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1. Introduction

« Silicon crystals used for semiconductor integrated circuits
represented by CMOS are the materials can be 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.



ITRS Roadmap
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Emerging Research Materials

Low Dimensional Materials(Nano-mechanical memory, Nanotube, Nanowire, Graphene---)
Macromolecules(Molecular memory, Molecular devices, Resists, Imprint polymers--+)
Self-Assembled Materials(Sub-lithographic patterns, selective etch--+)

Spin Materials (MRAM by spin injection, Semiconductor spin transport, FM semiconductors-+)

Complex Metal Oxides (Multiferroics)

Interfaces and Heterointerfaces(Electrical and spin contacts)

Table ERM?  Applications of Emerging Research Materials
MATERLALS ERD MEMoORY ERD Locic LiTHoGRAPHT FEP INTERCONNECTS As;itgézm
- Electrical
Nanotube applications
Low Dimensional ~ |[MNano-mechanical  (Nanowire High-index [Nanotubes -
Materials Memory immersion liquids ; Thermal applications
A - Ty Graphene and q Metal nanowires M ical
graphitic structures ap;cli.caliom
i Novel cleans Polymer electrical
) Resists i and thermal/
Macromolecules Molecular memory  [Molecular devices i Selective etches Low-i ILD : B
Imprint polymers ) - mechanical property
Selective depositions control
Sub- ithographic  |Selective etch Seloctive otch
e five et i
i;!f.i{simbieu‘ patiems Selective deposition _“ = . High performance
Materia Enhanced o _ |Selective deposition |CAPAcIors
dimensional contro] |Deterministic doping
Semiconductor spin
transport
Ferromagnetic (FM)
. semiconductors
. - MEAM by spin
Spin Materials injection FM metals
Tunnel dielectrics
Passivation
dielectrics
Multiferroies (Spin
Complex Metal ITFe FET materials) F High performance
Orxides i capacitors
Fuse-anti-fuse MNovel phase change ap:
Electnical and spin  (Electrical and spm
ggg:g:ﬁ;fgﬁ contacts and contacts and z?ertg::sm
interfaces interfaces




| ow Dimensional Materials

Table ERM3

Potential Applications and Challenges for Low Dimensional Materials

APPLICATION

PoTENTIAL MATERIAL VAILE

EEY CHALLENGES

Devices: 1D Memory and Logic
Devices

Nanotubes:Ballistic Transport

Nanotubes exhibit ballistic transport and potential
high performance

Control of bandgap and metallic versus semiconducting
Control of carrier type and concentration

Electrical properties mmst not degrade when embedded
n a dielectnic

Control of location and onentation

Control of contact resistance

Nanowires:SRT

Nanowires could enable surround gate stuctures and
novel heterostructures

Control of location and onentation
Performance excesding patterned materials

Catalyst and processing temperatures compatible with
CMOS

Devices: Planar CMOS

Graphene: high mobility

Graphene and related graphitic structures have high
mobility without CINTs alignment challenges

Compatibility with CMOS
Edge passivation
Control of dielectnc interfaces

Interconnects and Fias: Nanotube

Nanotubes:robustness

Nanotubes have ballistic transport, high current
carrying ability, and resistance to electromigration

(EM)

Ability to place CWNTs in precise locations and with
controlled direction

Ability to grow with high density
Conductivity mmst not degrade when embedded in 2
dielectric

Low contact resistance

Interconnects: Nanowire

Single crystal smooth metal nanowires could reduce
gram-boundary and sidewall scattering

Ability to grow long single-crystal high-conduetivity
nANOWIres

Ability to place the nanowires in precise locations and
with controlled direction




Spintronics Materials

Table ERM7  Critical Properties of Spintronics Materials
EMERGING SPIN BASED MECHANTSM TO READ :
ALATERIALS MATERIAL EXAMPLES COMPLTATIONAL STATE CRITICAL PROPERTIES CHALLENGES
, - AT SPTTSTR : Spin polanzation and band Interface stabality,
Fearromagnetic metals Co, N1, Fe Spin injection/extraction o try S chotfkw barrer control
Fe:04 C1O Stoichiometry control
304, €107 . : Method of
Half Meials H?UQEI_LSI'"IG. Spin polanzation Interface pmpe?ues. and spin charactenization
Mixed mangantites band symmetry, R - -
b - Leproducible matenal
NIMnSh fabrication
BiFe0;
e B PZT/NiFeaOy Voltage Magnetic and electnical High electric and
Mulrferroic materials CoFe,04BaTi0; Magmetic field coupling coefficients magnetic coupling
PZT Terfenol-D
e —
Ferromagnetic E_C' . ol of
{Diluted) M, ' iconduct AMET ConlTot o SR
Semiconduciors | B . | femomagnetizm Achieving Curi
‘Collective DMS (ILMn)/VI El_ecmcaj: control of spin Spin arbit coupling (as temperature above room
fervomagnetic spin (0L MV alignment mamfesr In spin lifetimes. temperature _
arientation DMS IV Mn and diffusion lengths) Structural homogeneity
Silicides g-Factor®*
Coercivity
GaAs, etc.
Semiconductors Nanotubes Spin fransport Spin decoherence time
Nanowires, efc.
. ) - Spin fransport or spin : A ) Control of mterfacial
Dielectric Barrier MgO selective flter 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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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.
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2. Spintronics

