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Moore’s Law

Moore's Law — The number of transistors on integrated circuit chips (1971-2016) m

Miniaturization

% e Large power dissipation ¢;‘;:‘
, * Short channel effect - ’.I..:o'
* Quantum tunneling effect e T
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Magnetic Memory Cell

FM NM FM FM NM FM Discovered (1987)
Spin Spin Nobel Prize in Physics (2007)
8 ) - i#
¢ ¢ "
(R,p) high resistance (Rp) low resistance
Peter Griinberg Albert Fert
R, R,
m m Giant magnetoresistance effect (GMR)
E #EpR e
R, R,
SpEgE ‘17 {EPERE “0”

Non-volatile memory: maintains data without power
(RBIMIER)

Low power consumption

Magnetic Field Control

Magnetic field control | AR5 5 "HifEHE

A

>

R, “0” d s Rp“0”
HCl HCZ >
Magnetic field H

I 3
Y

MR ratio: AR/Rp
~30% for a GMR device
Magnetic field sensor
Read head
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Tunneling Magnetoresistance (TMR)

W SR R s — R JERE M 4B AR EE (AIOx or MgO)

Insulating MgO Electrode
Spin filter

high resistance low resistance

“r “o”

| FAMgOHspin filtering, JESEIAAIMR ratio

Magnetic Tunnel Junction (MTJ)

BitERRIESRS
AR/R, > 100%

Magnetic Random Access Memory (MRAM)

RAM: allows data to be read or written
in almost the same amount of time
irrespective of its physical location

KRB MO TR

Key Challenge
Writing magnetic field is not site-specific: (F{i57FBi)

Accidental switching

Improve the writing process

Spin-Transfer Torque Effect: Current Writing

B T T R SRS Fio Frnea  Low resistance
e
¢ Charge flow « () « @
Angular momentum (spin) flow ‘ 4>
n2 » »

— Current

Ff ree FFixed

Qg N $ High resistance
ol | B 1

L w ” — Current
Large moment: FM layer as spin " filter
Large spin current: FM moment switches Current writing

(BRTFIRFEREAEHE)

Bl 1%

Spin Transfer Torque MRAM

Electrode

Charge current
‘]C

Spin Transfer Torque-MRAM (STT-MRAM)
Non-volatile, Scalable

Key Challenge-- High writing current density: 10’A/cm?

Electro-migration, vulnerable under long operation

Can pure spin current provide a solution?

11/1/2019



Outline

* Introduction of pure spin current (;# E FE)

* Spin current generation and conversion
> (Inverse) Spin Hall effect [(1)SHE (3¥) & iE E T U]
> Spin pumping effect (SP B e & SH &)
> Spin-orbit torque effect (SOT H Fe#i& /1 4E5fE)
> Spin Seebeck effect (SSE B EZE B E)

* Self-consistent determination of spin Hall angle (H/EEF A)
and spin diffusion length (B FeE &R E) by SSE and ISHE
» Non-magnetic materials (Au, Pt, Ta, and W)
» Non-magnetic alloy (Au-Ta alloy)
» Ferromagnetic materials (Py and Co)
» Antiferromagnetic materials (Cr and Mn-Sn alloy)

Spin-Polarized Current vs. Pure Spin Current

Electronics 34444

() Pure Charge Current FEER
12211
Spintronics
P (b) s ‘ ‘ ‘ ‘ ‘ — Spin polarized current HIEtR{LER
lar momentum current
171
Pure spin current devices
(c) ‘ — Pure Spin Current EEER

Angular momentum current
.
’ Lower power consumption

Same jg but only 1/5 charge carriers, thus dissipates 1/25 power

@ E0OCOEEnEE P EoaneeD Magnon in magnetic insulators
Y t i y AA ?V Pure Spin Current
20000006 No charge current

Magnon pure spin current

Pure Spin Current Generation and Conversion

voltaic effect

Magnon " cup,
g p— B st Nt gy Phonon
Q 723 spin-o'b“ ’WE e 4 o f”at/ o
éﬁ'@hﬁé—ﬂﬁ* . Photo spin w,

