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Relativistic interaction linking spin and
SPI N - 0 R BlT orbitals (l.e. spin space and real space)

COUPLING

.... a small interaction
leading to rich physics ....




SPIN-ORBIT INTERACTION: A RELATIVISTIC EFFECT

a Electron in an atom
Relativity:

Switch the coordinate frame Proton's point of view
MovingE=> 1.

Quantum spin:

Electron has a spins 2 h=-u,*8

T
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Asl = r x p, and hence r x v = 21, we get the Hamiltonian
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RELATIVISTIC EFFECTS

B Elsctrosn s a6 Slom
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Unperturbed Hamiltonian &
H=Hy+ H + Hy + Hy '6 "rr'{
Three Relativistic corrections: : :
4
By e — ©
Bmict
H,: Mass-velocity term (cormrection to Kinetic energy)
it L NV o

2mie? r dr
H.: Spin-orbit term

- P val-'{r-} _ mhe ( Ze* )‘ﬂ?‘]

Smie2 2t ot dmweg

H,: Darwin term
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MAGNITUDE OF RELATIVISTIC CORRECTIONS

Tab. 1.1 Summary of relativistic and spin-depandent interacion terms.

Perturbation Description Magnitude

P Ze® 1 The nonrelativistic motion, > 10° gm-~!

2m dmeg T

Relativistic mags comaction term 0,1 em?

The “Darwin” term responsible for s-state shifts. < 0.1 cm™!
It represents the relatrvistc nonocalzability of the

electron and is related to both the negative-anergy

s and its rapid motion

Spin-orbit interaction. As shown in Problem 1.4, 10=10" em~!
this term can be writlen as 'r':—"'%: f I T]
whiara I is tha orbital angular momentum. In con-
trast to the previous term, this does not alfect s

slates.
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SPIN-ORBIT INTERACTION: FROM ATOMS TO SOLIDS

a Electron in an atom
Froton's podnt of view Electron s point of view

Profon s

magnatic field

In an atom, an e (orange) orbits the
nucleus (blue; here a single proton).
From the e point of view, the proton
orbits the e~ and produces a magnetfic
field that couples with the e spin and
alters its orbif.
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FROM ATOMS TO SOLIDS: SYMMETRY-INDEPENDENT SOC

Frorm
& atoms to
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in the prototypical i o R e ol

Semiconductors? I >‘;’f ® D1
alaled Silican Alam

i'\,;n.. (ol (o] [oF

Crpalrdine Lk o

Sivia Picozzi CHRS - Intl 5chool on Oxide Electronics  ISOE 2017




SYMMETRY-INDEPENDENT SOC
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SOC-DERIVED BAND SPLITTING

Bandstructure of Ge around the Fermi level without SOC [left) and with SOC
(right). Three-fold degeneracy of the highest occupied state at the T point is split
by SOC, as well as the doubly degenerate band along the linesT" Land I' X.
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SYMMETRY PROPERTIES IN BAND STRUCTURE :
SPACE/TIME INVERSION

What happens to
spin-orbit coupling
upon time-reversal

symmetry?

Voo~ l-0— Vs

SOC preserves time reversal symmetry!
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SYMMETRY PROPERTIES IN BAND STRUCTURE :
SPACE/TIME INVERSION

Two cases need to be distinguished:

» solids with space inversion symmetry

€k
j/_ degeneracy

k
« solids without space inversion symmetry

€k
f no degeneracy

k
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SYMMETRY PROPERTIES IN BAND STRUCTURE :
SPACE/TIME INVERSION

Time reversal symmefry: g.+ = €4}
(Space) inversion symmetry:  get = 4t

a) No Spin-splitting b) Zeeman Spin-spliiting E

WITH time-reversal WITHOUT time- WITH time-reversal
and WITH inversion reversal symmeiry WITHOUT inversion

symmelry WITH Inversion symmedry:

Byt = Bt T Byl

Bt = Bt # Bl Bt = Bl ¥ Byl




WHAT IS THE RASHBA EFFECT ?

SOC effect: particle in electric field E experiences an intermnal effective
magnetic field B4 =« v x E in its moving frame

NB: E could be external (i.e. 2DEG), or "effective” (as in FE}
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WHAT IS THE RASHBA EFFECT ?

Relevant properties/parameters:




USING RASHBA SPIN-ORBIT COUPLING:
SEMICONDUCTOR-BASED SPIN-FET

: Gate electrode Y :
I"I:'l' rﬂlﬂﬂgﬂctll. ]-.trr-n mﬂ_gn etic

ectrode . : dnf;und:
{ma 4 il D

'T'#L‘”-ﬁ-vb?

