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Theoretical Perspective
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Spintronics inside !
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Spintronics and its industrial/Societal impact

Albert Fert Peter Griinberg MR_ Rap—lip
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Magnetic field sensors used to read data in hard disk drives,

Microelectromechanical systems
Minimally invasive surgery |

Automotive sensors for fuel handling sysem,
Anti-skid system, speed control & navigation

Many applications for positioning systems
gyroscopes and accelerometers



Data Storage & TMR
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Advanced generation of
Spin Transfert Torque MRAM

(proposed by Slonczewski, Berger 1996) 256Mb in production 2018
Spin Transfer Torque ~ EVERSPIN’
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Why Spintronics using 2D Materials ?

Proximity effects in 2D Materials-based heterostructures

(spin dynamics & relaxation, SHE, weak antilocalization,
QSHE)

Generating valley polarized quantum transport
(valleytronics)
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Spin-based information processing ? T

Active devices based on Spin manipulation ?

Datta-Das  Spin Hall Effect/QSHE Spin torques/pumping
spin transistor

Need for spin information transport on long distance (room T)
Spin injection and detection (ferromagnets/non magnetic materials)

Metals/semiconductors... short spin diffusion length
(spin lifetime 0.1-1ns), 1% (or below) of MR signal
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What makes graphene «%|CN2°

attractive

* Ambipolar/tuneable
transport

anti-bonding
- -~
~

on

* Linear energy
dispersion &Large
mobilities _

(> 100k cm?/V.s at RT, 1M 1200007

cm?/V.s at 4K) 1000007
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140,000

50,000

* Low spin-orbit
interaction

mobility (cm2/V/s)
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» Graphene properties can .
be tailored by o 1 2 _ 3 a4
o« e n (x10" em*
proximity effects e em)

Wang et al.,



nature |0 years ago !

N. Tombros, ... Bart J. van Wees

Nature 448, 571-574 (2 August 2007)
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non-local” spin valve geometry R N

+ Hanle spin precession
measurements

Spin diffusion length 24m (RT)



Spin diffusion length in epitaxial graphene

B. Dluback et al, A. Fert %
THALES

2-T magnetoresistance

Spin diffusion length up to 100 um(RT)
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Graphene Flagship

a GRAPHENE FLAGSHIP
-

Europe has chosen Graphene Flagship as one of only two
FET projects, with

1,000 million € over 10 years...
Launch in 2013

“to take graphene and related layered materials kil

from academic laboratories to society, revolutionize
multiple industries and create economic growth and
new jobs in Europe.”

* 154 partners with in 17 EU countries with an

» Potential applications include:
— flexible consumer electronics
— lighter and more energy efficient airplanes
— optical devices and artificial retinas
— functional lightweight components
— advanced batteries
— -spintronics
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@ Spintronics consortium/WP

Experimental partners

Univ. of Groningen [RUG] : Bart van Wees
Univ. of Manchester [UNIMAN] : Irina Grigorieva

Univ. of Aachen [RWTH] : Christoph Stampfer, Bernd Beschoten MANCHESTER. Qli:g?
Univ. of Basel [UNIBAS]: Christian Schonenberger _ i SO
CNRS/Thales [CNRS]: Pierre Seneor and Albert Fert Thetnmeriyoriienchester Junt

Chalmers University Technology [CUT]: Saroj Dash
Catalan Inst. Nanoscience & Nanotech [ICN2]: Sergio Valenzuela THALES N an SC C

NanOSC AB : Johan Akerman

Theoretical partners:
Catalan Inst. Nanoscience & Nanotech [ICN2]: Stephan Roche

Université Catholique de Louvain [UCL]: Jean Christophe Charlier
University of Regensburg [UREG] : Jaroslav Fabian

Commissariat a 1" Energie Atomique [CEA]: Mairbek Chshiev, Xavier Waintal
IMDEA : Paco Guinea

