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§ The Landau-Lifshitz-Gilbert equation: a derivation from fundamental 
principles 

§ Relativistic field-derivative torque, inertia, and optical spin-orbit torque
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§ Ab initio theory of SOTs & spin & orbital accumulation in Pt/3d-metal 
bilayers 

(FL SOT) (DL SOT)

§ Ab initio theory of field-induced spin & orbital Rashba-Edelstein effects 
in noncentrosymmetric CuMnAs and Mn2Au antiferromagnets
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Motivation: How to derive relativistic torques ?!

4

Landau-Lifshitz-Gilbert equation:

Semi-empirical, dissipative, 
microscopic level, continuous 
description, long timescale ~ns
Torques added ad hoc

Fundamental, Hermitian      
(non-dissipative), electronic 
level, quantized,                  
short timescale ~atto-femto sec.

Dirac-Kohn-Sham theory:

Ø Any relation between the equations?
Ø Expressions for relativistic torques & 

Gilbert damping?



Relativistic theory of Gilbert damping
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Origin of Gilbert damping:

Theories of damping
Kamberský, Can. J. Phys. 48, 2906 (1970)
Kamberský, Phys. Rev B 76, 134416 (2007)
Gilmore et al, PRL 99, 027204 (2007)
Brataas et al, PRL 101, 037207 (2008)
Ebert et al, PRL 107, 066603 (2011)
Fähnle & Illg, JPCM 23, 493201 (2011)
Hickey, Moodera, PRL 102, 137601 (2009)

Torque-torque correlation model 

Linear resp. theory, CPA
Scattering theory formulation

Start from general Dirac-Kohn-Sham Hamiltonian

Spin-orbit coupling related

Derivation from Pauli equation 

Breathing Fermi surface model 

Effective field theory



Most general relativistic Hamiltonian
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Foldy-Wouthuysen transformation with B xc :

Dirac KS hamiltonian:

external E-M field

Ø Relativistic correction to exchange field
Ø Full expression for SO with external E-M fields (new terms)
Ø Gauge invariant and Hermitian Hamiltonian

Mondal, Berritta, PMO, Phys. Rev. B 94, 144419 (2016)



New terms in SO Hamiltonian
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Relativistic Hamiltonian couples angular momentum of light j with electron spin s

Unusual coupling: 

Mondal, Berritta, Paillard et al, PRB 92, 100402R (2015)
Mondal, Berritta, PMO, JPCM 29, 194002 (2017)

Spin-photon ang. moment coupling 

Optical spin-orbit torque:

cf. Tesarova et al., Nat. Phot. 7, 492 (2013)

Bopt ∝
e2

2m2c2µBω
E0
2

Bopt ~ 0.3 – 4 mT
“inverse Faraday effect”

𝑻 = −𝛾𝑴×𝑩!"#



Equation of motion for spin dynamics
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Mondal, Berritta, PMO, Phys. Rev. B 94, 144419 (2016)

Magnetization element

Magnetization Dynamics

Full spin Hamiltonian:

Spin operator dynamics: ∂
!
S ∂t = −i[

!
S,HS ] "

(Without spin-photon term and currents!)  

With currents: Mondal, Berritta, PMO, PRB 98, 214429 (2018)



Intrinsic spin damping contributions
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Gilbert damping A for harmonic fields:

Damping for general time-dependent magn. fields:

Ø New expression for spin dynamics in presence of time-dep. fields

*Garate & MacDonald, PRB 79, 064403 (2009)

Electronic damping Spin-spin corr.*



Field-derivative torque

10Mondal, Donges, Ritzmann, PMO, Nowak, PRB 100, 060409R (2019)

§ for THz pulses FDT could be important
§ phase difference between ZT and FDT
§ at high damping, FDT can be large
§ No experimental observation so far !

(LLG)

Zeeman ZT
FDT (LL)



Origin of inertial spin dynamics?
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Can inertial dynamics (nutation) be a higher order relativistic effect?