2.1.Spin-dependent Electronic Transport and
Magneto-resistance

2.2.Spin-Transfer Magnetization Reversal

2.3.Concept of Spin Current and Spin-Hall Effect

2.4.Magnetic Semiconductors

2.5.Light-Induced Ultrafast Magnetization Reversal

2.6.Brief Summary




Mutual Conversion between @
Electricity and Magnetism

J
Electricity—>Magnetism. Ampere’s Law (,
VxH=0D/ot+J

Magnetism — Electricity: Faraday’s Laé/v

VxE=-0B/ot ) /E/
Both conversions based on AT

“electromagnetism” require coills.

Human beings finally succeeded in mutual
conversion without coils by virtue of
spintronics!
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2.1 Spin-dependent Electronic
Transport and Magneto-resistance

BoE



Long Research History of Spin-DependeL.{@
Transport 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. Fert and I.LA. 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.
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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.
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Encounter with nanotechnology (2)

H(Oe)
e In 1986 Grunberg’s group discovered R,

magnetization of two magnetic layers aligr g
antiparallel in the Fe/Cr(8A)/Fe trilayer VWLV

=

structure using the magnon-Brillouin A 00 AU
T } reflected light 500 \'\k_ﬁ )
k- 8 % AN
o / 250 -
mfa il > ’ 1 | N y\;:;f
HJ/‘ ; incitcilsg: 00 l‘ .
IR

[— . 0 |
3 P. Griinberg, R. J\@
& Sw”ﬁ.;ﬁf Schreiber and .

kdgy Pang: Phys. Rev. Lett. |

57 (1986) 2442. T




Breakthrough in Spintronics
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 —
Fe
Cr
Fe
Cr ——
Fe

FeBOA/CT18A)au
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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.



Breakthrough in Spintronics
Discovery of giant magnetoresistance(GMR)(2)

- At the same time, Griinberg also discovered [EFEES
GMR (although small) in Fe-Cr-Fe trilayer. S =~

Dr. Peter Griinberg

MOKE-Signal

G. Binasch, P. Grunberg, F.
Saurenbad, W. Zinn: Phys.
o Rev. B 39 (1989) 4828.

AH/HH (%)

[+] 100
B, (10°T)



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
is parallel, while it is high if magnetization of two
layers is antiparallel due to spin- scattermg at the

Interface. // Free layer
— F1 | — F1
/ : ‘/\ >
@ — ) | — 2

Pinned layer



Spin valve for HDD head

o Parkin of IBM elaborated a
magnetic field sensor for HDD
using uncoupled sandwich
structure NiFe/Cu/NiFe/FeMn,
and named it as Spin Valve.

etic Layer

‘4‘ Miagnetic Layer -

i -4
Ll

L]
-

Moment (10 _°omu)

[ (b) | Exchande bias

> Important point of this
Free layer invention is a use of the

W
L L]

_ exchange bias effect
Nonmagnetic layer | introduced by coupling
with antiferromagnetic E

AR/R (%)
N

Pinned layer substrate. gl

lllllll

-200 0 200 400 600 800

- - Field (Oe)
— Antlferromagnetlc S. S. P. Parkin, Z. G. Li and David J.
— substrate (ex FeMn)  smith: Appl. Phys. Lett. 58 (1991) 2710.

(Synthetic antiferromagnet)



Dramatic increase in the areal

density of HDD

arpers2002ag.prz

Areal Density Megabits/in?

Perpendicular
recording with

IBM Areal Density Perspective

1 06 45 Years of Technology Progress
. . . Travelstar 40GN
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e N ¥ joducor
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10-2 ® Industry L| | Demos
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Ed Grochowski at Almaden
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e Introduction of GMR
(Spin Valve) head
brought a dramatic
change in the growth
rate of areal recording
density of HDD.

* It is quite remarkable
that scientific
discovery lead to
practical applications
In such a short period
of time.



