)
ICTMC17 ) ICTMC17 Baku, Tutorial session
LA “eo Date: Sept. 27, 2010 14:00 ~ 15:00

Spintronics for next generation
Innovative devices

Katsuakil Sato

Research Supervisor, PRESTO Project Japan Science
Technology Agency (JST)

Professor Emeritus, Tokyo University of Agriculture and
Technology (TUAT)

@ Japan Science and Technology Agency .__'ﬂ__,.ﬁi_’.




o
icTuc )
4 o

Contents

1 mlntroductlon Splntronlcs for Beyond CMOS

poa zﬂ:"y-,,_,a{’ 2. Spin-dependent Electronic Transport and Magneto-

resistance

~ 3. Spin-Transfer Magnetization Reversal

4. Concept of Spin Current and Spin-Hall Effect “‘““)
5. Magnetic Semiconductors
6. Light-Induced Ultrafast Magnetization Reversal

@ Japan Science and Technology Agency .—_,T__,.—’-"i-,-
I —

PRESTO



ICTMC17 M
Baku 2010 ~

1. Introduction

« Silicon crystals used for semiconductor integrated circuits
represented by CMOS are the materials regarded as the
most basic material supporting today’s living.

e Semiconductor manufacturing technologies are indivisibly
related to nanotechnology, since they become more and
more sophisticated as exemplified by the fact that the
manufacturing accuracy of the CMOS micro-processing
plunges into the nanometer range.

e Consequently the limit of 22 nm half pitch is approaching,
which in turn requires device development based on new
concepts and/or new principles beyond conventional silicon
CMOS technologies.
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Emerging Research Materials

Low D | mens | on al Table ERM?  Applications of Emerging Research Materials
M ate r| al S ( N ano-mec h an | C al MATERIALS ERD MEMORY ERD Loaic LITHOGRAPHY FEF INTERCONNECTS Asiifi};i_‘m
memory, Nanotube, Nanowire, Nemotihe Bl
G rap h e n e nEn ) {;;‘eﬁgiensfcnaf T\-.{Inénmol::fcbmical Nanowire E‘ile-ri?ii?ﬁqlﬁds 1“[:1“’-]:'9* . iﬁr;:lj;;:]icaﬁons
. : g Graphene and . Metal nanowires fechanic
Macromolecules(Molecular raphiic simctures applcaions
memory, Molecular devices, Resis Novel cleans Polymercectricl
R eSlStS I m p rl nt po Iym e rS ) Macromolecules Molecular memory  (Molecular devices Tprint polymers Selective efches Low-s ILD ﬁiﬁ;ﬁ;ﬂfﬁopem__
1 ) ) Selective depositions control ’
Self-Assembled Materials(Sub- Sub- ltbogaphic |Selectve ech |
lithographic patterns, selective Aol T T
y Ance elective deposition |“#P

etch--+)
Spin Materials (MRAM by spin

dimensional contrel

Determimistic doping

Semiconductor spin
transport

Ferromagnetic (FM)

injection, Semiconductor spin it [V e

transport, FM semiconductors- -) Tunnel dielectrics

Complex Metal Oxides Geecics

(M ultiferroi CS) Complex Metal  |[ITFeFET i‘ﬂg:fj;i“ (Spin High performance
Interfaces and e Fuse i fise I\ ovel phase change e

Heterointerfaces(Electrical and brefucesand |ERcmealandspin - [Flectnical and pin Contacts and
Heterointerfaces contacts an contacts an interfaces
interfaces interfaces

spin contacts)

OsD

Japan Science and Technology Agency




ICTMC17 )
Baku 2010 N
Table ERM7  Critfical Properties of Spintronics Materials
EMERGING SPIN BASED MECHANTSM IO READ :
ALATERIALS MATERIAL EXAMPLES COMPLTATIONAT STATE CRITICAL PROPERTIES CHALLENGES
, : S SR : Spin polanzation and band Interface stability,

Ferromagnetic metals Co, Ny, Fe Spin mjechon/extraction symmetry Schottky barrier control

FexO4 CrO Storchiometry control
e : .| Method of

Half Metals \Hﬂﬂzl;I—LSMG_ Spin polanzation ]{':D ,ng :fﬁgpefuﬂ and spin charactenization
wixed mangantries And SyImmetry, Reproducible material
NiMnSh fabnication
BiFeO3

e . PZT/NiFesOy Voltage Magnetic and electrical High electnc and

Multiferroic materials CoFe;0BaTi0; Magnetic field coupling coefficients magnetic coupling
PZT Terfenol-D
Ferromagnetic g_‘:' . ol of

{Driluted) M, ' 1conduct AITIET COnTol o e

Semiconduciers || B0 | | ferromagnetiom Achieving Curie

Collective DMS (IL M)V EJ_Ecm::aJ: control of spin Spin orbit coupling (as temperature above room

ferromagnetic spin (TILMn)'V alignment manifest in spin hfetimes. temperature _

orientation DMS IV Mn and diffusion lengths} Stuctural homogeneity
Silicides g-Factor™

Coercivity

GaAs, ete.

Semiconduciors Nanombes Spin fransport Spin decoherence time

Nanownires, efc.
Spin fransport or spin Control of nterfacial

Dhelectric Barrier

MgO

selectrve filter

Spin band symmetry

properties

** The g-Factor relates the fotal magnetic moment fo the electron spin angular mementum and the Bohr magneton.
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e e Mutual Conversion between
Electricity and Magnetism

J
* Electricity—>Magnetism. Ampere’s Law |,

VxH=0D/ot+J
 Magnetism — Electricity: Faraday’s Law

VxE=-0B/ot E .
e Both conversions based on QB

“electromagnetism” require coills.

 Human beings finally succeeded in mutual
conversion without coils by virtue of
spintronics!

@ Japan Science and Technology Agency
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- PRESTO Project targeting at

Next Generation Devices

« The PRESTO® project “Materials and Processes for Next Generation
Innovative Devices” for which | am dedicating myself as a Research
Supervisor started in 2007 to overcome the limitation and break up a novel
paradigm for next-generation device technology.

 The scope of this project involves spintronics materials, high-mobility wide-
gap semiconductors, materials of strongly-correlated system including
high temperature superconductors, quantum dots, nano-carbons, and
organics.

 Among the topics, the most exciting one may be spintronics. Spintronics is
the term to express a field of electronics utilizing both charge and spin
degrees of freedom possessed by an electron, which have been treated
Independently until recently.

* Precursory Research for Embryonic Science and Technology (Sakigake)

@ Japan Science and Technology Agency Eﬂ.—'—ﬁi—’-
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PRESTO Projects for “Next Generation Devices”

 The phase | group started on October 2007
 The phase Il group joined on October 2008
e The phase Ill group joined on October 2009

Evaluation (1) :
Istmtg 2"mtg 3 mtg [|4" mtg |5t mtg |6 m({g Total evaluation

2010.9 Evaluation (2)
2008.1 2008.6 2008.11 {|2009.4 (p009.11/|2010 :
kaRe It .
syrgpll) Report Evaluation (3)
|

Hayamag Awaji g Tok Sgndai |Tswkubi|F
1] [
Phase | [H19 | H20 | H21 | H22 | ﬂ Reportsyﬂ@
Phase 2 |
| H24

[ H20 | H21 | H22 | H23
Phase Ill | [H21 | H22 | H23

v \ 4 v A 4

2008.1 2009.1 2010.1 2011.1 2012.1 2013.1
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et s %e 2.1 History of Spin-Dependent Transport

OsD

Phenomena

The phenomena of spin-dependent electrical transport such as spin-
disordered scattering just below the Curie temperature and anisotropic
magnetoresistance and anomalous Hall effect in ferromagnetic metals have

been studied extensively and explained theoretically already in 1960’s.
— For example. G.K. White and R.J. Tainsh: Phys. Rev. Lett. 19 (1967) 165.
— A. Fertand I.A. Campbell: Phys. Rev. Lett. 21 (1968) 1190.

