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Spintronics and its industrial/Societal impact

Rap—Rp
Rp

Albert Fert  Peter Griinberg MR=

2007 Physics Nobel Laureates

Magnetic field sensors used to read data in hard disk drives,

microelectromechanical systems (MEMS), minimally invasive surgery
Automotive sensors for fuel handling system, Anti-skid system, speed control & navigation

Magnetoresistive random-access memory (MRAM)
Spin transfer Torque MRAM
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Spln-based Information processing ? felnadint

Active devices based on Spin manipulation ?

Datta-Das Spin Hall Effect Spin torques
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
attractive

* Ambipolar/tuneable
transport

* Large mobilities
(> 100k cm?/V.s at RT, 1M
cm?/V.s at 4K)

* Low spin-orbit
interaction

* Graphene properties can

be tailored by
proximity effects
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Magnetic oxides induce spin filtering/gap i,

Spin Filtering and Exchange Splitting Gaps

Induced spin polarization in

graphene by EuO
! T
_ nr—n
P = nt+nt
Gr/Y;Fe ;O

Yang, Hallal, Terrade, Waintal,
Roche, Chshiev, Exchange splitting (G/YIG)
Hallal et al. = 40 meV



Potential of 2d Materials @) crapHene rLacship
for STT-MRAM technologies

Perpendicular Magnetic Anisotropy in FM/Ox and
FM/Graphene interfaces :
Strongly enhanced PMA of Co realized by graphene coating

Layer and orbital resolved contributions unveil the

PMA mechanisms
Superlattice structures to obtain Giant PMA

Yang, Chshiev et al,



Graphene-based % [CN27
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Spintronic logic demonstrators e
W. Yan et al. Hua Wen et al.
Nature Comm. 7, 13372 (2016) Phys. Rev. Applied 5, 044003 (2016)
SPIN-FET Experimental demonstration of XOR operation

in graphene Magnetologic Gates at room temperature
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“Unprecedented spin lifetimes in
ultraclean graphene”??

Homogeneous Rashba + disorder (density of impurities)

Numerical calculation of the spin relaxation time by performing Monte Carlo simulations

Along any given classical trajectory [I‘(t), k(t)] Maximum at Dirac point
the spin dynamics is described by Bloch spin equation Elliot Yaffet

18 _ 0 [e(r)](m[K(t)] A S) e

Spin lifetime is calculated by averaging over random
trajectories with different initial momenta , assuming

t > Tty
So(t) ~ et/ o

T — ps — ms!!!

C. Ertler, S. Konschuh, M. Gmitra and J. Fabian, Phys. Rev. B 80, 041405(R) (20009)
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Experimental spin lifetime features e
Graphene Suspended Epitaxial graphene Graphene
on SiO2 Graphene on SiC on BN

charge mobility £+ ~ 100 — 100.000cm?*V ~!s™*

Room temperature

7o ~ 0.1 — 10 ns

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

Drogeler et al. Nano Lett. 14, 6050 (2014)
Guimardes et al Phys Rev Lett 113, 086602 (2014) n(1012cm=2)

7s(Ps) Ts(ns)




Which relaxation mechanism at play ?

Metals
Eliott-Yafet mechanism

Small gap semiconductor
Dyakonov-Perel mechanism

7y ~ 10% — 107, Ty ~ 1
Tp
T~ epT/ AR PP B2 /(N47,)

Dyakonov
\Perel

1u(em?

/Vs)

Drogeler et al. Nano Lett. 14, 6050 (2014)
Guimardes et al PRL 113, 086602 (2014)

Cleaner samples for SiO2
substrates
lead to lower spin lifetime

“opposite trend” for hBN
Substrates?



Origin of spin dephasing % |CNm2E"
Spin-orbit coupling in graphene

de Nanoci&éncia
i Nanotecnologi:

“clean limit”

Intrinsic 69 Substrate effects
spin-orbit coupling (Rashba electric field)
and electron-hole puddles

“dirty limit”
Etching transfer processes : contamination with ionic impurities

(from metal etchants) or metallic residues (from incomplete etching),
+ PMMA residues (transfer)

sp3 defects Transition- metal adatoms Deformation fields
(o—n hybridization) (Cu, Nj, Au,...) (Strain, ripples,bubbles...)
Hydrogen ad-atoms-



Spin relaxation in supported clean graphene

-beyond semiclassical approximations-

Disorder: Electron-holes puddles
Spatial (long range) charge density fluctuations

