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» Outline

Brief introduction
Spintronics

Spin dynamics?
By magnetic field
By spin transfer toque
By spin orbit torque

Some spin dynamics phenomena

Ferrimagnetic spin dynamics
Topological spin objects
THz magnon

Summary and Prospect
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% Spintronics = Electronics + Magetics

p‘
spin - Magnetic properties

charge > Electrical Properties

What happens if the electron moves?
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% Spintronics = Electronics + Magetics

Flow of charge= current

Flow of spin="7

The study on the “moving spin” = “spintronics”
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% Why now?

“spin” wdas already known at 100 years ago.
Then, why the “flow of spin” becomes main topic only now?

Spin is not preserved.
- Difficult to define the “flow” , but-

[ B
<% i

If the device is
smaller than this?
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% Discovery of giant magnetoresistance

Low resistance High resistance
) - -
4 v
Large current Small current

Parallel - low resistance
Antiparallel 2 high resistance
->Giant Magnetoresistance (GMR)

Spin plays an important role!
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% Discovery of giant magnetoresistance

9 October 2007

 KUNGL.
VETENSKAPSA

THE ROYAL SWEDISH ACA

: - Photo: @
PeRREy PR Tvls Uphate Forschungszentrurm Jilich
Albert Fert Peter Grl'.inberg
@ 1/2 of the prize @ 1/2 of the prize
France Germany
Scientif Université Paris-Sud; Farschungszentrumn Jilich 2007
Unité Mixte de Physique Julich, Germany
CNRS/THALES

Orsay, France

The Discovery of Giant Magnetoresistance

compiled by the Class for Physics of the Royal Swedish Academy of Sciences
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Fundamental
mechanism

Spin dependent scattering

Spin dependent diffusion

Spin dependent thermal conductivity
Spin orbit interaction

s-d exchange interaction
Antisymmetric exchange interaction
Spin rotation coupling

Size effect in spin transport

May 17, 2017

“* Newly discovered phenomena

(year) > demonstrated by experimentally

phenomena

Giant magnetoresistance (1989)
- Nobel prize in physics 2007

Spin pumping effect (2002)

Spin seebeck effect (2008), Magnon
Hall effect (2010)

Spin Hall effect (2004), Rashba effect
(2010 in metal), spin Hall MR (2012)
Spin transfer torque (2000), Spin-flip
in cold electron (2015)

Interfacial Dzyaloshinskii-Moriya
interaction (2013)

Spin hydrodynamic generation (2015)

Dimensional transition (2009)

KAIST 8/69



“* Newly discovered phenomena

(year) > demonstrated by experimentally

Fundamental e N
. phenomena
mechanism Vs o -
" 0 ‘ ““
Spin dependent scattering > = Spin seebeck effect
: e ; Spi ing effect
Spin dependent diffusion / -SE:: ﬂzwz;ﬁ; °
® Spin transfer torque
Spin dependent thermal conductivity > P |
3000 -
Spin orbit interaction D%
& 2000 -
s-d exchange interaction 'S
* 1000 -
Antisymmetric exchange interaction F
0 -| -| T T T
Spin rotation coupling L Qg§° QQQ QS" Q\Q Q'\‘?
Q,'\/ Q)ﬁ' Qﬁr (051' Qﬂv
O O O O N
Size effect in spin transport > NN
< web of science
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» Outline

Spin dynamics (domain wall dynamics)

May 17, 2017

By magnetic field
By spin transfer toque
Bv spin orbit toraque

KAIST
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% Spin dynamics induced by magnetic field

Damping torque

Precession ~_ /
| d . i,
H oy
M
Heom-Fy, Hy, =-2EM &g
\
S

from |S, ,Sj]:ihSk

-

M =—yx H g
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%+ Domain wall dynamics induced by magnetic field

Magnetic field

50 um
May 17, 2017 KAIST HM 12169




% Spin dynamics induced by

STT
(non-adiabatic)

4\/ (field-like torque, FLT)

STT
M (adiabatic)
(damping-like torque, DLT)
IleO

e Spin torque > Damping torque = Switching
e Spin torque ~ Damping torque =» Stationary Precession

May 17, 2017 KAIST 13/69




% Spin dynamics induced by spin transfer torque

/ spin polarized current \
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* Domain wall dynamics induced by

Scanning MOKE

oF Polarizer ~ Photodiode
Mirror
f N Lock-in-
N ‘ AMP I

Collimator

Polarizer

E@jl
C

Beam Splitter

PEM

@s> Shutter i i B
Objective . L *
Write Laser .
Q_\__\_/
obe lase!

