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Introduction — Spin-orbit driven magnetic phenomena

Theory approaches for spin-orbit driven magnetic phenomena in 3D and 2D solids

Rashba spin-orbit coupling — theory

Dresselhaus spin-orbit coupling — theory

Rashba & Dresselhaus spin-orbit coupling — experimental observation & deeper understanding
Orbital Rashba effect, spin/orbital Hall effect & spin/orbital Rashba-Edelstein effect
Implications for spin & orbital transport & spin-orbit driven magnetic phenomena
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( ﬂ’ Introduction — Discovery of spin-orbit torques (SOTSs)

Magnetization switching with current-induced SOT =2 Ly
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Attributed to the spin Hall effect or Rashba effect Spin Hall effect — transverse spin current
Caused by relativistic spin-orbit interaction in Pt metal 4+S\
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Miron et al, Nature Mater. 9, 230 (2010) I ®

Miron et al, Nature 476, 189 (2011) N e —
Liu et al, Science 336, 555 (2012)

Review: Manchon et al, Rev. Mod. Phys. 91, 035004 (2019) Hirsch, PRL 83, 1834 (1999)



( ﬂ’ Introduction — Discovery of local spin-orbit torque

Antiferromagnets with special symmetry properties

Wadley et al, Science 351, 587 (2016)
Zelezny et al, PRB 95, 014403 (2017)

Review: Manchon et al, Rev. Mod. Phys. 91, 035004 (2019)

Attributed to staggered SOTs caused by Rashba-Edelstein effect
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" Spin-orbit torque driven devices vs. spin-transfer torque driven devices

Spin-transfer torque driven switching SOT-MRAM

Ferrol Spacer Ferro2

electron flow

Read current ' l

Longitudinal spin-polarized current

Write current

Slonczewski, JMMM 159, L1 (1996)

¥

STT-MRAM devices Transversal pure spin current

Hirsch PRL 83, 1834 (1999) (SHE)
Miron et al, Nature 476, 189 (2011)




( JD Theoretical explanations - A

Consider periodic solids in 2-dim. or in 3-dimensions

Different ways to treat electronic structure and induced spin transport

A) All electron Hamiltonian
Density-functional theory (effective single-particle Hamiltonian)

2
Iy Pi 22 /
H = —+ Vo +Vo_ny T g _ _hv n) ;..
l_ o2m @ €€ T TeN ! Y Hppr = P~ +f|r_r,|d7" + Veelnl + Ve_y
Kohn-Sham equation: ﬁllpnk):gnkll/)nk) with n(r) = z |W, | %]

nk occ

Calculate electron band structure ¢,,;, and quantities like induced spin polarization 6$ and
induced spin current j

Advantage: very accurate, materials’ specific numbers. Disadvantage: low physical insight



( JD Theoretical explanations - B

Consider periodic solids in 2-dim. or in 3-dimensions

B) Effective low-energy or continuum models
H (k) |unk)=Enk |Uni)  FeW bands, considered in parts of &-space (Brillouin zone)

Steps: Lattice periodicity: V(r+ R;) =V (r) For all lattice vectors R;

ik-r

Bloch’s theorem: Ynk (™) = €™ uy (r)  where u,,; is a periodic function, u,, (r + R;) = u, (1)

Substitute in Schrodinger-type equation: H |Wnk)=Enic | Wni)

Hle® Tun) = epe® un) = e FTHe™ [up,) = enpelink)

\ T J

(k)

/ ﬁ(k) |unk>=gnk |unk>




( JD Low-energy model approach

2k2

Typical form of the Hamiltonian: jf[‘(k) — + F(k) In A-space - 1%t Brillouin zone

AE m (itinerant electrons)

Common procedure:

1) include degrees of freedom in # (k) such as spin
L > L . ho
I }[(k, O') [S = 7]

2) Obtain eigenenergies & analyze typical effects

Parabolic band around center of BZ

Advantage: simple insight in low-energy physics. Disadvantage: not accurate nor materials’ specific

Improvements — use tight-binding bands, or bands fitted to DFT calculations



( ﬂ’ Low-energy Hamiltonians: Some warm-up examples

Pauli spin matrices: oo =1, 0, = (2 (1)) 0y = (O _i)» 0z = (1 ° )
h*k?