AMR (Anisotropic Magnetoresistance) and AHE (Anomalous Hall Effect) has been
known from 1950’s.
— R.Karplus and J.M. Luttinger: Phys. Rev. 95 (1954) 1154

The huge negative magnetoresistance in the vicinity of Tc in magnetic semiconductors
such as CdCr,Se, and EuO has been explained in terms of the spin-disordered
scattering.

— C. Haas: Phys. Rev. 168 (1968) 531

However, at these times these phenomena are thought to be built-in properties and out
of our control.

Japan Science and Technology Agency




ICTMC17 M
Baku 2010 ~

2.2 Encounter with nanotechnology (1)

 Nanotechnology pioneered by Dr. Esaki opened up
semiconductor nanoscience such as 2DEG, gquantum
confinement, energy band modulation by superlattice,
leading to novel application field like HEMT, MQW laser.

 Quantum effect showed up at the early stage of
nanotechnology where the scale of the structure was
relatively large, since the de Broglie wavelength is as large
as 10 nm in semiconductor.

* On the other hand in magnetic materials, since extension of
3d electrons is no larger than a few nm, appearance of size
effect should wait until nanometer process became possible
In the late 80'’s.

@ Japan Science and Technology Agency
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Encounter with nanotechnology (2)
e In 1986 Grunberg’s group discovered H(?O? \ f\ "o
A/

magnetization of two magnetic layers align T
antiparallel in the Fe/Cr(8A)/Fe trilayer structure o
using the magnon-Brillouin scattering.

§ § reflected light SA
= 500 N /-
B ﬁ f“
@ ,.V \ /

/ 250 :
'y 1 incident 1 - )L J\__:
/ y light 1 l
N
scattered 0 :
e {kd% light P. Grunberg, R. J\@
0 Schreiber and Y.

Pang: Phys. Rev. Lett.
@ Japan Science and Technology Agency 57 (1986) 2442. ST ST
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® Breakthrough in Spintronics

2.3 Discovery of giant magnetoresistance(GMR) (1)

e |n 1988 Fert’'s group discovered

magnetoresistance as large as 50 % in Fe/Cr

superlattice and named it as GMR.

Fe - —

Cr — Fe30A/Cri8A)q,
Fe B

Cr

Fe AT Fe3OA/CI'12A)35
Cr 061 Fe30A/Cr94 ).
Fe C— 0.57 I"Is

-40 -30 -20 -10 0 10 20 30 4‘0
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Dr. Albert Fert

M.N. Baibich, J. M. Broto,
A. Fert, F. Nguyen Van
Dau, F. Petroff, P.
Eitenne, G. Creuzet, A.
Friedrich, J. Chazelas:
Phys. Rev. Lett. 61
(1988) 2472.
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o g K Breakthrough in Spintronics
Discovery of giant magnetoresistance(GMR)(2)

o At the same time, Grunberg also discovered
GMR (although small) in Fe-Cr-Fe trilayer.

Dr. Peter Griinberg

MOKE-Signal

*l(c) N G. Binasch, P. Grunberg,

F. Saurenbad, W. Zinn:
Phys. Rev. B 39 (1989)
o ¥ @ 4828.
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2.4 Physical background of GMR
Spin-scattering at layer-interfaces

* |n the ferromagnetic(F1)/nonmagnetic

&

metal(N)/ferromagnetic(F2) structure, electric
resistance is low if magnetization of F1 and F2 layer
s parallel, while it is high if magnetization of two
layers is antiparallel due to spin- scatterlng at the

Interface. // Free layer

F1 | F1
/ > 7/\ :
@ T/ F2

Pinned layer
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ICTMCA7 W?
®
2.5 Spin valve for HDD head
 Parkin of IBM elaborated a 2

using uncoupled sandwich
structure NiFe/Cu/NiFe/FeMn,
and named it as Spin Valve.

Antiferr magr etic Layer

magnetic field sensor for HDD % ik = — .
3 Iy ij/é

-—_-’Q‘ ““‘Magnetic Layer -
Free layer Important point of this “q > bias
_ iInvention is a use of the g 3}
Nonmagnetic layer exchange bias effect = 1
introduced by coupling 3
Pinned layer with antiferromagnetic ¥ gk
. substrate.
P
— - o 0 A L 1
— Antiferromagnetic 200 0 200 400 600 800
— bstrate (ex FeMn) _ fedfoe .
| Su \ : S. S. P. Parkin, Z. G. Li and David J.

(Synthetic antiferromagnet) — gyin- Appl. Phys. Lett. 58 (1991) 2710.

@ Japan Science and Technology Agency




e Introduction of GMR
(Spin Valve) head
brought a dramatic
change in the growth
rate of areal recording
density of HDD.

e It is quite remarkable
that scientific
discovery lead to
practical applications
In such a short period
of time.
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IBM Areal Density Perspective Perpendicular
45 Years of Technology Progress re-cord'ng
106 ay d with TMR
. . . Travelstar 40GN u:r:HyAreal
10° | Super-paramagnetic limit  peskstar 1200x2 .
Travelstar 30GN 1st AFC Media -
a 4 Microdrive Il
é L Deskstar 16GP WHBMK\.
1] ®
= 3
g 10 & /'
o 10 Corsairist MR Head— o 2~ 60%CGR
= 4
> . .
:E 10 3375 1st Thin Film Head MR head
. ~17 Million X
5 1 M Increase
% Discovery of GMR
@ -1
= 10 - ® |BM Disk [ Ve
< Products
10-2 ® |ndustry L{ | Demos
b / . o
2 IBM RAMAC (First Hard Disk Drive _'
g 3 | ! ( | ‘ |) \/\ | ‘
S 10
i 60 70 80 90 2000 2010
3

Production Year

1l
g

Ed Grochowski at Almaden

Ja

OsD
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2.6 Artificial control of exchange interaction

« At the same period periodic variation of exchange
Interaction with the thickness of honmagnetic layer in
magnetic/nonmagnetic superlattice: Magnetic coupling
varies ferromagnetic —antiferromagnetic — ferromagnetic
with a few nm period.

— S. S. P. Parkin, N. More, and K. P. Roche:“Oscillations In
Exchange Coupling and Magnetoresistance in Metallic
Superlattice Structures: Co/Ru, Co/Cr and Fe/Cr”, Phys. Rev.
Lett. 64 (1990) 2304.

 Thus human being obtained a method of artificial control
of exchange interaction.

