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Sony Walkman portable audio cassette player
in 1979.

In the 20-year history of the Walkman devices,

100 million units were sold in the U.S.
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1959, -E.S.h'ba Helical scan VTR Card reader from Kimaldi

http://history.sandiego.edu/gen/recording/mag/p0.html
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1956 24inch Hard diskx 50disks=5MB 14inh disk cartridge:10 ME

Head assembly of ST412 Drive (10MB drive AT 4.3GB. disk drive

1975 8-inch floppy disk (800k) 1962 IBM 24 inch drive 1301

—
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ST412 10MB full height drive

; Capacity: 50MB
* access time: 200
msec
535 bits/ inch
x 50 tranck/inch

From left to right in the front row: An 8 inch drive, =26,500 bits/ inch?2
a 5 inch full height drive, a 5 inch half height ntp://nistory.sandiego.edu/gen/recording/mag/p0.h
drive and a 3 inch 1.44 MB drive. http://www.arcula.demon.co.uk/perf3.htm
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[Fe inmdCr 1 &nm] =30

[Fe 2nm/Cr L2nm] =35
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http://pc.watch.impress.c
B30 Fe/Cr ATHFOMMES OSSR (AR EESER) Y 0.jp/docs/2004/0309/alps

28, Oct., 1998,
Japan IBM
announced 3.5
inch HDD (Hard
disk drive) using
GMR head.
http://pc.watch.im
press.co.jp/docs/a
rticle/981028/ibm.
htm

LHEAR—ILF
120 nm
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TMRIN

THRERL—ILF

http://www.hgrd.hitachi.co.jp
[crl/nrd/02nrd5-1.pdf
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Challenge to single-crystal TMR
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AN Gl ARl 4 nin i
After A. C. C. Yu, et al., JJUAP 40, 5058 (2001) S. Yuasa, Y. Suzuki et al., Europhys.
Lett., 52(2000)344.

Totally single crystal TMR Device
using MgO(001) barrier

it " Fe(001)
tER T e v
S “ MgO(001)
* Fe(001)
2 nm

S. Yuasa, Y. Suzuki et al: Nature Materials 3, 868 (2004).
Cross-sectional transmission micro-scope images of Tunneling Junctions
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2011 Video recorder with 5 T bite Hard disk
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(Google Details, and Defends, Its Use of Electricity Eivety e o pesios rubd 4 ooyl i
. search, vatches o VouTubs videa or gy
sriade & meseage Uoough Ganail. tie i
comapany s data centers fall of il
cisibpnslein e wlectE 1 Thaae dats e fi sl
centers aroundd the world continmonsly o
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nuclear power plant -.||';.'|'-_:'.,"|,"uﬁ“I Mamilia, Firiand, Sl et Sl

1']1 R A, this « ki pank Yiaa lllllr
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speculate it was because the information vas embarmassing
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Futdished: Sepbemier 8, 2011 to the library, “Tley fook big in the small confext,” Urs
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Au L
c positive bias)
(4]
Co _t.H
FlGs. 1. [Schematic of pillar device with Co (dark) layvers sepa-

rated by p 60 A Cu (hght) laver. At positive bias, electrons flow
from they thim (1) to the thick (2) Co laver.
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Albert et al.,
PhysRevlLett.89(2002)226802
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[ Molecular Beam Epitaxy chamber }

Titanium getter pump |
lon Pump | -

Sample introduction _
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Suzuki lab. Department of Materials Engineering Science,F117
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Introduction

with low power consumption.

In the practical applications, it is important to operate the devices

Spintronic devices

Semiconductor devices

Ve
I TN = = } ....... ... r’,

| { /

Current-base I v,

base

emitter ‘ collector

Bipolar Transistor

g EEN Emm B BN B S S S S . .y

Electric field-base

\
|
|
|
|
|
|
!

gate
1]

source drain

Si substrate

Field-Effect Transistor

38
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J.-M. Lee et al. APL 82, 2458 (2007)
Laser Beam

D. Chiba et al. Nature 455, 515 (2009)

Pl A 0,

* Mechanical distortion
 Low temperature
« Complicated material

Problem for practical devices

39



'\—-—'r‘- - 'Y" "._

T. Maruyama, Y. Shiota et. al., Nature Nanotech. 4, 158 (2009)

+ | = —~| —-200V
3| —+200V
ITO :Efm; 2
Palyimide (1,500 nm) %
MgQ (10 nm) ?—) tFe = 0.48 nm
Fe (2—4 ML) . — (3.3 ML)
Au (50 nm) g
Cr (10 nm) ZL}
Mg (10 nm) : . .
Mg (001 5ubﬁH H -1000 -500 0 500 1000

Magnetic field (Oe)

Electron filling of 3d orbitals at the surface of magnetic layer is changed

by the voltage application.

