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Explosive increase of power consumption
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Subsea data centers

“Natick” project
Microsoft




A Taxonomy for Nano Information Processing Technologies

Data Representation

Analog Patterns Quantum state

- Device

| Digital |

-

/M aterial Carbon || Strongly correlated mat'ls

Nanostructured mat'ls

Electric charge

Strongly correlated
electron state

Molecular state

ITRS 2013 roadmap .K]ST



Transport, manipulation, Transport, manipulation,
storage of Charge storage of Spin

First
transistor

micrometer

nanometer




Spin-polarized electron transport:

The discovery of electrons
J.J. Thomson (1897)

The discovery of electron spin
George E. Uhlenbeck (1925)

Spin-dependent electron scattering
Nevill Mott (1936)

Transistor
Bell Laboratory (1948)

Giant magnetoresistance (GMR)
Baibich et al (1988)

Thomson showed that cathode rays were
particles with a negative electric charge and
much smaller than an atom. He also thought all
atoms contained them. These particles were
later named electrons.
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Lorentz (or ordinary) MR
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Kapitza, Proc. Roy. Soc. A123, 292 (1929).

Fig. 7.—Gold H L L.

Curve 1—Au soft. Temperature of
Liquid Nitrogen.
Curve 2—Auyy hard. Temperature of
' Liquid Air.
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Anisotropic MR (AMR)

@ The electrical resistivity of ferromagnetic metals changes depending on

the direction of the sensing current and the magnetisation (William

Thomson, Lord Kelvin, In 1857 T = - I1 7%
omson, Lord Kelvin, In 1857) E=[py(B) —pL (B)][m-]]m
28 r . -
| ‘—dpﬂ-o—-o NS Ap _ Pi— P,
127 A . _ =
4 -0 PP
Clas Ni 994200058 |
ii |.25—*\+ ‘ e Ap _ PPy
e\ . s P UI3p+Q2I3)p,
L N e e AN -
0 5 10 H(ke;s 20 25 E‘!’f{] Bl:{]-

r=r. + Drcos’q

r: the wire resistivity
Dr=r,-r.(>0)
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Spin-polarized electron transport:

@ The discovery of electrons
J.J. Thomson (1897)

@ The discovery of electron spin
George E. Uhlenbeck &
Samuel A. Goudsmit (1925)

@ Spin-dependent electron scattering

Nevill Mott (1936)

.. it occurred to me that , since
o Transistor (I had learned) each quantum
number corresponds to a degree

Bell Laboratory (1948) of freedom of the electron,
Pauli's fourth quantum number

: : must mean that the electron had
¢ Giant magnetoresistance (GMR) an additional degree of freedom

A. Fert Group & P. Griinberg (1988) - in other words the electron
must be rotating. ]



Spin-polarized electron transport:

History
3 3

@ The discovery of electrons A 2 g

J.J. Thomson (1897) Fermi level

Kﬂ

@ The discovery of electron spin Density of

George E. Uhlenbeck & SgesN(E)

Samuel A GOUdsmit (1925) Normal metal Ferromagnetic

metal (FM)
i : Conduction

@ Spin-dependent electron scattering s electrons FM

Nevill Mott (1936) : -4 R
¢ Transistor N

e >
Bell Laboratory (1948) $ 1
r<r,

@ Giant magnetoresistance (GMR) Different d-band N(E) for spin up and spin down

A. Fert Group & P GrUnberg (1988) electrons at E in ferromagnetic metals

' ' The s-d scattering rate is different for spin up and
spin down electrons in ferromagnetic metals.




Spin-polarized electron transport:

History

The discovery of electrons
J.J. Thomson (1897)

The discovery of electron spin
George E. Uhlenbeck &
Samuel A. Goudsmit (1925)

Spin-dependent electron scattering
Nevill Mott (1936)

Transistor
Bell Laboratory (1948)

Giant magnetoresistance (GMR)
A. Fert Group & P. Griinberg (1988)

PERCENTAGE RESISTIVITY WVARIATIOMN

RELATIVE

RESISTIVITY

Fe/Cr superlattices

T ZERO FIELD

Fe/Cr/ke trilayers

MAGNETIC FIELD (T)

Phys. Rev. Lett. 61, 2472 (1988)
Phys. Rev. B 39, 4828 (1989)



