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1. Relativistic QM, magnetism, and spintronics with ferro, antiferro, and paramagnets
2. Reading spin information

3. Writing spin information
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Magnetism
AV<P > KN 7Yy N< __ | Paramagnetic no spontaneous order

A4 PP+ M A+ A A 4 —— Ferromagnetic exchange coupling, order by global uniform molecular field
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Magnetism
AV<P > KN 7Yy N< __ | Paramagnetic no spontaneous order

A4 PP+ M A+ A A 4 —— Ferromagnetic exchange coupling, order by global uniform molecular field
PNt ¥ AV AV AV 4+ —— Antiferromagnetic exchange coupling, order by local (atomistic) molecular field

Ferromagnetic & Antiferromagnetic: Relativistic coupling between spin

Curie-Weiss law 1/ ~T- 8 and lattice orbitals — magnetic anisotropy — magnetic memory
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Magnetism
A\ <P > N7y N< | Paramagnetic no spontaneous order

r M"Y M2 MM P M A —— Ferromagnetic exchange coupling, order by global uniform molecular field

PNt ¥ AV AV AV 4+ —— Antiferromagnetic exchange coupling, order by local (atomistic) molecular field

Curie-Weiss law 1/X~T-0

1/%
T S Ferromagnetic: Memory, large net magnetic
i moment sensitive to magnetic fields
— many applications, spintronics one of them

Antiferromagnetic: Memory but zero net
magnetic moment insensitive to magnetic fields

Paramagnetic 8=0

] Paramagnetic: No memory, not very sensitive to
Ferromagnetic 6 > 0 magnetic fields

\
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Magnetism
AV<P > KN 7Yy N< __ | Paramagnetic no spontaneous order

A4 PP+ M A+ A A 4 —— Ferromagnetic exchange coupling, order by global uniform molecular field

PNt ¥ AV AV AV 4+ —— Antiferromagnetic exchange coupling, order by local (atomistic) molecular field

Antiferromagnets are interesting and useless
Nobel Lectiire, December 11, 1970
LOUIS NEEL

Antiferromagnetic (paramagnetic) spintronics:
Makes antiferromagnets (paramagnets) useful and spintronics more interesting

Let electrons with their spins move and relativistic spin-orbit coupling will take care of the rest....




Spintronics: ferromagnets

MRAM: universal memory Compatible with CMOS

Cross sectional view
of a MRAM cell

Radiation-hard
Spin not charge-based

Non-volatile
as Flash
Magnetic
element level
Dense _
as DRAM CMOS Transistor
10nm possible
el Silicoﬁ wafer
(nb write cycles>1016)
as DRAM

GB MRAMs: few years prospect

Speed (~1-10ns)
as SRAM Cache L3-L2



Spintronics: ferromagnets

Conventional architecture with CMOS New architectuture with MRAM

“Logic-in memory”

10-100um MRAM I
T [~50-100nm
Logic == CMOS memory Logic

Si ol Si

-Memory much closer to logic

-Large static and dynamic energy saving T
/\ (“normally-off / Instant-on computing”) _
ALU -Fast communication between Non-volatile
2GHz-500ps / | cpu logic and memory 2";3
FF FF
Registers Registers
Cache 1
Cache 1
Cache 2
DRAM
huge MRAM
File Cache
gap

HDD SSD

ms B HDD SSD




Spintronics: ferromagnets

Conventional architecture with CMOS New architectuture with MRAM

“Logic-in memory”

10-100um MRAM I
T [~50-100nm
Logic == CMOS memory Logic

Si =) Si

volatile
A _ _ Non-volatile
Further decrease in power consumption
2GHz-500ps /| epp Increased resilience
FF Ultra-fast “on-fly” reconfigurability

1ns / |Registers

3ns Cache 1
30ns Cache 2 ‘
100ns DRAM
File Cache

ms HDD SSD




Spintronics: antiferromagnets

Local (atomistic) control by local current Compare with hard drive

STM tip

Current

1 Kelvin
Néel State ‘0’

Mechanical “atomistic HD®
— 1nm  _, only in labs
: “q . :
Neel State Incompatible with
microelectronic chips

Only few magnetic atoms
— E_, "V <<room-T

— 1 nm
Loth et al. Science ‘12



Spintronics: antiferromagnets

Local (atomistic) control by local current

Magnetic atoms

Current

1 Kelvin

Néel State ‘0’

Mechanical “atomistic HD®
— 1nm  _, only in labs

Néel “q : :

éel State Incompatible with

microelectronic chips

Only few magnetic atoms
— E_, "V <<room-T

— 1 nm
Loth et al. Science ‘12

Local (atomistic) control by global current

Microelectronic solid-state chip

2.02
I Many magnetic atoms
“lire — E_,*V >room-T
2.01¢
S
2.005¢
<
14
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1.995¢ 300 Kelvin
1.99 : :
0 20 40 60

