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Bulk materials
3D charge current — 3D spin current conversion by Spin Hall Effect (SHE)
and 3D spin current — 3D charge current by Inverse SHE (ISHE)

J = vertical spin current injected Switching of nanomagnet by the spin
into an adjacent layer by SHE current J; injected by the SHE in an

adjacent SO layer M
v i/i - A
-A-"-\- > I Ic

=> Yield of conversion between charge and spin current

spin current density
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Bulk materials
3D charge current — 3D spin current conversion by Spin Hall Effect (SHE)
and 3D spin current — 3D charge current by Inverse SHE (ISHE)

J = vertical spin current injected Switching of nanomagnet by the spin
into an adjacent layer by SHE current J; injected by the SHE in an

adjacentSO layer M
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Spin/charge conversion by Rashba interfaces and topological insulators

Rashba interface Topologicalsinsulator
E(K)
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Spin/charge conversion by Rashba interfaces and topological insulators
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Edelstein (EE) and Inverse Edelstein Effect (IEE)

Rashba interface Topological insulator
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Edelstein (EE) and Inverse Edelstein Effect (IEE)
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Edelstein (EE) and Inverse Edelstein Effect (IEE)

Rashba interface Topological insulator
AK oy, Edelstein Effect —ak charge current
depleted 1RNoverpopulated jC in 2DEG
Charge induces
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Rojas-Sanchez, AF et al, Nat.Com. 013, Shen et al, PRL014




Edelstein (EE) and Inverse Edelstein Effect (IEE)
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depleted ' overpopulated jC in 2DEG
Charge induces
Current j . g g nonzero spin
— density o,
¢4
Inverse Edelstein Effect —— ] 1Injection of
' injection /&Xtractio spin current Jg
j ? induces charge
current .]C
length | )
A engt
o l A/ Am | A
Jc Aee Js . 2D . 3D
01 oo =4ee s
ith 4. =—— .
W Are = % With A =Ver

Rojas-Sanchez et al, PRL 116, 096602 (2016), Culcer, Physica012




Edelstein (EE) and Inverse Edelstein Effect (IEE)
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Inverse Edelstein effect (IEE) in spin pumping experiments

| _Bi/Ag interface* (3-C. Rojas- | | ®\>
Sanchez, AF et al, Nature N 3D :%JS injected by spin
g

Communications, 4, 2944, 2013) agnetic

- Other examples presented today:

topological 2DEG: a-Sh and
LAO/STO interface

r
2D charge current J/

* Before Bi/Ag, first observed derived from V
in n-GaAs-AlGaAs QW,
Ganichev et al, Nature 417,
153, 2002



92 Ag (t=0, 5,10 or 20nm)

Ag/Biinterface

iFe (t = 15nm) Spin to charge conversion by Bi/Ag Rashba interfaces
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9.5

iFe (t=15nm)

Ag/Biinterface

Ag (t=0, 5,10 or 20nm)

Spin to charge conversion by Bi/Ag Rashba interfaces

vV .
|c =——islarge

Rl

Bi (t = 8nm) tem“p"e"r;“ture only whenthereis
1-1 15,24 0r 3mm a Bi/ Ag interface
7O a =04 mm, S. Sangiao et al. APL 106, 172403 (2015)
2L s s s B s S B B as expected by Rashba symmetry,
5 NiFe(15)/Ag(10)/ NiFe(15)/Bi@)} 1 o has opposite signs for, respectively,
o /\ Ag above Bi and Ag under Bi
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MRee (nm)

J-C. Rojas-Sanchez et al.

Bi/Ag @Rt Nature Comm. 2013

3D TIEE oy (Similar results by K. Shen,

R. Raimondi et al, PRL. 2014)

More recent results on Bi/Ag, Sb/Ag..

W. Zhang et al. JAP 117, 17C727 (2015)

Aec(Ag/Bi) ~ 0.1nm >A(Ag/Sb) ~0.03 nm 0.1nm

Sisasa et al, 2015, A ;(Cu/Bi) derived from LSV is
small and its sign changes with T

Spin to charge current conversion at Ag/IrO,
(Fujiwara, Otani et al, Nat Comm. 2013,DOl:
10.1038/ncomms3893)and Cu/Bi,0; interfaces
(Karube, Otani et al, App.Phys. Expr. 9,033001)
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Zhang et al (PRL 2015), Jungfleisch et al
(ArXiv 1500.0141): measurement of charge to
spin conversion (direct EE) at Bi/Ag interface




PRL 111, 136804 (2013)

Large-Gap Quantum Spin Hall Insulators in Tin Films '