=
r  Fiber Coupler

Electro- || =71 J] o
Magnet | M :
o~

A

(a)

Power
supply

XY-Stage
controller
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\
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S

s+ 7 Pt/Co/Pt

B e

Normalized MOKE

: < b 1

! "'\.-v‘_.—...-

m:m 0.5
1m-bm
OM 0

0 2) 10 15
Displacement (pm)

Displacement (um)

KJK et al. IEEETM (2009)
KJK et al. APEX (2010)
KJK et al. PRL (2010)
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% Spin dynamics induced by

Moving electron under electric field feels effective magnetic field!

(.1~ & H oc 5 - (P x Vo(r))
+/l g g TH 7
(+H) . (-) Heff
B L @),
>
E
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% Spin dynamics induced by

Hall effect Spin Hall effect First observation of spin Hall effect
in serrliconductor (GaAs)
H —— i n, (a.u) Reflectivity (a.u.)
++;:-j+++++++dzy e e A e e K ‘sa-u“
v ; E X VA/F—ﬁ V—HF E ET R
-d 50
et rotation (yrad) §
T ]
;E'.E_?g > ‘ 50
g i\ +f
‘o N
* rosionmy & AR L
Kato et al. Science (2004)
Je h/2
— =0y —— 9, :Spin Hall angle
Metal (Al) > Metal (Pt,W,Ta)
x1000
Osh 104 > ~101
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* Domain wall dynamics induced by

Spin current injection by spin Hall effect

T
SH =
=D
N :
AN % gﬂﬂﬂﬂﬂﬁﬂ]
Pt ______________
& J

@:_MMXHeﬁ +ianM+aSHE Mx(axl\/l)

ot Mg ot Mg

Spin Hall torque

May 17, 2017 KAIST
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» Outline

Some spin dynamics phenomena

May 17, 2017

Ferrimagnetic spin dynamics
Topological spin objects
THz magnon

KAIST
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*+ Time scale in spin dynamics

i N

— >

-/

slow fast ultrafast

static dynamics dynamics dynamics

time 1s 1ms 1 us 1ns 1 ps
frequency 1 Hz 1 KHz 1 MHz 1 GHz 1 THz

phenomena [Thermal Activation ’

Eg >> kT

Detection tech.

May 17, 2017

[ Damping/Precession

Electrical detection

KAIST

Eg ~ KT E,~0

Optical detection
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** What | have done so far...

ultrafast

dynamics
(s, THz)

fast

dynamics
(ns, GHz)

slow

dynamics
(ms, KHz
creep
criticality)

statics
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“Soliton behavior” *

Nat. Phys. (2015)

“Jc reduction”
Nat. Nanotech (2012)

“ D\*Ilator”

APEX (2015)

“energy barrier”
k Nat. Comm. (2013)
“s*egister” *
APEX(2010)  “Unjversality”

“2D-1D transition” PRL (2011)
Nature (2009) x
m 0 yn

“ DW

-tiolilpnotech.(2011) “

“superpara tr energy barrier”

IEEETM (2009) PRL(2011)
Field-driven STT-driven
KAIST

*

“THz magnon”
Submitted

*

“Ferrimagnetic DW”
Submitted

“SHE and DMI”
APEX (2014)

“3D-2D—1g transition”

APEX (2015)
PRB (2015)
e
SOT-driven new phenomena
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** What | have done so far...

ultrafast
dynamics
(ps, THz) *
fast “Soliton behavior” * o eilator
dynamics Nat. Phys. (2015) APEX (2015)
(ns, GHz) “Jc reduction”
Nat. Nanotech (2012)
slow “energy barrier”
. * Nat. Comm. (2013)
dynamics
(ms, KHz “Sl*egister” *
creep APEX(2010)  “|Jpi litv”
criticality) “2D-1D transition” ELVLe(;SOal;-)y
Nature (2009)
. * “DW memory”
statics “superpara trafSitig¥pnotech 201D ua naroy harrier”
IEEETM (2009) PRL(2011)
Field-driven STT-driven
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“THz magnon”
Submitted