GMR In tri-layer

FNF FNF
spin 7 7
t //" =

/

} \% 2

Z ﬁ

Rf Rf Rf R;
’ 1

spin B i B

}

Ry

RP:ZRR/(R +|%) RAP:(R*"'F%)/Z
_ K



The Nobel Prize in Physics 2007

The Nobel Prize in Physics 2007 was awarded jointly to
Albert Fert and Peter Grinberg
"for the discovery of Giant Magnetoresistance”

1000x capacity of hard drives
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Spintronics & Applications of Magnetism

Magnetic Data Storage

Head

- Magnetic Iab

Non magnetic Layer

- / & Magnetic Layer2
Hard disk drive Recording Media

A -
» Giant Magnetoresistance (GMR) o <
(&) Rap
* Tunnel Magnetoresistance (TMR) S
o
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Spintronics & Applications of Magnetism

Electrical Components

64 Mbits STT-MRAM (MRAM),
Everspin

Microwave oscillators
Magnetic layerl

Tunnel barrier

> & &

- Magnetic layer2 __ : <
LLELLLLL LELLEELLLL
" |
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Magnetic tunnel dla

junction Magnetic sensors
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Spin-Orbit-Torqgue MRAM

Thermal Spin-Transfer Torque
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MRAM

Magnetoresistive
Random Access Memory
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Conventional

Magnetoresistive RAM (MRAM)

Single MRAM Bit Cell Magnetic
== — - tunnel junction

- IR 1N e CESER R St s E I A e ] | B -

" - | Ms : Bit Line '

b Back-end * _ o |

| MRAM | TV

B 4 module _ | ) . .

B - « [via !

ke z [ S

B :]' Front-end . | M@ Digit Line I

; = CMOSs | |via + Transistor ]

- = module = | M2 | Common | m2 Current

g - ; Word - ‘rr

- = . Via ia

B B | — Lpne Lol

H E ' i M1

:.: I..I I CN

i ok B ] emd e B et P ;_ Drain CMOS

Silicon Substrate

4 Mbits Magnetoresistive RAM
(MRAM), Everspin Inc. S. Tehrani (2003) Proc. of IEEE 91 p704
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Basic MRAM operation

Writing operation

Ihard

Digit line

Cross-point architecture

S. Tehrani (2003) Proc. of IEEE 91 p704 \ HeaSy#" 0& Hparg#0 /I(I T



MRAM into market

SIEMENS

s

EMERSON.

Network Power

Source: Everspin Inc.

MRAM used as write journal for RAID Storage
Power fail recovery increasing system reliability & uptime

Recognized Everspin for Perfect MRAM Quality
250k+ systems with no reported failures to-date

Critical Storage for Industrial Computing Boards
Robust & reliable non-volatile memory solution

MRAM products for A350 Flight Control Computer

Critical program and data storage in extreme environment

Non-volatile memory for Superbike Engine Control
Reliable power fail safe memory for automotive temperature

]
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-MRAM

(

Magnetoresistive Random
Access Memory)
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Magnetic moment vs angular momentum

Classical Magnetic moment Angular
model foran for atomic orbit: momentum for
atom: r . atomic orbit:
= P r.r
Vo m. = 1A L=r"p
€ BBV O o\ )
== —+( F)Z = rmvz
8201 5
evr .
T2
. - . oevr/2
u, =vyL T=-
rm\v

“The gyromagnetic ratio”

e m 2 m. Forspin angular
9 =—F—=- : >, = -——= momentum, extra
2me h h factor of 2 required.

]
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Pufall et al. (NIST)



Larmor Equation

H

Magnetic field exerts torque on magnetization.

r
(definition of torque)_L T g © — (gyromagnetic ratio)
dl\/l
- = T
at 7

Pufall et al. (NIST)



Spin transfer torque

In 1996, Slonczewski and Berger independently calculated the spin
torque in metallic multilayers.

Current-driven excitation of mﬂgnetic mu“i]ayer.‘i Emission of spin waves by a magnetic multilayver traversed by a current
1. ¢ zewski _ L. Berger _
J.C. Slonczewski Deparmient of Physics, Carnegie-Melion University, Pinsburgh, Pennsvivanta 13213-3590
1BM Research Division, Thomas J. Woison Researelr Center, Box 206, Yorktown Heiglis, NY 10580, 0154 (Received 31 January 1996)
Received 27 Ocrober 1995, reviged 19 December 1995

. . g =
S, Sy Sz__a ) <48,
/T\\_t Sgﬁ% SI .
N\ L4

Stiles et al. (NIST) . K]ST



Equation of motion

In-plane STT Perpendicular STT
dM ror r g r_.r_.r r
Heff - »-gM”~ (H +bJ|\/|2)—M—SM M~ (aH +a;M,)]
4 Damping
M
< STT
FLT

e In-plane torque (a;) competes with
the damping (a)
whereas perpendicular torque (b;)
acts like an effective magnetic field.