F umec

embracing a better life

UCL gf:%'g -d
e (1) @R 1 03

catholique %=C=¢ _
deLouvain R Universitét Regensburg
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“The global objective of the Graphene Spintronics task
force is to establish the ultimate scientific and
technological potential of graphene and graphene
related materials for spintronics, targeting efficient
spin injection, transport and detection but also
demonstrating spin gating and spin manipulation in
graphene spintronic devices and realizing operational
devices for information storage and information
processing, by engineering device architecture and
material transformations”



| GRAPHENE FLAGSHIP

EDITORIAL

Graphene spintronics: the European Flagship perspective

»2 3,4,5

Stephan chchel ,Johan Akerman ,Bernd Beschote116, Jean-Christophe Charlier?, Mairbek Chshievg’g,
. 0 12 . 11 12 N . 13,19

_ Saroj Prasad Dash , Bruno Dlubak -, Jaroslav Fabian *, Albert Fert ~, Marcos Guimaraes ,

' . Y. 1415 . ., 14 .. . 16 . 12

#'  Prancisco Guinea ,Irina Grigorieva , Christian Schonenbgell‘%er , Pierre Seneor

=i Christoph Stampfverl 7, Sergio O Valenzuela ™, Xavier Waintal *  and Bart van Wees '~

2D Mater. 2(2015) 030202

spin current

raphene
grapas Substrate
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Graphene/EuO and Graphene/Y,Fe O
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Yang, Hallal, Waintal, Roche, Chshiev,
Hallal et al.



All-Electrical Spin-FET

Gate control of spin information (switch ON/OFF)

Graphene/MoS. heterostructures

W. Yan, O. Txoperena, R. Llopis, H.
Dery, L. E. Hueso & F. Casanova,
Nature Comm. 7, 13372 (2016)

I 1 I 1 I 1 I 1-5

vk
GrapheneMoS,

Room Temperature O—---—----=-- ®—%— - -80.0

A. Dankert & S. P. Dash, I I R B B
Nature Comm. 8, 16093 (2017)
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2D Materials for STT-MRAM technologies
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Co thickness (atomic layer) Perpendicular Magnetic Anisotropy in FM/Ox and
FM/Graphene interfaces :
i Strongly enhanced PMA of Co realized by graphene coating
10
ls g Layer and orbital resolved contributions unveil the
L - PMA mechanisms
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Yang, Coraux/Chshiev et al,



Opportunities “in the valley”

Py sICAL

rVaIIeytronics In 2D m

John R. Schaibley’, Hongyi Yu?, Genevieve Clark?, Pasqual Rivera', Jason S. Ross?,
Kyle L. Seyler’, Wang Yao? and Xiaodong Xu'>
NATURE REVIEWS | MATERIALS

@ 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.




« Low » Energy Excitations
in clean Graphene

No intervalley/spin mixing - (low disorder & SOC)

8-components Matrix

. (V)
( 0 Pz — Dy 0 0 0 0 0 0 \ \IJTT,
pe—ipy, O 0 0 0 0 0 0 Bt
0 0 0 —ps +ip, O 0 0 Wa -
0 0 —pe+ip, 0 0 0 0 0 v
0 0 0 0 0  pe—ipy 0 0 v,
0 0 0 0 pe—ipy 0O 0 0 w
\ 0 0 0 0 0 0 0 —ps + ipy it P
0 0 0 0 0 0  —pyti 0 i~
e vi )

Three internal degrees of freedom
Spin

Valley index

Sublattice pseudospin




Massless Dirac Fermions in 2D graphene

Valley + Valley -

Q=K +p/h

linearization close to Fermi level

Two valleys -> Dirac cones

E(p) = vr|p]

HK+ — UFEﬁ: UF(pazo'w _I_pyo-y)

Pseudo-spinors are eigenstate ~ » 1 =
of the helicity operator h = 50.



Transition Metal dichalcogenides (monolayer)

Broken
inversion
symmetry

D. Xiao et al.
PRL 108, 196802 (2012)

. A ) Massive Dirac Fermion model
H = at(1.ks0, + kyoy) + 50, + AsoT:5.