@ Interlayer coupling and GMR

» At the same period periodic variation of exchange interaction
with the thickness of nonmagnetic layer in magnetic/ non-
magnetic superlattice: Magnetic coupling varies ferromagnetic

—antiferromagnetic — ferromagnetic with a few nm

S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett. 64 (1990) 2304

[
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Further Breakthrough in Spintronics
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(%)=(R41-R4;)/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.



&

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
ayer 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.




2
Physical background of TMR

S E=— -  TMR can be explained
erromagnetic g layer ) )
electrode 1 clectrode 2 Ferromagnetic "‘--._._____ by Splﬂ'pOlarlzed

Ferromagnetic

electrode 1 electrode 2 energy band structure.

l  Density of states at the
=_&  Fermi level is different
| between up-spin and

Insulating layer

Spin parallel S dOWI’l-SpIn band
el Sl | « In the parallel case,
electrode 1 | clectrode 2 perromagnetic | 0 " electron transfer

.-_'-—n-._l___- F ti
electrode 1 1 oY}l e 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.

Spin antiparallel
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Application of TMR
MRAM (Magnetic random access memory)

Sense Current

 MRAM is a nonvolatile \ —
memaory device COmbInIﬂg it Ling {Layer. Information

MTJ and CMOS logic. Storage layer.

o \Writing is acomplished by
changing magnetization of
MTJ free layer by application
of electric current to two
crossing wires generating
magnetic field above Hk of
the free layer.

« MRAM is expected to be a
next-generation universal
memory with an addressing
access time of 10ns and
cycle time of 20ns.

Tunneling
Barrier

Fixed
Magnetic Layer

Isolatio
'_ Transistar ON



Breakthrough on MTJ-TMR @
by adopting single crystalline barrier layer of MgO

« Extremely high TMR was theoretically o — I
predicted for a use of MgO single- s0l Lee et al. 20074 |
crystalline insulating layer instead of the | [
amorphous Al-O layer, which initiated e o Fuly ol TS
experimental challenges. L O otemso

* In 2004, Yuasa and Parkin independently g >°| | A:CoreBiMgorcores
succeeded in realizing a TMR ratio as 5 2T oo
large as 200% at room temperature by the 5 25 S
iIntroduction of a high quality MgO ¥ 200f ——, Yuasaetal__
insulating layer. = gof | @ Amorshous | 004

— S. Yuasa, A. Fukushima, T. Nagahama, 100 )
53?58184)1 55‘,8L182uki: Jpn. J. Appl. Phys. sof Miwmketal 1995 | o @O

. PR o o

— S. S. P. Parkin et al., Nature Mater. 3 ® 195 2000 2005

(2004) 862—867.

* The ratio has still been improved to as o
h|gh as 500% at room tempel‘a'[ure. [S. Yuasa: Digest of Kaya Conference (2007.8.19)

p.19]
— Y. M. Lee, J. Hayakawa, S. Ikeda, F.
Matsukura, H. Ohno : Appl. Phys. Lett. 90
(2007) 212507.

Year
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Physical Background of High TMR by MgQO Insulator
Diffuse Tunneling and Coherent Tunneling

sUsually 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

e On the contrary, since magnesium oxide

IS In a single-c

rystal state, the electrons

can move straight without suffering
dispersion. In this case, theoretical study
predicts huge tunnel magnetoresistive

effect as large

Aluminum

oxide

K¢ Bfi

dispersed

(a) Conventional device
zing aluminum oxide

ramarphous). Electrans are
scattered due to disorder atom

arrangerment.

K. Inomata:RIST

as 1000 %. [2]

Electrode

Insulator

€ e e et el i
90000000
0000 0000

Atoms

Electrode

Go straight

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

News No. 42(2006) 35.



TEM image of Fe/MgO/Fe OV
structure

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

Fe (001)
10 nm

FERR

Fe-oxide layer. S

*Establishment of preparation it "
technique of high quality MgO epi- S S
layer is the key point of the o o
Success. 2

—_

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”. The Research Theme of Dr. Yuasa was
Development of single-crystal TMR Devices for High-Density Magnetoresistive Random Access Memory
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Half metal electrodes for MTJ

« Half metal is a magnetic k
material in which electronic I B
state for T spin is metallic v/
while that for 4 spin is ﬁ
semiconducting.
* Therefore the electroniC State  rwmwecs.wsmo) o % 3\ nrkdatf dleusher
at the Fermi level is fully spin- o gl EEET
polarized in half metals. N =, sl
Ry i+ b ,
 Heusler compounds, LSMO 2 CHO PP ¢+ 4

(Lal-xser n03) ,. magnetlte Spinel (e.g,, Fe,0) ;dz%o? =~
(Fe;O,), chromium oxide Bt !
(CrO,) are candidates of half
metals.

Magnetite .
Full Heusler

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



Heusler Alloys

Half Heusler alloy
XYZ type C1, str.