Kimel et al, Nat. Phys. 5, 727 (2009) 
Ciornei et al, PRB 83, 020410R (2011)
Fähnle et al, PRB 84, 172403 (2011) 
Bhattacharjee et al, PRL 108, 057204 (2012) 
Böttcher & Henk, PRB 86, 020404 (2012)

Inertial dynamics:

Earlier work:

FW transformation for all terms up to order 1/c4 (higher order terms in SO Ham.)

Mondal, Berritta, Nandy, PMO, PRB 96, 024425 (2017)
Mondal, Berritta, PMO, JPCM 30, 265801 (2018)



Recent observation of inertial dynamics
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Neeraj et al, Nat. Phys. 17, 245 (2021)

Kerr amplitude of magn. dynamics

CoFeB

NiFe

NiFe 
pol.

300 fs x M -1

No inertia inertia



Size of intrinsic inertia
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For ac magn. field - inertia tensor:

Gilbert damping tensor: Imaginary part of susceptibility, 
inertia tensor real part, but smaller because of pre-factor

Ø Inertial dynamics important at short time scales (1 fs – 1 ps)
Ø Offers options for THz spin dynamics

Bajpai, Nikolic, PRB 99, 134409 (2019)
Makhfudz, Olive, Nicolis, APL 117, 132403 (2020)
Cherkasskii et al, PRB 102, 184432 (2020)
Titov et al, PRB 103, 144433 (2021)
Mondal et al, PRB 103, 104404 (2021) 
Thibaudeau, Nicolis, arXiv 2103.04787

Recent theories

Perhaps consistent with 
relativistic theory

Unikandanunni et al, 
arXiv 2109.03076

for 3 different Co films

Mondal, Berritta, Nandy, PMO, PRB 96, 024425 (2017)



II. Spin-orbit torque - Magnetization switching with SHE
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Miron et al, Nature 476, 189 (2011)
Liu et al, Science 336, 555 (2012)

Switching due to large SHE of 
heavy metals (Pt, W, Ta) and 
interfacial effect

Sinova, Valenzuela, Wunderlich, Back, Jungwirth, 
Rev.Mod.Phys. 87, 1213 (2015)

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



Origin of SOT: charge-to-spin conversion

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

Spin Hall effect

Edelstein, Solid State 
Commun. 73, 233 (1990)

Inverse spingalvanic effect, 
Rashba-Edelstein effect

(Rashba SOC + 2D)

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

Transport
Local

15

Infinite bulk crystal

yxy
ind
x ES ×= cdy

S
xy

s
x EJ zz ×=s



Ab initio calculations

Rashba-Edelstein effect 

jij
ind
i EM ×= c magneto-electric effect, possible 

for inversion symm. breaking

Linear-response theory formulation:

(Relativistic WIEN2k)

A

Spin Hall effect

Spin/orbital current operator

A =

Orbital Hall effect

SHE: Guo, Yao, and Niu, PRL 94, 226601 (2005)
OHE: Tanaka et al, Phys. Rev. B 77, 165117 (2008)

Jo, Go, and Lee, PRB 98, 214405 (2018) 16



SOTs at symmetry broken interface Pt/3d FM 
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n Pt / 2 Y
Y = Ni, Co, Cu or Pt

Haney, Lee, Lee, Manchon, Stiles, PRB 88, 214417 (2013)
Freimuth, Blügel, Mokrousov, PRB 90, 174423 (2014) 

E along x

Effective torques

Time-rev. odd - FL

Time-rev. even - DL

Early work:



Results Pt/3d-bilayers – induced spin polarization
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SHE

v Typical transverse spin 
accumulation 

(stationary state)
v Modified at the interface
v M, t-even effect

v Very local response at 
interface, along Ex

v Only exists for magn. 
material (M, t-odd)

v Same size as transv.

Salemi, Berritta, PMO, PRMat. 5, 074407 (2021)

“Magnetic SHE”

Kimata et al, Nature 565, 
627 (2019)

FL DL



Results Pt/3d-bilayers –orbital polarization & current
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v Huge OHE
v Orb. accumulation profile 

quite different from spin
v Enlarged at the interface
v M, t-even effect

v Local response at 
interface, along Ex

v Only exists for magn. 
material (M, t-odd)

v Smaller than transv.