Wadley et al. arXiv ‘15  pulse index



Spintronics: antiferromagnets

Radiation-hard

Spin not charge-based _
Local (atomistic) control by global current

Microelectronic solid-state chip

Magetic-field-hard
Not ferromagnetic

No stray field cross-talk
Not ferromagnetic

THz dynamics Many magnetic atoms
. 2.015} £\ 7
GHz in ferromagnets — Ean room-
2.01¢

)
2.005
X

14

Many insulators, semiconductors,
metals, superconductors

1.995} 300 Kelvin
Ferromagnets mostly metals

1.99 : :
0 20 40 60
Wadley et al. arXiv ‘15  pulse index
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Spintronics: paramagnets

Ferromagnet switched by electrically generated spin-polarization in paramagnet
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New efficient writing schemes A M
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Miron et al. Nature ‘11, Liu et al. Science ‘12
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2. Reading spin information



Read-out by relativistic AMR (~ 1%)

Anisotropic magnetoresistance ¢
Kelvin, 1857

L




Read-out by relativistic AMR (~ 1%)

Anisotropic magnetoresistance ¢ o
Kelvin, 1857




| memory bit Read-out by relativistic AMR (~ 1%)

Oe
S - Anisotropic magnetoresistance ¢
Kelvin, 1857

field sensors
R Hunt, IEEE 1971
= 1980°
A A
write current read current M vs. I angle
3T g7

4




FM Read-out by relativistic AMR (~ 1%) o

H memory bit memory bit

Storage: Magnetic anisotropy
Read-out: AMR
Even in M (L. Néel)
R

A A \ / A
: M vs. I angle
7T

write current read current read current
37 I

2/ 4
~ 100 kB FM AMR-MRAM AF AMR- bits
MR element ‘ :‘ | /

d

Word
lines

A |
(\9)

Small MR and low reistance

— unfavorable for high
density and fast readout

I [ Sense lines Daughton, Thin Solid Films 92 Marti et al. Nature Mater. ‘14, Wadley arXiv ‘15



Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance
relies on spin but the rest is non-relativistic

Giant magnetoresistance
Fert, Griinberg, et al. 1988



Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance
relies on spin but the rest is non-relativistic

~1% anisotropic magnetoresistance ~100% tunneling magnetoresistance
Kelvin, 1857 Julliere 1975, Moodera et al., Miyazaki & Tezuka 1995
Spin-dependent scattering Spin-dependent tunneling DOS

@_) Barrier




Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance
relies on spin but the rest is non-relativistic

~100% tunneling magnetoresistance

Julliere 1975, Moodera et al., Miyazaki & Tezuka 1995

Spin-dependent tunneling DOS

TMR-MRAM
2006

@_) Barrier




Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance
relies on spin but the rest is non-relativistic

Antiferromagnetic GMR/TMR ~100% tunneling magnetoresistance

Julliere 1975, Moodera et al., Miyazaki & Tezuka 1995

Spin-dependent tunneling DOS

>
>

MgO

Relies on coherence at perfectly epitaxial interfaces \\+Q-_ =

— not yet observed

MacDonald & Tsoi, Philos. Trans. A PRL ‘11
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Read-out by relativistic tunneling/transistor AMR (can be << 100%)

Antiferromagnetic GMR/TMR Tunneling AMR in ferromagnet
Gould et al. PRL ‘04

Spin-dependent tunneling DOS

Pt

Pt
MgO

Does not rely on coherence at perfectly epitaxial interfaces

— TAMR > 100 % observed

Park et al., Nature Mater. ‘11

Even in M (L. Néel)

et D
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Barrier

A

C

Barrier



Read-out by relativistic tunneling/transistor AMR (can be << 100%)

Transistor AMR in ferromagnet
Wunderlich et al. PRL 06, APL ‘12




Read-out by relativistic tunneling/transistor AMR (can be << 100%)

Transistor AMR in ferromagnet
Wunderlich et al. PRL 06, APL ‘12




Read-out by relativistic tunneling/transistor AMR (can be << 100%)

Transistor AMR in ferromagnet
Wunderlich et al. PRL 06, APL ‘12




Read-out by relativistic tunneling/transistor AMR (can be << 100%)
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Transistor AMR in ferromagnet
Wunderlich et al. PRL 06, APL ‘12




Read-out by relativistic tunneling/transistor AMR (can be << 100%)

e C)Q'\<‘
e
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Transistor AMR in ferromagnet
Wunderlich et al. PRL 06, APL ‘12
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3. Writing spin information