@ Japan Science and Technology Agency
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Interlayer coupling and GMR g
80 _ —
0k ﬁ Co/Cu superlattice T=4.2K
- a T=300K T
S T | ke
o ‘.' S
T 40 / TSI
X sor l
S | |1 /AR e
20 4 b [\ F e S
10 SRS
°0 1'0 z'o 30 40 slo s'o 10
Cu thickness (A) —

D.H. Mosca, F. Petroff, A. Fert, P.A. Schroeder, W.P.
@ Japan Science and Technology Agency Pratt Jr., R. Laloee: IMMM 94 (1991) L1




ICTMC17 M

a2 Ny Further Breakthrough in Spintronics

2.7 Discovery of room temperature TMR

« Further breakthrough in spintronics has been
brought about by Miyazaki in 1995, who
discovered the large tunneling magnetoresistance
(TMR) ratio of 18% at room-temperature in the
magnetic tunnel junction (MTJ) of

ferromagnet/insulator/ferromagnet structure. [1]

— TMR ratio is defined as TMR(%)=(R4+-R1;)/R++x100 where R4 Is
resistance for parallel spins and R4, is for antiparallel spins.

— [1] T. Miyazaki, N. Tezuka: J. Magn. Magn. Mater. 139 (1995)
L231.

@r ) Japan Science and Technology Agency
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2.8 History of TMR

e Spin-dependent tunneling phenomenon has been

Investigated from 80’s.

— R. Meservey, P.M. Tedrow, P. Flulde: Magnetic Field Splitting of the
Quasiparticle States in Superconducting Aluminum Films; Phys. Rev. Lett. 25
(1970) 1270.

— S. Maekawa, U. Gafvert: Electron tunneling between ferromagnetic films; IEEE
Trans. Magn. MAG-18 (1982) 707.
 Practical application of TMR had not been realized due to
difficulty in the control of the thin insulating layer until
Miyazaki’s group succeeded in fabricating very flat

Insulating layer without pinholes.

— T. Miyazaki, N. Tezuka:Giant magnetic tunneling effect in Fe/Al203/Fe junction; J.
Magn. Magn. Mater. 139 (1995) L231.

@r ) Japan Science and Technology Agency
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2.9 Physical background of TMR

Insulating layer

 TMR can be explained

Ferromagnetic | Ferromagnetic Insulating layer

slectrode Ll S92 Loromagnetic ——_  reromagnetic by spin-polarized

electrode 1 | etectroce2 energy band structure.

’ S Density of states at the

=_  Fermilevel is different

» 1 between up-spin and
Spin parallel ] | dOWﬂ-SpIn band
Insulating layer e — e In the parallel case

lectiode 1 | ‘secreie s raromagnee o 20N fayer electron transfer

.-"-—______- F ti
electrode 1 | T gectrode 2 channel between up-

spin states Is wide
leading to low resistivity.

* In the antiparallel case,
both channels are wide
High resistance leading to high

resistivity.
@ Japan Science and Technology Agency
I —
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B 2070 e Application of TMR

2.10 MRAM (Magnetic random access memory)

Sense Current

« MRAM is a nonvolatile i Free Magnetic
memory device combining Bit L__in,é\\‘_ i {lé?yer. Information
MTJ and CMOS logic. | — orage layer.

« Writing is acomplished by _{ Tunneling

changing magnetization of L
MTJ free layer by application
of electric current to two

Fixed
Magnetic Layer

crossing wires generating [ Duitline
magnetic field above Hk of - \
the free layer. e

« MRAM is expected to be a |_ Transistdr ON

next-generation universal
memory with an addressing
access time of 10ns and
cycle time of 20ns.

@ Japan Science and Technology Agency
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® Breakthrough on MTJ-TMR

2.11 Single crystalline barrier layer of MgO
« Extremely high TMR was theoretically predicted ——
for a use of MgO single-crystalline insulating Lee et al. 2007 |
layer instead of the amorphous Al-O layer, 00 [oon Crystaliine
which initiated experimental challenges. oy HON00) ey
« In 2004, Yuasa and Parkin independently 400
succeeded in realizing a TMR ratio as large as & 35} A CoFeBINgO/CoFeB-MTJ
200% at room temperature by the introduction = |
of a high quality MgO insulating layer. 0 PR— L
— S. Yuasa, A. Fukushima, T. Nagahama, K. g 20 Parkin et al. 2004 __
Ando, Y. Suzuki: Jpn. J. Appl. Phys. 43 (2004) ¢ 200f - ~—=—""1 Yuasaetal.__
L588. = B N @® - Amorphous 2004
. 150} Al-O barrier
— S. S. P. Parkin et al., Nature Mater. 3 (2004) _
862-867. o EEE e
Miyazaki et al 1995
« The ratio has still been improved to as high as ol ,Z,. ..... svw®
500% at room temperature. Vg 2o ey

— Y. M. Lee, J. Hayakawa, S. lkeda, F. v
Matsukura, H. Ohno : Appl. Phys. Lett. 90 ear
(2007) 212507.

@ Japan Science and Technology Agency
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Physical Background of High TMR by MgO Insulator

Diffuse Tunneling and Coherent Tunneling

*Usually spin is conserved during
tunneling and TMR ratio of diffuse
tunneling is expressed by Jullier’s
formula

~TMR=2P,P,/(1-P,P,)

where P i,j (I, j=1,2) stand for spn

polarization of i-th layer[1]
*Degree of spin polarization in MTJ is
not an intrinsic property to each
magnetic material but is related to
interfacial electronic states depending
on barrier material and interface
morphology.

[1] M. Jullier, Phys. Lett. 54A, 225 (1975).

[2] W. H. Butler et al., Phys. Rev. B 63 (2001)
054416, J. Mathon and A. Umeski, Phys. Rev. B
63 (2001) 220403R

Japan Science and Technology Agency
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Aluminum

oxide

(a) Conventional device

On the contrary, since magnesium oxide
IS In a single-crystal state, the electrons

can move straight without suffering

dispersion. In this case, theoretical study
predicts huge tunnel magnetoresistive

effect as large as 1000 %. [2]

K¢ Bfi

dispersed

zing aluminum oxide
ramarphous). Electrans are

scattered due to disorder atom

arrangerment.

K. Inomata:RIST News No. 42(2006) 35.

Electrode

Insulator

Atoms

Electrode

(b Movel single-crystal device
Llsing magnesium oxide (zingle-crystal).
Electrons can move straight without

5000 0000
0000

<~

Go straight

suffering dispersion,

=<~ oxide
0000
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TEM image of Fe/MgO/Fe structure
a

Fe (001)

Cross sectional TEM image of
epitaxially grown
Fe(001)/MgO(001)/Fe(001)shows
a well ordered MgO layer without

=
S g0 (007)

Fe (001)
10 nm

Fe-oxide layer. L

*Establishment of preparation umm Felcon
technique of high quality MgO epi- i "'dmtlﬁ-f: R e
layer is the key point of the o -
Success. om

Yuasa et al. Nature Materials 3, 868-871 (2004)

The result of Yuasa is an outcome of the JST-PRESTO
Project “Nanotechnology and Material Property”.