12 ~ 3 Wi 1 1 ! | pa:
Yong Xu, ~ Binghai Yan,” Hai-Jun Zhang, Jing Wang, Gang Xu, Peizhe Tang|| 44ML
~ 2 1.2,
Wenhui Duan,” and Shou-Cheng Zhang

FHYSICAL REVIEW B 90, 125312 (2014}

(a)

DFT

Enargy eV

ILIF

_01TX r 0.1rX

PRL 111, 157205 (2013)

Elemental Topological Insulator with Tunable Fermi Level: Strained a-Sn on InSh(001)

A. Barfuss,' L. Dudy,' M.R. Scholz,' H. Roth,' P. Hopfner,' C. Blumenstein,' G. Landolt,™* J. H. Dil,*”
N.C. F'lurnl’:.,2 M. E‘t:idu‘q.*i{:,2 M B(JS[W’iCk.,4 E. R:Jtenhergf' A. Fleszar,” G. Bihlmayer,ﬁ D. W(Jl'tl'l'lal'll'l.,ﬁ

. Li,i W. Hanke,i E. Claﬂssen,' and J. Schiifer"*

PRL 111, Dirac Cone with Helical Spin Polarization in Ultrathin a«-Sn(001) Films

216401 (2013)

Yoshiyyki I‘le'ltf»;ul".nt:u._,"4= Patrick Le Févre,' Francois Bertran,' and Amina Taleb-Ibrahimi'*’
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Binding energy (eV)
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- ARPES: Y. Ohtsubo et al.
AN PRL 11, 216401 (2013)
o g InSb//a-Sn(24-30MIL)
N L,=7.310°m/s (4.8 evA)

sbDirac-cone with helical spin polarization

Casiopee beam line at SOLEIL,
Room temperature

Our a-Sn/Fe and a-Sn/Ag/Fe samples
(0-Sn:30ML) have been grown in the
same conditions in situ on the same
beam line to check by ARPES if the
topological states are or are not kept
after depositing Fe or Ag for our spin
pumping experiments




First stage : ARPES in a-Sn(30ML) + Fe or aSn(30ML)+Ag
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First stage : ARPES in a-Sn(30ML) + Fe or aSn(30ML)+Ag

0

0.2

0.4

0.6

.
_A

IocSn+09AFe |

| @18k

S8 oSn + 1.8 A Fe i

Er (eV)

.
[
I”
[
Bl

k (nm 1)

Room temperature

3= The Dirac cone
remains when
addmg Ag on Sn

N ok

E.'J (GV)

0.6 a5n+4 3AAg '
l IEE expected in

o—

spin pumping
0.2 4 from Fe into
6.1 o - ;2k Ag/Sn bilayers
06, aSn+12 A Ag jI
k, (nm)

Rojas-Sanchez et al, PRL 116, 096602 (2016)




InSb//aSn(24ML)/Ag(2nm)/Fe(5nm)/Au(3nm)

Spin pumping on a-Sn/Fe and a-Sn/Ag(2nm)/Fe

/laSn/Ag/Fe: a = 0.028

2 nm I \

5nm

~— ]

//oSn/Fe: a. = 008

2nm

& L
0 2am a 4l

\

strong spin absorption by 2 | /[Fe: o = 0.0062
pumping Fe on Ag/aSn, HTTII00] ]
weak spin absorption by DU — Jlr — BI — -1'1 —
pumping directly from Fe £(GHz) )

an oSn

Rojas-Sanchez et al, PRL 116, 096602 (2016)




Spin pumping on a-Sn/Fe and a-Sn/Aal2nm)/Fe

InSb//ocSn(24ML)/Ag(2nm)/Fe(5nm)/Au(3nm)

Rojas-Sanchez et al,
PRL 116, 096602 (2016)

dX"/dH (arb. units)

I (uA)

(A/m) \J

)

=A =VT

2
A Jen =~ 2.1nm

2nm
//Fe/ //oSn/Fe/ //aSn/Ag/Fe/
L L I A A B B B L L L
J P =200 mW P =200 mW P =200 mW
f=9.6732 GHz f=9.78 GHz oo e
4 H—+—————+——+—+—+—+ —+———————— -+
_ Room tdmperature

1 I 1
0.15

010
H (T
Precession angglz—: ~ 102




Spin pumping on a-Sn/Fe and a-Sn/Aal2nm)/Fe

InSb//ocSn(24ML)/Ag(2nm)/Fe(5nm)/Au(3nm)
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PRL 116, 096602 (2016)
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Spin pumping on a-Sn/Fe and a-Sn/Aal2nm)/Fe