“Ferrimagnetic DW”

. Submitted

“SHE and DMI”
APEX (2014)

“3D-2D-1D transition”

APEX (2015)
PRB (2015)

e

SOT-driven new phenomena
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** What | have done so far...

ultrafast
dynamics
(ps, THz) |
fast “Soliton behavior” “DW*;sciIIator”
dynamics Nat. Phys. (2015) APEX (2015)
(ns, GHz) “Jc reduction”
Nat. Nanotech (2012)
slow “energy barrier”
. Nat. Comm. (2013)
dynamics *
(ms, KHz “Shift register” *
creep APEX(2010)  «Jni litv”
criticality) “2D-1D transition” EL\:-e(rzsoalli)y
Nature (2009) *
. Y  “DW memory”
statics “superpara transitiolignotech201)uq o p arrier”
IEEETM (2009) PRL(2011)
Field-driven STT-driven
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Submitted
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APEX (2014)
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“ Today's topic is...

ultrafast

dynamics
(s, THz)

fast

dynamics
(ns, GHz)

slow

dynamics
(ms, KHz
creep
criticality)

statics

May 17, 2017

“Soliton behavior” “DW*;S cillator”
Nat. Phys. (2015) APEX (2015)

“Jc reduction”
Nat. Nanotech (2012)

“energy barrier”

Nat. Comm. (2013)
*
“Shift register”

APEX(2010)  “|Jpnjyersality”
“2D-1D transition” g

PRL (2011
Nature (2009) * ( )
Y  “DW memory”
“superpara transitiol#motech.(ZOil)uener arrier”
IEEETM (2009) PRL(2011)
Field-driven STT-driven
KAIST

“THz magnon”
Submitted

“Ferrimagnetic DW”
¥ Submitted

“SHE and DMI”
APEX (2014)

*

“3D-2D-1D transition”
APEX (2015)
PRB (2015)
SOT-driven new phenomena
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* Today’s topic is...

ultrafast

dynamics
(s, THz)

*

fast “Soliton behavior”

dynamics Nat. Phys. (2015)
(ns, GHz)

slow

dynamics
(ms, KHz
creep
criticality)

statics

Field-driven STT-driven
May 17, 2017 KAIST

SOT-driven

e

new phenomena
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+ Topological spin objects

Magnetic solito Magnetic vortex

a t=0ns t=1937ns
'c Wi
1IN 1
[d] t=1967ns [e] t=1997ns [1] t=2040ns

X | 4
Adv. Phys. 61, 1 (2012) Nat. Mater. 6, 269 (2007)
Magnetic skyrmion Bloch point
UL T 5 1AL T
S B (DI
RISV WEFRFRTEN
Nat. Nanotechnol.8,152 (2013) Magnetic domains, Springer

These non-uniform magnetic configurations are protected topologically.
- Extraordinary stabiltiy - memory devices

May 17, 2017 KAIST 26/69




% Is magnetic domain wall a topological object?

Magnetic soliton

Yes

Four-fold degeneracy

Up - Down and Down - Up
X
Left-handed and right-handed helicity

Magnetic domain-wall

If precessional motion occurs,
- helicity is changed

- DW motion is generally not a
topologically protected in the presence
of a external field because the DW can
be deformed by finite energy.

May 17, 2017 KAIST 27169




“ Magnetic domain wall dynamics in one dimension

V'

V' | Soliton-like | Not a soliton Precessional regime

0. o

¢ _H
\\ 4 1+ a?

Steady regime Walker breakdown field

v="—H HW:ZﬂaMS‘Ny—NX
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“ Magnetic domain wall dynamics in

v Precessional regime
V=7A H
7 1+a°
>
Steady regime Precession
—> Evolution of vertical Bloch lines
YA
v=-—H
a

¢ (m)

P NWAOOTO N

Very complicate.
But in analogous to precessional motion

May 17, 2017 KAIST 29/69
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% Interfacial Dzyaloshinskii-Moriya interaction (DMI)

O Second order exchange interaction
Hom=-Dy, * (8; X 8)),

O Emerges at the interface
(broken inversion symmetry)