Electrons locally screen charged impurities
trapped in the substrate

J. Martin et al,

Spin-orbit interaction :
Uniform Rashba SOC-field 10 peV

(substrate effect/mirror symmetry breaking )

Ts ~ S—ms 777



Tight-binding Modelling
- _WOZC ¢; +Zvc ci+iVr Y ¢l 7 (5 x dij)e;

(i7)

Screened Coulomb potentlal Rashba SOC
Long range (Gaussian) potential Vi ~ 20ueV
Nq
Vi=) o1 €aexp(—|ry — r;|?/(26%))
Shaffique Adam et al Phys. Rev. B 84, 235421 (2011)
/',/ ~~\\\
/ \
’ A
/ \
{ ’: Graphene on SiO2
\ /
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\\\ //\ T, /TQ < 1
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Onsite energy distribution of the © —orbitals with
standard deviation for hBN (5meV) & SiO2 (56meV)

Graphene on hBN

BN To > 1




Spin dynamics of propagating wavepacket

U, (0)) = ( X )rsoRp> W(t)) = e~ HU/R|T(0))

S; (t) — ‘\Ijj(t)‘Q L ‘\Iji,(t)‘z (time-dependent)

Local spin density in real space



Graphene on SiO2 TEiOQ /To < 1

electron-hole puddles drive the relaxation

0.08%
% = g 0.04%
) vy &
Pz/x (t) ~ e tTs
n; = 1012cm—2
n(10'2cm=2)
Ty ™~ 1 increases w{th defect
T density
Dyakonov-Perel

TSJ—/TSH — 0.5 relaxation mechanism




Graphene on hBN

electron-hole puddles drive the relaxation

BN /T > 1

t(ps)
_ 21t —
n; = 1011em =2 Pz/x(t) ~ COS (T—g) e~ t/Ts
\"\g\ (for A\gp = 35ueV)
Q:z
Ts(ps) Graphene
on hBN
t(ps)
Graphene
Dephasing driven by an on Si02

entangled dynamics between
spin and pseudospin

D. Van Tuan et al,

A.W. Cummings and SR,

7s(E) = 4Tq ~ 4%

7o ~ 1 — 10 ng
(for Ap — 5ueV)




“Unique properties of

Clean graphene”
-

ICN2 picture
A. Bachtold

Long range potential  Apnomalous quantum transport
Intravalley scattering

L ° o o -~ 2
(short momentum transfer) Ballistic conductivity o ~ de®/mh

Klein tunneling

Diverging zero-energy Mean free path/mobility
Weak antilocalization (quantum interferences)
Anomalous vs conventional QHE

* Spin transport ?
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Pseudospin-driven spin relaxation mechanism
in graphene

Dinh Van Tuan'?, Frank Ortmann3#, David Soriano’, Sergio O. Valenzuela™® and Stephan Roche"**




Relaxation in the ultraclean limit....

spin precession frequency varies linearly with energy w(E ) = wo + aly

charge carriers occupy a Lorentzian distribution in energy L(FE) = n/[n - (E? + n?)]

Exponentially-decaying cosine, with frequency wy and decay time 1 /ax
s(t) = L(F) o cos(w(E)t) = e " . cos(wpt)
A.W. Cummings and S. Roche,



Crossover between “pure dephasing” and
scattering-induced Dyakonov-Perel

1
I
I
I
l

7s(ps)

—1
| Tp>>TQ : 1/Tp(ps ) ITp < TQ
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2D Materials

Hybrid devices of graphene
and other 2D materials

Martin Gmitra and Jaroslav Fabian
Phys. Rev. B 92, 155403 (2015)



Realistic Model of Graphene/TMDC

with interface disorder

DFT-TB model from
M. Gmitra, D. Kochan, P. Hogl, & J.Fabian
PRB 93, 155104 (2016)

Hy=—t Z (a;[bj —+ b;fa@) + % Z(CLICL@' — bjbz)
(1.5)

0;
- g (8 X dij)sos ARGl bjs + hec
(273)30-
21 N (A) ¢+ ( ]
+ 3 Z (8 X D;j)z05 ()\PIA 0 0,5 T Apja bq;,abj?c‘r)
((i,3)),0

7 . A B
> 1ii(52)o0 (A} )a;-*,gaj,a DY )b;f,gbj,g), (1)
3\/§ ({(i,7)),0

HSO

+

Random distribution of n, electron-hole puddles

S. Adam et al. PRB 84, 235421 (2011)

_ _(r—R,)?
Uy, (r) = unexp ( 2¢2 ) ¢, = V3a  Puddle range

u, € [—Uy,, Up) R, is the position of the center of the Gaussian pot.