H =
2m*

gy + Mo, i = h?k? H = hp(o.k, + ayky)
2m*

Kl

“Dirac” material

: Nonmagnetic metal
Simple ferromagnet Next:

(Or AFM with spin degeneracy) Include spin-orbit coupling



€ JD Atomic spin-orbit interaction

Coupling of the electron spin with effective magnetic field due to electron orbital motion:

||
Ll 1 O U Jo® o 1V
H,oc—uB, ad B =—v E aid E=—-p=-2 L 1 V7
5.0. % TH g AP 7 r i —elrr
IDV 1LV N 0, OC
ives: oc S(riv)——oc—— SE S 7 >
Gives SO q T DV( ) H, %Tme%g L = Xp

With precise prefactor: |7 _ . I 1%’:(5@) or Hep = E(L-8)
m C r

Total Hamiltonian: ﬁzﬁo + ﬁs.a

\/ (small because 1/c? is small)

BUT: provides the coupling of spin to orbital motion and therefore to the lattice !



( JD Basic symmetry properties

H (k, 0)|upkg) = €n(K, 0)|Unks)  (spin quantum number)
1) Time reversal operation 7: t — —t, p — —p, S - —S

For spin-1/2 systems: § - 77187 =—-§

Gives: T = o, K = 72 = -1 (K : complex conjugation)

Time reversal: |#,7]| =0 = T|un,) Is eigenstate at same eigenenergy ' &,(—k, —0) = &,(k, 0)

2) Spatial inversion operation P: X = —X, p — —p, S -5, L—-L

If |H,P]=0 = Pluws) Is eigenstate at same eigenenergy en(=k,0) = g,(k,0)

Both time and inversion symmetry P7: e (k,—0) = g,(k,0)

(Kramers degeneracy)

11



( ﬂ’ Low-energy models: Rashba and Dresselhaus spin-orbit coupling

Rashba spin-orbit coupling

Originally proposed for semiconductors with wurtzite structure (ZnS, CdS)
(time rev.symmetry, no inversion symmetry, hexagonal)

> T —YUp L
Hso. & =+ Berp = 0 (pXE) - o O o

2mc?
E — E0ZA

| Emmanuel Rashba

=»> Hp so=a(Zxp)-o I "\T ¢ (1927 — 2025)
- Og

orr Hrp_so=ar(@Zx k)-o

With a = ‘92 ‘;f(i" the Rashba spin-orbit constant — R-SOC works like a Adependent
magnetic field

Rashba & Shekla, Fiz. Tverd. Tela CP 2, 62 (1959)
12



( JD Bychkov-Rashba spin-orbit coupling

2" proposal for Rashba spin-orbit coupling: 2 dim. systems — surfaces or 2D electron gas at interfaces
\ .

hk?

H(k o) = +a(o X k)2

2m*

Hp_so = a(kxo-y - kyo-x)

Energy dispersions:

> |
h2 2 am*
£ = + ak ko= A2
E o= m*a?
And: spin texture of energy bands (discussed later) 07 op2

Bychkov & Rashba, JETP Lett. 39, 78 (1984)
13



( ﬂ’ Dresselhaus spin-orbit coupling

Consider now a different crystal structure (zinc blende) e.g. GaAs
(time reversal, no inversion symmetry, cubic)

Proposed low-energy Hamiltonian — 3-dim.:
HD—SOC = VYp [kax(kaz _ k;) + O-yky(kg _ kpzc) + O-zkz(kazc _ k321)

Energy shifts: £, =
+ yp[k?(k2k2 + k2k2 + kZk2) — 9k2k2k2]Y/? Gene Dresselhaus
olk? (ks + k5 ) = okiky Loy (1929 — 2021)
2-dim. systems: [(k,) = 0,(k2) # 0]
Hp_soc = B(oxky — oyky)
And cubic term: H,g?’_)soc = $kyky (kyo, — kyoy)

Dresselhaus, Phys. Rev. 100, 580 (1955) 14



( ﬂ’ Dresselhaus spin-orbit coupling

Hamiltonian for 2-dim. electron gas system:

Energy dispersions: &, =

Same as for Rashba spin-orbit coupling!

But spin textures are not the same!

