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Logic Storage

Mechanics : heat, force

Magnetics :spinElectronics: charge

Photonics: EM wave

Spintronics

R&D 
Challenge

Quantum

•Storage

•Computing

•Reaction Control

•…

Classical

•MRAM

•Spin FET

•MO devices

•…
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Exchange splitting of ferromagenet
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Spintronics

• Spin memory

• Half metal

• Magnetic Spin Semiconductor 

• Spin Movement and Injection 

• Spin Detection and Spin Transfer 

• Spin-Based FET and Transistor 

• Spin-Based Computing 
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Spin valve / MTJ
• Spin valve • MTJ

130
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300

2004? 2010?
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Electrons:
•1897: Thompson : Charge

•1921: Stern-Gelache : Spin  (A beauty only for 
Physicists, but still a sleeping beauty for the world)

•1988 : Gruburger, Fert (Prince kiss the 
Sleeping Beauty and wake her up to the world)

New DOF in 
Condensed Matters

1897:macroscopic
1988:nano
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Semi-Classic Model of Spin-
dependent Transport
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•Wavelength : 

Carriers

metal(~1022cm-3): ~ 0.1nm

semiconductor(< 1016cm-3): > 10nm

Applications: semiconductor device

•Exchang length :L

Wall width 

Applications: Spintronics
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(1) Ordinary MR：
v B Lorentz Force

(2) Anisotropy MR ：
v SL coupling

(3) Giant MR：　
v Spin dependent 

scattering
(4) Colossal MR：

v LaCaMnO

(5) Tunneling MR： Insulating 
Barrierv
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(6) Polarized 2DEG：

(7) Ferromagnet/Superconductor：

Effective mass? Band? Interference?

Mean-free path? Spin-diffusion length?
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Current Memory Hierarchy

CPU
register DiskCache Memory

Cache
(SRAM)

Memory
(DRAM)Register Disk Memory

size: 200 Bytes 32KB/4MB 128MB/512MB 4GB/20GB 

speed: 6ns 60ns 8 ms 3ns

$/MB: $1.5 $0.015-0.02 $0.0015

Larger, slower, cheaper
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1000X

500X

Holographic:
5-500X

Multilayer: DVD, 2- photon

Smaller bits:

Patterned 
media, NFO, 
probe, etc

Multiple values 
per mark: pit 
depth rcording

4X
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磁儲存的發展歷史
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Physical limit:
Magnetic : superparamagnetic : Thermal

Optic       : Diffraction : wavelength

Semiconductor : optic, carrier number, 
heat. etc 

Shannon Limit: access, Transfer
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Extracted from www-als.lbl-gov/als/workshops/scidirecthtml/4Magnetic/magnetic.html
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Η = ΗS： Parallel  ; t1=t2=t/2

ρp =  (ρ  ρ )/(ρ  + ρ  )

F1 M F2

t1 t2tM

ρ  t2ρ  t1

ρ  t1 ρ  t2

i
ρp

GMR示意圖
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Η = 0：Antiparallel; t1=t2=t/2

ρap = (ρ  +  ρ ) /4

∆ρ/ρap = (ρ  − ρ ) 2/(ρ + ρ ) 2

F1 M F2

t1 t2tM

ρ  t2ρ  t1

ρ  t1 ρ  t2

i ρap

GMR示意圖
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Spinvalve: Exchange Bias

FM, Free layer

FM, Pinned layer

AFM

metal
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Recent results of Spintronics in NTU
Spintronics Group

New Materails and TMR devices

Prof. JH Hsu, Prof. MT Lin, Prof. 
JG Lin, Prof. RS Liu

DMS and functional devices

Prof. YH Chang, Prof. CD Liang

Prof. SC Lee

Nano patterned magnetic materials and 
theoretical simulations

Prof. CR Chang, Prof. J. C. Wu
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Experimental Procedure for Experimental Procedure for 
Co/Co/NiMnNiMn Exchange BiasExchange Bias

• e-beam evaporation

• NiMn growth T : 
T > 120 ºC ⇒ epitaxial (001)NiMn

• No applied field 

• post-annealing : 280 ºC, 1000 Oe

• XRD & TEM : crystal structure

• VSM & MOKE : hysteresis loops
H-terminated Si(001)

Cu(150Å)

NiFe(350~500Å)

NiMn(500Å)

Co(150Å)

capping layer
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Surface-induced     Biquadratic coupling and the 
Associated Modified Astroids
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Temperature dependence of long range exchange bias

NiO(100Å):AF

NiFe(100Å):FM
Cu(t Å):Metal

Dipolar + RKKY
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Highly-uncompensated-spin InterfaceHighly-uncompensated-spin Interface