Light
~Jt

el ]

Charge and Spin Conversion

&~ )

11/1/2019



Hall Effects and Nernst Effects

Spin-orbit coupling (SOC B Fe8l & &)

Charge accumulation Charge and spin accumulation

Anomalous Hall effect (RH# ERMIE)

Spin-orbit couplin®

(BiERERE)

I H Hall effect (EF44FE)

Lorentz Force

J
charge current ¢
Charge accumulation at transverse direction

H  Nernst effect (REETHUFE)

Lorentz Force

Anomalous Nernst effect (EHEET4F
BHE)

Spin-orbit coupling

1 N\agnet'\f“"‘““

Temperd®’®

<_Jra|die“':v.r

\/
'I’I

electrons

Charge current ===== Spin current & Spin accumulation

Spin Hall Effect and Inverse Spin Hall effect

Spin diffusion length A,

Spin Hall Effect (B iEE B IE)

Spin-orbit coupling

NM
Charge current J
to
Spin current Jg

Inverse Spin Hall Effect (3% B iE
EBUIE)

Spin-orbit coupli

NM

Spin current Jg
to

Charge current J

2
Je = [?eleszr'] K

]
J. 5= [2—]ng c
e

Spin Hall angle (BTEERA): O . . o
conversion efficiency of J. and Jq AN R AR

Most important quantity in pure spin current phenomena
15

Elliott-Yafet (EY) D’yakonovPerel’ (DP)
Spin flipping scattering Spin precession

Electron collision

g : clectron relaxation time T ™ T, 7 o 1fr,
Mean free path: the average Spin diffusion length: the average distance a spin
distance an electron can travel can diffuse before losing its information
before collision
Ay = g D=r.v

I=19
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Magnon and Spin Conversion

Spin Pumping and Spin Transfer/Spin-Orbit Torque

¥ ®

e 1
Sﬁpw Spin
Magnon

SR  (bit toraue
& Somens )

Spin pumping effect (B iz & B E)

EENBEAE => B IR

Spin transfer torque/Spin-orbit torque

(B TREETS/$IE N AEUE)

BFER => B RS

Spin-Orbit Torque Device

Spin-transfer torque (STT)
switching
Current through device

Spin-orbit torque (SOT) Jsoc JC X O
switching
Peripheral Current

Challenges in complexity of structures, different
number of interfaces and current distribution.

20
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Heat and Spin Conversion

¥

~ )

21

Seebeck and Spin Seebeck effect

EHRNE . Discovered in 1821
Temperaturé gradlent VT
e
+

mm———————
< -

Charge Seebeck Effect in a conductor
VT => charge accumulation

Thomas Johann Seebeck

BiEERRRE gradient VT BiEERTRE

Temperature Temperature gradie

't

Spin Seebeck Effect in a FM conductor | Spin Seebeck Effect in a FM insulator
VT => spin accumulation VT =>magnon

nt VT

K. Uchida et. al., Nature, 455, 778 (2008) K. Uchida et al., Appl. Phys. Lett. 97, 1725022(2010)

Spin Seebeck effect (SSE)

Transverse (TSSE)

' Longitudinal (LSSE) |

NM

Al

V,T X

(Ersue Inm < Js xm

(Erse Inm < ‘]s xm

(Eane)rm™ X m

| Entanglement of SSE and ANE! |

| Unequivocal detection of SSE !

K. Uchida et al., Appl. Phys. Lett. 97, 172505 (2010)
D. Qu et al, Phys. Rev. Lett. 110, 067206 (2013)
23

S.Y. Huang et. al, Phys. Rev. Lett. 107, 216604 (2011)

Advantages of metal/YIG bilayer structure

Longitudinal spin Seebeck effect (LSSE) in Yttrium Iron Garnet (YIG)

\‘Il\lll
M Metal/Insulator structure:
B No complication in current distribution
— One interface:
‘_\““:-a 3 J Reduced the loss of spin current
AT \\ Self-consistency:
1 ‘% YR Same experimental condition
M ,‘?; / Highly consistent approach to study the
H spin current