Semiconductor 2DEG

»Das-Datta proposal (Appl. Phys. Lett.

= Animation by Bernevig and Sinova.
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WHAT IS THE SPIN TEXTURE ?

Calculate the SPIN expectation value
for each wavefunction

(0,). =W, *®)|o, [, &)/ (w,*K&)|w,k)
(9,), =<w *(k)|o, (w, )
W, * (o |y, (k))f{w *(k)||w, (k:r)

« Can one maa:ure ﬂ?
Yes, with &

« What does it mean?
Intuitively: “spin™ of an
electron in a certain (n, k) state
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WHAT IS THE SPIN TEXTURE ?

* NB: we're in k-space (not real space!)

Arrows do nof represent magnelic moments,
Vorlex-like spin textures have nothing to
do with Skyrmions, antiskyrmions, efc
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FERROELECTRICS: BASICS

* Polar materials, in which a
spontaneous elechic polarization can
be switched via an external eleckric field
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RASHBA EFFECT AT SURFACES
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FERROELECTRIC GeTe:
“BULK” RASHBA SPIN-SPLITTING

T{_.l'l.' ~ 720K 1 (A% alA) s [A) a [7) i [} r [{A) »{A) E, iaV) P

R{elolol-Nel(ellle} FBE 5508 4373 6080 5776 BA02 00306 325 285 040 B4 5

R3m [r‘!E:l. 1 80 REES 458 4333 6018 5761 ATER 00311 324 281
Exp 53.31" 5.98" A8.35" 0.0248° 313 280" 06177

P along [111]

a)




ORIGIN OF
RASHBA
SPIN
SPLITTING

v Presence of
spin-orbit
coupling

BAND STRUCTURE WITHOUT SOC




EVALUATION
OF RASHBA
PARAMETERS




EVALUATION
OF RASHBA
PARAMETERS

Th_@ effect
s “GIANT”
in GeTe!

ky=(k, k,)

Sample

Surface state

Au(111)

Bi{111)

1/3 ML Bi on Ag surface alloy
Interface

InGaAs/ InAlAs

QW state

Pb thin film (&-22 ML)
Bi thin film (7-40 BL)
1ML Bion Cu

Bulk

BiTel

- coclocihic Gele



RASHBA
EFFECT AT
TOP
VALENCE
BANDS




SPIN POLARIZATION ALONG CONSTANT
ENERGY CONTOURS AROUND Z -

In-plane spin
texture (constant-
energy cut at -0.47
eV). Arrows refer to
the in-plane
orientation of spin
(colors indicate the
modulus of the spin
polarnzation).

Out-of-plane
spin component
distribution
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SPIN-ORBIT
COUPLING

-
Relativistic inte-

raction linking
spin and laftice

MAIN MESSAGE (1) LINKED to P (via
SOC)— CONTROL

and SWITCH via
E in a permanent
[(non volat.) way

a) Rashba [P

RASHBA EFFECT



A POSSIBLE
DEVICE ....

Datta-Das SPIN-FET

Polarzation
switching

2=\ T

i L j
um [
unneing barrigg ulating layer
| Rl
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RECONFIGURABLE LOGIC FUNCTIONS USING
FERSC-BASED SPIN-FET

Table 1

Reconfigurable
logic gates:
| NOT

BUFEER

Arate]

Table of truth for a spin-FET based on Gele, operated in different
configurations of the magnetization (M. My) in the two FM electrodes
(injector, analyser) and of the dielectric polarization [P) in the Gele
channel. The high (low) device resistance (Re) state H (L) is associated to a
logic state 1 (0)




COEXISTENCE
OF DIFFERENT
PHYSICS
PHENOMENA
* Adds The spin
degree of freedom

= [radimonally
exploited for

logic elements

' FERROELECTRIC

| RELATIVISTIC
QB A EFF((- SEMICONDUCTORS
o> O, (FERSC)
Q- - W

o




THE QUEST
FOR
MULTI-
FUNCTIONALITY

Past attempt to use semiconductors
for non-volatile applications:
DILUTED MAGNETIC SEMICONDUCTORS

Hnwever. upercﬂing tempera’rures
are too low !