Partially filled d-orbitals (metal)

Gap ~ 2 eV

Spin-Split vbands ~ 150 — 400 meV
Valley pseudospin  +K (17 = £1)
Spin-valley locking




Interlinking optics with
Valleytronics & Spintronics

ETTER S pubs.acs.org/NanoLett

c9

Opto-Valleytronic Spin Injection in Monolayer MoS,/Few-Layer c8
Graphene Hybrid Spin Valves

Yungiu Kelly Lu(),‘k Jinsong Xu,T Tiancong Zhlu,T Guanzhong Wu,T Elizabeth J. jl\/IcCorrnick,T
Wenbo Zhan,” Mahesh R. Neupane,i and Roland K. Kawakami®'®
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. . L L L
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: : : : B, (mT)
spintronic/valleytronic devices
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Why Spintronics using 2D Materials ?

Proximity effects in 2D Materials-based heterostructures

(spin dynamics & relaxation, SHE, weak antilocalization,
QSHE)

Generating valley polarized quantum transport
(valleytronics)



Experimental spin lifetime feature\s\‘:\\ % |CN27

Graphene Suspended Epitaxial graphene Graphene
on SiO2 Graphene on SiC on BN

Source

charge mobility K& ~ 100 — 100.000cm?V g1

Room temperature T 15 . : —
T PR () g
&>

L 9, ° ] 10+ %Hﬁ 330
7-8 g O.]. - 10 I].S i @ 1300 L %, @ ]
B v S D°o gouééﬁgé .

Avsar et al, Nano Lett. 11, 2363 (2011) i ’

.. 1250
Drogeler et al. Nano Lett. 14, 6050 (2014) '2 . [') - '2 : O 253
Guimardes et al Phys Rev Lett 113, 086602 (2014) i

1200 —2 Ve (V)
Drogeler et al. Nano Lett. 16 (6), 3533 (2016) n(10*cm™*) g (



Tight-binding Modelling
= —*)/OZC+CJ —|—ZVC Ci —I-ZVRZ F7.(8x dij)ey

(17) (i7)

Screened Coulomb potential Rashba SOC
Long range (Gaussian) potential Vi ~ 20ueV

Ng
V= S0 caexp(—ra = 1f/(262) ’
Shaffique Adam etal Phys. Rev. B 84, 235421 (2011) e *CH \i
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Spin dynamics of propagating wavepacket

$1v,0)- ( | )rsoRp> T(t)) = e /R |G (0))

si(t) = [} (D — |97 (1)
(time-dependent)
Local spin density in real space

(¥ (1) 02 8(E—H)+5(BE—F)o- [ ¥ (1))
20 (6) |6 (E—H) W (1))

U SL(t) ~ cos (%) et/ s

Spin polarization
)
(
g




Graphene on SiO2

electron-hole puddles drive the relaxation

Tgioz/TQ <1

1

mr, —
n;

’TSJ‘/TSH — 0.5

Ts

Dyakonov-Perel
relaxation mechanism

Graphene on hBN

electron-hole puddles drive the relaxation

BN /T > 1

| 74(E) ~ 4T ~ 4T

2k Dephasing
Teg &~ 1 — ].O IlSl relaxation
mechanism

o = 1 (for Ag = 5ueV)
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Pseudospin-driven spin relaxation mechanism
in graphene

1.5%

Dinh Van Tuan'?, Frank Ortmann'3#, David Soriano’, Sergio O. Valenzuela® and Stephan Roche




2D Materials

Hybrid devices of graphene
and other 2D materials

Graphene

A AR
...........

Graphene

Substrate

Martin Gmitra and Jaroslav Fabian

2D Mater. 2 {2"]1 5} 030202 Phys. Rev. B 92, 155403 (2015)



Realistic Model of Graphene/TMD

with interface disorder

DFT-TB model from
M. Gmitra, D. Kochan, P. Hogl, & ]J.Fabian

Hy=—t Z (albj + b;-fa@-) + % Z(CLICL@' - b;‘rbi)
(4,9)

2 6 -

Ho=22 S (5xdi)ens Anal bisthe T e 5
so — o 7’5.7 z,a,& R Z',O' j:a- ) ) |:_I, -1 LI. -3-/\