15



€ ﬂ’ Spin textures or “spin-momentum locking”

Same energies Different spin textures
(a) E E (c) Rashba (d) Dresselhaus

Nodal
point

B (k) -8 = a(ky, —k,,0) - &

“k-dependent Zeeman field” (©) i_‘_‘r (d) __i'_"_r
N "2 SN
Time-rev. symmetry present T.f" ™\ H'T TN
e (—k,—0) = ¢, (k, 0) el e 9 ' W
ial inversi N, X VA
Spatial inversion broken: N A 4 A
L E 4

e,(—k,0) + &,(k,0)

16



I

So far, all low-energy model theory.

What about experiments?

h2k?
+ ak
2m*

\_ Best for free-electron

type materials
in 2-dimensions

€i=

 in units eV A
large for heavy materials (large SOC)

17



( ﬁ’ Angular resolved photoemission experiments (ARPES)

Surface state of Au(111) R - fJEF
~ 110meV
>
h2k2 " 2 K2
&, = +
g M/2
hzko %’
R T T E \/
m

Energy splitting of 0.11 eV

LaShell et al, PRL 77, 3419 (1996)
18



€ ﬂ’ ARPES on other materials

. . hek
Bi/Ag(111) T — Size of Rashba parameter ¢, = *0
0.0 m
Ex §
S 0.5- \ Eg ko AR
e ko Material (meV) (A" (eVA) Reference
g el InGaAs/InAlAs heterostructure <1 0.028 0.07 [4]
Ag(111) surface state <0.2  0.004 0.03 [5.,6]
Au(111) surface state 2.1 0.012 0.33 [6,7]
-1.5 — Bi(111) surface state ~14 ~0.05 ~0.56 [8]
- I , I Bi/Ag(111) surface alloy 200 0.13 3.05 This work

(© 02 0.1 00 01 02
Wave vectork, (A™)

Giant Rashba spin-splitting observed )

Ast et al, PRL 98, 186807 (2007)
19



€ ﬂ’ What about the spin texture?

Rashba - type spin texture »
observed with spin-polarized 0
ARPES on (bulk) BiTel -
" (d) 5 2 o3
AT '\ K/ - 'i' -' \% 0.4
"4 A \ 7 T 1
T . \I T - -— -E-i—-— —Hr I{}
'1 I!l‘\":_._ E+ fn k;l k\ \-i i ’:/ f :"
Rashba Dresselhaus :t;

Ishizaka et al, Nature
Mater. 10, 521 (2011)

Binding energy (eV)

Intensity {(au)

SP-ARPES

0.4 4]
Binding energy (eV)

Binding energy {eV)

Theory




€ ﬂ’ Dresselhaus spin texture - observation

Zinc-blende InSb Using circular dichroism in ARPES

10 RCP+ LCP RCP - LCP
0.5- / =

—_ J

s 2 06 I

m:n 0.5+ U'Jm | - : )
-1.0-\ = & )
15 03 00 03 -03 00 03

T —>» K k (A7) k. (A

Low[ M High ||/

Cho et al, Curr. Appl. Phys. 30, 96 (2021)

» Most materials have a combination of Dresselhaus & Rashba spin textures

21



( JD Is all understood?

—gugh
2mc?

q = gugkEg
2mc?

Back to the Rashba parameter — consider Au  H, , o-(kXE)

VW ~®/A ~ 1eV/A
Fermi wavelength: ~5 A, @®~4.3eV &= AL ~ agk

Energy splitting of 10 eV, measured 0.11 eV !

=== The effect is too small, potential gradient is still dominated by the Coulomb nuclear field

Free-electron approximation is insufficient, need a tight-binding model with orbitals.

3-orbitals per Au atom - p,, p,, and p,
With inversion symmetry: p, and p, don't hybridize with p,
But with broken inversion symmetry V(z) gives hybridization 7= {p.(R)|V|p.(R+x)) =)

Petersen & Hedegard, Surf. Sci. 459, 49 (2000) 22



( JD Tight-binding approach

Unperturbed Hamiltonian: H, =Z Ly(Ri —R)|p,(R;), 0){ps(R;), 7]

o
Add SOC Hamiltonian: Hyoc=0L-S=— (L "6~ +L 6" +L67)
| 2

In 6-orbital basis:

Effective, low energy Hamiltonian around T' / 0 =i 0 0 01
i 0 0 0O 0 1
—65+B+9?/wk*  —6i(k, — ik, )ory/w
Hﬂﬁ': H B o O 0 0 — 1 I 0
6i(k, + ik, )ory/w — 65+ (3 0+ 9% /w)k? °C" 5o 0 -1 0 i 0
O 0 —i —i 0 0
== ar=6ay/w 4 Hopping size, band width \
/ A 1 0 0O 0 O
Atomic Effect of ISB
SOC

Gives much larger energy splitting Petersen & Hedegdrd, Surf. Sci. 459, 49 (2000) 53




( JD More general derivation

Orbital splitting due to ISB &====»  Orbita/Rashba effect E=—= z\élitnhlaszg,ﬁl:;gel;/feeit

Procedure: tight-binding Hamiltonian for £,, 3d-orbitals

— . .
Hrg = H;,, + Hisg + Hex + Hsor Hsor = Aso 'Z Cl,L-(0)5,0Cio
1,0,0"
Hiss(k) = —y Y Cj,[L - R(k) x 2]Cy, Cjﬁﬂ _ (cj?w . =‘1'T,zx,a)
()

R(k) = 2[sin(k,ay )X + sin(kyar)y]

« (k X Z) - L ‘“orbital Rashba effect” ===—»S0I =—> L.0 ~mR(k) X0
(around I') “
ar(k x 2)-0

Park et al, PRL 107, 156803 (2011)
Park et al, PRB 87, R041301 (2013) ar = (Asoap )y /t1)

24



(ﬁ’ Summarizing
orbital

What is the dominating energy scale? spin

)y =dy (- L(k), s(k
e o It o 1t
Inversion-symmetry breaking . I|s|3 L, 2 ISOC

vS. spin-orbit coupling A/K 1 | L), — 509 ‘l
=Ji(k), J1(—k)
Splitting of orbitals due to — 50C 1200, —Ja(-K) I — 158 L, —wil)
ISB leading term | l IR, Sl '
|15 Isoc

~L{-k), s(-k)
@ Jo = |l — s L(-k), —L(k) o
1T _L(kJ? S(kJ 1
0 s+ |

-

L(k) + L(_k) —J2(k), Jao(-k)
Conventional Rashba effect Orbital Rashba effect
SOC splitting ~ meV ISB splitting < eV

Bihimayer et al, Nature Rev. Phys. 4, 642 (2022) 25



Ab initio calculations

I,

spin texture

Orbital

Monolayer hexagonal Ag,Bi

Py

* hdv A\ )=
o |secif ke o ¥ Y
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Go et al, Sci. Rep. 7, 46742 (2017)
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( JD Applications — Edelstein effect (or Rashba-Edelstein effect)

Influence of applied electric field: H= H, — |e[f*E ——w ik = Enke + Anko

1st order pert. theorv: = _ AP ~ — B ~ — iy (constant relaxation
pert. eory:  Aco= —lelE - (P = —lelE - 1By = —lelE - (R) , ~ orsan reloaon

o h2 k2 At 5 -  Rh%? S R
k-space Hamiltonian: H = > —|e|—T kzz—(k—@ E)?
m m
\2 Sk — shift in k-space
(a) k g_g
o "._J..._._\\ <;9
o \\ @ Y
\\““"-'; . 2 Jc e
JC Yy ~d— x

(spin) Edelstein effect: Leads to net, non-zero transv. spin-polarization 65, L E, ; 6S « —|e|E t/hk,

Edelstein, Solid State Commun. 173, 233 (1990) 27



( ﬂ’ Applications: Spin-orbit torque switching models

In-plane magn. easy axis

5531 = st;x X

Bh

ik

L

SRR
!

3
it
foiee
i

Co

andau-Lifshitz-Gilbert dynamics of spin moment:

5, = — LS, x H + aS; x 8, + L1507
Hs Fs
SOT _ | SOT
T; = —Si x H; Contains contributions,
SOT « §. % §S. both field-like and
L : ' damping-like, due to

needs also SHE) induced 6S moments

Review on spin-orbit torque: Manchon et al, Rev. Mod. Phys. 91, 035004 (2019

Edelstein effect

AFM CuMnAs

taggered torques:
dMA’B/dt ~ MA,B X 5SA,B

nti-damping-like torque
Myg/dt ~Myp X (Myp X 8545
5514 — _653

Wadley et al, Science 351, 587 (2016) )8



( ﬁ’ More general: theory description of charge-to-spin conversion

Spin Hall effect Rashba-Edelstein effect

Ly - U
f . / S, R N
24 -
Transport Local
SZ — ,'/ ;\‘l /,’-\\\

/

Spin C&nductivily
lensor

Spin Susceptibility
lensor

Dyakonov & Perel, JETP Lett. 13, 467 (1971)
Hirsch, Phys.Rev.Lett. 83, 1834 (1999)

Edelstein, Solid State Commun. 73, 233 (1990)
Originally: Rashba SOC + 2D symm.