Yttrium Iron Garnet (YIG): Ferrimagnetic insulator
(4nM=1740G  T,=560K)

24
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Outline

* Self-consistent determination of spin Hall angle (EiEE )
and spin diffusion length (B Fe4E &R E) by SSE and ISHE
» Non-magnetic 5d materials (Au, Pt, Ta, and W)
» Non-magnetic alloy (Au-Ta alloy)
» Ferromagnetic materials (Py and Co)
» Antiferromagnetic materials (Cr and Mn-Sn alloy)

25

Outline

* Self-consistent determination of spin Hall angle (B EF )

and spin diffusion length (H FE#E S & Z) by SSE and ISHE
» Non-magnetic 5d materials (Au, Pt, Ta, and W)
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ISHE in different 5d metals

— 3} (10 nm)
>
3 [Pt
w
b
>

AV=6.8 uv
300

-300

0
H(Oe)

ty1c=0.5mm
Lym = 4.2mm

Instantly reveals the sign of spin Hall angle!
Pt and W have comparable V.,

D. Qu et al. Phys. Rev. B 89 140407 (R) (2014) 27

Highly reproducible method

I\"F{“\‘ ISHE voltage of the same thickness

=B N O .
= : NXfw " = = -
g .*‘ 3 s 15
M el ™ S VT=20 K/

.../g YiG > 10 mm

= ty;c=0.5 mm L, =4.2 mm

“f,? H/ 5 YIG NM
0 sample1 sample2 sample3 sample4 sample5 sample6

Highly reproducible! Sample1 Sample 2
Consistency in 3nmPt 19 pv 20 pv
einjection efficiency 10nmAu  0.74pVv 0.85puV
einterface quality 4.5nmTa 721V 6.3 uV
*spin mixing conductance 5.2nmWwW 8.6 uV 7.9 uv

28
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Determination of spin Hall angle

; o . 2eyhp'lonln BiBy 7,
r Spincurrent  C: spin injection coefficient € = 3-———== ke

Resistivity (o)

p(uQcm)

@ 300
TalYIG WIYIG
£ 400 £ 200
§ g Taand W:
< 200 2100 huge p.
6
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60 20
PtYIG | _ 15 Au/YIG
40 g
0 g1 Pt and Au:
a5 small p.
% 20 40 60 0 20 40 60
t(nm) t(nm)

‘]g =CVT (Magnetic property of the substrate & interface spin mixing conductance)
Spin current decays in z direction
J (Z) =] 0 M A: spin diffusion length L ~4.2mm
s s sinh(t/Ay) Decay length t: film thickness
z
Inverse spin Hall effect ) -y
2e
Jo=—6,,J
Charge accumulation vie  joff
s L X
LV set) = 2|—P(t)<~]c >
/s ﬂ’sd t
Vise (1) = 2CLVT p(t)fg, | — tanh(——)
sHe 2t 22,

D. Qu et al. Phys. Rev. B 89 140407 (R) (2014) ~ Rezendeet. al., Phys. Rev. B 89, 014416 (2014)
Mosendz et al, Phys. Rev. Lett. 104 046601 (2010) 29
Thickness dependent voltage

20 0.9
i Pt
< 151 ¢ —
Z [a 2 0§
L N = VT=20K/mm|
@ Y &,
E 5 A E 0.3
Aoa
0 .
15 30 45

Sranss - <

s { Ta S;
2 mr. =
r b
<5 " 2 -
2 . 5 Lym = 4.2mm

o .~.... I N ST W

15 30 45 60 o5 30 45 o0
t (nm) t (nm)