3 (i,7),0 S //\ MoSa| //,\\‘Mz
92 04 02 0 02 04 -1 05 0 05 1
~ A) 1 (B) ] , (€} id)

T Z (8 X D j)z 0.5 (A{DIAG" 0j,5 + Apa b; bjc‘r) ] ‘

3 ) ] 1,0 ] 1,0 ] ] — ]
((i,4)),0 2 'VE Iv

. - 0 = 0

t - (A) T (B) gt N h

+ l/i, (Sz)o'7o' (AI a?: O,a"a' - AI bi O.b-,o')’ =5} -|-/\ B} -3
3\/§<<%:>0 ! o o 7 N //\\
WAL 04 02 0 02 04 -1 05 0 05 1

k [10-%A] k [10-%A]

Random distribution of n, electron-hole puddles
S. Adam et al.

Y (um)

. B (r—R,)?
Un(r) = unexp ( 2¢2 ) ¢, = V3a Puddle range

un € [—Up, Up] R, is the position of the center of the Gaussian pot. X (um)




Intravalley scattering

Spln dynamics (Graphene/TMDC+ el-h puddles)

=
ts._L ac tp

)\
=k N

-1
Coal € Ty

A

Strong valley mixing

S

£

300

(b)
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w 200

=" 100 E n=1% _
a=Di5eVI

Q 1
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Energy (eV)

0.2 T
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-0.2 0.0 0.2

Energy (eV)
| L |
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2t(ps) 4

6 0
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#%% High-quality Graphene/TMDC
Absence of valley mixing (Dyakonov-Perel)

Spin lifetime (ps)

1000

100

10

@ o O
WSe, out-of-plane
| | ]
-0.2 0.0 02

Energy (eV)

LA

Weak anisotropy as in
conventional Rashba
disordered systems

Dyakonov-Perel regime
(single valley approximation)



Giant spin lifetimes anisotropy

" in low quality Graphene/TMDC(strong valley mixing)

1000 —— . . e
@ T ( b)
-—--n=1% D out-of-plane Ts L
) 100 r n=0.1% 11 4 | T _ 10 o 100
RS 00 Q S ||
5o o5 )
) 50 O Codo . )
-% ([ SN R 2 Lifetime values
'“_Z in-plane TS’J_ c [10, 1000] pS
o 00 09090
N o022 —l0000uny poeel0 20060z Ts | € [1’ 10]pS
WSe WS .
01l | Z o Dyakonov-Perel mechanism
02 00 0.2 02 00 0.2
Y
Energy (eV) Ts, 1 & TS, l ]‘/np
Symbols:

Effective spin-orbit fields
arising from the SOC terms
+ equation of motion of
density matrix

H=Hy+ ihad(t) s

dt ih

Vi(t) =

=

wa (Dws (') = apwe 70/ e,

9 [t>Te
e - () / Vi(0). Vi (). pr (D))t

hi(t) - 57(t) and §7(t) = etHot/hge—iHot/n
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Large Proximity-Induced Spin Lifetime Anisotropy in Transition 04l
Metal Dichalcogenide/Graphene Heterostructures
Talieh S. Ghiasi,*™ Josep Ingla-Aynés, Alexey A. Kaverzin, and Bart J. van Wees 0.2
Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, Groningen, 9747 AG, The Netherlands & 60
€ d
o
0.2} T™™D/Gr ¢ =35ps
—=—Parallel =3.
nature, ARTICLES —— Antparatel T
phySICS https://doi.org/10.1038/s41567-017-0019-2 G —™ *
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By (T

Strongly anisotropic spin relaxation in graphene-
transition metal dichalcogenide heterostructures
at room temperature

L. Antonio Benitez®"?*, Juan F. Sierra', Williams Savero Torres', Alois Arrighi'?, Frédéric Bonell',
Marius V. Costache' and Sergio O. Valenzuela®3*

n GRAPHENE FLAGSHIP
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Tunable spin lifetimes in Graphene/Bi2Se3
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K. Song D. Soriano, A. W. Cummings, R. Robles, P. Ordején, and S. Roche
Nano Lett. Article ASAP- DOI: 10.1021/acs.nanolett.7bo5482