Japan Science and Technology Agenc The Research Theme of Dr. Yuasa was Development of single-crystal TMR
Devices for High-Density Magnetoresistive Random Access Memory




ICTMC17 \
Balku 2010 \.
2.12 Half metal electrodes for MTJ
e Half metal is a magnetic K

material in which electronic , c
state for T spin is metallic y i
while that for 4 spin is ﬁ
semiconducting.

 Therefore the electronic state reoccs.cosmo, . I wialfHeuster

at the Fermi level is fully spin- '—S'V'@ b
polarized in half metals. RN =

® HeUSIer Compounds, LSMO QCT‘:’OZQ (e.g..ClJrAls) Fu].lﬂliuslf;uJslruclurc(e.g..ConnGc)
(Lal_cx)srxl\/lr?03), magnedtlte Spinel (e.g., Fe,0,) 03’0%”100 CrAS) ) ] 3‘%’;j 9
Fe , chromium oxide P Bt
(CrO,) are candidates of ha cull Heusler
metals.

@ Japan Science and Technology Agency http://www.riken.go.jp/lab-www/nanomag/research/heusler_e.html
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2.13 Heusler Alloys
Half Heusler alloy ~ Full Heusler alloy
 The Heusler alloys are XYZtype Cl,str.  XoYZ with L2, st

classified into two groups @ o °. 9% 7 © o 7,957

by their crystal structures; xé’? 12 o Txdoe '?9 >

— Half Heusler alloys with oot | oS0
XYZ-type in the C1b 9O 0 99 9@

g S - Q Q,
structure (a) " - Q@

— Full Heusler alloys with © ot ’ @ o OQ.-QO_,. Q
X,YZ-type in the L2, 9999 P 900909
structure (b) Xf’uq T > O$) ?o ?
where X and Y atoms are TIPS L, TV
transition metals, while Z is either O O Ovyr L O @ @y yve
a semiconductor or a non- | o—0o 9 =
magnetic metal. B,-structure with  Ap-structure with

http://www.riken.go.jp/lab-www/nanomag/research/heusler_e.html Y-Z diSOdel’ X-Y and XJ_Z disorder

@ Japan Science and Technology Agency Disordered\(gerivatives
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TMR with full Heusler X2YZ alloys

Coy(Cr,Fe)Al =CCFA(B2) @
Co,FeAl = CFA (B2) |

Cﬁ:“ﬂﬁi =CMS5 “_21] L
CoMnAl=CMA(B2) | = |
CaneE:ri = CFS (L2,) ' .

Co,FeSi; ;Al,; = CFSA (B2, L2,)

- m>oeelne

T
I

_ (La,Sr)MnO,

NiMnShb | Fe;0,

g

- — W i Tohoku

«+ Hokkado

1999 2003 2004 2005 2006

Japan Science and Technology Agency
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®
Co based Heusler alloy., X,YZ
A2 XorYorZ B2 X(Y or Z) L2, X,YZ .
e High Tc‘ .
/}L.' o AEPGRS Theoretical P=1
.',&/;‘/‘ Op ' o m | HOWGVEI',
& [ S ——4—"| Experimental P is low Y

How to search?

: ., Y E
EF

Full order

@ Japan Science and Technology Agency-------- disorderD®HdizH
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L&Iyu?u‘n ) ~ Quaternary alloys P Ref.
® Search of high spin-polarization | CoMn(Ge,;sCay,) | 74
half metals using PCARS SO NNIE Ry ) i
Co,Fe(Si, ,:Ge, ) 70
 Aiming at high Co,FeGa, .Ge, . 68
performance GMR devices ;.- T Trar | [C02Coc o0 Ca 67
Takahashi has investigated | alloys EOZXA”GGS:‘ - 2;
i 0,{MNg 95€4 g5)oN
as many as 32 full Heusler [£%MST %6 -

0 o Co,MnGe |58 (CoFe),MnGe 65
alloys and found 74% sipn e o Co(Mn. Fe. )Ga -
polarization in CoMnGeGa [couma |60 C0,(Cr, ,,F€y 00)Si 65
alloy. Co,MnGa | 60 Co,MnTisn 64

ot o > ot Co,CrAl 62 ConnAIO_E.)SInO_5 63
binary C02FeAI 59 COZMnGaXS|1_X 63
Fe 46 Co,FeSi 60 Co,FeAlGa 63
Co 45 Co,FeGa 53 Co,MnSiGe 63
FeCo 50 Co,CrGa 61 Co,(Mn, .Fe,:)Si 61
Co75Fe25 58 Co,TiSn 57 Co,Mn(Al,:Si, <) 60
B2-FeCo 60 Co,VAI 48 Co,FeGa,.Si, . 60
[Co/Pd], 60 Fe,VA 56 Co,Fe(Al, sSi, 5) 60

@ Japan Science and Technology Agency _':,__,.ﬁi_’.
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“® 2.14 Observation of Dynamic Spin Motion
using Rectification Effect

Akinobu ~| aguchi

k@  T) 5000
)|

e Yamaguchi discovered
microwave-induced DC voltage
generation in ferromagnetic -10p W Ay,
nanowire and explained the -20¢ =

phenomenqn in terms_of coupling g Freqlfemy Mnl(‘z}Hz) = ”
between spin-precession and /
electric transport. ';/‘5%‘;
 Dynamic motion of magnetic // 6 //
vortices in feromagnetic Fe gNig, o =
disk via was discovered the Bies-tee
rectification effect. The self- \%IH
bistability state was detected
experimentally, which is consistent B N A R 5,\)
with the physical model.

Vavr (WV)

Viaan (WV)

| I— |
—_— O = D

Current Signal

Volt meter

O
@ Japan Science and Technology Agency
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“e Domain wall motion in spatially modulated GMR
nanowire: new spin-latchet effect

 The quantum interference effect in th FM/NM/FM
structure was successfully modulated through
modulation of boundary conditions. The periodic
potential can be measured as a force by detecting
the wall motion. The wall motion was found one-way!

[ 'V V 1 /
*Smmh

@ Japan Science and Technology Agency .—_'ﬂ_—’-ﬁi-’-
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a0t | Domain wall motion in spatially modulated
" GMR nanowire
[ V Vo]
. omm
: S——— ———2> « lum
2.0¢ Wall motion in pinned layer
- (a)Left to right > abrupt inversion
: (b)Right to left > step-like
LOT Pinning by potential .
— 10—
S o -
E S
s | d =1=10nm o | :
220 o S05]
= ' Y :
L 2 I
1.0} ¢ [
| _Dw | ) i
: ?mmﬁ R ] -100 -50 0 50 100
Ry |/ — - External field (Oe)
-IE)O‘ " '_50 — 0 - 50' T 100 Variation of potential dips due to change in inclination

External field (Oe)
@ Japan Science and Technology Agency
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sz g 3. Spin-Transfer
Magnetization Reversal

3.1 Spin-Transfer Magntization Reversal:
Proposals and Experimental Verification

3.2 Two perspectives of current-induced magnetization
switching

3.3 Spin-Transfer Magnetization Reversal. Experiment

3.4 Merit of Current-Induced Magnetization Switching by Spin-
Transfer Torque for Spin-RAM

3.5 Current Density necessary for
Spin-Transfer Magnetization Switching to occur

3.6 Current-induced antiferromagnet-ferromagnet transition in
FeRh

@r ) Japan Science and Technology Agency
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3.1 Spin-Transfer Magntization Reversal:

Proposals and Experimental Verification

* In 1996, a new theoretical concept of
the current-driven spin-transfer
magnetization reversal was proposed
by Slonczewski[1] and Berger [2]
and was experimentally supported by
Myers et al. in 2000 [3].

