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Coercivity

single-domain | multi-domain
superparamagnetic,~" . ~\
° stable
KV=kKT
Particle diameter
Fig. 1. Size dependence of coercivity.
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Exchange couple

Co(10-100nm)/Co0O

Curve(1)—The shifted loop, After
cooling in a field of 10kOe

Curve(2)---The symmetric
loop ,After cooling in zero field
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Schematic diagram of the spin
configurations of a MF-AFM couple
before and after the field cooling
procedure.
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Fig. 3. Schematic diagram of the spin configurations of an FM-AFM couple at the different stages of a shifted hysteresis loop for a system with
large K apm [4].
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Schematic of the ideal FM/AFM interface
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Beating the superparamagnetic limit with exchange bias

The blocking
temperature , Iy,
increases almost two

orders magnitude for
4nm Co/CoO nano
particles in the CoO
matrix. This leads to a
marked improvement in
thermal stability. This
mechanism provides a

m (1079 J T)

b h Figure 2 Magnetic moments of 4-nm CocaeC00sne particles. Shown is the temperature
Way to beat the dependence of the zero-field cooled (ZFG; filled symbols) and field-cooled (FC;

Sup erp arama gneti C oM = 0.01T, open symbols) magnetic moment (mh of 4-nm C0,.pC00ne particles.

Particles were embedded in a paramagnetic (Al,04) matrix (diamonds), or in an AFM (CoQ)
limit in isolated matrix (circles). The measuring field is p o4 = 0.01 T. The Neel temperature of CoO is
indicated by an arrow. The lines are guides to the eye.

particles.

s)}))}///jj/‘ﬁ)//)/ ‘)%/% ij}ﬂ/j)’%



FM/FM

1.Nanocomposite hard magnetic
materials.

2.Nanocrytalline soft magnetic
materials.
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Figure 1. Automotive applications involving permanent magnets.
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Nonmagnetic

Longitudinal to
Perpendicular Magnetic
Recording model.
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E Bit —Patterned media

2.Pattern Transter (Quantized magnetic disk)

Patterned magnetic
Schematic of nanoimprint nanostructures give us new
lithography consisting of . .
staphy . freedom in controlling

1).imprint and 2). pattern transfer i i .
magnetic material properties. .
For mass production L o - =
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Magnetic storage: size*speed=$$
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. Advanced Storage Roadmap
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Magnetocaloric effect- magnetic entropy change

AQ
Expelled heat
'
¥ Prototype of
. Magneto-refrigerator

*

Schematic diagram of
-magnetic rlgera g ‘h.. O.Tegus et al., Naty ir}:; \‘M:l
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The Applications of Magnetic Nano-Particles

M agnetar
recordinges

Magnetic ding




Nanomedicine

Targeted drugs for lung cancer

The aerosols containing magnetic
nanoparticles with drugs can be
guided to specific regions in the
lung of mice with an external
magnetic field. With this
technique, higher doses of drugs
can be delivered to the cancerous

region WithOUt increasing side Figure .1 Magnetic-field guided drug Fielwery wr[.h
magnetic aerosols. Superparamagnetic nanoparticles
effects. are placed in microdroplet aerosols (green) and

delivered along the airways (brown) toward the lungs 5’*’
(grey). A localized magnetic field causes large numbers ?“
of nanoparticles to accumulate in a specific region, p

33 &gjﬁlj ﬁa?ﬁ%ﬁéﬂﬂé’ °c o shown here in red. _' r;{'

fazli

. &%&Qes et al. N@&u{gNanotech@Z(k7)495 @&\Armr
S SN < <



The first product in nano-materials is

“Ferrofluid” in 1965.
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GMR--(Fe/Cr), fruino

The beginning of the new
science and technology field--

(Fe 30A/Cr18Aly
Spintronics

|Fe 30A/Cr 12 A)as

IFe 30 A/Cr9A),

f

054 He
. . 1 1 T | | g | -
A % .20 10 0 ¥ 0 ¥ W

Magnetic field (kG|



J- The
interlayer
exchange
coupling
parameter
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\4

Cr Film

L =300-500 um :
) g ‘A
Fe Whisker ,:2-{:'

FIG. 1. A schematic exploded view of the sample structure
showing the Fe(100) single-crystal whisker substrate, the eva-
porated Cr wedge, and the Fe overlayer. The arrows in the Fe
show the direction of the magnetization in each domain. The z
scale is expanded approximately 5000 times; the actual wedge
angle is of order 10 3 deg.
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MOtt‘s two current model for

bulk materials
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f) 76 & F % (Spintronics)

