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What Is an Electron ?

A particle with both a negative electric charge g=-e and a
spin %2 (magnetic moment m =®@g)

The direction of a spin is usually controlled by a magnetic field
or inter-electron interactions, but there are also on-going

researches to find ways to control the spin using an electric
field.



Normal Electronics

- An electron as seen by an electronician

Normal electronics considers the manipulation of electrons by
using their charge for storage and processing of information.

Application:

Metal Ga.te
| n' Y n_ty: inultur 1. LogiC gates
source drain 2. Random access memory

Disadvantages:

_P-type Silicon Substrate 1. Volatility of the information
ack contact -

2. Large energy consumption

MOSFET 3. Limited storage density



Normal Electronics
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Normal Magnetism

An electron as seen by a magnetician

A magnetician wants to develop materials in which
the electron spins tend to align.

Others

Soft ferrite L
Amorphous

Ni-Fe/Fe-Co——

Hard ferrite Hard
Magnets

Fe-Si (GO) | -~ Sm-Co

Soft
Magnets

1 11
IIIIIII
|||||
llllll
llllllll
'|I|:| |||||||||||||||||
IIIIIIIIIIIII
llllllllllllllll
IIIIIIII

Magnetic
Recording

Iron (tapes)

Iron— ¢
/ Others Ni-Fe/Fe-Co (heads)



Ferromagnet £k % {2

uniform magnetization

anisotropy axis
("easy" axis)

Electron magnetic
moments ("'spins")

Aligned by
"exchange interaction"

Bistable:
Equivalent
energy for
"up" or "down"
states
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Ferromagnets are used to store data

Current
>

S

N
Ferromagnet with unknown

magnetic state >
Current
N

cO,

611




Magnetic Data Storage

computer hard drive stores your data magnetically

11 q{'ead—” 66 Wfite »
Head Head
‘ Signal
EE@ %% [ J current
g :
S N
N S
< ”
Bits” o
'f"’.%i'}E '2?? == 1’—1: direction of disk motion 1nformat1{n



Spin Electronics

/ Purpose of spin-electronics \

Combine electronics and
magnetism in order to develop

and spin of an electron play an
@tive role.

new devices in which both charge

/

New fundamental physical questions

New phenomena

New devices and applications
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# Memory cell

—
e Dl
Ml @

| S

Magnetic
engineering

u‘ Magnetic memory
spin Permanent magnet ..

Write Head

High-Moment
Yoke Materials

Interfacial
Nanolayers

L Read Head
bk 9 — Exchange

— ‘; Biasing
Electronics HDD ( Hard Disc Drive ) read head
Semiconductor GMR — Large TMR + Low R;
Transistor .. Large CPP-GMR
spin —FET( spin —fielg effect transistor)
Fhi
B Half matal High spin
Haif metal injection
Efficiency
" ipEe into

or

Mon=-rmagrielic melal SemICOHdUCtor



~ How to Use “Spin”?
—i—H—)—@—Pﬂ(—@—Pﬂﬂ- P1// P2
Light

—H-H—@—»«—@ » P, 7P,

P, ® Polarizer P, ® Analyser

_%_.fm .ﬁﬁ M,
Electric
Current
e — o
N

Ferromagnetic thin films




Giant Magnetoresistance (GMR, E#EH)

Magnetic field
=1 —— == | m—_
Fe | J
Cr
Fe |

Baibich et al., Phys. Rev. Lett, 61, 2472 (1988).




Y Physics 2007 - Microsoft Intemel Explorer
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GMR Head on the HDD
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1951
ercury memory Today

(UNIVAC) 0.85"HDD, 4 GBytes, 12.5 MB/sec




l Tunneling Magnetoresistance (TMR, k& ZF %% BB FH )

Substrate .
Magnetic Tunnel Junction
(MTJ)

Co/Al,O3/NiFe
(e [iFe
g °
16} A

12}

MR (%)
'ﬂ" hvﬂ.

G | § ]| o)
D o P AL

-';:m ) 200
H(Oe)




Magnetic Random Access Memory (MRAM, #%[E#1 77125

Tunnel
— & --"‘-.
barriers

.I " ' I Erercrtur?{fliggsn etic "o

'! .H'O.H' .I'.I"I n
f' l! Low resistance state High resistance state
“Bit” hnes —
lll "llll l T
4-Mbit MRAM
(Motorola)

Word line Jf layer (FM) I%—Eﬁt’ Ab%%_lé_l_’ ﬁ)ﬂi
sinned ngllc?l; r(FM) 7_11% }_‘—'fERE*I:EI_J’ Eﬁﬁ

B = 10 <IN B 64M!