SOC-proximity effect &Weak antilocalization

Wang et al, Phys. Rev. X 6, 041020 (2016)

T~ T T T T T 25

1.0 E
1105

Ao (eh)
Aa (e?/h)

PR S T+ N I B
-30 -20 10 0 10 20 30
B (mT)

(b)

From the fits the scaling of spin scattering times versus
Momentum scattering time yields

DYAKONOYV PEREL mechanism

. -
Tooc (s )

B. Yang et al. Phys. Rev. B 96, 041409(RC) (2017)



Spin Hall Effect

M.I. Dyakonov and V.I. Perel (1971)

Appearance of spin accumulation on the lateral surfaces

of an electric current-carrying sample
(signs of the spin directions being opposite on the opposing boundaries)

Strong spin-orbit coupling materials

f (“effective magnetic field)
= y

Interest !
Manipulate Spin

E\ by electrical means
g Without the use of
ParamagnetB = 0 .
ferromagnetic
Direct electronic measurement of the spin .
Hall cffect materials or real

5.0. Valenzuela* and M. Tinkham magnetic fields

Department of Physics, Harvard University, Cambridge, MA
02138, USA.
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Spin-orbit proximity effect in graphene

A. Avsar'2 JY. Tan'2 T, Taychatanapaﬂ’z, J. Balakrishnan2, G.K.W. Koon'23 Y. Yeo'?2, J. Lahiri"2, A. Carval
A.S. Rodin® E.C.T. O'Farrell'?, G. Eda"?, A.H. Castro Neto"? & B. (5zyilmaz1*2*3

“Graphene acquires spin-orbit coupling up to 17 meV, three orders of magnitude higher than
its intrinsic value, without modifying the structure of the graphene.

The proximity SOC leads to the spin Hall effect even at room temperature,
and opens the door to spin field effect transistors”
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Localization effects for
graphene/WS2 + el-h puddles

Scaling theory of localization

Oxx(EF) = 0sc(ep) + 00 (ep)

05 0 0.5
Energy [eV]

S0 0 50

T. — USC(EF)
P vipler)

(e /h)

7.6

)
XX
\

Case of strong scatterers
(puddles) and large
intervalley scattering

100 200
Length (nm)

oo = —% log(L/¢,)

Weak localization

SOC switch OFF



Localization effects for
graphene/W52 + el-h puddles
Scaling theory of localization
oxx(eF) = 0sc(er) + b0 (eF)
8F ' Case of strong scatterers
(puddles) and large
Nf\f:\ intervalley scattering
o SOC switch ON
7.6
I ! I ; ; I l
100 200 300
Length (nm) sof ~ R —=
)2 | Novalley mixing
c = L
60‘ == _I_E log(L/fe) ”3,:40_

Weak Antilocalization

J.H. Garcia, A. W. Cummings, S. Roche

| ! | L
600 800 1000
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Spin Hall Effect for
Graphene /TMDC heterostructures

Intrinsic mechanism

Driven by the translational invariant spin-orbit
coupling fields (effective B fields)
Rashba+ intrinsic + Pseudospin Inversion
Asymmetry terms... js

-

o o . 1
Extrinsic mechanism L

_jc
If impurities introduce local changes of SOC
here electron-hole puddles (disorder)



Spin Hall Kubo conductivity
in clean graphene/TMDC interfaces

HSH
. measures the efficiency of converting
Splll Hall angle charge current to spin current
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Spin Hall Kubo conductivity
in large scale disordered graphene models

eh x—~ f(Em) — f(En) Zm[(m |JZ|n) (n|v,| m)]
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Spin Hall Kubo conductivity
in clean graphene/TMDC interfaces

M
_ 9 sH measures the efficiency of converting
k charge current to spin current
Yo .
Spin Hall angle 9 | JZ]
e sH — J.]
Dissipative SHE
z
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Ty
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Oxx

Clean case:

“Intrinsic SHE”
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Spin Hall Effect

in disordered graphene/TMDC interfaces
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Weak antilocalization vs Spin Hall Effect

Magnetic field B

(a) Generation mechanism (b) Magneto-resistance effect
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OUTLINE s,

i Ha tomalogia

Why Spintronics using 2D Materials ?