Systematically vary with thicknesses
31

)
0 0
20 40 0 (1] 20 40 60
t (nm) t (nm)
30
Relative spin Hall angle of 5d metals
e 009 D. Qu et al. Phys. Rev. B 89 140407 (R) (2014
§ 03 Pt E o Au | Same C (spin injection coefficient)
s g
< 2 o0 Vigue (1) = 2CLVT ()6, 2 tanh(—
Soth s o e
2 > *
00 20 40 60 = 0.00 . 20 40 60 V, (t) A t
t (nm) t (nm) D) 2CLVT Oy, 22 tanh(——)
0.04 __ o004 t t 2
E tE> 0.03
> 002 > 0.02
s " 2 om ‘ Consider different C: (g »)) ‘
a =3 11,3
000 o 0.00—— 25— c= Eyhp kinlm By Bg o ey
t (nm) t (nm) h 4AmMm? B, |77
Pt Au (ref.) Ta w
Oc / Os(Au) 43 1.0 -0.46 -1.43
Aoqy(nm) 2.5 9.5 1.7 1.5
g 7/(10%m?) 6.9 2.7 5.4 4.5
s, 8% 3.4% -1.6% -4.7%
Rezende et. al., Phys. Rev. B 89, 014416 (2014) Wang et. al., Phys. Rev. Lett. 112, 197201 (2014) Du et. al., Phys. Rev. B 90, 140407(R) (2014) 32




6, by various methods

Spin Hall angle 6,

Metal Technique Osn

oe=, =) IR
Pt Non-local 0.024

Pt Spin-pumping 0.08

R ey A 0.012~0.16  0.0016 ~0.113
Pt Spin-pumping 0.012

Pt Spin-pumping _ 0.07 Ta W

P

5 Consistent measurement is required to compare the

Au

= spin Hall angle among different materials

Non-local 0113

Al Non-local 0.027

A:: .\Im:-l:-.:l 0.03~0.1 G/BAU Pt Au (rEf) Ta w
Au Non-local 0.014

Au Spin-pumping 0.0016 JHU 2.3 1.0(0.034) -0.48 -1.38
\:n Spin-pumping 0.003%

Ll 5
M Nondocal S5 UTokyo 1.7 1.0(0.014) -0.57 N/A
Ta Non-local -0.008

Ta Spin-pumping -0.049 Ohio StateU 1.2 1.0(0.058) -0.84 -1.67
Ta Spin-torque FMR ~ -0.15

T Spin-ts DW -0.25 . .
\n Spin Holl apneling_ 0.05—-0.11) Consistent relative values!

ctroscopy

w ;T,:];un)p':hg -0.097 D. Qu et al. Phys. Rev. B 89 140407 (R) (2014)

w Spin-torque FMR  -0.3 Y. Niimi et al. Phys. Rev. B 89 054401 (2014)

W Spin Hall switching  -0.07--0.33,

H. L. Wang et al. Phys. Rev. Lett. 112 197201 (2014) 33

Outline

* Self-consistent determination of spin Hall angle (E /2= )
and spin diffusion length (B et &R E) by SSE and ISHE

» Non-magnetic alloy (Au-Ta alloy)

-
8 b
Ta
Y Nb | Mo
ol Bl T8 el ol Bl b
Cs(Ba| * |Lu|Hf |Ta|W
e i e an ]
W | W | o | e | e |
Fr|Ra|#=|Lr |Rf |Db|Sg
“Lasthasida wasien | | Nd Er |Tm| ¥b
s . 3 o
" actinide sares | W L | Md | No
Ac u m| Md | No

Au,Ta,_ alloy (tunable spin Hall angle)

Opposite sign of &;,,  Different crystalline structure Different resistivity

i 5| (10 nm) Au
2. Au Low p
B
>3 av=0.8 pv
- H {%c] Eoa I(nm)
—F (10 nm]
2
ey SN s
"-s N=2.1 gy
a=1.02nm ¢=0.53nm
3a0 © 300
“IO.I t(l'lll'l'l

Spin Hall angle dependence on composition 35

Au,Ta, , alloy — Crystalline structure

X-Ray Diffraction (XRD)
fifes (111 Austoon
A 8%
JL 0%

Sample holder

samples

20§

Intansity (a.1.)
i
Ed

Co-sputtering at room-temperature
Vapor-quench method
Meta-stable crystalline/amorphous alloy A

24%
18%

Changes of crystalline structure

8
&=
ssv.qld—g snoq(Lowe

How does it affect the spin Hall angle?