A\

- ==k

O Large SOC ‘ %

o f j,.? O Prefers chiral spin structure
¢

Nat. Nanotechnol.8,152 (2013)

Tlﬂ
E
2 mBo £

00 goooq
120 5388008855, of
10

alculated veloc

00

“  _600-300 0 300 600
H, (De)

S. Emori, et al.,Nat. Mater. (2013) K. S. Ryu et al., Nat. Nanotech. (2013)
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“ Magnetic domain wall dynamics under DMiI
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*» Two controlled samples

[asymmetric structure] [symmetric structure]
Capping layer | **{ large DMI | Capping layer D;N**\ No DMI
Buffer layer Buffer layer
Si substrate Si substrate
[Ta(4)/Pt(2)/MgO(1)/Co(0.3)/Ni(0.6)/ [Ta(4)/Pt(2)/Co(0.3)/Ni(0.6)/Co(0.3)/Pt(2)
Co(0.3)/Pt(2)/Ta(4)/ Si sub. (unit: n /Ta(4)/ Si sub. (unit: nm)]
m)]
7Oscilloscope
® oll
,
Pulse
generator
Sample and measurement setup
May 17, 2017 KAIST 32/69




* Experimental results

[asymmetric structure] | large DMI

150:IIIIIIIIIIIIIIIIIIIIIIIlIIII

IIIIl

125

v (m/s)
o
IIIIIIIIIIIIIIII
awigal éu!uu!d

N
(&)}
LI I

llIIIIlIIIIIIIlIIIIII

0 [ 1 1 i A
0 50 100 150 200 250 300
HolH| (MT)

Fast DW velocity.
v saturates in a wide range of H.

May 17, 2017

[symmetric structure]

No DMI

llIIIIlIIIIIIIIIIIIIII[II]I[I

150_II||

125
U
__100p2
n E =
E 75(®
> [ @
- 0o,
50_3
(4>

25
O-III

0

Slow DW velocity.
v gradually increases with H.

KAIST

100 150 200
#olH| (mT)

50

250

300
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% Compare to the theory

[asymmetric structure] | large DMI [symmetric structure] | No DMI

150 T 150:'”'|"" LI IR IR ]
125 125F eep o
- - —D=0mJ/m -
_100F —®—exp. B __100F E
2 - D=0.2mJdm’] 2 : ]
E 75¢ — D=04 E E 75F E
= - ——D=06 . > X .
50 — 50 -
251 = 25 E ]
0 1 I L1 11 I L1 11 | L1 11 I L1 1 I: O 11 1 1 | L1 11 I L1 11 I 11 1 1 | L1 1 I:

0 50 100 150 200 250 300 0 50 100 150 200 250 300

HolH| (mT) tolH| (mT)

® Theoretical model cannot explain the experimental results.
® DMI enhances the DW velocity in the precessional regime!
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% Compare to the simulation

[asymmetric structure] | large DMI

150_IIII'|'TTTI|IIII]TTTIIIIII]TTTI_

- - D=0.1 .

125 -e-D=0.2 - -

- 9 D=03 M .

[ e D=04 ,
_100F o p-=o0s *Nk\i_'
_2'3 . —e-D=06 ]
E 75F '\'\;._\.‘:
>~ B ]

50 F ]
S—ei—0 ]
25 F po-4-am R
D: L I L1 1 1 ll 1 1 1 L 111 1 1 1 I:
0 50 100 150 21? 250 300
HolH| (mT)
Simulat
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150

125

[symmetric structure] | No DMI
- I Y I T e .
:_ 30 TS —.—D=U_:
-k 1 -e-D=0.14]
- ¥ 20F ///—_ .
.‘é [ ] .
- > 10F = .
0 100 200 300 ]
3 tolH| (mT) E
' BT TR AU A A AT AU AN A A
50 100 150 200 250 300
HolH[ (mT)

ults very well!
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% Topological characteristics of vertical Bloch lines (VBLS)

Q=+1,C=+1/2 Q=+1,C=-1/2 Q=-1,C=+1/2
! !
@T@ @T@ ©O~® | ®

(-1,+1/2)

Four-fold degeneracy
Charge Q x chirality C

May 17, 2017
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% Topological characteristics of vertical Bloch lines (VBLS)

Q=+1,C=+1/2 Q=+1,C=-1/2 Q=-1,C=+1/2
! ! t

@OC® O ©R| | ®
t t !

