, as far as the radiation of THz pulses is concerned, the widely used methods are biased semiconductor,
electro-optical crystal and air plasma, which are excited separately by femtosecond laser pulses. The mechanisms in-
volved in these THz sources are photo-carrier acceleration, second order nonlinear effect, and plasma oscillations, respec-
tively. Here, we report the generation of coherent THz radiation in the designed ferromagnetic/non-magnetic metallic
W/CoFeB/Pt and Ta/CoFeB/Pt trilayers on SiO2 substrates, excited separately by ultrafast laser pulses. The transient
THz electric field is fully inverted when the magnetization is reversed, which indicates a strong connection between THz
radiation and spin order of the sample. We present the THz radiation results of the bilayers, CoFeB/W, CoFeB/Pt and
CoFeB/Ta, which are comprised of the trilayer heterostructures used in our experiments. We find that all experimental
results are in good agreement with the results from the inversed spin-Hall effect (ISHE) mechanism. Owing to the ISHE,
the transient spin current converts into a transient transverse charge current, which launches the THz electromagnetic
wave. In our experiments, W or Ta has an opposite spin Hall angle to Pt. Therefore, the amplitude of the THz emission
can be increased by a constructive superposition of two charge currents in metallic layers. Our results indicate that
the peak-values of the THz radiation covering the 0-2.5 THz range from W/CoFeB/Pt and Ta/CoFeB/Pt are stronger
than that from 0.5 mm thick ZnTe (110) crystal, under very similar excitation conditions. Finally, we investigate the
dependence of peak-to-peak values for two different heterostructures on the pump fluence. The saturations of THz pulse
at pump fluences of ~0.47 mJ/cm? and ~0.61 mJ/cm? are found for W/CoFeB/Pt and Ta/CoFeB/Pt heterostructures,
respectively. The saturation can be generally attributed to the spin accumulation effect and laser-induced thermal effect.
Our results indicate that the spin accumulation effect, by which the density of spin-polarized electrons is restricted in a
non-magnetic metallic layer, is slightly less pronounced for Ta/CoFeB/Pt system at high fluences. Our findings provide
a new pathway for fabricating the spintronic THz emitter, which is comparable to the conventional nonlinear optical

crystals.

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