Infinite bulk 3D crystal Bychkov & Rashba, JETP Lett. 39, 78 (1984)

http://zfmezo.home.amu.edu.pl/research. php 29



( ﬁ’ Methodology - Electronic structure calculations & linear-response theory

Rashba-Edelstein effect (requires inv. symmetry breaking)

5S; = x;; i+ Ej SL; = xi; i Ej

\ ™~

Spin magneto-electric susceptibility Orbital magneto-electric susceptibility

DFT + linear response theory / A=Lors

A fnk Sk Amnﬁ: P, nmk Interband
KLij = 7 — —1 :
”i"e Q 1 pmk Wnmk + 1Ty, (Fermi sea)
f dk Z af nk ”f'“"_p””“' Intraband
- Tinga (Fermi Surface)

hwnmk = €nk — €mk

OM = pupdé(L + 2S)

Kohn-Sham band energies

Salemi et al, Nat. Commun. 10, 5381 (2019)



( ﬂ’ ADb initio calculations: Dominant orbita/ Rashba-Edelstein effect (OREE)

OREE M =x;"E,  oREE L
5Si — XE] E;
E =107 V/m

» Dominant staggered induced orbital polarization in-plane (40 x larger than spin)
» Induced orbital polarization - not due to SOC (but spin Rashba-Edelstein effect is)
» Induced orb.polarization of Rashba-type, induced spin polarization mixed Rashba-Dresselhaus type

Salemi et al, Nat. Commun. 10, 5381 (2019)
31



( JD Spin and orbital currents — linear-response theory calculations

' Si — S; “ 1
Orbital Hall effect ] Li — O'Li E Spin/orbital current operator

Include scattering effects in an average through lifetimes Tintra, Tinter
SHE of Pt: Guo et al, PRL 100, 096401 (2008)

Pt v=0.007
20— e ———+— — OHE & SHE: Tanaka et al, PRB 77, 165117 (2008)

/r/, ........... D S— :

Hsoc = A(L - S)

SHC, OHC (103Q-lcm-!)

- OHC wee amun®
ob g i\ A
........ SHC _
Bom e OHE non-zero wlthout SOC,
constanty =--@=-- SHE vanishes without SOC !
0.0 001 002 0.03 0.04

A (Ry)

32



€ ﬂ’ Orbital Hall effect in inversion symmetric crystals?

(c)

Inv. symmetric systems L(k) = L(—k) Orbital texture in k-space 2= 08¢V, k. =0
Time-reversal symmetry: L(k) = —L(—k) b
T~ "]
OAM vanishes at each k-point, but orbital texture present < —
: . - —
Perturbation due to electric field => <
/ _ E |un’k> ’ ’ 1 ,
|unk> = |unk> — |e|Extv,p € — Enin — (unlezlunk> * 0 ~1 k, [7/a] 1
(szy) * 0

|

Nonzero OHE
JLSLLE

Shift due to electric field enables hybridization =>
Rashba type OAM texture — total induced (L) = 0 Go, Jo, Kim & Lee, PRL 121, 086602 (2018)

P

character

33



( JD ADb initio calculations of spin and orbital Hall effects in metal series

‘_"_| 2 T T T T T T T T T T T T .I
z L Magnetic 4 )
G ° Non-Magnetic = ,
c SHE /.
> ! ;o
= _n e
w05 . " | !
o i R ’ x = ’ 1..
— N N |
'_': of-m = |«l-i———l-l-!-~l-.:—.-;ir?!‘ -y .':.‘:l‘_‘.‘_:l"‘“ ------ W-m g -'-:.—,—l-.—if--‘—‘— ——————— *-.-’-l--
7]
@
_0.5 L L L L L L L L
% ~ - S ™ .
98 FIFTF «CFRACTECECN ANESRETTITTSS JELCALS TR
r‘ T T T T i 'I
s " \ "".
g 8 -“ ’ u ! \
c n \\l. u \ ," \
S 4 . s \
/a\ 6 OHE L 1 \ {. \ ; \‘
= b '
" 4 m-" A-A . \ il . |
= ’ ‘ﬂ \ L i A
—_ 1] |
= 2k - LS - . m S A SHE Of Pt
c P . - | A N I
: )