 The Heusler alloys are
classified into two groups
by their crystal
structures;

— Half Heusler alloys with
XYZ-type in the C1b
structure (a)

— Full Heusler alloys with
X,YZ-type in the L2,
structure (b)
where X and Y atoms are

transition metals, while Z is
either a semiconductor or a

non-magnetic metal.

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

B,-structure with
Y-Z disorder
_

&

Full Heusler alloy
X,YZ with L2, str.

A,-structure with
X-Y and X-Z disorder

J

Disordered\dferivatives



Atomic Disorder in X2YZ Heusler Alloy

&0

k1118

30

DOS (States/Ry-atom-spin)
-

0.8 0.6 04 -0.2 o 0.2

DOS (States/Ry-atom-spin)

':
|
. |
6—%.3 0.6 -0.4 0,2 1] (13
Energy (Ry)

FIG. 2. Density of states of the Co2CrGa alloy with
(a) the L21-type structure and (b) the B2-type
structure. The upper and lower curves in each
panel correspond to the majority and the minority
spin states, respectively.

e AZ2-structure with X-Y and X-Z
disorder Is not half-metallic,

e \While B2-structure with Y-Z
disorder is half-metallic.

TABLE I The calculated magmetic moment of each atom M™ (g /atom), the caleulated total magnetic mo-
ment M, (ug/fu.). the calculated spin polanization P (%), the saturation magnetic moment at 4.2 K M,
(g £1.), caleulated and experimental Curie temperatures T and T-*% (K) of the Co,CrGa alloys for the L2,
and B2-type structures.

‘]ri'c“:ai _Hc::ai *HGHEIJ ] mtca] F .lr.f; I(__:al I,*qxp

Stmcture  (ugfatom)  (pgfatom)  (ug/atom) (pa/fu) (%)  (pg/fu) (K (K)

L, 0.901 1.283 —0.074 3o 035 im 419 495
B2 0.823 1.457 —0.038 3.025 24 - 2035 -

e R T EE
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TMR with full Heusler X2YZ alloys

260 5 '
O

T E—
' [ Co,FeAl = CFA (B2) "' -

. Co,MnSi =CMS (L2,) i -
E g || A CoFesi=crs(2) | ' .

- I Co,FeSig Al,s = CFSA (B2, 12))

1999 2003 2004 2005 2006 2007
year
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2.2 Spin-Transfer
Magnetization Reversal

E—> B



Proposals and Experimental Verification of
Spin-Transfer Magntization Reversal

Mechanism of spin angular momentum transfer.

e |n 1996, a new theoretical

concept of the current-driven F1 Non-magnet

spin-transfer magnetization /] JTorque ~ si

reversal was proposed by _-——

Slonczewski[1] and Berger [2] |

and was experimentally N e — §

supported by Myers et al. in

2000 [3] Spins parallel to F,or F, : transmit

— [1] J. Slonczewski: J. Magn. Magn. Spins anti-parallel to F,or F, : reflected
Mater. 159 (1996) L1. ¥

- %5% Berger: Phys. Rev. B 54 (1996) Transverse spin angular momentum

3] E. B. M 5o el is transferred to the local
- oAy Ll R D S magnetic moment
Katine, R. N. Louie, R. A. Buhrman: J ¥

Science 285 (2000) 865. , ,
Torque is exerted on either F, or F,

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



Two perspectives of current-induced
magnetization switching

 One is based on spin transfer,
suggesting that the spin current
transfers the transverse component of
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.

http://www.riken.go.jp/lab-www/nanomag/research/cims_e.html
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Spin-Transfer Magnetization Reversal: Experiment

(a) (b)
Nano-pillar structure .t EAER 03 %10 A ]
o 594 | RIS = fom®
I* Top electrode V* . 593 H =0 Oe -
ot 592 -
’ . RU : 1
Inomata’s group fabricated ~501 ]
Cu CogoFero = ' ' | 1
IrMn/Cogy,Fe,,/Cu/CogyFe,, " — « S0 | ]
ot 5.89 -
IRu/CogoFe;, CPPGMR 2 *: _ o i ;
. . Bottom electrode 1 .
device (a) and confirmed 687 bl L
the current-induced | (mA)
magnetization reversal (b). . (c)
4t
= 3F i
. . . . g % 2? L™ &Em _'
« Magnetization direction of free CogyFe;, g 1[Gz -
layer is changed depending on the L i P————
S {52 X 100 Ay —e—p-wp |
current direction. 2 T 00 200 300400
H (Oe)

NEEE (Oe)
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Merit of Current-Induced Magnetization Switching by
Spin-Transfer Torque for Spin-RAM

e Switching current for spin-transfer
magnetization reversal is |
proportional to the area of devices. BERT AR | EER2