Proximity effects in 2D Materials-based heterostructures

(spin dynamics & relaxation, SHE, weak antilocalization,
QSHE)

Generating valley polarized guantum transport
(valleytronics)



Lattice deformation strain & pseudomagnetic fields

F. Guinea, M. 1. Katsnelson,
and A. K. Geim Pseudomagnetic field -

Strained superlattices
Gap opening & QHE

0 Electron Motion

Bst'rain =V XA

The strain-induced, pseudomagnetic field (idem for gauge-field vector potential)
has opposite signs for graphene’s two valleys K and K* (no TRS breaking)

Distribution of strain (triangular symmetry) results in a
strong uniform pseudomagnetlc field

) ; [Dm] ’ |

[100]

Strain of 10%
Bﬁeld= 40 TeSIa

D(E)

1 1 1
0.2 =01 0 01 02



Lattice deformation strain & pseudomagnetic fields

M. Settnes et al.

Graphene nanobubble
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Signature of the pseudomagnetic field is a local sublattice symmetry
breaking observable as a redistribution of the local density of states

A. Georgi et al



Engineering strain fields in graphene

Strain Superlattices in graphene induced by corrugated substrates
A. Reserbat-Plantey et al, graphene

Evolution of graphene Moiré blisters towards

geometrically well-defined graphene nanobubbles
Jiong Lu, A.H. Castro Neto & Kian Ping Loh

Grapherle blisters

Compressive strain



Pseudomagnetic fields for an array of nanobubbles

DOS [arbitraty units]

D= ' + Ag Valley-dependent strain-induced gauge
4 e strain tensor
Ag (Gscx — Cyy _26503;) - triaxial

: deformation-

2
M Settnes et al
-3 -2 ' ' '

. +b"‘ By = By Bs =0 (a)

o L4 ikl 0 0 05 | 0 Real magnetic field

ﬂ f
Energy [eV] Jk M By =V x A

DoS of a strain array (blue) with local P,
B.=450 Tesla

(dashed : unstrained)

(red: inner part of the strained region)

Pseudomagnetic field
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M. Settnes, ].H. Garcia, S. Roche T — 1 fective i
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Charge and valley Hall Kubo conductivity

:1671
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P~ (P % ,) is the valley projection operator

K-valley Hall
conductivity

K
O-a;y

K’-valley Hall
conductivity

K
O-:t:y

Valley Hall effect
but valley Hall
conductivities

Are NOT
observables



Charge and valley Hall Kubo conductivity
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10+ Berry

Valleytronics and Valley currents

Recent claims of VHE measurements in Graphene/hBN
in non-local transport geometries
(large non-local resistance at the Dirac point)

Gorbachev et al.

curvature

~
~
s s
S~

Vertical
electric field e

......

Ve V) wuapped Dirac fermions+ electric field
: An anomalous perpendicular velocity
e is generated by the “Berry curvature”
4 ¢ Valley Hall effect
v

1 Oe,p,
VvV = ?{ éh{k é)tl( X !TZylk




Valleytronics and Valley currents ?

Vertical
electric field WD =2 e S,
e S 7

Problems !!

Semiclassical argument of gap-induced
Berry's currvature is not enough

For generating topologiclaly protected
edge states

Gorbachev R et al.

Sui M. et al.
Shimazaki,Y. et al.

. v \2 3
Exact calculatlong | RN, o (Ja:y) e
of bulk transport coefficients (Kubo)
of non-local resistance (multiterminal Landauer-Buttiker)

Gapped G/hBN leads to quantized valley Hall conductivity,
and zero Ry, +disorder broadening invalidates the formula



Origin of nonlocal resistance in multiterminal

G/hBN heterostructures

J. M. Marmolejo-Tejada et al o e O s
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