FEM AT : Motorola, Everspin, Infineon, SONY, Toshiba, Hitachi




l Spin transfer torque (STT,Bhe4:# /1%E)

j .
A

hard soft

GMR & TMR: Magnetization changes current

Can it be reversed?

Spin transfer torque: Current changes magnetization



Spin transfer torque

unpolarized spin polarized spin current with
current current change in spin direction
» #

o

¥

MZ
_ N J
pinned Y free
layer nonmagnetic  |ayer
Spacer
5
R(I)
- - _,_.-"""’# R{H)
Co Co
H !
N N [ o IEHL ‘
F1 F2 [ransport current Magneti fiew

= Current is spin polarized as it passes through the pinned magnetic layer.

= If the net spin direction along M, is different from moments M, of free layer then there is a
spin torque acting on the moments M,

= M, rotates as current passes through it.



Spin torque applications

Bit line
Iwrite l / Ijl,BL
= 0[O O

P..n--l--n'lp ..

]
Word line I I| I

H L
WL

Gbit Mbit

= .

qt) tching field increa:ses

o Spin
o transfer
c

k=

= Normal
= writing

Memory Cell Size

The critical current density (=107A/cm?) is too high!
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1B B hedE #% 1 3B XA

10N
10Fstructure 1L AP .
B! : - 103
9.30 [ 1
L of ]
9.28 |-y | H 102
2 ox| om 2
o i 4 101
9.24 - - Size: 280:90 nm?
922 |- p - 100
|P® AP 7
S ol RV R TP BRI SR BT 9.9

120 -80 -40 0 40 80 120 /
I (mA)

V.Jiang et al., Phys. Rev. Lett. vol.92,

structure I:

Cu(20)/IrMn(10)/CogyFe 14(5)/Cu(6)/CogoFe 167204(2004).
(2.5)/Cu(5)/Ta(2) (nm) N -
structure IlI: Critical current densities:
Cu(20)/IrMn(10)/CogyyFe;,(5)/Cu(6)/CogyFe;, 2.2:108 A/cm? (structure |);
(2.5)/Ru(0.45)/Cu(5)/Ta(2) (nm) 1.8:107 A/lcm?2 (structure I11).

The Ru cap layer effectively decreases the critical current densities.
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ex?

Assume Happ

I 1/ .

2= IS spin transfer efficiency. Then
e(structurell) _ 1., _J. _1.8"10°

= = = » 8.2
e(structurel) 1., J., 22710’

3r2aLLGMS (Happ + Hex B Meff)]\
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\

13 (107cm?/A)

HEe % %
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I

-12

qe Ll v
0.0 1.0 15 2.0

ARA (mo uml)

25

A FesoMng, cap in the pseudo-
spin valves by Urazhdin et al.

A Ru cap in the spin valves
(our results)

1/J. L DRAp P

P ® spin polarization

V. Jiang et al., Phys.Rev.Lett. 92, 167204(2004).

If 2-(structure 11)=0.5, 2-(structure 1) is 3 " Phiys.Rev.Lett, 92,
\only 0.06.
Different spin transfer efficiencies between the two structures

/



R 3GHR B BEIR 45 R STTIIm 57 F i 2 2 B KR PR

400:100 nm?2

CogFeyp RU

Cu

5.92 - < T‘?

- — —
— — —p

- — —
—_— e —
l

250 500
H (Ce)

Structure I

750 1000/

5-95_ LI L | T T T T _600 LENE DL DL LR B B
2ol He00e {599 HH000e ]
592 15981 1
2 591} 1597} ]
590 1506l [ ]
w S90F || 1596 _
588 L 1595+ .
537/ N P I NI A 594 P T RIS S SRR
6 -4 2 0 2 4 6 6 4 20 2 4
I (mA) I (mA)
< T >23 100 A/ ]
cm?
=1 (? ° o—° o
s |
of
L |
af" - T _a—AP->P]
L . —0—P->AP
2 12 10° Alem? | [
0 100 200 300 400
K H (Og)

YV Jiang et al., Nature Materials, vol.3, 361(2004)

Ta(6)/Cu(50)/CoyyFe(5)/Ru(6)/CoyyFe o(2.5)/Cu(6)/CoysFe o(5)/IrMn(10)/Cu(5)/Ta(2) (nm)
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. . ) a2
- - ASSUmMing L,-|= 10 nmand j=1 A'm-.