2L

2

El

J. Slonczewski: J. Magn. Magn.
Mater. 159 (1996) L1.

L. Berger: Phys. Rev. B 54

(1996) 9353.

E. B. Myers, D. C. Ralph, J. A.

Katine, R. N. Louie, R. A.

Buhrman: Science 285 (2000) 865.

http://www.riken.go.jp/lab-www/nanomag/research/cims_e.html

@ Japan Science and Technology Agency

Mechanism of spin angular
momentum transfer.

F; Non-magnet
g Torque ~ si

Spins parallel to Fyor F, : transmit
Spins anti-parallel to F,or F, : reflected

\4

Transverse spin angular momentum
is transferred to the local
magnetic moment

v

Torque is exerted on either F, or F,
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® 32 Two perspectives of current-induced
magnetization switching

 One is based on spin transfer, F, Non-magnet
suggesting that the spin current .
transfers the transverse component of 4§
the spin angular momentum to the |
local magnetic moment at the interface
whereby a torque is exerted on the
local magnetic moment (spin-torque).

e Another is based on spin
accumulation, by which the generated
non-equilibrium magnetization exerts
an exchange field on the local moment.

;9 Torque ~ si

http://www.riken.go.jp/lab-www/nanomag/research/cims_e.html

@ Japan Science and Technology Agency
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/ ®3.3 Spin-Transfer Magnetization Reversal:
Experiment
(a) (b)
Nano-pillar structure S| L e
| = = 504 + BAEE J=2X10" Alem® -
| T'Op electrode V 593 - H =0 0Oe 1
’ = Ru—— -‘\ I S92r *
Inomata’s group fabricated == VN =501} ]
g0 10 o ' 1
IrMn/Cog4,Fe,,/Cu/Cog,Fe,, ™ - @ 590 |l 1
—t 589 -
/Ru/Cog,Fe,, CPP GMR I’B’; *: — ] ;
: - " Bottom electrode ‘
device (a) a_nd confirmed T e By ma o B
the current-induced | (mA)
magnetization reversal (b). . (c)
4+~ g
« Magnetization direction of free Cog,Fe7, z 230 ;
. . 2 oy 2 A B b ]
layer i1s changed depending on the » S '.-.-'-‘.-_-_'-._'.:-.'.1_—'—} .
. . £ Op.
current direction. LT P——
| 270 100 200 300 40
@ Japan Science and Technology Agency H (Oe)
MNEEE (Oe)




ICTMC17 M
Baku 2010 ~

® 3.4 Merit of Current-Induced Magnetization
Switching by Spin-Transfer Torque for Spin-RAM

« Switching current for spin-transfer
magnetization reversal is
proportional to the area of devices. oo

» This technique is superior to the | | "‘ﬁ}____, (ﬁ 1 l

: . Er| Fixed 1 B s
previous method if the scale = N P
becomes |eSS than O.zum. | BT -___hl Fixed 2 Electronic current

Switching mechanism

Fixed 1 Free Fixed 2
B TE 1 B E 2

< ' Current-field writing Device structure

£ 20 " with magnetic shield

= \ v, ’ S 26

GC) i Current- E Cgrrent—field wr_iting_ %

= Induced MS /{ without magnetic shield e

= 107Alcm? ' ‘D

oo - %\ \/\ 4.- 10°A/cm? % 25

o % £

T} —| 10°A/cm? O

(@] \u\ See :

&) TN O 5, ! ! ! | |

D o ' . habif 2 Q 20 -10 0 10 20

nd 0 0.1 nn n2 04 Ll .

Cell size (um) Current density (10%A/cm?)

@ 8y Nakamura et al. Toshiba Review Vol.61 No.2(2006)
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3.5 Current Density necessary for
Spin-Transfer Magnetization Switching to occur

« Spin-polarized current injected from a ferromagnetic electrode

OsD

transfers the spin-angular momentum to the counter
ferromagnetic electrode to give rise to a magnetization
reversal. Although a huge current density as large as 107-
108A/cm? was necessary in the early stage of experiment
using a GMR device, the recent technical development
enabled to reduce it to a practical level of 10°A/cm? by using a
MgO-TMR device.

Recently NEDO succeeded in reducing the current density to
the level as small as 3 x 10°A/cm?, which is practical level,
http://www.nedo.go.jp/iinkai/kenkyuu/bunkakai/20h/chuukan/2/1/5-1.pdf
Thus human being succeeded in converting electricity to
magnetic field without using coills.

Japan Science and Technology Agency



http://www.nedo.go.jp/iinkai/kenkyuu/bunkakai/20h/chuukan/2/1/5-1.pdf

)
IcTMC17 . ®

< ® 3.6 Current-induced antiferromagnet-

ferromagnet transition in FeRh

0°Qcm)

« Taniyama succeeded in observation of
current induced phase change due to 3
spin-transfer torque phenomenon.
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B 4.15 Optical Observation of

Spin Injection and Spin Accumulation

» Optical observation of spin injection to nonmagnetic metals were first
carried out in the III-V based magnetic semiconductor, in which circular
dichroism of luminescence was observed by injection of spin-polarized
current. [i]

o Spatial imaging of the spin Hall effect and current-induced polarization in
two-dimensional electron gases was demonstrated by the same group. [ii].

* Recently, spin-injection was confirmed by measuring degree of spin-
polarization in FePt/MgO/GaAs through circular polarization of
photoluminescence emission. [iii],

— [i] Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, D. D. Awschalom:
Nature 402, 790 (1999).
[ii] Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom: Phys. Rev. Lett. 93,
176601 (2004)
[iii] A. Sinsarp, T. Manago, F. Takano, H Akinaga: J. Nonlinear Opt. Phys. Mater., 17,
105 (2008).

@r ) Japan Science and Technology Agency
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Spin Injection to LED

e Manago’'s group
fabricated FePt/MgO/LED
structure and measured
fleld-dependence of
degree of circular
polarization.

 Degree of circular
polarization was 1.5% at
zero field. 13 13 L4 14 15 13

A. Sinsarp, T. Manago, F. Takano, H Akinaga: Fiokou Escargy (<)
J. Nonlinear Opt. Phys. Mater., 17, 105 (2008).  Magnetic field dependence of EL spectra

for different chirality of circularly polaized light
@ Japan Science and Technology Agency
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e Aoshima (NHK Lab)
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Magneto-optical observation of spin transfer switching

succeeded in
magneto-optical
observation of spin-
transfer
magnetization
reversal in CPP-
GMR device using
Co,FeSi. (1)
Enhancement of
magneto-optical
effect by using
GdFeCo CPP
device is under
study.

