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Spintronic thematics evolution

Spintronics started in the mid 90’s, with Giant magneto resistance (2007 Nobel Prize)
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SCOPE

Spin-wave control by spin-orbit interaction: important
facts

Twisted spin waves (our work)

Comparison with chiral spin waves in conducting
ferromagnet

Perspectives



(1) SPIN-ORBIT in the CONDUCTION BAND of a 2D Galilean invariant
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(2) SPIN-ORBIT TORQUE in CONDUCTION BAND : Inverse Spin-Galvanic

kp
Drifting Fermi sea Transient
> Spin current
(S(k)), =0 (S(k)), Il Bso(qurit)
=> Steady state spin-polarization
Electric field Drift : Edelstein effect
J7#0 &) 20
M
S iy R
i i
o ~ ) A ]
RS = Bso (k+dk) x & iy,

V. M. Edelstein, Solid State Comm. 1990 BZ=0

J. Sinova et al., Phys. Rev. Lett. 2004 k & B 0 >
S. Ganichev et al., Nature 2002, J.Mag Mag Mat. : so”-» Rashba only




(3) SPIN-ORBIT TORQUE in CB : 2 SPIN SYSTEMS

Edelstein effect
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A. Manchon et al., Phys. Rev. B 2009



(4) SPIN-ORBITRONIC : HYBRID STRUCTURES : Rashba/FM

Magnetization switching
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I. Miron et al., Nat. Letter 2011
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Kajiwara et al., Nat. Lett. 2010



(5) STATE OF The ART for Controlling SW with SO

Natural Route :

Hybrid heterostructure with Structural Asymetry => Rashba type SO

Ferromagnet Insulator (Magnons, localized spins, no SO, long lived)
+

Adjacent conducting material with strong SO

Less natural Route :
Itinerant magnet (Spin Waves of conducting spins, short lived)
+
Conduction with SO
(Spin-orbit and Spin-Spin interactions are supported by the same medium)
+

Interplay of SO and Coulomb-exchange ?



SCOPE

e Spin-wave control by spin-orbit interaction

e Twisted spin waves (our work)

— Model system : SP2DEG, Spin waves by
Raman

— Final : Twisted Spin Waves
— Group velocity control

e Comparison with chiral spin waves in
conducting ferromagnet



Spin-Orbit and Spin Waves from first
principles in a model system

Model system : Spin-polarized two-dimensional electron gas

A2 S~
,\ p; 1 A T;
Hoppa = 277;* + Z Z 50z T Heoutomn + Z Bso (ki) - 5
N, e’ A \ ~ J/
HK HZ HSO
eﬁ Spin ﬁ-ra\-fes
f HSO
HSP2DEG

. E\zg’ ky || [010]

F. Baboux, F. Perez et al., Phys. Rev. Lett. 109, 166401 (2012) ;
F. Baboux, F. Perez et al., PRB Rapid Comm. 87, 121303 (2013)
Theory : C. Ullrich et al., PRB 2002 & 2003 ; I. d’Amico

Fe | [200]
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Model system : CdMnTe doped quantum well

Mn (x<1%) lodine (n,,~ 1.5-4 x10%cm™2)

Two interacting spin sub-systems :

Cd, Mn,Te

e 1/2-spin system Mn 5/2-spin system

P~ diia

Hica = —a) x*(y)8i-1 —
i

— A X szjq:[) —+ K X A'{z,qzo + HCOI‘I‘



Model system : CdMnTe doped quantum well

Mn (x<1%) lodine (n,,~ 1.5-4 x10%cm™2)

Two interacting spin sub-systems :

Cd, Mn,Te

e 1/2-spin system Mn 5/2-spin system

LIRS

A

He_g= AX S\"quzo + K X Z\quzo + Heor
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Model system : CdMnTe doped quantum well

Mn (x<1%) lodine (n,,~ 1.5-4 x10%cm™2)

Two interacting spin sub-systems :

Cd, Mn,Te

e 1/2-spin system Mn 5/2-spin system
Vo TR
B o st

Z.(B) = eNoa (L. (B.T)) — |g.| p1 B

A
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SP2DEG

B. Jusserand, F. Perez et al. Phys. Rev. Lett. (2003)
F. Perez, et al. Phys. Rev. Lett. (2007)

Spin quantization dominates

No Landau quantization

over orbital quantization (opp.
GaAs)

Mobilities are up to 10° cm?/Vs

High spin polarization degree (up
to 100%)

e Tunable, paramagnetic (T.<1K)

Zeeman energy (meV)
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Raman setup

Quantum
Well

Raman : Inelastic scattering

| [o01]
) - Conservation laws :
[110] energy : wavevector :
hw = E; — E, q= (ki — Ks)|
x B E Incoming phot
7 \ . .
s ncoming photon Dispersion | hw(q) ﬂ
q= 4{ sin 6
A~ 770 nm

0<g<15um'~0.1kp

Selection rules :