Writing by magnetic field

Ferromagnetic AMR/TMR-MRAMSs

T~ MT

Magnetic field scales with current

— not scalable for high-density MRAM

R (k€

Antiferromagnetic AMR/TAMR bits

. =

MgO
s
High. Room-
[100] 4 i* d
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~ 1 ~ — i
g 1.30 ———r— ——— 3
[ x
e pr—— 11.28 1 ma
11.25 i . . . . : : ,
100 300 500 -90 0 90 180 270
Step 6(°)

Marti et al. Nature Mater. 14
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Writing by spin torque
Ferromagnetic TMR-ST-MRAMs Antiferromagnetic AMR bits

ST in principle as efficient as in ferromagnets
\ - No auxiliary ferromagnets needed

ST scales with current density Zelezny et al. PRL14, Wadley et al. arXiv ‘15

— high-density MRAMSs

Chappert et al. Nature Mater. ‘07



Writing by non-relativistic spin-transfer torque

Transfer between carrier spin angular momentum and magnetization angular momentum

Slonczewski, Berger, 1996

NN\




Writing by relativistic spin-orbit torque

Transfer between carrier linear momentum and spin angular momentum

p 'Cj Spin polarization

Spin current
Spin Hall effect 2004 /

Wunderlich et at., Awschalom et al., 2004

Inverse spin galvanic (Edelstein) effect 2004

GaMnAs
: D

Lf V-V B Y4

Spin polarization

Silov et al. APL ‘04, Ganichev et al. arXiv ‘04, Bernevig & Vafek, PRB '05,
Manchon & Zhang, PRB ’08, Chernyshev et al. Nature Phys.‘09



Writing by relativistic spin-orbit torque

k Spin Hall effect: spin current kz

Linear response |. (quantum mechanics class)

Perturbation theory: equilibrium distribution function and non-equilibrium states

J, = %(1/11(1) | JA; [y, () fo (&)

Sinova et at., RMP ’15
arXiv: 1411.3249
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Writing by relativistic spin-orbit torque

Inverse spin galvanic effect: spin polarization — requires inversion asymmetry

Ky

—

Linear response |l. (condensed matter class)

Boltzmann theory : non-equilibrium distribution function and equilibrium states

Sinova et at., RMP 15 1

arXiv: 1411.3249 S = ? E Son,E gn,ié ( Ej)
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Spin torques in ferromagnets and antiferromagnets

Spins injected by out-of-plane current from FM polarizer

- spin angular momentum transfer p.,. ~J

- Spin precession §=M=l<[5,H%]> H =J M6 1T =—00"

dt dt l. h ex ex ex J

- spin decay 7,

%
s

Ralph & Stiles, JMMM 08




Spin torques in ferromagnets and antiferromagnets

Spins injected by out-of-plane current from FM polarizer

- spin angular momentum transfer p.,. ~J

- Spin precession d_s M < H)) H,= JexM-(} T, = o
dt  dt S ox
- spindecay 7, .
J G .3 Y S
; T <<7, : 0=—>= — T >>71 . 0=—n= +—LsxM
‘ i s ex d t p curr 'L's s ex dt p curr h
J / .
' = dM = : o
d— Field-like torque I = e h M xs  Antidamping-like torque
/ / T=Mx[p. xM]
Ralph & Stiles, JMMM "08 crlt ~ H aniso Jcrit ~ aGilbertH aniso




Spin torques in ferromagnets and antiferromagnets

Spins injected by out-of-plane current from FM polarizer

Field-like torque Antidamping-like torque
TANMAXﬁcurr TANMAx[ﬁcuerMA]
M, Mg 7 —
— P
: J M,=-M, //
E \_) - - (T —
J i pcurr TBNMBX[pcuerMB]

crzt \/H exchH aniso ‘]crit ~ aGilbertH aniso
/ Even torque works (L. Néel)

Gomonay & Loktev, Low Temp. Phys. '14 3
MacDonald & Tsoi, Philos. Trans. A PRL ’11

Requires magnetic field to switch back



Spin torques in ferromagnets and antiferromagnets

Spins injected by in-plane current via spin Hall effect

Field-like torque Antidamping-like torque

Miron et al. Nature ’11
Liu et al. Science ‘12

sgn(p,,, )~ sgn(J)
AT TNy

(0 b

%l/




Spin torques in ferromagnets and antiferromagnets

Spins injected by in-plane current via spin Hall effect

MA MB
Antidamping-like torque \‘: Antidamping-like torque

A% [pcurrlly X M ] \ / T M X [pcurrllx xM ]
—_

/ OIC I

—

7_;B ~ MBX [l_jcurrlly X MB]