Transparent top Laser light
electrode

4 + 8 o~
de, c

SR &4 Free layer _"._;
or S Cu 5
7+ Pinned layer{/

Bottom e E -1. I
electrode PSS -30 20 -10 0 1020 30
Si substrate Applied current (mA)

FIG. 1. Schematic illustration of spin-valve device with transparen FIG. 4. (a) STS ‘and the (b) Kerr ellipticity characteristics for three spin-
electrode, and experimental setup. The plain arrow in the free layer indi  valve elements. Open circles in (a) indicate resistance as a function of the
the direction of the magnetization. The device includes the be applied current of +30 mA with an increment of 2 mA. (b) The changes are
electrode of [Ta(3)/Cu(50)/Ta(3)/Cu(50)/Ru(5)], the pinned defined as [ 7x—(7x)] in Kerr ellipticity for various applied currents of —3,
of [Ru(5)/Cu(20)/IrpMny5(10)/ CogeFess(5)/Ru(0.9)/Cogeke:  _25 43, and +30 mA. Kerr measurements are synchronized with resistance
Co,FeSi(10)], an intermediate Jayer of Cu(6), and the free layer with  measurements [solid squares in (a)]. Averaged values over 60 points at each
ping of [Co,FeSi(6)/Cu(3)/Ru(3}], all in nanometers. four different currents are plotied with error bars of standard deviation.

(1)K. Aoshima et al.: Spin transfer switching in current-
perpendicular-to-plane spin valve observed by magneto-
optical Kerr effect using visible light

Appl. Phys. Lett. 91, 052507 (2007);

‘ v
Kerr Ellipticity change (10-deg)

Japan Science and Technology Agency
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“e Opening a New Paradigm!
4. Concept of Spin Current and
Spin-Hall Effect

4.1 New Concept of “Spin Current”

4.2 Spin current with charge current

4.3 Spin current without charge current

4.4 Creating a spin current

4.5 Spin Hall Effect (SHE)

4.6 History of SHE Research

4.7 Inverse Spin Hall Effect (ISHE)

4.8 Molecular Spintronics

4.9 Graphene Spintronics

4.10 Silicon Spintronics

4.11 Theory of spin current and heat current

4.12 A magnetic insulator transmits electrical signals via spin waves
4.13 Spin current and heat flow: spin Seebeck effect
4.14 Spin Seebeck insulator

@ Japan Science and Technology Agency
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4.1 New Concept of “Spin Current”

« Charge current, a flow of electronic charge, Is subjected to a
scattering represented by the mean-free-path (1-10nm).

e On the other hand, spin current, a flow of electronic spin, is not
much subjected to scattering at a moment of collision with an
Impurity or the phonon, spin diffusion length is considered to be
much longer than the mean-free-path; 5-10nm in magnetic
metals and as long as 100nm-1um in non-magnetic metals.

« Some nonmagnetic dielectric show a spin diffusion length of
the order of mm.

Spin—diffusion length

@ Japan Science and Technology Agency e Scattering center

Courtesy of Prof. Takanashi




@
et 2
t/ e

Spin current
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4.2 Spin current with charge current

Ferromagnetic metal | Nonmagnetic metal

Spin-diffusion length
100 nm ~ 1 um

Japan Science and Technology Agency

In nonmagnetic metals
number of Tspin electrons
and {spin electrons is
equal.

When Tspin electron is
transferred from
ferromagnetic to
nonmagentic metals,
number of electrons are
unbalanced A s from the
surface.

Courtesy of Prof. Takanashi
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4.3 Spin current without charge current

“Pure spin current”

Nonlocal Spin Injection
and Spin-Hall effect.

@ Japan Science and Technology Agency

e |If Tspin current moves

toward right, and if {spin
current moves toward lefft,
no net charge current
flows, while a net spin
current J,-J, flows from
the left to right.

Courtesy of Prof. Takanashi
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4.4 Creating a spin current
Nonlocal setup I
‘# ’_’) 1 electro
Spin accumulation . 4 flows out
Spin current Spin current Nonmagnet
without charge with charge ic material
current current

e Suppose magnetization of F, is antiparallel to F, and parallel to F.

« If electrons flow from F, to F,, up spin from F, cannot enter F, and flow to F,
direction.

e Since current should flow form F, to F, down spin electrons are supplied from
F; electrode, resulting in no net charge flow between F, and F;.

« Consequently, spin current Js=(J;-J ) flows to the left.
« As aresult spin accumulation occurs in the vicinity of F; electrode.

Japan Science and Technology Agency
Courtesy of Prof. Takanashi
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4.5 Spin Hall Effect (SHE)

« Spin Hall Effect is a characteristic of spin
current.

« Contrary to the ordinary Hall effect, Spin-
Hall effect occurs without external
magnetic field, only when charge current
flows.

e Spin current due to SHE occur
perpendicular to the current. Due to spin-
orbit interaction, 1 spin and | spin are
separated, bringing about a spin current |s
perpendicular to the charge current jqg.

S. Murakami, N. Nagaosa, S.C. Zhang:
Science 301 (2003) 1348.

@ Japan Science and Technology Agency

4 Je
l o s . £ = = = =
‘- Spin orbit &
A . interaction /&
¥/

¥ N
4 Charge current

Spin Hall Effect

Courtesy of Prof. Takanashi
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4.6 History of SHE Research

 The idea of SHE have been proposed by Russian in early 70’s
[1],
« theoretically explained by Murakami et al. quite recently [2] and

« experimentally observed in n-type semiconductor by Kato et
al.[3]
— [1] M. |. Dyakonov and V. I. Perel: Sov. Phys. JETP Lett. 13 (1971) 467; M.l. Dyakonov and V.I. Perel: Phys.
Lett. A 35 (1971) 459.
— [2] S. Murakami, N. Nagaosa, S.C. Zhang: Science 301 (2003) 1348.

— [3] Y.K. Kato, R.C. Myers, A.C.Gossard, D.D. Awschalom: Science 306 (2004) 1910.

@ Japan Science and Technology Agency
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Imaging of SHE by magneto-optical Kerr effect
a G| 8 {urad)
o a, Relative orientations of crystal
directions in the (110) plane. b,
Kerr rotation (open circles) and fits
= (lines) as a function of Bext for E
b % (black), E (red) and E (green) at

—o1s [ ERESTON BT Jar, the centre of the channel. ¢, Bext
e scans as a function of position
near the edges of the channel of a
device fabricated along with
w=118 m and |=310 m for Vp=2 V.
Amplitude AO, spin-coherence time
s and reflectivity R are plotted for
Vp=1.5V (blue filled squares), 2 V
(red filled circles) and 3 V (black
open circles).