Crossed polarizations < transverse spin
excitations
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Spin wave dispersion : g>0

Crossed polarized Raman
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Spin wave dispersion : g>0

Crossed polarized spectra

. Voigt, B=2.0T
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Theory : F. Perez. Phys. Rev. B (2009)

F. Perez & P. Kossacki « Physics of DMS », Springer 2010

C. Akuh-Leh, F. Perez et al. Phys. Rev. B (2011) 17



Intensity (arb. units)

Spin wave damping

Quantum
well
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Reminder : SPIN-ORBIT in the CONDUCTION BAND of a QW
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Reminder : spin-orbit fields in qguantum wells
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Spin-Orbit and Spin Waves from first

principles : Twisted Spin Waves

A2 o~

A~ p 1 N A O-Z

HZDEG — 27};* + Z E §Oz,i + HCoulomb + E BSO (kz) | ?
I:IK I:IZ I:ISO

~w
Spin Waves

Y

Twisted Spin Waves

Previous steps :

F. Baboux, F. Perez et al., Phys. Rev. Lett. 109, 166401 (2012) ;
F. Baboux, F. Perez et al., PRB Rapid Comm. 87, 121303 (2013)
Theory : C. Ullrich et al., PRB 2002 & 2003 ; I. d’Amico
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Twisted Spin Waves

(1) EXPERIMENTAL FACTS [010]
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Twisted Spin Waves

(2) SPIN-WAVE STIFFNESS CONSERVATION d

g, (um’)




Twisted Spin Waves

(3) THEORY (F. Perez, C. Ullrich, G. Vignale, | d’Amico):

Rotated frame :

Hso = —hqo-Jg—o+ hd1-Ji=0
First order 2nd order
2m*

qo/1 = 73 (a*/-[sin2p)e,,. + Bcos2pe., ..

Unitary transformation (twist operator) :

U — oo > ri0.i/2




Twisted Spin Waves

(3) THEORY (F. Perez, C. Ullrich, G. Vignale, | d’Amico):

Rotated frame :

Hso = —hqo-Ji_o+nai-J o
q q
First order 2nd order

2m*

/1 = 73 (e t/- Bsin2p) ey, + Fcos2pe, /).

Unitary transformation (twist operator) :




Twisted Spin Waves

(4) INTERPRETATION: OSCILLATING INVERSE SPIN-GALVANIC EFFECT

Spin wave q=0
=0 & J'=0 & J'#0
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Twisted spin wave
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Twisted Spin Waves : control of the group velocity

Group velocity :

Vga = sthq/m* ) Vgq — sth(q - Clo)/m*

no spin-orbit Twisted Spin Wave
a b e
Green light 3.0
N:)
. 2.50-;;
Dv—-
2.0 gﬁ

0 100 200 300

Intensity | (MW.cm )
d Green

(%)

%) B T,

& -30} ﬁ X04 {4 3
c

’ ® @ )

% 24+ M’:-E‘ o

o / 2

il -

%-18— T e ¢ 0 0 . o

2 Ll @ B_=2T [|¢¢® all &

& . ~ ext " - -0 3

"— m

o '6 1 1 1 1 1 1 1 1 1 1 -1 <

v 15 18 21 24 27 15 18 21 24 L7 =

11 -2 11 -2
nZD(10 cm’) n2D (107 em”)

F. Perez, F. Baboux, C. Ullrich, G.Vignale, |. d’Amico, submitted to PRL 2016 27



SCOPE

Spin-wave control by spin-orbit interaction

Twisted spin waves (our work)

Perspectives
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Chiral Spin waves in conductmg ferromagnet
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Kirschner et al., Phys. Rev. Lett. 2012 06 03 00 03 06 00

Wave-vector, q [ A ]

_Zjijgi'gj -+ ZD;J- ?;XS'

17] 17]
- >y - _
v ~
Heisenberg, Dzyaloshinski-Moriya
Symetric exchange Antisymetric exchange
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Ji =7.5meV, Jy, =4.5 meV 3D7 = 0.9 meV, D5 = 0.5 meV



Chiral damping in conducting ferromagnet
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Perspectives : Snell’s law for spin waves

TRMOKE

m, (arb. units)

Thickness interface (Permalloy)

interface normal

0 5 10 15 20 25 30 O 5 10 15 20 25 30
X (um) X (Hm)
J. Stigloher et al., Phys. Rev. Lett. July 2016
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Summary

We have presented the discovery of a new type of spin waves, the spin-
orbit twisted spin waves [F. Perez et al. PRL 117, 137204 (2016)]

SOTSWs exist in a magnetized, Galilean invariant system, subject to spin-
orbit interaction. Their dispersions experience a chiral shift in wavevector
space in a vectorial form that we predict from a rigorous many-body
theorem, and then verify in detail their dependence on the angle and other
parameters.

SOTSWs have the same spin-wave stiffness as SP2DEG spin waves. This
gives rise to the possibility to control their group velocity.
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