Salemi, Berritta, PMO, PRMat. 5, 074407 (2021)

“Magnetic OHE”

OHE

𝛿𝐿! 𝛿𝐿" 𝛿𝐿!

𝛿𝐿"

OHE and transv. 
orbital polarization 
not due to SOC 



Current-induced SOT switching in AFMs
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SPINTRONICS

Electrical switching of
an antiferromagnet
P. Wadley,1*† B. Howells,1* J. Železný,2,3 C. Andrews,1 V. Hills,1 R. P. Campion,1

V. Novák,2 K. Olejník,2 F. Maccherozzi,4 S. S. Dhesi,4 S. Y. Martin,5 T. Wagner,5,6

J. Wunderlich,2,5 F. Freimuth,7 Y. Mokrousov,7 J. Kuneš,8 J. S. Chauhan,1

M. J. Grzybowski,1,9 A. W. Rushforth,1 K. W. Edmonds,1 B. L. Gallagher,1 T. Jungwirth2,1

Antiferromagnets are hard to control by external magnetic fields because of the alternating
directions of magnetic moments on individual atoms and the resulting zero net magnetization.
However, relativistic quantum mechanics allows for generating current-induced internal fields
whose sign alternates with the periodicity of the antiferromagnetic lattice. Using these fields,
which couple strongly to the antiferromagnetic order, we demonstrate room-temperature
electrical switching between stable configurations in antiferromagnetic CuMnAs thin-film
devices by applied current with magnitudes of order 106 ampere per square centimeter.
Electrical writing is combined in our solid-state memory with electrical readout and the stored
magnetic state is insensitive to and produces no external magnetic field perturbations, which
illustrates the unique merits of antiferromagnets for spintronics.

I
n charge-based information devices, per-
turbations such as ionizing radiation can
lead to data loss. In contrast, spin-based
devices, in which different magnetic moment
orientations in a ferromagnet (FM) represent

the zeros and ones (1), are robust against charge
perturbations. However, the FM moments can be
unintentionally reoriented and the data erased
by perturbing magnetic fields generated exter-
nally or internally within the memory circuitry.
If magnetic memories were based on antiferro-
magnets (AFMs) instead, they would be robust
against charge and magnetic field perturbations.
Additional advantages of AFMs compared to FMs
include the invisibility of data stored in AFMs
to external magnetic probes, ultrafast spin dyna-

mics in AFMs, and the broad range of metal,
semiconductor, or insulator materials with room-
temperature AFM order (2–7).
The energy barrier separating stable orienta-

tions of ordered spins is due to the magnetic
anisotropy energy. It is an even function of the
magnetic moment, which implies that the mag-
netic anisotropy and the corresponding memory
functionality are readily present in both FMs and
AFMs (8, 9). The magneto-transport counterpart
of the magnetic anisotropy energy is the aniso-
tropic magnetoresistance (AMR). In the early
1990s, the first generation of FM magnetic ran-
dom access memory (MRAM) microdevices used
AMR for the electrical readout of the memory
state (10). AMR is an even function of the mag-

netic moment, which again implies its presence
in AFMs (11). Although AMR in AFMs was ex-
perimentally confirmed in several recent studies
(12–17), efficient means for manipulating AFM
moments have remained elusive.
It has been proposed that current-induced

spin transfer torques of the form dM=dt ∼ M!
ðM ! pÞ, which are used for electrical writing in
the most advanced FM MRAMs (1), could also
produce large-angle reorientation of the AFM
moments (18). In these antidamping-like torques,
M is the magnetic moment vector and p is the
electrically injected carrier spinpolarization. Trans-
lated to AFMs, the effective field proportional
to ðMA;B ! pÞ that drives the antidamping-like
torque dMA;B=dt ∼ MA;B ! ðMA;B ! pÞ on indi-
vidual spin sublattices A and B has the favorable
staggered property, i.e., alternates in sign be-
tween the opposite spin sublattices.
In FM spin-transfer-torque MRAMs, spin-

polarized carriers are injected into the free
FM layer from a fixed FM polarizer by an out-
of-plane electrical current driven through the
FM-FM stack. In analogy, (18) assumes injec-
tion of the spin-polarized carriers into the AFM