Ay {prad)

9, {wirad)

[ res)

T=30K ENi17) e 10 7 1T
08 ] ] Ll ] ]
-0.15 1] 015 —-60 -&57 — 5 -5 A A4 A7 B0
By (T) Position (um)
Spatial imaging of the spin Hall effect and current-induced polarization in two-dimensional electron
gases

V. Sih, R. C. Myers, Y. K. Kato, W. H. Lau, A. C. Gossard and D. D. Awschalom, Nature Physics 1, 31 - 35 (2005)

@ Japan Science and Technology Agency
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Observation of spin current
4.7 Inverse Spin Hall Effect (ISHE)

« Inverse Spin Hall Effect is an Jq
inverse effect of the SHE: If one S
flow the spin current js, jg flows ®§ "
perpendicular to charge current. 5/ 5

« 1 spinis deflected to the left o ';"‘ meraghon
and | spin to the right, leading to '

a charge current perpendicular to Js

the charge current. Spin current

Inverse Spin Hall Effect

Japan Science and Technology Agency
Courtesy of Prof. Takanashi
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SHE and ISHE

CoFe /Al Py/Cu/Pt FePt/ Au

Fa=t Injector

M '
{/ 1!?
@\, - Au Hall cross S
= ]

T T =31, = +
55Crm | cos| 8 I=+05mA s 13
o] RT = 0.5
E 315 @ > { 200
g EI—.: _ a
-0.03 | s S 0. 5 100
% E 320 1 {mA) E
E RT v IJSI:IIH;E-.E'I'.'ImI B % ™ ISHE lo g
e v & @ — LHE x
T 305
£ nEs 100
E o 33.0 -
L 4-
< 0,05 = <
< P () -10 5 0 5 10 15
01| 77K ¥ ] H (kOe)
S. 0. Valenzuela, M. -200 100 0 00 200
Tl e (mT) oy ~ 0.1
Nature 442, 176 (2006). T. Kimura et al., Phys. Rev. Lett.,

98, 156601 (2007). T.Seki et al., 14pC-11
Japan Science and Technology Agency
Courtesy of Prof. Takanashi
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4.8 Molecular Spintronics

* The spin-current can be observed
not only in magnetic materials but in
non-magnetic metals and
semiconductors or even in nano-
carbons: It was demonstrated by
Shiraishi et al. that the spin current
can be injected to a sheet of
graphene by a careful experiment
using a non-local magnetoresistance
measurement.[i]

_ o o _ _ Ceo SWNT  Graphite
e [i] M. Onhishi, M. Shiraishi, R. Nouchi, T. Nozaki,

T. Shinjo, and Y. Suzuki: Jpn. J. Appl. Phys. 46
(2006) L605.

@ Japan Science and Technology Agency




Baku 2010

1. Generation of a
pure spin current
2. Injection of spins in
graphene

at ROOM
TEMPERATURE
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C 4.9 Graphene Spintronics (1)
v ° | o

Lock-in amplifier

A
)
n
A
o
g
o
2

Non-local measurement
(Experimental setup)

M. Shiraishi, "Graphene Spintronics”,
"Graphene : The New Frontier" (World
Scientific Press, 2010/6/22).

B o Pure Spin Current !!
|

+ Iy

- v -
et Co1 Co2 S
Aut Au2 - Graphene

Prober

—

Japan Science and Technology Agency

Spin injection signal (V)
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M. Shiraishi et al., Adv. Func. Mat.,19, 3711 (2009) .
M. Shiraishi et al., Appl. Phys. Express 2, 123004 (2009).

@ Japan Science and Technology Agency

Bias voltage (V)
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e Graphene Spintronics (2)
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4.10 Silicon Spintronics-Fe;Si/Si
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[ High quality epitaxial growth of the ferromagnetic half-metal on silicon !j

K. Hamaya et al., APL 93, 132117 (2008).

Japan Science and Technology Agency

deHiT

=
PRESTO

—

-



ICTMC17 ) Nonlocal voltage detection for
/ \. : : :
¢ Fe;Si/ Si lateral devices
NL resistance
0.3 Samplel ' ' '
)
E
B =
-1000 0 1000
Field (Oe)
400 ISample 2 ' : _
« FesSi
------ “=ssss— 3-doped Sb

~ 30 um n-Si~ IOISCII‘-I3

Electrical detection of spin transport
in silicon
using Schottky tunnel contacts

: 0

Japan Science and Technology Agenc K H .  APL 94. 182105 (2 , \
@ " gy Agency amaya et al., 94, 182105 (2009) L—':'.—'-,._ ':"
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4.11 Theory of spin current and heat current

1) Bismuth ultrathin films as quantum spin Hall phases
2) Universal Phase Diagrams for 2D and 3D guantum spin Hall phases

gS) Quantum spin Hall systems as candidates for efficient thermoelectrics

Expectation : QSH systems can be good thermoelectric.

2D Spin cur}rent

- * suppress phonon conduction, keeping electron conduction
32/: * Low-dimensional states (edge states, surface states)

*  Similar materials involved (Bi,_Sb,, Bi,Se, etc.)

Result  « | ower temp.
—> longer inelastic scattering length
for edge states
- edge states become dominant

o Ultrathin & narrow ribbon (of QSH system)
- crossover occurs at around 10K

Quantum spin Hall systems can be

g=“ phonon/bulk”  good thermoelectrics at low temp.
r=" bulk/edge ”
Japan Science and Technology Agency R. Takahashi. S. Murakami: —':'_—'—ﬁm
I — ) T '
@ Phys. Rev. B, 81, 161302 (2010) ';-!-Ta..k__‘-,':
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: : : Spin
Quantum Spin Hall Effect in Bismuth
— Bulk Bi show no gap, while edge is gapless.
— Bi ultra thin film (topological insulator)
(111) 1-bilayer = quantum spin Hall phase {012} 2-monolayer= insulating phase
s —; - i ) 5 e 9 @ ©°
- \' <| SIS D of Jw w( e %o %o o -}E
"’..—-4":;\'4 = c*\f‘\"\e"} 2 AN I et et et ol T
S s | ixiT i e e S o9 o9 o9 o9
/" - _W_u’&\u}\}\u} q"b/o @Tuom .M%Ho
(Side view) Ed 475 ‘?Top i) (Side view)
(Top view)
7T — S%oT
° ic fi I - , Mu i " - ized ed in two-di ional
Thermoelectric figure of merit K topotgical Insulator: bismith fime. APS March Meeting.
Idealized model (perfect conductor on the edge) 2010(2010), Oregon, USA (2010/3/15).

* In the quantum spin Hall phase, figure of merit ZT of thermoelectric conversion is determined by the
balance between the edge and the bulk.

» ZT is large if the chemical potential is close to the band edge.
» ZT is large if the length of system is long. €< edge states dominantly determine ZT.
» ZT increases with temperature. € Higher energy carriers contribute to ZT.
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electrical signals via spin waves

e Saito succeeded in transmitting
electric signals through YIG using

spin waves (pure spin current) Iin . y ¢/ ’

the msglator. | ol < - 9 %/:
e The spin Hall effect, which " N WP T4

converts the charge currenttoa | 7w, {fi o i st

spin current, and its inverse \.\.\ &

forms the basis for a proof of by Spin waue AT

principle. (hysic Today) 5 ¥4

" Soin curren
Inverse Spin Hall Effect

Y. Kajiwara, E. Saitoh et al.,
Nature 464 262 (2010)
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Excitation, modulation and detection of spin wave spin current
Spin wave spin current

CNNVTVTT T

I

Spin relaxation
| |
P

~

1 |

N
Eﬁtation \

Modulation

Dgtection

-focal FMR

electric fleld+SO

Spin torque meter
Faraday effect
electrical detection (ISHE)

(oscillating current+MBE

i

\_/
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e J e 4.13 Spin current and heat flow:
spin Seebeck effect

Eiji Saitoh

e Saito et al. observed the spin voltage generated from a temperature gradient in a
metallic magnet and name the phenomenon as spin-Seebek effect using a recently
developed spin-detection technique that involves the SHE.