FT2000) | ra110) 0%
30 35 40 45 50
D. Qu et al, Phys. Rev. B 97, 024402 (2018) 29 (degree) 36
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AuTa alloy - Inverse spin Hall voltage

VT=20K/mm

Y
a0y

NG l|Ll.IO e

I
aseyd-¢f

] ] 40 B0 B 0D
Aufst %)

Voltage changes smoothly on composition -1000 -m D Sm 1000

AuTa alloy — Resistivity

480

400 a | —— o ECQWHL)

a0 “+ I + | AL p 2%
g TTTT =

zg0f T . 1 - T t
g 200f = g ag & D=2IVICSttmi(y =)

o = g D(Ta)/ D(Au)~1.5

100 g

80 g -‘! Oy Vg p

% 20 46 86 =80 100
Au{at.%)

Large resistivity at Ta side/ small resistivity at Au side

38

Spin Hall angle and spin Hall conductivity

AVip (VIm)

O Ve I p Oop €65z / P
spin Hall angle Spin Hall conductivity

N 600 g
- = 3 [
# E = g =8
& wt S 400} E £ &
m ) i
=
No sharp transition
0 ann®® ]

80 80 100 O 20 40 60 80 100

Au(at.%) Au(at.%)
Linear dependence Monotonic dependence

39

First-principle calculation

l ) ————— I I+ - —— | T T T [ Ilfl T T | T T ! T ] l
1200 H ¢ [-total e 2 ' =]
F| A fee-total Ta AU, dll()y \ A ]
-| v fee-"intrinsic” ! v
800 H rigid-band-Au ; |
g - | — rigid-band-bec Ta /
B 400 - |
i :h 5 X I
= [hec Tay
S ofk g
= e g
400 B8 2 =
o g 2
E # o
-SUOI— E] ' IR A T |el Ly 17
40 60 80 100

Au concentration (%)

Importance of valence electron numbers over band structure
in spin Hall effect

40
D. Qu et al, Phys. Rev. B 97, 024402 (2018)
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Outline

* Self-consistent determination of spin Hall angle (EEEF A)
and spin diffusion length (B Fe4E &R E) by SSE and ISHE

» Ferromagnetic materials (Py and Co)

Observation of ISHE in FM

Eysuet Eane

EISHE + EANE

EISHE +EANE

) T
H He
u|ge Bl¢ F |Ne
i ol - Ak
Na Mg Al| si Cl| Ar
e bl Gl A Kl e W | =
K|Ca| |sc|Ti Co| Hi|cu|zn|Ga| G r | Kr
el b B ol s o il A A R A ol el kA ka
b| sr ¥ |z Rh|Pd|Ag|cd| in|Sn|sSb|Te| I |xe
el bl Y bl oA il b Bl b B et b
Cs|Ba| * |Lu|Hf Ir{Pt|AuHg| Tl |Pb) Bi | Po| At|Rn
e [ [ o =]
Fr|Ra|#=|Lr|Rf Mt | Uun|UuuUul u

*uaabusidn seres (% ) Ca | Pr Eu|Gd| Tb| Dy | Ho| Er [Tm|¥b

R RN R e R e el B R T R

* e Aclinide saries 3 - " Cl - o - " kL] [ g

Ac | Th | Pa Am|Cm| Bk | Cf | Es |Fm|Md| No

2

Observation of ISHE in FM

Py(5nm)/YIG

-9 180

0 0 90
¢ (degree)
z

Y\EL ISHE in FM!

X

[0, (Py)/ 6, (Pt) ~ 038

B. F. Miao, S. Y. Huang, D. Qu and C. L. Chien, Phys. Rev. Lett.111, 066602 (2013) 43

Eisne o Js xM Eame VT xM
J s || VTZ Same angular dependence!
B. F. Miao, S. Y. Huang, D. Qu and C. L. Chien, Phys. Rev. Lett.111, 066602 (2013) 42
Separation of SSE and ANE
YIG Switch
(ISHE)
| = 1
o .