(GMR,TMR,CMR)
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B 72 & ( Spin valve)
ZERGIeFE KT, BHEBLEK, ALK B =B,

G E SN BIER, do: Ni gfey &4
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ik E  (EBPEEIZ,NiFe; FeCo)

4THLE (R & # B, 4=: FeMn;Mnlr)

Anti Ferromagnet
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Anli Ferromagnel antiferromagnet
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saturation field
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Hard Disk Drive Basics

Suspended
GMR Head

Fotating Thin Film Disk

Track width

I A Recording Track
Track Density { LTI I T TLETT T

{Tracks/in.) .
T Linear DEI'IEII!,I' (Bitsfin.) E ’J

Areal Density = Linear Density x Track Density SliderfGME Head
[bits!inz}l (bitsfin) (Tracks/in)

GMR read head , Areal density = 100Gb/in>
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1000 - -------------------- Y ------ f-ﬁ . CoFeB/MgO/CoFeB
| e RT:500%
5K:1010%

g 8

s

TMR ratio (%)

8

0 b : :
300 200 -100 0 100 200 300
External field (Oe)

FIG. 2. TMR loops of a MTJ having 4 and 4.3 nm (Co,sFe 5)g0B, elec-
trodes and a 2.1-nm-thick MgO annealed at 475 “C measured at RT (black
circles) and 5 K (open circles).
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©MRAM ; Spin Transistor

Nonvolatility,increased data processing speed,decreased electric power

consumption, increased integration densities , and anti-irradiation
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Spin Transfer Torque (STT) /& 32,
MRAM F #] ASTT 3 & 5 /&2,
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Exchange coupling between conduction spin and
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The magnetization direction in the centre of a
submicrometre mgnetic disk can now be switched by an
electrical current. This discovery demonstrates the
potential of realizing all-electrically controlled magnetic
memory devices.

Fgure 1 Magnetic vortex-core reversal, a, A magnetization vortex with its core shown in the centre, The height
i proportional to the out-of-plane component {see text), b,e, When an oscillating electncal current is applied, the
core begins to orbit the centre (b), and eventually switches 1o its other bistable state (¢},

R.P.Cowbum, Nature Materials, 6 (2007) 255



A magnetic skyrmion

a  cu(oot) 30ML Ni/Cu(001) 6 nm Co/Ni/Cu(001) 2 L evyyy YT
A IESINL R AR TN
A YA i.?g ‘l‘ st weh i
F § % 0.vaey L
v Ty & gy "r'f el 1. LR W ‘wbn‘ ‘)
Vo ‘g T el A
RRTSSEIAEH T roety!
N=0 N=1
b
]
e (B —
® !
Y . = a
b ~ —— - == ey
- ' l ' l Co (0.2 nm) > Co (6 nm)
g Mi (30ML) ﬁ Mi (30ML) c
o = M,
= ) +1
L=, —— HLiilm co ™
W - .
é H ||film
s s I s s Wi @ I
i -
-0.1 0.0 0.1 -0.1 0.0 0.1 !
Magnetic field (T)
N=0 N=1
Figure 1 | Low-energy electron diffraction (LEED) patterns and hysteresis Figure 3 | A magnetic skyrmion consists of a central in-plane vortex and
loops of Co/Ni(30 MI)/Cu(001). (a) LEED patterns confirm the formation W, muvasmuiiog aut-of phass sphus (2) N=10 state and N=1 skyrmiign
. . . i . . state are characterized by 2 parallel and antiparallz| zlignment of the
of EDIT.EKIE' smgle CI"}"ST.E“II"IE films. (b) MOKE h}"StEI’ESIS |C|'0'[3'3 show central vortex core polarity relative to the surrounding out=cf=plane spins,
that the Co/MNi(30 MI)/Cu(001) film has an out-of-plane magnetization for nespectively. (b) N=0 state and N=1skyrmion state in Coldiskl/
. ] . : ) . Mit30 M3 Cu(100) can be prepared by switching the surrounding Ni spin
Co film thinner than 1nm and an in-plane magnetization for Co film diraction without switching the cantral vortex core palarity using an
thicker than 1nm BOD-Oe out-of-plane magnetic field. (¢} Micromagnetic simulation
‘ confirms the formation of N =0 state and N =1skyrmion state by
switching the surrounding Mi spin direction without changing the core
polarity (blue dot at the centre).
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Dai YY.,.....Zhang ZD.,
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Figure 1 | Sc=tch af the topalagical density distribution and twa
scitation modes of slkyrmion dynamies. @) Magnetiation distribution
in thetap and the battam nanalayers. The colars represant the magnitudes
of the gutsnfsplans magnetization campanent {myjand the arnmes
ndicate the dirsction of the insplans magnstimtion compansnt at every
paint. [} The tapalagical d=ngity distrivutian af a static glyrmian in the
inp nanakyer af a CafRu o nanadick. g is the topalogical density.
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Equation of STT