 This technique is superior to the | "1 Fixed 1 "‘}_ C t ',
previous method if the scale == Free TF

becomes less than O-ZMm- 7% | Fixed2 Electronic current
Device structure Switching mechanism

Fixed 1 Free Fixed 2

—~ - Current-field writing
< .‘ with magnetic shield / 8 2.6
E¥r g - g
— \ v Current-field writing o
% - Current- without magnetic shield D
= Induced MS /‘/(ﬁf;kfﬁ]} 7 L 25}
= 107A/cm? \ (" ; =
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£ A £
© = - S 105A/CIT]2 O 2.4 | | | | |
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D o [ R 2 Current density (10°A/cm?)
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Cell size (um) Nakamura et al. Toshiba Review Vol.61 No.2(2006)
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Current Density necessary for Spin-Transfer
Magnetization Switching to occur

« Spin-polarized current injected from a ferromagnetic electrode
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

e Thus human being succeeded in converting electricity to
magnetic field without using coills.



http://www.nedo.go.jp/iinkai/kenkyuu/bunkakai/20h/chuukan/2/1/5-1.pdf
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2.3 Concept of Spin Current
and Spin-Hall Effect

Opening a New Paradigm!
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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 nonmaanetic dielectric show a spin diffusion length of

e Scattering center

Courtesy of Prof. Takanashi



Spin current
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(1) Spin current with charge current

Ferromagnetic metal | Nonmagnetic metal

Spin-diffusion length
100 nm ~ 1 um

'..
I..
N
.........
.....

»  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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(2) Spin current without charge current

$up g » If Tspin current moves
Sy ™t = b= toward right, and if ¥spin
r—é $—<=-:¢i — current moves toward left,
= o> no net charge current
=T e whie s net spin
< » current J;-J | flows from
Jo=J; +J, =0 the left to right.

Nonlocal Spin Injection
and Spin-Hall effect.

Courtesy of Prof. Takanashi
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Creating spin current

Nonlocal setup

B F3 F2

F1

‘/M 1 electron
Spin accumulation . flows out

Spin current Spin current Nonmagnet

without charge with charge ic material

current current

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.

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 a result spin accumulation occurs in the vicinity of F; electrode.

Courtesy of Prof. Takanashi



Observation of spin current

(1) 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.

Spin current due to SHE occur
perpendicular to the current. Due to spin-
orbit interaction, T spin and | spin are
separated, brlngmg about a spin current |s

perpendicular to the charge current jqg.

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

Iy

&
| |-' ;
?,) Spln orblt &
interaction /&

"r N
c?

(OQ

Charge current

Spin Hall Effect

Courtesy of Prof. Takanashi
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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

o experimentally observed in n-type

semiconductor by Kato et al.[3]

— [1] M. I. Dyakonov and V. |. Perel: Sov. Phys. JETP Lett. 13 (1971) 467; M.I.
Dyakonov and V.I. Perel: Phys. Lett. A 35 (1971) 4509.

— [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.



Observation of spin current

(2) Inverse Spin Hall Effect

e Inverse Spin Hall Effect is an Jy
inverse effect of the SHE: If one s
flow the spin current js, jq flows S/ S
perpendicular to charge current. Q,gb L Y
@)

?;: Spin orbit

‘i’ interaction

« 1 spin is deflected to the left
and | spin to the right, leading to
a charge current perpendicular to Jj, -
the charge current.

Spin current

Inverse Spin Hall Effect

Courtesy of Prof. Takanashi
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Molecular Spintronics

* The spin-current can be observed not only In
magnetic materials but in non-magnetic metals
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]

e [i] M. Ohishi, M. Shiraishi, R. Nouchi, T. Nozaki, T. Shinjo, and
Y. Suzuki: Jpn. J. Appl. Phys. 46 (2006) L605.
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Local and nonlocal setups &
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o Clear spin injection was con
local arrangements.

M. Shiraishi, "Spin Transport in
Workshop on Physics and C
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Theoretical Approach 4*__%

Quantum Spin Hall Effect in Bismuth spin

— Bulk Bi show no gap, while edge is gapless.
— Bi ultra thin film

(111) 1-bilayer = quantum spin Hall phase {012} 2-monolayer= insulating phase
: = P o — -
P < NN S ) Rakakal
Xq,/-’ > s
Side view) >’/ 475A (Side view)
( (Top view)
(Top view)
7T — el
» Thermoelectric figure of merit T %

Idealized model (perfect conductor on the edge)

* 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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Spin current and heat flow

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 technigue that
iInvolves the SHE.