Co Switch
(ANE)

=

o ]
-~ Co(3)/ICu(3)/YIG(120) | 1

10010050 0 50 100100

Cu layer decouples the FM and YIG layer F}ﬂ@@)e)
Separation of ISHE and ANE in FM from a SINGLE sample

|04,(C0)/ O, (P1) ~ 10%]

Dai Tian, Yufan Li, D. Qu, Xiaofeng Jin, and C. L. Chien, Appl. Phys. Lett.106, 212407 (2015)

11/1/2019
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ISHE in Co

YIG Switch
I
4x107 3
CoS
_ witch j’
=
—’ =] 0
vT L YIG switch
= Co unswitch
4x10°{Y 1

2100 -50 0 50 100
H (Oe)
Between YIG and Co coercivity field, only YIG responses to
magnetic field.

ISHE in Co

a5
Dai Tian, Yufan Li, D. Qu, S. Y. Huang, Xiaofeng Jin, and C. L. Chien, Phys. Rev. B 94, 020403(R)

Small field regime, minor loop, YIG switching

2150 15-15 0 15-15 0 15-15 0 15-15 0 15
H (Oe)

1000 4
-..n-..--n.--lq.n'Al;;.-...-nﬂ constant |SHE in CO
ISHE ] independent of its

Vane berresmmeensee?| sinusoidal  magnetization
500} .
60 120 180 240 300 360

0 (degree) 46

V,@V)

Outline

Fascinating AF Spin Structures (X M; ~ 0)

* Self-consistent determination of spin Hall angle (HEEF A)
and spin diffusion length (B Fe4E &R E) by SSE and ISHE

» Antiferromagnetic materials (Cr and Mn-Sn alloy)

g T
H He
b ol b icd bl B s bl I3
Ll:| Be BLET ]3] | Ne
W | ol Bl AN
Na| Mg Al|Si| P CI | Ar
e e R E R R R e el b
K [Ca Sc|Ti| V |Cr|Mn|Fe| Co| Ni |Cu|Zn|Ga| Ge|As Br| Kr
e:d bk B bl ea e o el e B e el A e
‘I: Sr Y [Zr |Nb|Mo| Tc|Ru|Rh| Pd|Ag|Cd| In | Sn|Sb I | Xe
i B T gty gy gy g Ly e e g e g 2 -a2
Cs | a| " |Lu| it | Ta| W |Ro| Ga i | Pt| Au|Hg| Tt Pb| 81| Po | &t
W | e e [ e | e e | e (e L o |
Fr|Ra ##|Lr | Rf | Db| Sg|Bh|Hs | Mt [UunUuuUul u
tasaedessies| o | Ga | Pr | Nd | Pm| Sm| Eu| Gd| Tb | Dy | Ho | Er [Tm| Y

8 TNt e R [ R L o
*tAotinide saries 3 - ] ] o - Cl - 3 - " . ) .

fic| To[ea| 8 | e uamcm| Sk | Gt e ||| o

47

Collinear NiO Helical Ho Non-collinear Mn3Sn

000y

o Negligible magnetization

e Weak response to magnetic field

e Generates no stray field

e High frequency magnetization dynamics
e Most AFs have no ny

48

11/1/2019
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Collinear Antiferromagnet Chromium

3d metal Spin density wave Antiferromagnet
24 2 Spin flip temperature 123 K
Cr % Neel temperature 311 K
51.996 «~0—
+
: —0—
Spin Hall angle 6, + -4 ~o- f
Theory: -0.15% é‘ * /\
Frank Freimuth et al., g @ i
PRL 105, 246602 (2010) O‘a é‘ > ‘_.,'
Spin Pumping: -5% + +. *}
Chunhui Du et al., + —— \
PRB 90, 140407 (2014) + o
* Large spin Hall angle in Cr? T=311K T

* Dependence with antiferromagnetic ordering?