Electric S
voltage eebeck effect

Two conductors with different Seebeck coefficients

Spin
voltage spin-Seebeck” effect

+ spin currents

oltage

Thermocouple
metal A

IE -
IE

metal B JC

Spin-Seebeck effect Spm voltage

........
. .
o

metallic magnet

0
g.
‘e
‘e
.
‘e

Two spin channels
with different Seebeck coefficients

Japan Science and Technology Agency K. Uchida, E. Saitoh, et al.: Nature 455 (2008) 778. —,:'.—"
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N
v ®

Spin-Seebeck effect Spm VOltage

metallic magnet -
e
IE
Js

using the inverse spin-Hall effect (ISHE)
electromotive force of opposite signs

Magnetizatigﬁ

Spln voltage of opposite sign y

Japan Science and Technology Agency

V(uV)

Observation of spin-Seebeck effect in NiFe

Magnetic field dependence of V

(@) Lower T

(b) Higher T
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ISHE voltage induced by
the spin-Seebeck effect

K. Uchida, E. Saitoh, et al.: Nature 455 (2008) 778.
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e
/ 4.14 Spin Seebeck insulator

Saito succeeded in observing spin

Seebeck effect in insulating LaY,FeO,,

output
Electricity Magnetism
Material
a Seebeck effect b spin Seebeck effect
R
Conductor " ;_‘_’.‘IZ:.'I:Z ......... 1
Vs -
VT
metal or semiconductor ferromagnetic metal
C spin Seebeck effect
Insulator ><

LaY2F3501 2

LEinFBE.Du
Japan Science and Technology Agency

V(uv)

V(uv)

Today!

K. Uchida, E. Saitoh et al.: ﬂ

Nature Mat. (online Sept 27, 2010)

a vT Pt
¥y
T T+ AT
(300 K) ZCL—'- x
LaYzFesQqa
o|b  LowerT | ¢ HigherT .
i T
=
£
L
=
LaYsFesO42 300 K
| L | L |
g L3Y2F8501jpt
2% AT=20K
a4 =90° .
L = [~
10 20 ?b 0 ?W%\;M{W
AT(K) >l Pt
Higher T 2 o<0 VT -
:[2 W 1 L L
> 2 h LaYzFes042/Cu
fw"ﬁw T AT=20K
| < B P
funeirongy| 0 RS S|
> L > Cu )
L [
N oroE
1 [ R T
5K 20 _
2 0 e o]
MMMWW = e » k Pt
KIATZ0K 2 ; 320KI
1 1 | 1 | 1
100 0 100 -100 0 100 100
H (Oe) H (Oe) H(De}

.‘_'?_HIT

PHESTG



ICTMC17 M
Baku 2010 ~

5. Magnetic Semiconductors

« Another important trend in spintronics is the magnetic semiconductor (MS).

* Mn-doped IllI-V semiconductors such as In, ,Mn,As and discovered by
Munekata and Ohno are the first MS in whi 11 carrier-induced ferromagnetic
coupling is confirmed. [i],[ii] The most remarkable point is the voltage-
controlled ferromagnetic coupling observed in the FET structure. [_] Tanaka
succeeded Iin fabricating MTJ with high TMR ratio in Ga,_ ,Mn,As. [iv] Carrier-
driven domain-wall motion with very low carrier density (~1 O5A/cm ) has also
been observed in MS.|[v]

 However, in spite of a number of intensive studies, the Curie temperature Tc
stays no higher than 250 K in Mn-doped IlI-V.

 Although a number of reports have been published on room temperature MS,
origin of the magnetism is still under controversy. [vil Among them Co-doped
TIO, is considered as the most reliable MS material exhibiting carrier
mduced ferromagnetism at room temperature. [vii]

[i] H. Munekata, H. Ohno et al.: Phys. Rev. Lett. 63 (1989) 1849.

[ii] H. Ohno, et al.: Appl. Phys. Lett. 69 (1969) 363.

[iii] H. Ohno, et al.: Nature 408 (2000) 944.

[iv] M. Tanaka and Y. Higo: Phys. Rev. Lett. 87 (2001) 026602.

[v] M. Yamanouchi, et al.. Phys. Rev. Lett. 96 (2006) 96601.

[Vi] G.A. Medvedkin, K. Sato, et al.: Jpn. J. Appl. Phys. 39 Part 2 [10A] (2000) L949-L951
[vii] T. Yamasaki, T. Fukumura, et al.: Appl. Phys. Express 1 (2008) 111302.
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Heterostructure devices of llI-V DMS
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High T- FM semiconductor:
cobalt-doped TIO,

Extraordinary high T,

800K ticoo, TiO2:Co Room temperature FM
Sciencge (200330 300K ZnCrTe semiconder
110k | —18Kzavnas  Glant MO effect at RT
100 [ ( 60K
_ 35K Ve INMnAs T. Fukumurg, Jpn. J. Appl. Phys. (2003)
< | [ 1T H. Toyosaki, Appl. Phys. Lett. (2005)
(&}
|_
w0r CdGeP,:Mn Anomalous Hall effect at RT
Zn0:Co H. Toyosaki, Nature Mater. (2004)
L /K. GaN:Gd,, T. Fukumura, Jpn. J. Appl. Phys. (2007)
88 ‘92 ‘96 00 '04  '08 Tunneling Magnetoresistance
Ye H. Toyosaki, Jpn. J. Appl. Phys. (2005)
G.A. Medvedkin, T. _ _ _
Ishibashi, T. Nishi, K. Zn, , TM,O combinatorial library
Hayata, Y. Hasegawa and
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Carrier control of magnetism in TiO,:Co
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T ) e 6. Light-Induced ultrafast
magnetization reversal

 The response time of magnetization reversal is usually
limited by the spin dynamics which follow Landau-
Lifshitz-Gilbert equation.

* By a collaboration of Nihon Univ. group and Radbout
Univ. group, ultrafast magnetization switching (less
than ps) was accomplished in the vicinity of the
compensation point of MO-recording media.
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Demonstration of direct magneto-optcal recording by circular
polarization modulation

Equivalent magnetic field produced by photon

Laser motion & i
CP

RCP %G-

nonthermal
Nature Photonics

e Light-induced ultrafast
R magnetic recording

a4 e b

Up spin, Down spin

oo e e 4 g 4
mar

Complete magnetization by

40 fs irradiation of CP.

Reversal without ext. field
PRL 99, 047601 (2007)
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Analysis of light-induced ultrafast
magnetization reversal

Classification of ultrafast dynamics
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i 7. Summary

: Spintronics: Emerging field
attracting Hot Attention

 As mentioned above, control and manipulation of spin current (injection,
accumulation, relaxation) is expected as a bud for next-generation
innovative devices beyond CMOS.

e Spin science is growing rapidly bigger and bigger on the playground of
nano science.

 Nagaosa, theoretician describes that spin Hall effect and anomalous
Hall effect in terms of Berry phase and insists that he find the universe in
solids. [i]

« | feel hot enthusiasm in this emerging field and expect a big change in
the near field.

[i]l N. Nagasa: Kotaibutsuri 41 (2006) 877, ibid 42 (2007) 1, ibid 42 (2007) 487.
(In Japanese)
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