InSb//ocSn(24ML)/Ag(2nm)/Fe(5nm)/Au(3nm) (A/ m \J .
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Spin pumping on a-Sn/Fe and a-Sn/Aal2nm)/Fe

InSb//aSn(24ML)/Ag(2nm)/Fe(5nm)/Au(3nm)

Rt

A

In progress, dependence
on T, a-Sn thickness, gate
voltage, applied field +
inverse conversion

Other spin/charge conversions

with TI,

e.g Shiomi et al, PRL0O14,
Jamali et al NanoLetters 015

(spin pumping),

Tang et al, Nano Letters 014,
(electrical spin inject. )
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Relaxation time T of out-of-equilibrium distribution in topological states

For circular contours
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PRL 116, 096602 (2016) Dots correspond to maximum intensity in E=cst scans



Relaxation time T of out-of-equilibrium distribution in topological states

ARPES
intensity
mapping
in (k,, k) plane
(low resolution)

Rojas-Sanchez et al,

For circular contours

AEE =¢\l/|: r=21nm, VE ~0.56x10%m/s

— 172371 (Bi/Ag:r = 5fs)
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PRL 116, 096602 (2016) Dots correspond to maximum intensity in E=cst scans




Relaxation time 7 of out of equilibrium states in Rashba or Tl 2DEGs

1) Ulta-fast time-resolved

ARPES (ex:Bi,,Te; Hajlaoui
et al, Nat. Comm. 2013) -~

T in the ps range

(ballistic length in the ym
range) «

X

Additional relaxation of the
spin+momentum accumulation
by spin-flip scattering

from 2D states to 3D metal

2) Spin pumping
T in the fs range*

(ballistic lenght in
the nm range)

*The fs range is also the typical lifetime of QW states at the Fe/Ag interface QW, Ogawa et al, PRL 88

Additional relaxation by
spin-flip scattering
from 2DEG to metal

IEE (or EE) would more
efficient (A gg longer)
without proximity of the
Rashba or Tl states with a
metal, i.e with interface with
an insulating ferromagnet
(YIG, etc) or a tunnel

Interface




LAO/STO system : large Ic production and gate effect

hrf

Hdc
o > 4
M 9.63 GHz

luc

8 140V -120V 4100V B0V 0V 450V +100V

otz [ 1 [TV
_ 90 100 90 100 90 100 90 100 90 100 90 100 90 100
H (mT)
Age Up to 6.4 nm
( definitely higher than with a-Sn and at Bi/Ag interfaces )

E. Lesne, Ph.D. Thesis,
CNRS/Thales lab.

Cylindrical cavity
(INAC/CEA-Grenoble)

allow for measurements down to
few Kelvins, combined with
voltage/current probe.




1) Charge to spin conversion: SHE already used in SOT-RAMS, Rashba and TI
already proposed by INTEL, advantage of Tl for spin-orbic logic (Manipatruni et al)

Ex: 3-terminal SOT MRAM Manipatruni et al, ArXiv (Intel)
Z. Wang, W. S. Zhao et al.,

Journal Of PhySiCSI > (gg'l\.ér}te current {IN}I

lcha rge

Il:harge [DUT}
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Conversion with Bi/Ag




Perspective for exploiting the conversion between spin and

charge by Tl in low-power spintronic devices (Room Temp.),
assessment of the advantage of Ti

2) Perspective for spin to charge conversion with TI,

first exemple: spin battery,

Microwave-driven ferromagnet—topological-insulator heterostructures: The prospect
for giant spin battery effect and quantized charge pump devices

Farzad Mahfouzi,! Branislav K. Nikoli¢,"'? Son-Hsien Chen,'*?'* and Ching-Ray Chang?

! Department of Physics and Astronomy, University of Delaware, Newark, DE 19716-2570, USA
*Department of Physics, National Taiwan University, Taipei 10617, Taiwan

FIG. 1: (Color onlne) The proposed heterostructures con-
sist of a 2D topological insulator (TI) attached to two nor-
mal metal (NM) electrodes where the ferromagnetic insulator
(FI) with precessing magnetization (with cone angle #) under
the FMRE conditions induces via the prosxamity effect a time-
dependent exchange field A 0 in the T1 region underneath.
In the absence of any applied bias voltage, these devices pump
pure spin current into the NM electrodes in setup (a) or both
charge and spin current in setup (b).