GeTe WORKS “IN THE COMPUTER”, BUT

* low electrical resistivity (high density
of Ge vacancies, leading to a density
of free holes of up to - 1020 cm-3)

«atoosmallband gap (0.1eV 20.6eV ?

indirect)
» structural ferroelectric distortions detected via

neutron diffraction but no feroelectric
polarization ever measured

. recenﬂ\f FE swﬂchmg via PFM (G .
' | on MBE films gmwn on
hlg1'1|‘f Ir::thce—mm mﬂiched Si{(111) substrates

Phaze! Deg, Ampiivee | A, umid

lv distorted rocksalt structure o




EXPERIMENTAL CONFIRMATION:

SURFACE AND BULK RASHBA BANDS IN FE GeTe

M. Liebmann, C. Rinaldi, D. Di Sante, A. Giussani, R. Wang, 5. Bertoli, M.
Cantoni, L. Baldrati, |. Vobomik, G.Panaccione, R. Calarco, S. Picozzi,
R. Bertacco and M. Morgenstern
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SURFACE AND BULK RASHBA BANDS IN
FERROELECTRIC GeTe

1 (c)

25.0 eV

21.5eV 23.5eV
1 (0) Z+0.29 A"

Z+0.14 A° Z+0.23 A

Absolute spin polarization




SPIN SPLITTING: RASHBA VS DRESSELHAUS

Historically, two kind of SOC-induced spin-splitting effects:
Rashba Effect Dresselhaus effect

E. |. Rashba, Sov. Phys. Solid State 2, | G. Dresselhaus, Phys. Rev. B 100, 580

1109 (1960). [1933)

Structural inversion Bulk Inversion Asymmetry

Asymmetry (SIA) (BIA)
i.e. Interfaces, surfaces, 2DEG i.e. Zincblende, wurtzite crystal




SPIN SPLITTING: RASHBA VS DRESSELHAUS
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SPIN SPLITTING: RASHBA VS DRESSELHAUS
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ARE THERE
OTHER
FERSC?

CANDIDATE
MATERIALS

FERROELECTRIC

%@\C@No& SEWICONDUCTORS aPHCE-Pe
S g L (FERSC) -
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CAN WE USE OXIDES ?

»  Mofivations:
— Better insulators (i.e. ferroelectrics) wrt GeTe (quite "leaky” semicond.)
— Different directions for polarization (... P is often in-plane for thin-films due
to depolarization fields)

What
happens if
Pisin-
plane?

%) .jﬂ VIEW

: 999 9 9o°F
33 99 395
a

H. Lee et al., arxiv:1712.06112v3
on FE SnTe thin-films




CAN WE USE OXIDES ?

Motivations:
— Better insulators [i.e. ferroelectrics) wrt GeTe (quite "leaky" semicond.)
— Different directions for polarization (... P is often in-plane for thin-films due
to depolarization fields)




TUNGSTEN-BASED OXIDES (1)

WO, : ground state [non-polar)
F2,/c, but (polar) orthorhombic
Amm2 only 20 meV/f.u. higher
in energy.

(Simpler) tetragonal polar
P4mm also close (74 meV/f.u.)

+ P=0, no SOC:
Tnply degenerate t,4




TUNGSTEN-BASED OXIDES (lI)

« WO, : ground state (non-polar) WO (Amm2)
F2,/c, but (polar) orthorhombic
Amm2 only 20 meV/f.u. higher
in energy.
(Simpler) tetragonal polar
P4mm also close (74 meV/f.u.)

d,,- medium energy band, in
fhe plane [also containing F)

d,,. lowest energy band,
perpendic. to P

no-S0
l...'




TUNGSTEN-BASED OXIDES (lil)

STRATEGY: raise the energy of (non-Rashba-like) ¢
[perpendic. to P)

HOW? Destabilize out-of-plane orbitals by changing the
W-0O-W out-of-plane coordination and keep as lowest
(Rashba-like) state

POSSIBLE SOLUTION: Aurivillius phase Bi,WO,

Layered structure: (£/,0,)" (A, 1BrOsme)?

A 1BnO;sme: = PeTOVSite blocks

Here m=1 [smallest member of Aurivillius phases,
A-site deficient)

Space group F2mm

P along x ~ 50 uCfcm?

Quite wide gap (about 2.7 eV)




TUNGSTEN-BASED OXIDES (IV)

“t,g Band engineering” in Ferroelectric oxides

d,; +
(Rashba like)

)

st

d
1P
{non-Rashba like)

Xy




TUNGSTEN-BASED OXIDES (V)

« F2mm . W_ (I’ from tetragonal I4/mmm PE)
small dispersion along I'-Z: roughly “2D"

» Lowest band Rashba-like: AE = 104 meV, Ak =0.14 A", ag= 1.45 eVA
- Mainly d,, . whereas d; and d,; upper in energy

Energy (eV)

Lo
0
0
L
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o
&
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2
Y
=
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TUNGSTEN-BASED OXIDES (V1) [l

Complex distortions/tilting in ground-state
structure of Bi,WO,:

- X,*: rotation of O octahedra around z
(,*: tilt of O octahedra around x
I's: polar zone center along x

F2mm (I'- from tetragonal 14/mmm PE)
P2,ab (X,* + X.* + 1)

Polarization switching
implies s, switching:

Electric conirol of spin-
texture |




TUNGSTEN-BASED OXIDES (V1)

PERSISTENT SPIN HELIX

(well known in Semiconducting
Quantum wells)

v Protection against spin scattering
v" Long spin lifetime !