Kl

By courtesy of prof. K. J. Lee (Korea Univ.) e bt o S



Current-induced Switching dynamics

Low current R High current
— damped motion /_,_-,_-_-E_fieCt'Ve field — switching
AEIERNN N CUDNS
RN y 'oﬂk\\ |
(/ /A Initial f l‘!‘
[N/ " Magnetization | "
| A\ [

/ High current,
- high field
— stable precession

Stiles et al. (NIST) K]ST



How much current to induce spin dynamics?

Torque p to current density: must have high current

densities to produce large torques

Typical wire Required |,

[1mm | »0.1 MA

Size of a human hair
~I 10mm | »10A
» 500 atoms across
\¢ 100 nm 1» 1 mA

We will use nanopillar and nanocontact structures
Pufall et al. (NIST)

Possible

X

]



Basic MRAM operation
Writing operation

-~

Heasy= 0& Hhard =0

S

| > I, (if b=0) 1> I (if b= 0)

dM ror r g r..r_.r r
H»_QM (H+bJM2)_M—M [M (aH+aJM2)]
S




STT-MRAM architecture

Magnetic
Tunnel
Junction

(01

Free Layer .

Reference Layer ‘ '

L

Source Line Current

Word

Line -,

Transistor

Architecture of
the spin-transfer-torque (STT) memory
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MRAM vs. STT-MRAM

Standard MRAM STT- MRAM
- Switching by - Switching by
c . . c . .
9 magnetic-field o spin-polarized current
5 5
O O
(@) (@)
< <
< N
= =
& &
Size of the bit Size of the bit
* Current (MRAM) ~t /L * Current (ST-RAM) ~ t x L2
€ Shape anisotropy dependence e Constant current density
Standard MRAM DRAM/SRAM | FLASH STT-MRAM
Program Energy
(90 nm process) 120 pJ S pd 30-120 nJ 0.4 pJ

KT
S. A. Wolf, IBM J. RES. & DEV. 50, 101 (2006). 1 S



MRAM into market

8§ DRAM Flash scaling

100G

NAND Flash

7] 10G (128 Gb/4F?) JRCTIINg I\SATRTAM 2012 64Mb
el G ’ 1 d 2016 1Gb
g 2020 16Gb
=

2 0.1G Flash  J*...,..

Q (10F2)

Q 100M

10M

103 106 10-°
Program time (sec)
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STT-MRAM into market

: TR v . P
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Everspin Introduces
The 64Mb DDR3 ST-MRAM

b= RYSRRY

PThe MRAM Companym
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STT-MRAM In Korea

| '\ | | X

Leading Innovation >>>

Hynix & Grandis sign
License Agreement
2008. 4. 3

Samsung acquires Grandis Hynix & Toshiba
2011. 8. 2 co-develop and produce

MRAM products
2011. 7. 13

]
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Perpendicular MTJs

17 nm

Samsung (2011) IBM & MagIC (2012) Toshiba & AIST (2012)
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Thermally-stable ferromagnets

E, =60~ 80k, T
3o Ea o KV
kK, T kT

]
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Thermally-stable ferromagnets

e L1, structure of FePtB layer
on the CoFeB/MgO layer

5 nm

Appl. Phys. A 111, 389 (2013) KIST

Ky> 1.0 x 107 erg/cc
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STT-MRAM

S * High power consumption (Joule heating)
In magnetization switching
‘ | =10/mA
E, =60 ~ 80k, T vV =0.5V E=25f] =6.25710°k,T
Do Ea o KV t =5nsec E, = 60~ 80K,T
kT kgT

 Electric Field Control of Magnetization

electrode
E dielectric
h - Reduced power consumption

- Compatibility of electric field effect devices
with semiconductor integrated circuits

]
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Enhanced E-field control of magnetism

« Enhanced electric-field control of magnetism by interface
engineering

I mg I 1 I I I
|| = CoFeB/MgO e
. L 4L AK/E=05x10¢ Jf{uw'lﬂ -
Capping = "y
= ..‘-"'-
CoFeB o g
+ + + + + + @ 2F = °
MgO >
(=}
Hf (0 or 0.08nm) g at
""" o CoFeB/HfIMgO
CoFeB z AK  /E = 2.6x10% JI(V'm?)
L - -
0
L
Si0,/Si (substrate) o .| o
E 1 1
2 1 0 1 2
Voltage (V)

J. Phys. D 48, 225002 (2015)
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Q QW Q \
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Anomalous and Spin Hall effect (AHE)

@ Magnetoresistance (MR) and Hall effects

%,.