ZQi Total charge > Topological charge of DW
[

Four-fold degeneracy
Charge Q x chirality C

ZCi Total chiraltiy > Topological winding number of DW

:> Topological constraint

May 17, 2017

KAIST
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% Topological characteristics of vertical Bloch lines (VBLS)

Nucleation of VBL Annihilation of VBL
A A A A A a
4
L (:-1,+1/2) |~ i
n ’ '
(1,4172) [ (11,41 o wul
D ||| D SN
o | ° (@ 7,
-1/2 1. i §
_‘_(Tll)-(il,l/Z) | bl
A i i A
4
Y | (+1,-1/2) "
< el
H
| | { |
(-1,+1/2) (+1,+1/2) (-1,+1/2) (+1,+1/2)
+ + + +
(+1,-1/2) (-1, -1/2) (+1,-1/2) (-1, -1/2)
I I I I
(0,0) (0,0) (0,0) (0,0)
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% Topological characteristics of VBL under DMI

DMI energy DW anisotropy

Combinded
energy

May 17, 2017

energy

Q=+,C=+1/2 Q=+1,C=-12 Q=-1,C=

= +112

®

|

®

|

@—b

®

@

t

—

®

@®

"—®

t
/N

INAYi \A/

v

VAYYA

32 n W2 0 w2 m
o

VBL energy

— ———

\

K" ~K, +D/A

(+1,41/2)

w/o DMI energy\\

v t
@«® @«®
t v
(+1,-1/2) (-1,+1/2)
v t
Vo lee or®
\ t ¥

with DMI energy
K" ~K, —D/A

Nat. Nanotechnol.8,152 (2013)
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% Topological characteristics of VBL under DMI

(+1,-1/2) (-1,+1/2)

l 1
Q.C)= ORI e-® slow
(+1,-1/2) (-1,+1/2) (+1,+1/2)  (-1,-1/2) t |

l ! | !
eFe|oHe|loe|e / (+1412)  (1-112)
! | 1 | ' 1
oo
t \

; fast
Without DMI \
With DMI
4 Total energy VBL width VBL velocity A
A A A,  H
eff €.
~ + A, = = V,, =—

KM ~K,£D/A [ A, /Kjﬁ \/Kd DA o Ve »

\ /

Energy splitting generates velocity difference
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+» Unidirectional collision of VBLs

Topological winding number changes
- Energy dissipation

D!=0

O
[
-

A r F 3 <+ A A F 3 A r's
A A
1 1
i i
.......................... : v :
4 «il* v - .- 4 4 4 R
¢ i t ¢
1 : A <+ : &
i v : : <+ + : %
(-1,+1/2) « (+1,+1/2) " (-1,+1/2) - (+1 12 77‘%,,@
A J A J [
(+1,-172)| <« - (+1,-172) ! K, .
A A -+ + ‘o/
! @
! 1 A -« 4.
: + 1 e _&7‘@‘(’
v . 1 ®
v e 'I,
-+
A 1
v
v
—»> v
nucleation propagation nuclciatlc?n propagation nucleation propagation nucligtlon annihilation
propagation collision
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% Locking of the azimuthal angle of DW under DMI

150_IIII'|'TTTI|IIII]TTTIIIIII]TTTI_
" - D=0.1 N
125 e D=02 - -]
- —o-D=03 .
. —e-D=04 N
- 100 o p=05 -
w [ —e-D=06 =
E 75F ]
> - ]
50 —
25 =
D: IIIIIIllllIIIIIIllllI:
0 50 100 150 200 250 300
HolH| (MT) 8 ' ' ' '
7+ D=1.0mJ/m2, H=150 mT
6_
5_
® 4
s 3t
2_
l_ i
0“ v ! A - v
0 2 4 6 8 10
t (ns)
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% Locking of the azimuthal angle of DW under DMI

8 - - - : 8 . ; : :
7+ D=1.0mJ/m2 H=75mT 7t D=1.0mJ/m? H =150 mT
6r 6
5r S5t
< g’_ equivalent
2t 2 ]
1t 1t ]
olc— . 0 M“’““M
0 2 4 6 8 10 0 2 4 6 8 10
t (ns) t (ns)
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++ Soliton-like DW motion even above the Walker field