— K. Uchida, S. Takahashi, K. Harii, J. leda, W. Koshibae, K.
Ando, S. Maekawa and E. Saitoh: Nature 455 (2008) 778.
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Concept of Spin Seebek Effect

Detection by ISHE Ferromagnetic metal
Spin current flow

g S ‘J - — - o -- : '
N radie’ Low temp.

High temp.
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difference : : Temperature difference of 21K
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AV Emam
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-100 0 100
Magnetic field


http://www.keio.ac.jp/ja/press_release/2008/kr
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Optical Observation of Spin Injection and
Spin Accumulation

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

 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).
[li] Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom: Phys. Reuv.
Lett. 93, 176601 (2004)
[lii] A. Sinsarp, T. Manago, F. Takano, H Akinaga: J. Nonlinear Opt. Phys.
Mater., 17, 105 (2008).
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Spin Injection to LED

« Manago’s group fabricated .
FePt/MgO/LED structure 730k
and measured field-
dependence of degree of
circular polarization.

e Degree of circular
polarization was 1.5% at
zero field.

i

s
K
I

3

i“(‘.ﬂ"@
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[ntensity {(arb. unit)

135 14 - 14 15 1%
Photon Encrgy (¢V)

E L A2 MOBIBRTT
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A. Sinsarp, T. Manago, F. Takano, H Akinaga:
J. Nonlinear Opt. Phys. Mater., 17, 105 (2008).



Magneto-optical observation of OV
Spin Injection

« Crooker et al. observed
spin-injection from Fe
to GaAs in the
Fe/GaAs/Fe lateral
structure by means of
magneto-optical effect

S. A. Crooker et al.: Imaging
Spin Transport in Lateral
Ferromagnet/Semiconductor
Structures; Science Vol. 309. no.
5744, pp. 2191 - 2195 (2005)

0, (a.u.)

By (Gauss) By (Gauss)



Imaging of SHE by magneto-optical Kerr 3sr)
effect

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 (black), E
(red) and E (green) at the
centre of the channel. c, Bext
scans as a function of position
near the edges of the channel
of a device fabricated along

4 with w=118 m and [=310 m for
6 Vp=2 V. Amplitude AO, spin-

it 8 o o ™ coherence time s and

7, (ns)

reflectivity R are plotted for
Vp=1.5V (blue filled squares),
2 V (red filled circles) and 3 V
(black open circles).
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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)



http://www.nature.com/nphys/journal/v1/n1/full/nphys009.html
http://www.nature.com/nphys/journal/v1/n1/full/nphys009.html

Magneto-optical observation of spin @
transfer switching

e Aoshima (NHK Lab)
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.

o~
=

)

Kerr Ellipticity change (10-*deg)

-30 20 -10 0 10 20 30

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 [ 77— (7] in Kerr ellipticity for various applied currents of —3,
of [Ru(5)/Cu(20)/Tr;;Mn15(10)/ CoggFeas(5)/Ru(0.9)/Coggbe: 25 +3, 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 plotted 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);
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52 Excitation, modulation and detection of spin wave spin current

(3 year target)
Spin wave spin current
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2.4. Magnetic Semiconductors

* Another important trend in spintronics is the magnetic semiconductor (MS).
Mn-doped IlI-V semiconductors such as In1-xMnxAs and discovered by
Munekata and Ohno are the first MS in which carrier-induced ferromagnetic
coupling is confirmed. [i],[ii] The most remarkable point is the voltage-
controlled ferromagnetic coupling observed in the FET structure. [iii] Tanaka
succeeded in fabricating MTJ with high TMR ratio in Gal-xMnxAs. [iv]
Carrier-driven domain-wall motion with very low carrier density (~105A/cm2)
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
l1I-V. Although a number of reports have been published on room
temperature MS, origin of the magnetism is still under controversy. Among
them Co-doped TiO2 is considered as the most reliable MS material
exhibiting carrier induced ferromagnetism at room temperature. [vi]

[i] H. Munekata, H. Ohno, S. von Molnar, A. Segmiiller, L.L. Chang, L. Esaki: Phys. Rev. Lett. 63 (1989) 1849.
[ii] H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, Y. lye: Appl. Phys. Lett. 69 (1969) 363.
[iii] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno, K. Ohtani: Nature 408 (2000) 944.
[iv] M. Tanaka and Y. Higo: Phys. Rev. Lett. 87 (2001) 026602.

[v] M. Yamanouchi, D. Chiba, F. Matsukura, T. Dietl, and H. Ohno. Phys. Rev. Lett. 96 (2006) 96601.

[vi] T. Yamasaki, T. Fukumura, M. Nakano, K. Ueno, M. Kawasaki: Appl. Phys. Express 1 (2008) 111302.
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Room temperature ferromagnetism in MS
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2.5. 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.