Ordinary Hall effect Anomalous Hall effect (Pure) spin Hall effect
with magnetic field H with magnetization M no magnetic field necessary
(carrier spin polarization)

Hall voltage but No Hall voltage but
no spin accumulation Hall voltage and spin accumulation
spin accumulation

RoI . RJ
ﬁ; F I AHE — ._ﬁIF ;‘1-;{_—

1
Kd



(SOT)-MRAM

- , , emerging
: : STT- SOT-
Mott device (Magnetoresistance) - MRAM MRAM
a  Dirac device (S-O coupling) TMR o J
RA o J

Magnetic layer
IMaterial having a large

Tunnel barrier | / spin- orbit interaction Write(l Cl;rrent o o

Magnetic layer / : W
I f Speed J
= Stability (D) o o

Spin current

Decoupling ~
l,, & D 2 o
Endurance (@) J

i



(SOT)-MRAM

1. E-field control of magnetic anisotropy
2. Switching of nano-magnet by spin-Hall effect/ spin-orbit torque

New memo ry Select-transistor (or diode) “
architecture \
¥
Fixed layar - v
Barrier — oo
Free layer —_

Charge current NN

R Heavy-metal line

STT /soT I

A Read Write Breakdown Read Breakdown

A

200
Number 200 Number

of cells of cells

04V 0.8V 1.2V

04V 1.2V
Voltage Voltage ST
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Spin transfer torque driven by heat flow

Physics of thermagnonic spin fransfer
Phys. Rev. B 82, 054403 (2010)
Nmagn.;ns %elﬁecfr‘o
<0 sy
heat © T 4s and 3d
SOLII"CE; © © © o ‘;_;ﬁ_a electrons
@ @ ‘:f 1 < B .
(e.g. © T35 < | free metallic
Tvs > | binned magnet | thermal
light ] pinne bath
or Joule > | ferrite | copper T |
heater) > > V4 &N I
Q St !/;r Stm \._ﬂr,,—s'
=Q < WWnm— optional
Sfl’t _SO hN («} ) {—l/f/fm—}elrecﬂ*ic
) insulator
2.=30 nm
Slonczewski (Kantonah) | K] T



Spin current driven by ultrafast demagnetization

@ Generation of spin current in picoseconds

§ Thermally-driven ultrafast demagnetization

§ Spin accumulation in a normal metal
§ Spin transfer torque in an in-plane ferromagnet

Pt FiM1 Cu FM2
3 ":
-"J'
Heat current Diffusive
M spin current M

0 2000 400 600 800 1,000
Time delay (ps)

Nature communications 5:4334 (2014)
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Spin current by spatial temperature gradient

Temperature gradient!

Pt FM1 Cu FM2
—W*—p—h—h-_':}-h-h-h 'E’
Diffusi
Heat current M $pir|'| :j::nt M
4 ¢ — o . b 60— c - - -
. 0.04
T 6} { —~ 40¢}
: % 2
é 4t i 20| .:::,'- 002 -
> = X
] <] :
S - 0 ~ < 0.00 b N
0 e ———— -20 e e
-4 -2 0 2 4 6 8 10 -4 -2 0 2 4 6 8 10 -4 -2 0 2 4 6 8 10
Time delay (ps) Time delay (ps) Time delay (ps)

a. Estimated electronic temperature gradient of Co/Pt layer
b. Estimated spin accumulation at the end of Cu layer (200 nm)
Black: ultrafast demagnetization Red: Spin dependent Seebeck

c. Comparison b/w experimental data and calculation K]ST



Spin-dependent Seebeck effect

aéJ_o g S, 0 -s5 0 NV_g
(;J_ _ _9 0 S_ 0 -S.S_ —(5; |§|V_?
¢Q.7 t-sP 0 k 0 T¢NT
Q; § 0 -sP. 0k #NT;
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Thermal spin-transfer torque

§ Spin-dependent Seebeck effect in metallic spin valves
§ Thermal spin transfer torque and magnetization precession

Pt (20)/ [Co/Pt] (3.2)/ Cu (h)/ CoFeB (2) S, = 6 pViK
Pt (20)/ [Co/Ni] (3.2)/ Cu (h)/ CoFeB (2) S, = -12 pViK
Cu 100 nm