49
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Inverse Spin Hall Effect in Cr

Longitudinal spin Seebeck effect (LSSE)

\.x,

—

=

\.\{\'\n\‘{\\

Yttrium Iron Garnet (YIG)
Ferromagnetic insulator

Sizable 6,

&y, of Cr is opposite to Pt

D. Quet. al., Phys. Rev. B 92, 020418 (R) (2015)

-1

3

VT=20 K/mm

AV=6.8 pv

000 -500 O 500 1000

H(Oe)

(6 nm)
\ Cr/YIG

2
1

%o

> \ Cr/Si
2lAv=-4.8 Y
Hooo

500 1000

-500 0
H(Oe)

50

Giant spin Hall angle in Cr

Temperature dependent measurement

Vg (1) = 2CLVT p(t)by, A tanh(i) Mosendz et al, Phys. Rev. Lett. 104 046601 (2010

—

22" Quetal. Phys. Rev. B 89 140407 (R) (2014)
0.12

= :
300 POy ~

Resistivity ISHE Voltage E o

g 20 ~NE & oog
200 = S

é.i 150 (] = 10 < 008

Z 100 & - T4 0.04
| | ]

50 Z 5 - = 0.02

ipg m - -

%0 20 3:() 4 |SHE dependence on AF ordering?
nm,, N

ISHE Voltage
Resistivity

20 30 40 50 60

t(nm)
Pt Au (ref) Ta w Cr
0/6,, 433 1 -0.46 143 138
Jg (nm) 2.5 9.5 17 15 2.1
9r(10%m?) 691 266 5.35 4.54 1
0 8% 34%  16%  47% [N

D. Quet. al., Phys. Rev. B 92,
020418 (R) (2015)

Wang et. al., Phys. Rev. Lett. 112, 197201 (2014)
Ducet. al., Phys. Rev. B 90, 140407(R) 2014)

1.6 2.0
14l 100K * ] b 100 K
£1.2 4 g
) g
E E 1.2
S 08 S 10
io.e é 0.8
S04 T\=311K ] 5 o
z s 04
02 cr (10 nmyviG | 0.2 Pt (5 nm)/YIG
00 50 100 150 200 250 300 350 00 50 100 150 200 250 300 350
T(K) T(K)

Similar temperature dependence for Cr/YIG and Pt/YIG

20

=>intrinsic behavior originated from YIG
(thermal conductivity of YIG magnon) £\
E 20f N\
Rezende etal, PRB 89, 134406 (2014) 5 [[ '\
10 S
o

ISHE in Cr is independent on AF ordering C e

D. Quet. al., Phys. Rev. B 92, 020418 (R) (2015)

52
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Non-Collinear Antiferromagnet Mn,Sn

Mn ] + Hexagonal crystalline structure e-’_).

N — Mn-¢luster
- —0—’_:00 « a=5.67Ac=4.53 A
'\?_"?_:.e_/_ﬂ * Inverse triangular spin structure .
* M~ 3 mpy/Mn

siF——@—— « T=420K A 3
0001] 0 N 0 .-

- 2110
(1210 zro

Cluster magnetic octupole in response to an external magnetic field in ¢ plane

Inverse triangular spin structure

S. Nakatsuji, et al, Nature 527, 212 (2015)
M. —T. Suzuki, et al, Phys. Rev. B 95, 094406 (2017)

Transverse Electrical and Optical Response at 300 K

Mn;Sn Polycrystalline Thin Film

Polycrystalline Mn;Sn thin film

Intensity (a.u.)

3 (021) .
HO11) (110)  (020)(002) (120) (121§
of M O A

D0,g Mn;Sn simulation
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Anomalous Hall effect
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ISHE in Mn (Spin Seebeck)

Spin Seebeck Mn-YIG
€
=
~
- 2
3 50 nm 5MV| o
> S
80 nm Y
&
M N
3 o
30 60 90 120
Mn-55nm-Si 00005 - Thickness (n1m)
Ejgie ¢ Js xm . . . ol
g0 400 0 400 800 0 20 40 60 80 100 120 149
B (Oe) Thickness (nm)

b 0-3615700 ) Cmtit
FT: temperature gradient ~6 mmyJK

Oy(Mn)=- (0.23 £ 0.03)%
Z¢g(Mn)=11.5 £ 0.15 nm

60

11/1/2019

15



ISHE in Amorphous Mng,Sn, ¢ (Spin Seebeck)

ISHE in Mng,Sn, ¢ (Spin Pumping)
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By doping 18% Sn, the 6, is enhanced by 20 times while p is reduced by 10 times
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