Spin dynamics for
graphene/TMDC+ el-h puddles
A. W. Cummings, J.H. Garcia, J. Fabian, S. Roche,

Strong valley mixing Intravalley scattering

t(ps) t(ps)
S, ~exp(—t/7s4) cos(w,t)



Spin lifetimes in Graphene/TMDC

(strong valley mixing)

Lifetime values

Ts,|| € [1,10]ps
Dyakonov-Perel mechanism

Tsjj_& TS,H ~ 1/np

Giant anisotropy
Symbols: L ~ o
H:H 2 t ) all (! :(Sar ch o
Effective spin-orbit fields 0+ 2hw( ) s wa(t)ws(t') pwae
arising from the SOC terms dpr(t) _ (1y? /f>>”c Tty o
+ equation of motion of dt (zh) 0 Vi), Vi(#), pr(t)l] ¢,

density matrix Vi(t) = Lhd(t) - §(t) and 5;(t) = eitot/hge—iHot/h

N | =




Spin transport anisotropy in
Graphene/TMDC

(intravalley scattering only)

X

For higher quality interfaces
Spin lifetimes (out-of-plane
Much smaller

Anistropy around %2
as in conventional Rashba
Disordered systems
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Ts >~ 5 — 10ps

“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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Weak antilocalization by proximity effect

Wang et al,



i Spin Hall Effect

Manipulation of spin by electrical means
T— without the use of ferromagnetic materials
1 & or magnetic fields

Intrinsic mechanism
-jc ] Sinova (2005),...

. . . Band Structure (e.g. Rashba)
Extrinsic mechanisms

Dyakonov-Perel (1971); Hirsh (1999)

Skew Scattering Side-Jump Scattering



Spin Hall Kubo conductivity

in large scale disordered graphene models

eh x~ f(Ew) — f(En) Zm[(m|JZ|n) (n|v,[ m)]
2 E,, —E, E,—E,+in

J? = % {O‘ 2, Uy } is the spin current operator

.1

T

real-space formalism , _ eg;l / dudv (f (u) ;fiU)Z j(u,v),
U —v n

(s 0) = 3 Im[{m [ I n) (n vy | m)]o(u = Ep)o(v — En)
= S (UG g Ton (DT (0)) (14 80) (1 80 (T = @) (T = 72)),

Hmn = AE2Im[TT[Jz ( )UyT (ﬁ)“

The trace in fi,,, is computed by the average on a small number R < N of
random phase vectors |p)

dc-Kubo
conductivity

2he

Z Zm|gm (€ + i) Zmgn (e + in)|pmn

m.n—0

O-LL‘QU




osp(e/4m)

1.5

05

0.5

-15 '

Validation: homogeneous SOCs

Homogeneous Rashba SOC A; (no intrinsic SOC)
Analytical result for the spin Hall conductivity
A. Dyrdal, V. K. Dugaev, and J. Barnas, Phys. Rev. B. 80, 155444 (2009)

(_ e sign(E)E?
nlB) = (B

e FE(E+2sign(FE)A\R)

for |E| > 2R

| T | T | T T T T | T | T | T | T | T | T |
4 —— MNumencal @ - |
——. Analytical g ;2 PRB 80, 155444 (2009)

L 47 2Ag(E+sign(E)AR)

for |E| < 2AR

Homogeneous intrinsic SOC

(QSHE)
Plateau in the bulk bandgap

Sheng, Sheng, Ting, Haldane,
Phys. Rev. Lett. 95, 136602 (2005)

T T T T oy = e/2n

osg(e/4m)




SHE induced
by metallic ad-atoms onto graphene

intrinsic-like spin-orbit interaction
(2omeV), Elliot-Yafet and skew scattering



Giant Rashba Splitting
in graphene hybridized with Au-adatoms

D. Marchenko et al,

Au intercalation at the graphene-Ni interface
creates a giant spin-orbit splitting (60 meV)



Spin Hall angles % |CN25

Institut Catala
de Nanocigncia
i Nanotecnologia

QSH — JSH/wa

maz 0.1 — 0.3

(Zero-temperature)

Impact of segregation
varies with energy

For same cluster density
and distribution
Intrinsic SOC gives
rise to larger SHA
than Rashba-SOC

Far from dilute limit!!!
SHA not expected to

Be larger for much lower
density...



Non-local transport & topological effects

QSH :OSH/Uxx QSH—IS /Il
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