\ Asymmetric configuration
L.Berger, ] Appl.Phys. 93, 7693(2003)

(a) Asymmetric configuration of layers: (bt values of A g/ K are

FIG. 2. fa) Antisyimmetric config LII1[IDI'I of layvers. The two possible direc-
[IDI'IS of 51 are shown;

Six times higher spin accumulatlon'
Antisymmetric configuration /

hl \“I|LIES Df _‘-.,h }\.. are plnrted VS X " fnl the

According to the equations of Berger, in
our structure:

When S,//S,, %Ru has the same sign

D .
as ?”1(: , therefore enhance spin transfer.
u N

Cu Cu
. S S S
Berger’s ] | i 3
structure _> 1 "¢ I T
Ru Cu
j S, S, S;
Our structure — T .,<1> I T

When S,//-S;, D?Ruhas an opposite

) D
sign as -
9 K”‘Cu
enhanced.

, Spin transfer cannot be
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E. B. Myers et al., Science 285, 867
(1999).

J. A. Katine et al.,PRL 84, 3149 (2000).
F. J. Albert et al., PRL 89, 226802,
(2002).

Y. Jiang et al., PRL 92, 167204
(2004).

Y. Jiang et al., Nat. Mater. 3,

361 (2004).

G. D. Fuchs et al., APL 85, 1205
(2004).

M. Yamanouchi et al., Nature 428, 539
(2004).

H. Meng et al., APL, 88, 082504(2006).
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Memory devices with magnetoresistive properties have had limited commercial
One propo sal for reducing the current I‘EC]UiI"Ed 1o success but new spin torque driven magnetization switching designs may provide
switch a nanomagnet was presented by Berger [80]. greatly expanded storage capacity.
Figure 15 illustrates the proposal. For a free nanomagnet By Jtax-Gave Znv, Fellow IEEE.
sandwiched between two oppositely fixed magnetic developing effort of STT-MRAM technology. Many
polarizer layers, Berger predicted a sizable enhancement schemes have bee suggested to reduce the Gilbert

damping constant of a storage layer. Experimental studies
have found that an Ru layer, or Ru-based composite
layers, deposited on top of the storage layer, could lower
switching current thresholds, and reduction of the Gilbert
damping has been suggested to be the responsible
mechanism [55].

L. Y. lang, T. Nozaki, §. Abe, T. Ochiai, A. Hirohata, N. [55] Y. Jiang et al., “Substantial reduction of

Tezuka, and K. Inomata, Natwre Mater. 3, 361 (2004). critical current for magnetization switching in
an exchange-biased spin valve,”™ Nar. Marter.,

vol. 3, p. 361, 2004.

{Proceedings of the IEEE)

of the spin-transfer effect, and an approximately sixfold
net reduction of the threshold current. Several recent
experiments [81] seem to confirm the existence of this
enhancement, although a quantitative comparison

with model results has yet to be made.



8 Emerging Research Devices

LADN/YUVE

International Technology Roadmap for Semiconductors

RAM B . )
, S e sl SONOS FeRAM MRAM PCM
Stand- Embed- 1 NOR NAND
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= } » - A ) H changing
| a hous
Storage Mechanism —] / \ é:k 'Hno:l}:d]ous
) j l ‘ (':I ) crystalline
phases
Cell Elements \ , ] 1TIR
Fearure size 2005 £ 3 & 90
£ nm 2018 s ' % 18
2005 7 oF2
Cell Arca >
2018 SF 12F 140 F 10 F 5.5F 16F 16F 4.7F
Read Ti 2005 <15 ns 1ns 0.4 ns 14 ns 70 ns 14 ns 80 ns [D] <25 ns [G] 60 ns [1]
et Lame 2018 | <15ns <1ns 70 ps 25 ns 12 ns 25 ns <20 ns [E] <0.5 ns <60 ns
_ 1 us/ 1 ms/
) 2005 <15 ns 1ns 0.4 ns 10 s 0.1 m . ‘
W/E time Py pa—- ﬁ %*&4& EE‘Y ﬁl;ﬁ 1& J% )\
us
2018 <15 ns 0.2 ns <0.1 ns 10 ms 0.1 m }IL/\ —a)
Retention 2005 64 ms 64 ms [T} >10y > 10 i{ Ah ‘\*
Time 2018 64 ms 64 ms (93] >10y > 10 {}[L [] ﬁb A {
Write 2005 >3E16 >3E16 >3E16 >1ES >1EEL .
Cyeles
veles 2018 >3E16 >3E16 >3E16 =1ES >1EEf Y .Jlang et al.] o
Wrire 2005 25 25 1.2 12 15 -
operating
voltage (V) 2018 1.5 1.5 Q.7 12 15 40—-45 0.7 - 1 < 3
Read 2005 25 2.5 1.2 2.5 2.5 2.5 0.9-3.3 1, 3
operaiing 1 1 15 0.8 1.2 1.2 25 0.7 -1 <3
valtage (V) 2018 5 ) . - i . T
Write 2005 1E-16 1E-16 7E-16 8E-15 8E-15 2E-15 2E-14 1 1£-10
CHEFYZY .
¢ J/bit) 2018 4E-17 aEe-17 2e-17 3E-15 3E-15 3E-16 4E-15 2 Not known
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Write has a
c e Destructive potential to
QRIS read-out lower Write
current density
~ jiand energy [K]