AF spin F spin

× ×
×× ××

Pinned layer

interface

Pinning layer 

Highly-uncompensated-spin interface exists in bilayers.
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Magneto-transport 
behavior of Half-Metallic 

Fe3O4 
Features of half-metallic magnetite 

1) Ferrite 

2) Conventional magnetic recording medium material

3) Structure :

4) Electrical:

5) Magnetic:

6) Surface states:

7) Spin Polarization:

8) Electronic Band structures:
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Insulator(絕緣體)

Metal(金屬)
Super-conductor(超導體)

Semi-conductor(半導體)

Semi-metal(半金屬)

Half-metallic(?金屬)

(準金屬)

(半金屬or 單自旋金屬)

R
es

is
tiv

ity
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Our Sputtering System:

(a) 直流磁旋濺鍍法

(b) 基版:Si(100)

(c) 基版溫度:300oC 

(d) 濺鍍前壓力:2x10-6torr

(e) 濺鍍工作壓力:5mTorr

(f)  濺鍍時電流:100mA

(g) 薄膜厚度:100nm~500nm

Unique point: low thermal conditions
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F Μ

Vd

V

If  V > Vd

Spin Accumulation

LS
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F1 P F2
E

EF

N↓ (E) N↑ (E)

2IRS

F2,anti-
parallelF1 P F2,parallel

Fig. Model of the densities of states of two ferromagnetic films in interfacial contact with a 
paramagnetic film. Top: In equilibrium the Fermi levels align. Bottom: When a current is 
driven through the sandwich the voltage drop across the trilayers depends on the orientations 
of the magnetizations of the ferromagnetic films.
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TRFR
• Time-resolved Faraday rotation
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Ballistic Spin Transport across Ballistic Spin Transport across 

Ferromagnet/InAsFerromagnet/InAs(2DEG) Multi(2DEG) Multi--junction Structuresjunction Structures



Rashba Spin Splitting

The effective magnetic field Beff felt by a moving charge under
an electric field:

Eukσ ⋅×= ][αRH

unit vector of 
surface electric field

wave vectorPauli matrices in vector form

the Rashba parameter



Rashba Spin Splitting

Beff kx

E

ky
kx

ky

EvB ×−=
ceff
1
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磁性半導體分類

Three types of semiconductors: (A) a magnetic semiconductor, in which 
a periodic array of magnetic element is present; (B) a diluted magnetic 
semiconductor, an alloy between nonmagnetic semiconductor and 
magnetic element; and (C) a nonmagnetic semiconductor, which contains 
no magnetic ions. (From Ohno, Science 281, 951 (1998).)



∗智財權專屬台灣大學，未經書面允許，
不得以任何型式複製

ΜR  H-R曲線與半導體 I-V曲線

半導體 I-V曲線：

V

I

ΜR  H-R曲線:
R~V

H~I

P    N

F N F
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Nanoelectronics

Single
Electron

Nanoelectronic
Devices Molecular

Electronics

Carbon Nanotube
Based Electronic

Devices

Spintronics
(spin+electronic)
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Applications of Spintronics
•Conventional MR—Existing 

•Sensor and Reading Head—Existing 

•Spin transistor—New 

•MRAM—New 

•Magnetic logic device, quantum computer --
New
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Areal Density of Magnetic HDD

20101970

1

10

A
re

al
 D

en
si

ty
, M

bi
ts

/s
q.

in
.

1980 1990 2000

25%=2 X  per 3  years

60%=               1.5

25%CGR 3380E
3380K

60%CGR
Ultrastar 
72ZX

Ultrastar XP
Ultrastar 2XP

Ultrastar 18XP

3390-2

Ultrastar 36XP
Ultrastar 36ZX

Deskstar 37GP
Travelstar 6GT

Travelstar 
18GT

10-1

102

103

104

105

106

~US$20億

AMC : 
Problem

Read-rite, IBM, NEC, TDK GMR, TMR

MR

AMC: out of 
Nasdaq
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Perspectives of MRAM: Holy Grail

TMR MRAM
Promises

High density
of

DRAM

Non-volatility
of

FRAM

Radiation
Hard

High speed of
SRAM

Low cost
memory

Non destructive
read-out

High speed, low power, non-volatility, large density, and no moving parts
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2003十月27日

摩托羅拉公司基於0.18微米技術的
4Mb 的 MRAM晶片的推出是該行
業的一條重大新聞。Honeywell 公
司最近已批準將摩托羅拉的
MRAM 技術用於軍用和航空航天
應用產品。
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New millenarian of Spintronics

Silicon Age

Silicon-Iron age ? Spin Coherent

Spin SET

Quantum Computer

Spin Transitor

Spintronics

DRAM
SRAM

FLASH

Electronics

FRAM

MRAM
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