Demonstration of direct magneto- @
optcal recording by circular
polarization modulation

Equivalent magnetic field produced by photon
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PRL 99, 047601 (2007)"
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Microscopic mechanism of the inverse@
Faraday effect

@ Multiphoton-induced spin-flip:
Stimulated Raman scattering on magnons (2-photon process)
[Shen et al, Phys. Rev. (1966)]

(1)) &1
M >
L= ‘ Number of photons
Ao, A ho, (_ o is conserved
e W
3 (o
ho, f Ao-Q) o, " ‘ Process can be fast
WV L TW T~1/o~1fs
L=0 -1‘—| L hO I (o)

light helicity must also be conserved
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2.6.Needs further investigation

e Despite the fact Tsukamoto et al. have shown that light can
directly interact with spin and demonstrated optical/thermal
assisted control of spin dynamics in ferrimagnetic medium in less
than picosecond timescale, mechanism of the fast magnetization

reversal has not still been understood and under investigation.

 A. Tsukamoto, K. Nakagawa, A. Itoh, A. Kimel, A. Tsvetkov, H. Awano, N. Ohta, A.
Kirilyuk, and Th. Rasing: IEEE Trans. Magn. 40 (2004) 135.

« C.D. Stanciu, A. V. Kimel, F. Hansteen, A. Tsukamoto, A. Itoh, A. Kirilyuk, and Th.
Rasing:Phys. Rev. B 73 (2006) 220402(R).
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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] N. Nagasa: Kotaibutsuri 41 (2006) 877, ibid 42 (2007) 1, ibid 42
(2007) 487. (In Japanese)



3. Semiconductor technologies
beyond SI-CMOS
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Stochastic Resonance

* Novel semiconductor nanodevices utilizing "stochastic
resonance"[i] and their integration are now under investigation
to realize state-of-the-art electronics hardware for noise-
robust information processing. The stochastic resonance is a
phenomenon that noise enhances response of a system,
which plays an important role in nature and living things.
Kasai designed, fabricated and characterized artificially
controllable nanodevices in which the stochastic resonance
takes place electrically. He integrated on semiconductor
nanowire network structure to realize functionality for noise-
robust information processing.[ii]

[i] A. Bulsara and L. Gammaitoni: Physics Today 49 (1996) 39.
o [ii] S. Kasai and T. Asai: Appl. Phys. Express 1 (2008) 083001.
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Surrounding Gate Transistors

« Advances in performance and integration through
conventional scaling of device geometries are now reaching
their practical limits in planar MOSFETs. To overcome the
limiting factors in planar MOSFETS, vertical structural
arrangements called surrounding gate transistors (SGT) have
been suggested as the basis for next-generation
semiconductor devices. Fukada studies one dimensional Si
and Ge semiconductor nanowires which are expected for the
components in SGT.[i]

[il N. Fukata, M. Mitome, Y. Bando, M. Seoka, S. Matsushita,
K. Murakami, J. Chen, and T. Sekiguchi: Appl. Phys. Lett. 93
(2008) 203106.
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For optical interconnects

e Transmission delay of wiring in a chip is a serious problem
limiting the performance of the LSI. Intrachip optical
Interconnects will make it possible to enhance the
performance of LSIs even in the post-scaling era. Takenaka is
aiming at establishing fundamental technologies for one-chip
super computers and photonic router chips using monolithic
Integration of Ge MOSFETs and Ge photodetectors on a Si
substrate.[i]

[i] M. Takenaka, S. Tanabe, S. Dissanayake, S. Sugahara, S.
Takagi: 21st Annual Meeting of the IEEE Laser & Electro-
Optics Society, Newport Beach, US (2008) Paper MN2.
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Wide gap semiconductors for power switching @
applications for high frequency devices

Wide gap semiconductors can replace silicon in high-temperature and power switching
applications for high frequency devices, since they show higher saturation velocity and higher
break-down voltage than conventional semiconductors.

Among many wide gap materials Ill-V nitrides are the most intensively investigated materials
for application to light emitting devices. It should also be noted that wide gap nitrides show
quite large thermal conductivity, and is suited for solving the heat dissipation problem. Wide
gap nitrides are therefore expected to have high potential in optical, electrical and thermal
properties suited for optical interconnects and OEIC applications.

