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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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BEERER: (¢) %A (a) ' GGG//YIG(40)/Ptist(3)/Pt2d(3) F1 Si//YIG(40)/Pt!st(3)/Pt2nd(3) Fi) i Juk i £ 1k 47 1 HEL i 25 46 /5 1) 1
— LB P 1 THz KOG R & 2 T8 (AF) Fuo g (f)
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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H HiT 1Y THz %685 50560 25 FAH—3.

HR, BT HIE0) YIG /Pt SUZE— R 7T
IR AR B SR 1, i YIG /Pt —[FliR kAT
DA SO & AR A R g, , WK ATENR J, 1
FEARRRA, BEIME T ISHE S48 i B i i J, 153
PETE. SR, SR TR SE GGG FHEIR 2 Si ft
JE ) YIG(40) /Pt(3) 45 ¥4 #EAS BE A 0 ™= 4
THz 555, K 2(a) B, FTEFERET, B
TR RN AR R BT YIG /Pt R A5
— AR K5, Pt 2300 HEA S e, T AR
SR S IRZEAE . R i T B A S S0 K AR BELA
FLfe7 3 ) 3 21, AT ™ E 0] THz A8 T4 5 i ™
@ [37,38].

e, FAT ERIR KJE 1 YIG /Pt 552
FHFEK—)Z 3 nm 19 Pt JZ, Bl GGG //YIG(40)/

Ptist(3) /Pt2:4(3) FISi//YIG(40)/Pt's(3) /Pt2(3),
miE 2(b) Fos. FEARI SR AT, M TARS
R KAEERR YIG /Pt 5 BT45 ), 3K W T
A:H THz FaSHE 58S 3) T &R, s 2(a) B
w5 1(c) b GGG # K EAEK M YIG/Pt 4
b, GGG//YIG(40)/Ptls(3) /Pt2d(3) 544 Y THz
RSN R BE AR T — R G I A A R B Y
0.5 mm JE[Y ZnTe fyIATEA R S5 554 T THz
SO A 2%. Si//YIG(40)/Pt's(3)/Pt2d(3)
() THz 58 55 B FO IR KR 1 1 5224 A
SERIRE A IE —1b THz JRIE X HE L3 1. A5
W, Z AT SCHER B 4 i E Fe/Pt S T 45
THz 4@ 55 B9 vh Pt 2R EZILLESS 3 nm.
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Ny THz fR GG i R 2R U2, AR O &
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Pt, BEA ZIRAb Pt 2 R 10 19 280, 175 1 i
REAT AT A T THz S bk, aniEl 2(b) fis.
Kl 2(c) h GGG// YIG(40)/Pt'4(3)/Pt2d(3) I
Si//YIG(40)/Ptsi(3)/Pt2(3) 45 ¥ 1Y) THz 4 5
AR5 5 2ol 1 L A 405 3 ) — A PR i,
A3 T B B 35 0.1—2.5 THz. THz ik Pk i 1% £&
2 1 42 584351 0.83 AT 0.68 THz, H LIl 4y
W24 0.61 A1 0.52 THz, 41K 2(c) 1 & .
AT — I T GGG/ /YIG(40)/Ptisi(3)/
Pt24(3) S 4584 T 7=k THz 55 5 4Mmwg M
BRI E R ZR. E 3(a) FiR, THz KSHESH

AN REE YIG TH NG M 5 & A 180°
HHR%, ULAY THz fR9HE S IR KA 281k, BT
I — 25 B0 E T A R A5 S R B B R A 7 A
THz &S5 5 B IR, AT T iz 6 A G
Ji ). B 3(b) R REMEOL 4 B RE 5 1) Pe2ed
JZ— M GGG WK — M A G FE BT 7= A= THz 58
SRR IE . SR aE SRR, YR RE S, 7RSS
B2 AR FR N IR BE RS VT BAF S S, PRI eI
B 7 ) U T 180°, 3T ISHE fr 443 5 AY THz
R S e . (AR B2, ORI fE T, THz
RS W o e R IR S T 800 nm Y KD
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Kl 3 (a) SNBSS +H (W) M-H (4%) B, GGG//
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YIG(40)/Pt"(3) /Pt>(3) 45 4 76 A RIS BOR 18 T ™= A
19 THz Jik oh, WIS S0 37 151 7€ S+ H, 17 B R CRP Ik v i
BRI 5 18]

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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J65 THz JAE GGG RPCH AR EE R BT 201,

K 4 25T Si//YIG(40)/Ptisi(3) /Pt2d(3) &4
¥4 THz $a 56 (8 5 iz S e i 25 IR OC .
S8 vh [ SE AMINRE 7 R 4200 mT, ASHEOE K i
M Pt2ed 2 A G, 455, THz 55 5 5 bt
WO RE B8 BE BY3G RIMTE K, B AR i 2k i A
NG Ery,(F,) = AX Fp/(Fp + Fay), Hh ARE
fif THz f85TEIREL, F, RO Chk b i RE 2% B
Fuo AMFIRE %5 BE 101 5] 4 ipod SO B 64T T
B A S5 RS B 4540 1) 1 FN R 1t 2
29709 (1.369 + 0.047) mJ /cm?2. i FIHE R 5 AT LA
SEPEHA AR BB AE YIG F1 Pt JZ FLTH A9 E g
S0 . e iz RE R R, BT A ER
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fLHL TR, T30 T THz 585158 fifhiz
JERE B2 B ARG Iz kA TR, HRTI SE RS
FW, PiALE (9 YIG/Ptist/Pt2nd SRR 454 1) THz
LR L VR o e A S A S R o i)
THz Fa 555 B 4 R THE [R5 S 30 25 N AR 4R K
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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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Pt 2 A A BER SRR . AT L5 45 R R,
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THz &SRtk A 8o — TRt 1 e 28 )
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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
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