(s oo S5 Jy for 100 ps 10

——/ /
- .-_.-_ e PI _.'_ o FM I

[Co/Pt]
Cu el FM2 0.5 ; :: A

2 1% s
Spin Torque ?.: ¥/ 4
= f :?:L 00 ;,f’ : .; .?_- A

0.5 :
u M T
e=dM/dr for -3 ps ol Co/NT

1 1 ! 1 ! 1 1 1 1
0 200 400 600 800 1,000
Time delay (ps)

Nature physics 11, 576 (2015)
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Wireless communication

]



Microwave oscillator

Heterodyne transceiver

: . Baseband
Low noise amplifier |

LNA
SAW
filter +4 |4 VCO,

O || vco, %—»vcm
RS LPF
Voltage controlled
O

Image

™~ :
reject
L filter

Baseband

Preselect
filter

oscillators < BaseFa”d
PA .uﬂllﬂlﬁl!l.l.lﬂ
—Q— LPF 90° |4 Amplifier and mixer
A
Baseband
Q

B. Razavi, IEEE Comm. Magazine (2003)

KT
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Spin torque nano oscillator

@ Precession of magnetization vector by spin transfer torque
@ Microwave oscillation in 0.1 - 100 GHz range

' rr r rr r ror
Mo oM A A ML I8 g m) e 2 vy
dt Ms dt Mg M.
H In-plane STT Perpendicular STT
eff
Damping
M
C STT

FLT

—1/High current,
" high field
— stable precession
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Advantages & disadvantages of STNOs

Size 1 mm? 1 pm?
Output power 0 dBm < -30 dBm
rasenose S < e
Conza"r;’]%rﬂon 0.4 mA @0.82V  1~5 mA @0.5V

Tunable range 10% 10-100%
Agility US ns

Chappert (CNRS, Paris Sud) .K]ST



Agility of STNO

@ STNO can be turned on in a few nanoseconds.

100

Voltage (V)

-100

0 é 1'0
Time (ns)

Krivorotov, Science 307, 228 (2005)
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Modulation for Wireless Communication

Modulation

Frequency Shift Keying

Amplitude Shift Keying

."l ". .ﬁ. r“ﬁ -’.I .'“,I Hll “',-*. "'.II I,ﬂ.ll .'“ﬁ ".II .'"II HII -“-
I

VAVARVAVAVAVYAVAVAVA Phase Shift Keying

|| ||
k" '.b.'l -..I'I __,",n' U' I'-JI '-.,-' k'l VARV, u'lll|l u' l'u'l '-J

i



Frequency modulation

Modulation

On-OFF Shift Keying

\Hj

100 '

. Voltage (uV)
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STNO-based Wireless Communication

/ Transimitter Receiver \
STNO | T. Ry
Haat Anlenna Antanna Envelope

Gain =2 dBi 5 5aHE Gain =2 dBi datactor

I ‘ m LA RF amplifier BPFF Detecting
ITI NF=13 NF=3dB  2.4.2.6GHz Level Sampling

Gain = 2508 Gain = 20dB Loss =1dB = -B0~5dBm oscilloscope

Signal Two cascaded RF amphifiers
generator Total Gain = S0dB

4 \n

* On-OFF shift keying modulation and non-

coherent demodulation
» STNO-based wireless communication with

200-kbps data rate at a distance of 1 m

between transmitter and receiver

o /

Sci. Rep. 4, 5486; DOI:10.1038/srep05486 (2014) K]ST




STNO-based Wireless Communication

Modulated signal Demodulated signal

Voltage : 100 mV/div

Voltage : 66.1 mV/div  Pulsed input: 100kHz

e

e N
'""“"".".-!--f_-r-—4g--.---------___._____:“_____- ____
..___-',--ﬁ_ll._E
Ty 3t
145 m\!’p
2 n off= 120 mV_
T, L S Ak RO AT

s g ol A

Tirﬁe - '5 us,'!div'

Time : 5 us/div

« Data Rate=Bandwidth x log, (SNR + 1)

« SNR=11.2dB (Noise of STNO=-96.9 dBm, Signhal Power=-85.7 dBm)
« Bandwidth =152 MHz (minimum pulse duration=3.3 nsec)

« Maximum data rate R=1.16Gbps

Sci. Rep. 4, 5486; DOI:10.1038/srep05486 (2014) K]ST