n b

.y . Sy =) -
T TSR ACTLSESN ANESCISTFIIET s S IFTECALS s TR

(@ _1
£ 10 orMn Salemi & Oppeneer, Phys.Rev.Mat. 6, 095001 (2022)
¢l v
T 6
£ 4 Ni 3 > Large effects for light 3d metals — NOT due to SOC'!
= u
§ z > Cheap, light metals for future orbitronics?

23 24 25 26 27 28 29
Z (atomic number)

Jo, Go & Lee, PRB 98, 214405 (2018) 34



( JD Summarizing — two related cases leading to spin-orbit torques

Inv. symm. broken, time-rev. preserved

l

Orbital Rashba effect, OAM
texture (L), =0
|

XGC

Rashba effect

E field ﬂ
v
OAM accum. spin accum.
(5L)EF X E <5S>EF o« E

| |

Orbital Edelstein  Spin Edelstein
oL L E 0S L E

Inv. symmetry and time-rev. preserved

l

Orbital texture L(k) = 0,{L)g, =0

ﬂ E field

Orbital Rashba effect, OAM (L)g, = 0
texture, no OAM accum.  (§L) g =0

|

Non-zero orbital current  Non-zero spin current
(L,v,) <E ﬂ (S,v,) xE

l

Orbital Hall effect
J1L6L LE

Spin Hall effect

JLSSLE e



Spin/orbital transport developments & Outlook

Spin polarized currents
Spin transfer torque (STT)

Slonczewski, 1996

STT-MRAM

Everspin, Samsung, IBM

market-ready product
after ~20 years

Spin currents
Spin-orbit torque (SOT)

Hirsch 1999 (SHE)
Miron et al, 2011

[ m—

SOT-MRAM

Read current

]| :
5 I& Write current SHE

TSMC, Antaios

Technology being
developed for market

Observation SHE Pt:
Stamm et al, 2017

Orbital currents
'ds

Go et al, ~2018 (OHE) Or k dependent

spin splitting?
Orbital torque? P =p g
(d) 1‘ orbital i‘spin

% T 4

a0

W w

(L-S)<0  (L-S)>0

Current fundamental research topics

36



( ﬂ’ Other recent developments in A&~dependent spin splitting

Ferromagnet Nonmagnetic metal, Rel. Rashba spin Non-rel. spin splitting AFM
or AFM splitting

I
k
T broken PT symmetry T pres., P broken P pres., T broken
preserved

en(—k,0) # €,(k,0) e, (—k,0) = &,(k,0)

en(=k,—0) # &x(k,0) ¢ (K, —¢) = ¢,(k,0) e,(—k,—0) = ¢,(k,0) en(=k,—0) # ,(k, o)

37



€ ﬂ’ Reserve slides

Electrostatic symmetry breaking Geometric symmetry breaking

(a) E, (d) Hybridization is forbidden when there is z axis
| | i P ™ symmetry, allowed when there is no z symmetry
y y V- y! x_ 4 J -
(a) i=0
Without inversion symmetry breaking px p\,,
(b) s and p, hybridize (e) pxand p, remain orthogonal 1_';" .

> _.— > 2y - > = 7 EL 3

With inversion symmetry breaking

(c) (f)
stark effect M + 3 =\»,§~f V, ethsa Y o—iksa
— w - affje.— Gives hybridization of p, and p,orbitals
§ ., . SN ; (pz|H |pz) = —2iV: sin kza.
Ly L,

Bihimayer et al, Nature Rev. Phys. 4, 642 (2022) 38



( ﬁ’ Reserve slides — continue low-energy procedure to altermagnets

E.g. Collinear AFMs with P preserved, but T broken

Low-energy Hamiltonian:
h%k?

H(k, o) = oo +1n M*(k) o,

2m*

d-wave altermagnet:

ME=A(k) = My (k2 — k2) + Mykyk,

And can combine with e.g. Rashba
spin-orbit coupling

39
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