Perspective for exploiting the conversion between spin and

charge by Tl in low-power spintronic devices (Room Temp.),
assessment of the advantage of Ti

2) Perspective for spin to charge conversion with TI,

second exemple: conversion of heat flow into electrical power

S S —

Rl();\t Z

APPLIED PHYSICS LETTERS 104, 042402 (2014)

Spin Seebeck power generators
Adam B. Cahaya,’ O. A. Tretiakov," and Gerrit E. W. Bauer*~

Vertical heat flow

FIG. 1. A schematic view of the spin Seebeck power generator based on the
ISHE. A bilayer of ferromagnetic insulator and normal metal with a low
interface heat conductance pumps a spin current J, into N. Then J, is con-
verted into a transverse charge current J, by means of the ISHE.



Inverse spin Hall effect (ISHE) vs inverse Edelstein effect (IEE) WITH

3D layers Interfaces and 2DEGs
Spin-to-charge conversion by « bulk » spin-orbit Spin-to-charge conversion achieved through
effect through inverse spin hall effect (ISHE) inverse (Rashba-) Edelstein effect (IEE)

3D
Jg% 3 47
(A/m?) V¥ (A/m?)

2
/m?)_ an (A/m) (A/m*)

ISHE: j3° =@q¢ | IEE: j2° =2 jP
l ;20 — It 2DEG > 5P

ISHE: 2P = [ j3Pdz = @l th(t/ 21 ) j3P

reachesits maximum JZ° = @¢ el j3P for t >> Ig

which corresponds to an Inverse Edelstein Effect

with, at the most, an effectivei,EE* = O g




Inverse spin Hall effect (ISHE) vs inverse Edelstein effect (IEE) WITH

3D layers Interfaces and 2DEGs
Spin-to-charge conversion by « bulk » spin-orbit Spin-to-charge conversion achieved through
effect through inverse spin hall effect (ISHE) inverse (Rashba-) Edelstein effect (IEE)
3D
J?D Js
2 2
Alm - Alm 2
SHE: | 120 _ o j3[() ) A B
e SHE s IEE: )¢~ =ZAige Js
1P = |t 2DEG » ;2D
2D : 3D 3D Maximum charge current induced
ISHE:JS™ =[J; dz=0Ogelgth(t/2lg ) j by ISHE characterized by the

i . : effective conversion length
reachesits maximum JZ° = @¢ el j3P for t >> Ig

*ste= Ospel sf

which corresponds to an Inverse Edelstein Effect to be compared to

with , at the most, an effective /I,EE* = Oge I« A,EE

from ISHE to IEE the gain in
current is at least A;c/ A* ¢




Compared spin to charge conversion yield of Tl (a-Sn) and ISHE (Pt and W)

1) Gain in charge current J. for the same injected spin current density | from
SHE in Pt or W (for t >> | ) to a-Sn (taken as an example of Tl, A=2.1nm)

- Gain from Pt (8= 0.056%, | = 3.4nm™) to a-Sn: J-(a-Sn)/J(Pt) =11.03
(Pt would be as efficient as a-Sn if its SH-angle was 62%instead of 5.6%)
- Gain from W(Bg,c = 0.33%% s = 1.4nm™ ™) to a-Sn: J-(a-Sn)/ J-(W) = 4.5

or from W with 85, = 0.19*** |; = 1.4nm*** to a-Sn: J~(a-Sn)/ J-(Pt) =7.9
(W would be as efficient as a-Sn if its SH-angle was 150% instead of 19-33%)
*from C.Rojas-Sanchez et al,PRL112, 2014

** trom Pai et al, APL 101, 2012
**% com Kim et al, arXiv:150308903 2




Compared spin to charge conversion yield of Tl (a-Sn) and ISHE (Pt and W)

2) Gain in electrical power P for the same injected spin current density ,

Optimal condition: Ry =4kl for a-Sn surface 2DEG between insulating
materials

and R = p/t for the SHE metal layer (Pt, W) of optimal t = I )
- Gain from Pt (85,z= 0.056, Isf = 3.4nm, resistivity = 17 yQQcm) to a-Sn
P.(a-Sn)/ P-(Pt) ~ 104
-Gain from W (B¢, = 0.19-33, | = 1.4nm, resistivity =160 pQcm) ) to a-Sn

P.(a-Sn)/ Po(W) ~ 103




Compared charge to spin (or charge to
torgue) conversion yields between

1) TI (Bi,.Sb,)Te, > \
with conversion factor j/Jc = qjcs = 1nm? £ *
(Kondou et al, ArXiv:1510.03572) S
and
2) SHE-Pt or - W layers with J/J - = Ogye /Isf —
in the optimal conditions t = GRS SR he LS

x (Sb)