However, the crystalline quality of the nitrides is far below that of silicon, because most of
them suffer high density of misfit dislocations due to the lattice mismatch caused by
heteroepitaxy on sapphire substrates. Use of nitride substrates for homoepitaxy has crucial
importance to improve crystallinity of nitride materials. In our project Kangawa proposes a
novel crystal growth process for AIN based on the first principle thermodynamic analysis. [i]

[i] T. Nagano, Y. Kangawa, and K. Kakimoto, “Influence of compositional changes of source
materials on AIN synthesis using Li-Al-N solvent”, Phys. Stat. Solidi, C6, No.52, (2009) S336-
S3309.
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4. Nanocarbons and molecular
electronics
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Carbon Nanotubes

« Carbon nanotube (CNT) was discovered by lijima when he was observing carbon
fibers using a high-resolution transmission electron microscope. [i] CNT is a
seamless cylinder of carbon network by rolling a sheet of graphene, in which
carbon atoms align to make a honeycomb-type hexagonal arrangement. Carbon
nanotubes are classified into single wall nanotubes (SWNT) and multi wall
nanotubes (MWNT). The radius of the cylinder ranges between 1 to 10 nm, and
the length may be as long as 10 um. On rolling up to form a cylinder the carbon
network can be connected obliquely with a chiral vector Ch defined by a linear
combination of two unit vectors al and a2 of hexagonal lattice as Ch=nal+maz2,
where n and m are integers. Carbon atoms align in zigzags when n and m are zero.
If n and m take equal nonzero values, i.e., n=m=0, and if the difference between n
and m takes a value of multiple of three, carbon atoms make pairs to form an
uneven armchair-like structure. CNTs with an armchair-like structure become
metallic. On the other hand, for other combinations of (n, m), CNTs take the zigzag
structure and become semiconducting.

[i] S. lijima: Nature 354 (1991) 56.
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CNT can be an ideal conductor

Metallic CNT possesses a ballistic electronic transport property originated
from the linear relationship between wavenumber k and energy E in the
energy band dispersion curve.

From the I-V characteristics it has been elucidated that the electron mean
free path is as long as a few micrometers. Contrary to the copper wiring
which suffers breaking down due to an electromigration for the current
de?osit/y e>2<ceeding 107A/cm?, CNT is robust to a current density as large as
10*°A/cm=.

So the CNT can be an ideal conductor for wiring via in the next-generation
devices.[i]

The thermal conductivity of SWNT-CNT has been theoretically estimated
by Berber et al. to be 6600 W/m-K, [ii] which is far above that of diamond,
2000 W/m-K and is proved to be a promising material to overcome the
heat dissipation problem in ULSI.

[i] Y. Awano: IEICE Trans. Electron. E89-C(11) (2006) 1499.
[ii] S. Berber, Y.-K. Kwon and D. Tomanek: Phys. Rev. Lett., 84 (2000) 4613.
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Semiconducting Nanocarbons for FET

Field effect transistor (FET) employing the semiconducting CNT shows superior
properties exceeding the Si MOSFET.[i] However, there are so many problems to
be solved. The technology for discrimination and control of the chirality of CNT is
still under development. It is also difficult to fabricate CNTs by self-organization at
arbitrary point at which we design.

Recent research has revealed the peculiar nanoscale effects and edge effects in
physical properties of graphene. In addition, the fine processing technology
enables us to fabricate the electronic devices based on the nanographenes, and
nano-carbon materials.

Thus nano-carbons are attracting much attention all over the world as a promising
key material for the innovative next-generation electronic devices. In our research
project, Wakabayashi studies the electronic physical properties in the nano-carbon
materials, and attempts to design the new electronic/spintronic devices based on
nano-carbon with the support of the computational method.[ii]

[i] “IBM Creates World's Highest Performing Nanotube Transistors”,
http://domino.research.ibm.com/comm/pr.nsf/pages/news.20020520 nanotubes.html

[ii] K. Wakabayashi, Y. Takane, M. Yamamoto, and M. Sigrist: CARBON (Elsvier) (2008) in
press,



5. Organic Materials for flexible
electronics
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Organic transistors

* Flexible electronics made with organic transistors may enable
technologies such as low-cost sensors on product packaging
and electronic paper displays. Thanks to recent development
In organic LED, organic electronics has become the matter of
Interest for practical use.

« However, organic materials show electrical performances far
below inorganic semiconductors. Therefore it is necessary to
Improve electronic transport properties represented by the low
carrier mobility. Yasuda of our team aims to fabricate high-
performance organic field-effect transistors using enhanced
Intrachain carrier transport along uniaxially aligned 7-
conjugated polymers.[i]

e [iJ T. Yasuda, M. Saito, H. Nakamura, and T. Tsutsui: Chem. Phys. Lett.
452 (2008) 110.
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6. Summary

* | have Introduced recent development Iin
materials researches targeting next-generation
Innovative devices based on nanoscience,
with a particular emphasis to spintronics.

e Some of recent achievements of the JST-
PRESTO project “Materials and Processes for
Next Generation Innovative Devices” are also
briefly reviewed.
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