TUNGSTEN-BASED
OXIDES (V)

»  What happens upon
electron doping?

* Doping of 0.5 e/unit cell
« Spin-texture into k.k,
plane atE=2.0 eV

>
S

O W-mode O RL-mode

nc}ﬂ”ﬂﬁ-

Overlap (%)

_:D o o o O

3{] i i i i
0.0 0.1 0.2 0.3 0.4
Doping (e/u.c.)




TAKE HOME MESSAGES (l)

GeTe: first example of FERSC
(FEmroelectric Rashba SemiConductor)

sense of spin-rotation:
opposite when P is switched

Large Bulk Rashba effect in oxides: Aurivillius-phase Bi,WO,.
PSH

Oxides (strong Ferroelectrics) offer possibilities to "engineer”
SOC effects in band structures




controllable via E

SPIN-ORBIT
COUPLING

-
Relativistic inte-

raction linking
spin and laftice

KEY CONCEPT &
MAIN MESSAGE (II)

SPIN-VALLEY

c) Zeemani(P, )

d) Zeeman(P,.)




INTRODUCING THE VALLEY CONCEPT

» Valleys: energy extrema in
momentum space

Band structure of Rock-salt
Chalcogenides - Valleys at TRIM L points

Valley two-valued pseudospin : defined when valleys occur at
points which are not time-reversal invariant momenta (TRIM)




ALL-OXIDE VALLEYTRONICS

Starting point: (ABO;):[AB'O3), [111] heterostructure

v (111) TM bilayer with honeycomb lattice
v' 2 trigonal sublattices on different layers
v Lattice geometry supports Dirac points*

* Our Receipt: Embed 5d-oxide bilayer* (large SOC) in a

« FE BIAIO; (P//[111], R3c)

* Materials design:
BilrO; in BIAIO

Top view:
Honeycomb
lattice

B (Bl (BLAKD,),

Side view:
Unit cell: BiglrsAl4O g




Bllroa/BlAIOS ""‘_Eﬁcg? Valence Band
BAND as in Mo, Maximum

spin- at K/K * with

valleys!

ST RU CTU RE Rolasized opposite

spin-polarization

Ps (w SOC)
*VBM @K
[hybridization
Alg and Eg’|




COUPLING BETWEEN P AND SPIN-SPLITTING

Flectnc polanzation P; and
s, polarization are strongly
coupled
.e. one can tune s; by

Pl ..'r:1-I

applying electric field !

« Layer degree of freedom related to FE polarization
@ Spin-valley-layer coupling :
Sort of "magnetoelectric” coupling
(Gong et al Nat Commun 4, 2053 (2013)
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TAKE HOME MESSAGES (li)

« Combination of Ferroelectricity with
SOC leads to Zeeman-like spin-splitting

» Receipt: Embed a 5d-oxide bltuver (lar-
ge SOC) in ferroelectric host

» BilrO; bilayer in BIAIO;:

« Spin-polarized valley at K
(useful for valleyironics)
e §, spin-polarization can be

switched by flipping P

v ALL-OXIDE VALLEYTRONICS
IN FERROELECTRIC HETEROSTRUCTURE




KEY CONCEPT &
MAIN MESSAGE (lll)

Topological Ferroelectric Semiconductor
[SOC-induced band inversion)

Bulk

Pin

sUrace
Fermi surface

Bulk

o CW s5pin VBM

Silvia Picozzi

CHRS - Intl School on Oxide Electronics

TOPOLOGY

Surface
Fermi surface
o CCW spin

ISOE 2019




o

“ABC" HYPER-
FERROELECTRICS

L

Emergy (eV)
Energy (2V)

-
=

Bl = = O O O
4] E]

| A K I

Spectral Function for KMgBi (0001) Surface

1.0 !ID

- J. Bennett et al,,
PRL 109, 167602 {2012)

Intensity (states/eV)

@ Some of these (i.e.
KMgBi) are (FE) Top. Ins.!
D. Di Sante et al.,

PRL 117, 076401 (2014)




“ABC" HYPER-FERROELECTRICS

b




Summary:
WHY ARE RELATIVISTIC r

point of v
cully :nnhnlled splnirunl: devices
- functions and storage