[K] Jiang, Y., T. Nozaki, S. Abe, T\ Ochiai, A. Hirohata, N. Tezuka, K. Inomeara.

“Substantial reduction of critical current for magnetization switclhing in

an exchange-biased spin valve

v Nature Materials.

3 (2004) 367-364.
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Spin transfer torque (STT)

Spin Torque from j,,. (Oe)

Without Ru cap
Out of Plan
In Plane
0 0.5 0.5 0.75 1 1.5 15

a0 Out of Plan

With Ru cap
Out of Plan _

/mF”a‘rE/_’_/-

0 05 05 0/ 1 1» 15
Angle g,

Spin Torque from j, (Oe)

Without Ru cap '

In Plane

0 0% 05 o0m 1 1» 15

With Ru cap

Out of Plan

% ]
O} ; . . L

0 0% 05 o0m™ 1 15 15
Angle g,

Phys. Rev. B, 72, 064439 (2005).



Effect of the Ru thickness on STT

J 1215

1.210 T T T T T |
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Structure V: é T \16x106A/cmZ ]
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Appl. Phys. Lett. 86, 192515(2005).



STT in SPVs with a low aspect ratio of 1

1.325
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1.315 |
1310 |
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@ 1300 [
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1.290 o i .
MR_1.4 /0 1'285 [ 1 1 1 1 1 1 1 1 ]

1_ 285 1 ] 1 ] 1 ] 1
-500 -250 0 250 500
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Size: 100:100 nm?2

Structure: Ta/Cu/lIrMn (10)/CogyFe,, (5)/Cu (6)/CogoFe,, (2.5) /Cu (5)/Ta (2) (nm)

Appl. Phys. Lett. 89, 122514(2006).



‘ Current-induced domain wall motion

Spin transfer torque (STT)

Spin-transfer torque MRAM
(Current induced magnetization
switching)

Oscillator and spin diode

Q/Iagnetic racetrack memory

%

Current-induced domain wall motion

rent (Jc)

conduction
ctron (s)

Domain Wall

| $
—> —> v A

localized moment (S)

.

o)
Y,

\

From S. Maekawa /

\Magnetic domain-wall racetrack memory

run,

‘é

" Reading

Wrilng
E feti
i U 4
’ Racetrack .
storage array

Horizontal racefrack

Courtesy of Stuart Parkin.



Micromagnetic simulations
Object Oriented MicroMagnetic Framework (OOMMF)

LLG equation with the STT contribution

O =~ JgiH" m+am” ST (W) m+bm” gu>N)mg

u=JPgm/2eM

Where J is the current density and P is the current polarization.
Electrons flowing toward the right means that u > 0.
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Current-induced domain wall motion with different dimensions

Electron flow
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LengthL=5 @®m

Width W = 20-200 nm

Thickness T = 3-8 nm.

Material parameters of Permalloy

Saturation magnetization: Mc=8 X 10°A/m
Exchange energy coefficient: A= 1.3X 101 J/m
Gilbert gyromagnetic ratio: y= 221000 m /(A-s)
Damping constant 4= 0.02

Maximum cell size of 4X4XT nm3

W=

Mt

total

M, /M, =- tanh(2x/D)



Average wall velocity v (nv/s)

W) - T ! 160
~b=0 b=a b=2a 1
—
—u—160:8 —=—160:8 —=— 160:8 'Y 700 L ./l—"" B 4 140
1200 -v—120:6 —v— 120:6 — v 120:6 / A 4 /l/ / ]
e 100:5 —e—100:5 —&— 100:5 -~k vy /' . 1120
1000 E*— 60:3 —x— 60:3 60; e i - / ]
| / / ./ /D 1100
S(D i ?ﬁ »n 6(x) i ./ /D 7
- E O —a—u, -4 80
Gm | b 30 3 / D/ —{1—D i
L .// n / _ 60
400 4 Y ¢ 500 | D’D
' / / / / ¥ ;- 1%
h / / [ ! - B0 1
* 120
0 1 Py 1 ¢ }MLAA}/ l L 400 PR NI TR [N TR SN SR NN TN NN S N S N T S T
200 400 600 800 1000 0 0 40 60 80 100 120 140 160 180 200 220
Current velocity u (m/s) W (nm)

1. The critical current density increases with the decreases in both the width
and thickness of nanowires due to the enhanced hard-axis anisotropy.