Soliton-like

2D + DMI

)

May 17, 2017

¢ (m)

OFRPNWHKCOU O N

o
N
IN
o
[e¢]
=

Soliton-like =

Locally, precessional motion

As a whole, steady motion

Yoshimura, KJK et al. Nat. Phys. (2015)
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* Today’s topic is...

ultrafast

dynamics
(s, THz)

fast

dynamics
(ns, GHz)

slow

dynamics
(ms, KHz
creep
criticality)

statics

May 17, 2017

Field-driven

STT-driven
KAIST

SOT-driven

“Ferrimagnetic DW”
Submitted

)

new phenomena
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% Class of magnet

: : : : : : Ferromagnet

| | | | | |

: 6 : 6 : 6 Antiferromagnet

S AR A

I | I | I | Ferri t Microscopically antiferromagnet
» ’ » ’ » ’ errimagne Macroscopically ferromagnet

I I I

= Possible to control by magnetic field
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% Transition Metal-Rare Earth ferrimagnet

18
1A VIIA
1A . . 8A

1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 H e
Hydrogen A e A IVA VA VIA VIA Helium
1.008 2A I annas 3A 4A 5A 6A 7A 4.003
3 4 5 6 7 s 9 10
Li Be Sybol B C N (0] F | Ne
S | . o e Gl e I en
6.941 9.012 e 10.811 12.011 14.007 15.999 18.998 20.180
11 12 Aomic Mz 13 14 15 16 17 18
Na M 3 4 5 6 7 8 9 10 1 12 Al Si P S Cl Ar
Sodium Magnesium ms vB VB ViB viB Vi B nBs Aluminum Silicon Phosphorus Sulfur Chiorine Argon
22.990 24.305 3B 48 5B 6B 78 1B 2B 26.982 28.086 30974 32.066 35.453 39.948
19 20 21 22 23 24 25 9 30 31 32 33 34 35 36
K Ca Sc Ti V Cr Mn Cu Zn Ga Ge As  Se Br | Kr
Potassium Calcium Scandium Titanium Vanadium ‘Chromium Manganese Copper Zinc. Gallium ‘Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 63.546 65.38 69.723 72,631 74.922 78.971 79.904 || 84798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn |Sb |Te I | Xe
PR oinl] voun |z | Nobum | motsemum | Tecmaten | Rutonian | miovum | Patsm | st | cagnum st gR e (NIRRTl oo IR
84.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112. 114.818 118.711 121.760 127.6 126.904 131.294
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 |86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At |Rn
s vataiom | Taptmum | Tomgten || menn | osmam || o | ratmin || cod || mersy [ i T N M SRR N
132.905 137.328 178.49 180.948 183.84 186.207 190.23 192217 195.085 196.967 200.592 204.383 207.2 208.980 [208.982] 209.987 222.018
87 88 89-103 104 105 106 107 108 109 110 11 112 13 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut FI Uup Lv Uus |Uuo
e | fnmeroaaurs v || seonorgar | eonram | szt || wesnenum |barmataetum ozt copcsmcurn | ROTEATRTN St et Y e et
223020 | 226025 1261 1262] 1266] 1264] 1269] 1268] 269] 1272) [277] | unknown | [289] | unknown |  [298] | unknown || unknown
Lanthanide
Series
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinid
gde  Ac Th | Pa U N Pu Am Cm Bk Cf Es Fm Md No Lr
T e | e | meren | R | G | e | Gom S | cherm S | G | | e | tmoem
227.028 232,038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [26:
Alkali Alkaline Transition Basic Noble .
Metal Earth Metal Metal Nonmetal Halogen D L Actinide
S

Transition Metal - Rare Earth Ferrimagnets
Two sublattices are antiparallel
Amorphous

May 17, 2017
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sciencenotes.org

Gd (%)

Fe (%)

Co (%)

Radu et al. Nature. 472, 205 (2011)
C.E.Graves et al. Nat. Mater. 12, 293 (2013)
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% Ty of ferrimagnet

‘ T.\I T,\
Y : i

R He

e g

Temperature
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“ Another compensation temperature: 7,
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“* Previous studies on 7,

PRL 97, 217202 (2006)