1) Gain in ejected 3D spin current density Jq
for the same 2D charge current density |- in metal layer or 2D topological states
between SHE with Pt or W (for t = I; ) and (Bi,.,Sb,)Te; (q;cs = Inm™)
- Gain from Pt (Bg, = 0.056, l; = 3.4nm) to a-Sn: |5(BISbTe)/ |s(Pt) = 61
- Gain from W (8, = 0.33, s = 1.4nm) to a-Sn: |(BISbTe)/ |5(Pt) = 4.2

or with 85,z = 0.19, | = 1.4nm: |5(BiSbTe)/ |(Pt) = 7.4




Compared charge to spin conversion yields 1.2
between
1) TI (Bi,,Sb,)Te,
with conversion factor js/J - = Qe = 1nm
(Kondou et al, ArXiv:1510.03572)
and

2) SHE-Pt or - W layers with js/J = Oy [l
In the optimal conditions t =1;

-1

Gics (NM WV

00 02 04 06 08 10
x (Sb)

1) Gain in ejected 3D spin current density Jq
for the same 2D charge current density |- in metal layer or 2D topological states
between SHE with Pt or W (for t = I; ) and (Bi,.,Sb,)Te; (q;cs = Inm™)
- Gain from Pt (Bg, = 0.056, l; = 3.4nm) to a-Sn: |5(BISbTe)/ |s(Pt) = 61
- Gain from W (8, = 0.33, s = 1.4nm) to a-Sn: |(BISbTe)/ |5(Pt) = 4.2

or with 85,z = 0.19, | = 1.4nm: |5(BiSbTe)/ |(Pt) = 7.4

Remark: simple calculations lead to q,cs = 1/vgt and Agg = 1/vT = vt
but t has not exactly the same meaning in q;cc and Ay




-
Summary

Spin-charge conversion In spintronics
-Spin-Orbit In 2D system (Rashba, Tl, LAO/STO)

more efficient than in 3D (SHE)
for spin-charge conversion

- Tl can work at RT (as well as Rashba interfaces)

- Tl more efficient if topological 2DEG protected
by interface with insulator (ex: LAO/STO)

- Other Tl-based devices: spin-filtering p-n
junctions, high-speed opto-spintronics, thermo-
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Spin pumping from FMR

Spin pumping : generation of out of

equilibrium spin distribution in FM and

spin current injection in adjacent layer
Tserkovnyak et al. PRL 88, 117601 (2002)

1) Increase of effective damping and FMR linewidth

94 1y (1)
Cem/INM — &, = 9
- o M AzMgte
S Y. Tserkovnyak et al. RMP 77, 1375 (2005)
T
2 2) Injected spin current from g’ derived from Aa.
S
_ N 2402 2 2
IIIIIIIIIIII /[NiFe jint Jetf 7 et | Mgy + (47TM37) +4w
200 -100 0 100 200 sO = 2 2 5 2
H _Hres (mT) Y104 (47Z'MS]/) + 4w ( )

//Bi/Ag/NiFe .
K. Ando, E. Saitoh et al. ]AP 108 , 113925 (2010)
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Topological «-Sn surface states versus film thickness and strain

S. Kiifner,” M. Fitzner. and F. Bechstedt
Institut fiir Festkdrpertheorie und -optik, Friedrich-Schiller-Universitdr Jena, Max-Wien-Platz 1, 07743 Jena, Germany

The theoretical prediction that gray tin represents a strong topological insulator under strain [L. Fu and C.L.
Kane, Phys. Rev. B 76, 045302 (2007)] is proven for biaxially strained o-5n layers with varying thickness by
means of a generalized density functional theory with a nonlocal exchange-correlation potential that widely
simulates gquasiparticle bands and a tight-binding method including intra- and interatomic spin-orbit interaction.
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The theoretical prediction that gray tin represents a strong topological insulator under strain [L. Fu and C.L.
Kane, Phys. Rev. B 76, 045302 (2007)] is proven for biaxially strained o-5n layers with varying thickness by
means of a generalized density functional theory with a nonlocal exchange-correlation potential that widely
simulates gquasiparticle bands and a tight-binding method including intra- and interatomic spin-orbit interaction.

They are localized near the
slab surfaces. Apart from
. atomic oscillations in Fig.
> Helical spin polarization 2(C) the envelope shows a
localization near

N N the surface and an

Energy (eV)

0.2} exponential decay into the
et S—t) NN(‘ bulk region of the slab with
~0ATX r 0.1I'X
(d) N a decay constant of about

10.1 A° . As conseguence
DFT-LDA for 44 ML the overlap of envelope
of 0.23% biaxially functions belonging to

strained a-Sn(001) opposite surfaces of the
slab with 40 ML is

negligibly small.
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