Magnetic anisotropy change

Electrode

MgO DY

Ultrathin Fe
Au

40



How can we switch the magnetization by electric field?

Field-assisted switching

H
E

0
0

E+0

m I
[T
o o

E+0

41



How can we switch the magnetization by electric field?

Quasi-static switching Dynamic switching

m I
o
o o

E+0
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LLG equation

dm
om X ——

H,_ (V)-
WX eﬁ( ) df

(Heﬁ‘ — _VEmag + HThermal )

1
Magnetic energyd £, ,, =— (Hcy2 +|H

2 S, perp

(V)‘ZZ )_ m - (Hext + Hdipole )

S,perp
Hg perp (-1 V/Inm) =

H (0 V/inm) = 1400 Oe

600 Oe

<|nitial state>

o e
___.-"" Hﬁ"'\.

H,, = 700 Oe\x‘_

<Applied voltage>
VT?O ps 70 ps

IE
pulse

v

-
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[] Calculated trajectories(]

H..=7000e, T=0K
VT?O ps 70 ps - pmse =04 ns

B

Switching probabilities

* oscillate depending on 7, .

* become smaller for longer 7, . 44



TMR curve under tilted (6° ) magnetic field

410 . - . - . - B°

Resistance (Q)

5701 By tilting the magnetic field,
360+ — « Cancel the dipole field
Magnetic field (Oe) « Apply perpendicular magnetic field

Experimental set-up

— < - Pulset
| | | I
‘ é Attenuator enerator

I rise(fall) time : 70 ps
MgO (1.5 nm) ’ 2 kQ §

Lock-in

Au
i amplifier

= 45

Magnetoresistance
measurement




Results

Resistance (Q)

Hey = 700 QOe, 7,5 = 0.53 ns
-1.0 V/nm +1.0 V/nm
405'_ AP state | 405'_ AP state
400_)00000OOOOOOOOOOOOOOOOOOO_C_ 400__ )0000000000000000000000000000000000000000
3954 a 395—_
390- = 3901
385 3 3854
3801 § 380+
3754 % 375—_
370- ® 370- i
365]0©0000000000000000000 ) Y 365 AWMV
360.] - Pstlatel ] 360 | IPsltatel -
0 10 20 30 40 50 0 10 20 30 40 50
No. of pulse No. of pulse
Toggle switching between P No magnetization switching

and AP magnetization state

Only negative pulse voltage excites the dynamic switching
due to the induction of perpendicular magnetic anisotropy.



Results

H.. = 700 Oe

''''''''''''''''

APL P
(Magnetization was always initialized to AP state before pulse voltage application)
-1.0 V/nm

720/ RN 0 T

| | RN O
700“_. ) R — mh. L S—
680- I:' | | = sl

] I o %
660 - I "} .

' | S 0.6-
640 11 I p s
6201 D 0.4
600 4 -E_,
580 g %%
560 D 00
540 -

Magnetic field (Oe)

0 1 2 3 4 5 6 7 8

P, shows the clear oscillation depending on

pulse* 47




Power consumption

Power =1,,,...Vt+ cv?
Our device UCLA.Il  Ideal device STT-MRAM[
(200 x 800 nm?2) (?) (630 nm) (430 nm)
Lcakage V't 260 [fJ] 0 [fJ]
C1? 50 [fJ] ~ 0.05 [fJ]
Total 310 [fJ] 1/10 of STT
Total (¢30 nm) 1.4 [fJ] ~ 0.05 [fJ] 90 [fJ]

[1] J. G. Alzata et al., IEDM2012
[2] Toshiba Co., IEDM2012

When the switching was done only thorough the electric field effect,
writing energy consumes only sub-fJ.
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