PHYSICAL REVIEW

LETTERS

week ending
24 NOVEMBER 2006

Temperature Dependence of Current-Induced Magnetization Switching

in Spin Valves with a Ferrimagnetic CoGd Free Layer

Xin Jiang," Li Gao,"? Jonathan Z. Sun.® and Stuart S. P. Parkin'
'IBM Almaden Research Center, San Jose, California 95120, USA

ll)qnu'luwm of Applied Physics, Stanford University, Stanford, California 94305, USA

IBM T. J. Watson Research Center; Yorktown Heights, New York 10598, US:
(Received 12 June 2006: published 20 November 2006)
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X. Jiang et al. PRL 97, 217202 (2006)
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“* Previous studies on 7,

PHYSICAL REVIEW B 73, 220402(R) (2006)

Ultrafast spin dynamics across compensation points in ferrimagnetic GdFeCo:

The role of angular momentum compensation

C. D. Stanciu,' A. V. Kimel,' F. Hansteen,' A. Tsukamoto," A. Itoh.> A. Kirilyuk,' and Th. Rasing'

Unstitute for Molecules and Materials, Radboud University Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

2College of Science and Technology, Nihon University, 7-24-1 Funabashi, Chiba, Japan
(Received 15 May 2006; published 12 June 2006)
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+»» Let’s check it!

SiN (5 nm)
GdFeCo (30 nm)
SiN (5 nm)

Films (Tsukamoto group @ Nihon University)
Patterning and measurement (Ono group @ Kyoto University)
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+» How the measure?

Real-time DW detection technique

—> Direct detection of DW using Oscilloscope Monitoring signal
_ 5 scilloscope
@ External field <<Hc .]
\ °
A4
4> DW writing pulse ?
S | | 620 Oe
E
3 -9 %
@]
> 1 1 1
0 50 100 150 200

t (us)

Remove the rising time of magnetic field
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“ Why the DW velocity is enhanced at 7,?

v Precessional regime
V=7A H
7 1+a°
>
Hy H
Steady regime Walker breakdown field
A
V:%H HW:ZEaMS‘Ny—NX
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< Why the DW velocity is enhanced at 7, ?

By S.-H. Oh, K-J Lee

Micromagnetic simulation reproduces the exp. result. Korea University
a b
2000 Vertical dashed | sclidines : Eq. (1) Solid lines - Eq. (1) B (mT)
100/ lines B, _ .':::- SiTuIation.index o z’
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0 + 100
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p
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8, (107 J-s/m’)

Precessional motion - Steady motion at 7,
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“ Applied physics?

ultrafast

dynamics
(s, THz)

fast

dynamics
(ns, GHz)

slow

dynamics
(ms, KHz
creep
criticality)

statics
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“Soliton behavior” “DW*;scillator”
Nat. Phys. (2015) APEX (2015)

“Jc reduction”
Nat. Nanotech (2012)

“energy barrier”

Nat. Comm. (2013)
*
“Shift register”

APEX(2010)  “Upjversality”
“2D-1D transition” . g

PRL (2011
Nature (2009) * ( )
%  “DW memory”
“superpara transitiolgnotech.201) s o o arrier”
IEEETM (2009) PRL(2011)
Field-driven STT-driven
KAIST

“THz magnon”
Submitted

“Ferrimagnetic DW”
¥ Submitted

“SHE and DMI”
APEX (2014)

*

“3D-2D-1D transition”
APEX (2015)
PRB (2015)
SOT-driven new phenomena
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“ Applied physics?

Basic research

Giant Magnetoresistance o=
(GMR)

Spin transfer torque e——

Spin orbit torques *———
spin Hall torque

Rashba effect
Dzyaloshinskii-Moriya interaction

L 2010

vy O O 0O
({1996

2015

Quantum spin flip process -

Il
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STT-MRAM
STT-Diode
STT-Oscillator ~ ~
STT-Memristor

SOT-MRAM
SOT-oscillator — =
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Read head

Technology

2006 ({1997




** Next generation magnetic memory
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% Summary

During last 12years:---

ultrafast

dynamics
(ps, THz)

fast

dynamics
(ns, GHz)

Submitted

slow

dynamic

(ms, KHz
creep

criticality)

“3D-2D-1D transition”
APEX (2015)
PRB (2015)

statics

Field-driven SOT-driven new phenomena
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*» Future plan
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