(Landau-Lifshits-Gilbert-Slonczewski equation) :

, damping
|
|
d—MZV[HeffXM]+TG+Ts | \
dt ' /M spin
torque

}/[Heff X M] — conservative torque (precession) precession

T, =% [Mx[MxH,]] —dissipative torque
M, (positive dampmg)\

(

\ - ~.f"\

T, = +1[M «[M xpl] — spin-transfer to_rqu“eg _




Spin-torque oscillator-RF Device
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*EAAROTFETRGE A
1.Spin-FET,field effect transistor.
2.5pin-LED, light-emitting diode.
3.Spin -RTD, resonant tunneling device
4.0ptical switches operating at terahertz frequency.
5.Quantum bits for quantun computation and
communication

6.Modulators, Edcoders, Decoders, etc.
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RF-oscillator

Snraimen, |
Entmmmmm
E-Medicine

il
HDD | "\ Missile Control
Space Station
Dala Storage/Playing Head L I
Digita/Aobile
Automobile IC Card opfmunication Nﬁl‘ftﬂrjﬂp&m
A ion ABS Control Automated VCR
MRAM
Speed/LocationfAngle Sensors I
Measurement Characteristics T
Reliability, Repeatability Spintronic Material Technology el it
“Thermal Stabil: : : ; : ,
ESCI;:IF;.I I:: bu::ﬂﬂq material design, surface control, nanostructure lransport Properties
j ; -Simulation
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01sc rsOcs

Small Structure Processing Material Analysis

Unit Operating Devices
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5 l::rcu!:mci.nun. -Device Manufacwuring, Electromagnetic Operation o s ‘“t e
-Process Integration _Size Effect & Edge Effect -Chemical Analysis

Fig. 1. Technology tree for spin-based devices and their potential applications (after http:/spintronics korea.ac.kr/
research_map [ htm).
research_map [.htm).
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gapless Materials

E

M ?

Materials:very rare
»Graphene

l

»Hg-based II-VI compounds
»3D TI: Bi,Se,




Spin Gapless Materials

%%-

week endin
PRL 100, 156404 (2008) FOEeial BEYILW LELTLERS 18 APRIL 2008

PbPdO2 & PbPd0.9C00.102
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Spin-Valve GMR
Spin coherent transport
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Spin-OLEDs

singlet ———

M= triplet

— s=1 (triplet)

QE 0% ;
—» 1) = “eThT>>

2)
_»QESO% [3)=1/v2(le;h, ) +|e,h, )
S=0 (smglet)

|4) =

N 2 g,
ITO— Indium tin _ _"» &\
—~ S
M NC N

=

e N



Organic semiconductors (0scs)
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Characteristic

1. A very low spin-orbit interaction—~2z*
Spin-relaxation time 2 10us

2. Chemical flexibility

3. Lower production cost
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Macroscopic model :

coherent rotation; the FM and AFM easy axes are
parallel.

E/S = —H Mpytey cos(0 — ) + Kemtemsin®(B) + K apmtarmsin® () — Jivr cos(f — a),
0: HAeasy axis ,B: M yA easy axis ,a: Spin (AFM)A easy
axis
If Kyem ten>dint » 0~0 for fields below the spin flop field.

He=Jint/Memtem
If Karm tem<Jdinm(B- @)~ 0,

In this case no loop shift is induced. On th othe
value of Hc will be enhanced.

I%%@J(’h&\m ' Ve 7
J; \\S,,,)))///} JJ)/G‘)?”’))//?’ ‘Jjj) \\S,,;)))///} )f N2 ‘ﬁ“\ ini\//_; \//.,’ = l/)/