SCIENCE sciencemag.org 5 FEBRUARY 2016 • VOL 351 ISSUE 6273 587
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Fig. 1. Theory of the staggered current-induced field in CuMnAs. (A)
Schematic of the inverse spin-galvanic effect in a model inversion asymmetric
Rashba spin texture (red arrows). kx;y are the in-planemomentumcomponents.
The nonequilibrium redistribution of carriers from the left side to the right
side of the Fermi surface results in a net in-plane spin polarization (thick red
arrow) along þz! J direction, where J is the applied current (black arrow).
(B) Same as (A) for opposite sense of the inversion asymmetry, resulting in
a net in-plane spin polarization (thick purple arrow) along −z! J direction.
(C) CuMnAs crystal structure and AFM ordering.The two Mn spin-sublattices
A and B (red and purple) are inversion partners.This and panels A and B imply
opposite sign of the respective local current–induced spin polarizations,

pA ¼ −pB, at spin sublattices A and B. The full CuMnAs crystal is centro-
symmetric around the interstitial position highlighted by the green ball. (D) Mi-
croscopic calculations of the components of the spin-orbit field transverse to
the magnetic moments per current density 107 A cm−2 at spin sublattices A
and B as a function of themagneticmoment angle φmeasured from the x axis
([100] crystal direction).The electrical current is applied along the x and y axes.
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Wadley et al, Science 351, 587 (2016) CuMnAs

Mi
ind = χ ij ⋅Ej

Proposed mechanism: staggered SO torque*

from a fixed FM polarizer by out-of-plane elec-
trical current driven in a FM-AFM stack. How-
ever, relativistic spin-orbit coupling may offer
staggered current-induced fields, which do not
require external polarizers and which act in bare
AFMcrystals (19). The effect occurs in AFMswith
specific crystal and magnetic structures for which
the spin sublattices form space-inversion part-
ners. Among these materials is a high–Néel
temperature AFM, tetragonal-phase CuMnAs,
which was recently synthesized in the form of
single-crystal epilayers on III-V semiconductor
substrates (20).
Relativistic current-induced fields observed

previously in broken inversion-symmetry FM
crystals (21–29) can originate from the inverse
spin-galvanic effect (30–34) (Fig. 1, A and B).
The full lattice of the CuMnAs crystal (Fig. 1C)
has an inversion symmetry with the center of
inversion at an interstitial position (green ball
in the figure). This implies that the mechanism
described in Fig. 1, A and B, will not generate a
net current-induced spin density when integrated
over the entire crystal. However, Mn atoms form
two sublattices (depicted in Fig. 1C in red and
purple) whose local environment has broken in-
version symmetry, and the two Mn sublattices
form inversion partners. The inverse spin-galvanic
mechanisms of Fig. 1, A and B, will generate
locally nonequilibrium spin polarizations of op-
posite signs on the inversion-partner Mn sublat-
tices. For these staggered fields to couple strongly
to the AFM order, it is essential that the inversion-
partner Mn sublattices coincide with the two
spin sublattices A and B of the AFM ground
state (19). The resulting spin-orbit torques have
the form dMA;B=dt ∼ MA;B ! pA;B, where the
effective field proportional to pA ¼ −pB acting on
the spin-sublattice magnetizations MA;B alter-
nates in sign between the two sublattices. The
CuMnAs crystal and magnetic structures (Fig. 1C)
fulfill these symmetry requirements (20).
To quantitatively estimate the strength of the

staggered current-induced field, we performed
microscopic calculations based on the Kubo
linear response formalism (35) (see supplemen-
tary text for details). The calculations (Fig. 1D)
confirm the desired opposite sign of the current-
induced field on the two spin sublattices and
highlight the expected dependence on the mag-
neticmoment angle, which implies that the AFM
moments will tend to align perpendicular to the
applied current. For reversible electrical switch-
ing between two stable states and the subsequent
electrical detection by the AMR, the setting cur-
rent pulses can therefore be applied along two
orthogonal in-plane cubic axes of CuMnAs. The
magnitude of the effect seen in Fig. 1D is com-
parable to that of typical current-induced fields
applied in FMs, suggesting that CuMnAs is a
favorable material for observing current-induced
switching in an AFM.
Our experiments were conducted on epitaxial

films of the tetragonal phase of CuMnAs, which
is amember of a broad family of high-temperature
I-Mn-V AFM compounds (6, 7, 20). We have
observed the electrical switching and readout