—

B~ MBX [ﬁcurrllx XMB]

el



Spin torques in ferromagnets and antiferromagnets

Spin polarization due to inversion asymmetry and current via ISGE




Spin torques in ferromagnets and antiferromagnets

O
Q'

Spin polarization due to inversion asymmetry and current via ISGE
(O
X°

FM with global inversion asymmetry

Field-like torque
N 7 ‘ 7_:'N]\Zxﬁcurr

—

pcurr




Spin torques in ferromagnets and antiferromagnets

Spin polarization due to inversion asymmetry and current via ISGE

FM with global inversion asymmetry

Field-like torque
T ~Mxp,,




Spin torques in ferromagnets and antiferromagnets

Spin polarization due to inversion asymmetry and current via ISGE

FM with global inversion asymmetry AF with local inversion asymmetry

Field-like torque

< /‘/ Peun

Field-like torque

—

TA ~ MA X pcurr,A

o]

J

Zelezny et al. PRL ‘14



Spin torques in ferromagnets and antiferromagnets

Spin polarization due to inversion asymmetry and current via ISGE
(O
Xx°

FM with global inversion asymmetry AF with local inversion asymmetry

Field-like torque
T ~Mxp,,

Field-like torque

—

TA ~ MA X ﬁcurr,A
—_
/
/

. €&

TB ~ MB X pcurr,B

2.02

2.015

2.01
.2.005
x

2

1.995

(&)

E

1.99
0 20 40 60

pulse index

Chernyshov et al. Nature Phys. ‘09 Wadley arXiv ‘15



Summary

1. Relativistic QM, magnetism, and spintronics with ferro, antiferro, and paramagnets
2. Reading spin information

3. Writing spin information






AMR-read biaxial AF AMR-read uniaxial AF
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Electrical switching of an antiferromagnet
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Wadley, TJ et al. arXiv ‘15
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Field-like ISGE torque in antiferromagnets

Laser-induced ultrafast spin
reoriemation in the antiferromagnet
TmFe0,

A. V. Kimel', A. Kirilyuk', A. Tsvetkov', R. V. Pisarev’ & Th. Rasing’

Nature 04

H dmM

Tz Tz ~ 4 <h
A

e

Laser pulse

pA,curr Il +z x J

Keffer, Kittel PR’52

PBcurr -z xJ

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,

Zelezny, TJ et al. PRL ‘14



Field-like spin-orbit torque in antiferromagnets

M Keffer, Kittel PR’52
A

Fast in-plane AFM dynamics

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,
Zelezny, TJ et al. PRL ‘14



Field-like spin-orbit torque in antiferromagnets

pA,Curr I +Z X J

Keffer, Kittel PR’52

PBcurr -z xJ

Fast in-plane AFM dynamics

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,
Zelezny, TJ et al. PRL ‘14



Field-like spin-orbit torque in antiferromagnets

Keffer, Kittel PR’52

Fast in-plane AFM dynamics

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,
Zelezny, TJ et al. PRL ‘14



Field-like spin-orbit torque in antiferromagnets

pA,curr Il +z x J

Keffer, Kittel PR’52

PBcurr -z xJ

Fast in-plane AFM dynamics

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,
Zelezny, TJ et al. PRL ‘14



Field-like spin-orbit torque in antiferromagnets

pA,curr Il +z x J

Keffer, Kittel PR’52

PBcurr -z xJ

Fast in-plane AFM dynamics

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,
Zelezny, TJ et al. PRL ‘14



Field-like spin-orbit torque in antiferromagnets

pA,curr Il+z x J

Keffer, Kittel PR’52

PBcurr -z xJ

Fast in-plane AFM dynamics

Non-centro-symmetric sublattices = Néel-order (alternating-sign) p, s ...,
Zelezny, TJ et al. PRL ‘14



Magnetism
A\ <P v~> K7y N< | Paramagnetic no spontaneous order

rM*P M2 MM M A A —— Ferromagnetic exchange coupling, order by global uniform molecular field

PN PV AV AV AV 4+ —— Antiferromagnetic exchange coupling, order by local (atomistic) molecular field

~ (Hex Han)1/2

Curie-Weiss law /2 T S 2
x | 1/x~T-86 E

Paramagnetic III . ] H
{ Ferromagnetic

: m~H/H
Meel point 'T‘ ex Paramagnetic 8=0

|
|
_ !
— -~ |

) ) -7 l Ferromagnetic 0 >0
Antiferromagnetic e |
- ]

Temperature, K

Temperature, K 0 <

yod aumy)

Ferromagnetic: Large net magnetic moment (stray fields), sensitive to magnetic fields, slower dynamics w~H, ~GHz

Antiferromagnetic: Zero net magnetic moment (no stray fields), insensitive to magnetic fields, fast dynamics w~H;,,~THz