2. While the thickness is fixed, the critical current density decreases with
the decreasing width of nanowires due to the domination of reducing domain
wall width.

D(nm)
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FEHEEZEEE (PMA) EiE

spin

charge

Hard disk drive (HDD) Magnetic random access
read head memory (MRAM)

= Good thermal stability

= Low critical current for spin
transfer torque

AFM

Conventional Perpendicular


http://www.mram-info.com/everspin-emd3d064m-photo

Strong PMA,;

Rare-earth/transition-metal alloys | | Low thermal stability;

ThCoFe,GdCoFe and SmCo ,et al.

Strong PMA,;

L1,-ordered CoPt (or FePt) alloys || High thermal stability;

Co-based multilayers

High fabricate temperature.

Strong PMA,;

Low thermal stability;

reduced spin polarization (SP)
[Co/Ni],, [Co/Pt], and [Co/Pd],

<

Low SP

A
Jos
N

Small TMR effect

SP value is a key factor to determine
TMR ratio according to Julliere’s
model.

M. Julliere, Phys. Lett. A.54, 225(1975).



Half-metallic full-Heusler alloys

3

T P S. Wumehl, C. Felser et al
Half-metal: P=1 3 Heusler alloys (PRB, 2005)
E N} 7 _ .o’v
& || Co,CrAl Co,MnSI 1 co_MnAs =
> 8 [ |Femnsi | |Co.MnGe ~TFCOMnSh) &
S 5 I | RuMnSi Co,MnSn [’ PG qg)*
Ly = Ru,MnGe Rh,Mnin Q) COFEAl 2
t \D(E) 2 4 [ | RuMnsn Nﬁmm}g ONi,MnAl | 2
5 3 [ Co,VAI 0 Rh,MnGe
= 5 L Fe,MnAl \% _ Rh,MnSn
TMR = 2P,P,/(1-P,P,) 2 e sy =g BT
TMR=ow forP=1 £ 1 v |[FeCrAl
o (\)\ Sl TN Co,MnAl
~= 0 — . 2
Heusler alloys X,YZ g, % | Fe,VAI Co MnGa
$ L o Rh,MnAl
v L2 > | Mn,VGe Rh,MnGa
' 20 | MnVAl Ru,MnSh
X o N Ty T W

20 21 22 23 24 25 26 27 28 29 30 31 32
Valence electrons per unit cell (Z,)

Courtesy of K. Inomata |. Galanakis, PRB 66, 174429 (2002).



PMA thin films

J The Co,FeAl thin film is always in-plane magnetized.

1500

. 1
1000-() o

L ——in-plane -
500 | ——outof plane

0

M (emu/crm’)

-500 |-

Intensity (arb. unit)

-1000 |- .

_1500 ' | ' | ' | ' | ' | ' | L1
20 -15 -10 5 O 5 10 15 2

H (KCg)
Magnetization curves for a Co,FeAl film with a thickness of 30 nm. The magnetic field
was aligned in the film (black lines) or perpendicular to the film (red lines).

Can full-Heusler alloy films be perpendicularly magnetized?
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Tb-CFA based CPP SPVs
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Schematic of spin valve with TCFA as
the free and reference layer.

Appl. Phys. Lett. 96, 142505(2010).
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Background & motivations
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Resistance

Electric-field controlled magnetism - Future Memory
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Chu et al, Nature Mater 7, 478-482 (2008).
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Multiferroic BST/BLFO/BST sandwich
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Bi-relaxor multiferroic behavior

BiFe, sMn, :0,/CaRuQ, heterostructures
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Defects control in Co-doped BSZT films
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Electric-field-induced change of magnetoresistance
In multiferroic spin valves
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Fig. 1. The schematic illustration of the multiferroic spin valve structure.

Fig 5. CoFe/Cuw/CoFe spin valve stmctures based on BFO film.
. (a) Magnetic hysteresis loops: and current-in-plane magnetoresistance measurements with (b) no
VE was appl Ied to Change the applied voltage, () applying 0.5 V. and (d) applyving —0.5 V at room temperature.
magnetization of BFO layer

IEEE T. Magn. Vol. 47, No. 10, 2011.
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