588 5 FEBRUARY 2016 • VOL 351 ISSUE 6273 sciencemag.org SCIENCE

Fig. 2. Electrical switching of the AFM CuMnAs. (A) Scanning transmission electron microscopy
image of CuMnAs/GaP in the [100]–[001] plane. (B) Magnetization versus applied field of an un-
patterned piece of the CuMnAs/GaP wafer measured by SQUIDmagnetometer. (C) XMLD-PEEM image
of the CuMnAs film with x-rays at the Mn L3 absorption edge incident at 16° from the surface along the
[100] axis. (D) Optical microscopy image of the device and schematic of the measurement geometry.
(E) Change in the transverse resistance after applying three successive 50-ms writing pulses of am-

plitude Jwrite ¼ 4! 106 A cm−2 alternately along the [100] crystal direction of CuMnAs (black arrow in
panel D and black points in panel E) and along the [010] axis (red arrow in panel D and red points in

panel E).The reading current Jread is applied along the [110] axis, and transverse resistance signals R⊥

are recorded 10 s after each writing pulse. A constant offset is subtracted fromR⊥. Measurements were
done at a sample temperature of 273 K.

Fig. 3. Dependence of the switching on the writing pulse length and amplitude. Transverse resist-
ance after successive writing pulses along the [100] axis (black points) and [010] axis (red points) for
different current amplitudes (A) or pulse lengths (B). R⊥ is recorded 10 s after each writing pulse. R is the
average of the longitudinal resistance R. Measurements were done at sample temperature of 273 K. A
constant offset is subtracted from R⊥.
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from a fixed FM polarizer by out-of-plane elec-
trical current driven in a FM-AFM stack. How-
ever, relativistic spin-orbit coupling may offer
staggered current-induced fields, which do not
require external polarizers and which act in bare
AFMcrystals (19). The effect occurs in AFMswith
specific crystal and magnetic structures for which
the spin sublattices form space-inversion part-
ners. Among these materials is a high–Néel
temperature AFM, tetragonal-phase CuMnAs,
which was recently synthesized in the form of
single-crystal epilayers on III-V semiconductor
substrates (20).
Relativistic current-induced fields observed

previously in broken inversion-symmetry FM
crystals (21–29) can originate from the inverse
spin-galvanic effect (30–34) (Fig. 1, A and B).
The full lattice of the CuMnAs crystal (Fig. 1C)
has an inversion symmetry with the center of
inversion at an interstitial position (green ball
in the figure). This implies that the mechanism
described in Fig. 1, A and B, will not generate a
net current-induced spin density when integrated
over the entire crystal. However, Mn atoms form
two sublattices (depicted in Fig. 1C in red and
purple) whose local environment has broken in-
version symmetry, and the two Mn sublattices
form inversion partners. The inverse spin-galvanic
mechanisms of Fig. 1, A and B, will generate
locally nonequilibrium spin polarizations of op-
posite signs on the inversion-partner Mn sublat-
tices. For these staggered fields to couple strongly
to the AFM order, it is essential that the inversion-
partner Mn sublattices coincide with the two
spin sublattices A and B of the AFM ground
state (19). The resulting spin-orbit torques have
the form dMA;B=dt ∼ MA;B ! pA;B, where the
effective field proportional to pA ¼ −pB acting on
the spin-sublattice magnetizations MA;B alter-
nates in sign between the two sublattices. The
CuMnAs crystal and magnetic structures (Fig. 1C)
fulfill these symmetry requirements (20).
To quantitatively estimate the strength of the

staggered current-induced field, we performed
microscopic calculations based on the Kubo
linear response formalism (35) (see supplemen-
tary text for details). The calculations (Fig. 1D)
confirm the desired opposite sign of the current-
induced field on the two spin sublattices and
highlight the expected dependence on the mag-
neticmoment angle, which implies that the AFM
moments will tend to align perpendicular to the
applied current. For reversible electrical switch-
ing between two stable states and the subsequent
electrical detection by the AMR, the setting cur-
rent pulses can therefore be applied along two
orthogonal in-plane cubic axes of CuMnAs. The
magnitude of the effect seen in Fig. 1D is com-
parable to that of typical current-induced fields
applied in FMs, suggesting that CuMnAs is a
favorable material for observing current-induced
switching in an AFM.
Our experiments were conducted on epitaxial

films of the tetragonal phase of CuMnAs, which
is amember of a broad family of high-temperature
I-Mn-V AFM compounds (6, 7, 20). We have
observed the electrical switching and readout
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Fig. 2. Electrical switching of the AFM CuMnAs. (A) Scanning transmission electron microscopy
image of CuMnAs/GaP in the [100]–[001] plane. (B) Magnetization versus applied field of an un-
patterned piece of the CuMnAs/GaP wafer measured by SQUIDmagnetometer. (C) XMLD-PEEM image
of the CuMnAs film with x-rays at the Mn L3 absorption edge incident at 16° from the surface along the
[100] axis. (D) Optical microscopy image of the device and schematic of the measurement geometry.
(E) Change in the transverse resistance after applying three successive 50-ms writing pulses of am-

plitude Jwrite ¼ 4! 106 A cm−2 alternately along the [100] crystal direction of CuMnAs (black arrow in
panel D and black points in panel E) and along the [010] axis (red arrow in panel D and red points in

panel E).The reading current Jread is applied along the [110] axis, and transverse resistance signals R⊥

are recorded 10 s after each writing pulse. A constant offset is subtracted fromR⊥. Measurements were
done at a sample temperature of 273 K.

Fig. 3. Dependence of the switching on the writing pulse length and amplitude. Transverse resist-
ance after successive writing pulses along the [100] axis (black points) and [010] axis (red points) for
different current amplitudes (A) or pulse lengths (B). R⊥ is recorded 10 s after each writing pulse. R is the
average of the longitudinal resistance R. Measurements were done at sample temperature of 273 K. A
constant offset is subtracted from R⊥.
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 due to 

*Zelezny et al, PRL 113, 157201 (2014)

( pind ⊥ j)

Zelezny et al, PRB 95, 014403 (2017)  
Mn2Au
Bodnar et al, Nat. Commun. 9, 348 (2018)



Results for CuMnAs

Ø Dominant staggered induced orb. polarization (40 x larger) – not due to SOC 
Ø Frequency dependent and non-staggered c elements also present

2cS

cL

M || cjij
ind
i EM ×= c

staggered Non-staggered

21

SREE

OREE



Mn2Au – moments in basal plane
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Ø Dresselhaus-like spin response, Rashba-type orbital response 
Ø Large non-staggered c elements present, give out-of-plane direction

Salemi, Beritta, Nandy, PMO, Nat. Commun. 10, 5381 (2019) 

2cS

cL

M || a



Possible recent observation
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Unusual spin polarization normal to 
layer; not normal SHE

Can switch the 
magnetization of 
Co/Pd layer

Ø Non-staggered element zx that gives an induced spin 
polarization in z-direction for a charge current in x-direction

Ø Can be used for so-called field free switching

Nat. Mater. 20, 800 (2021)



Summarizing ...
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v LLG can be derived from and is consistent with Dirac-Kohn-Sham theory 
v New relativistic SOT: optical SOT, field-derivative torque for time-dep. fields
v Intrinsic inertial torque can be due to relativistic effects
v Additional torques important and can extend LLG to shorter time scales  

v Orbital Rashba-Edelstein effect huge (much larger than SREE) AFMs
v OREE staggered, not due to SOC, in symm.-broken AFMs 
v SREE: large non-staggered elements

v Magn. SHE/OHE with induced spin/orbital pol. along E-field in Pt/3d layers
v Orbital accumulation different from spin accumulation
v Both dSx and dSy terms relevant for torques (dep. on magn. direction)


