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Aim: Develop electronic structure theory to compute and predict                
   unusual spin and orbital effects
! Motivation: Spin-orbit torques 
! Electronic structure methodology 
! Results: Orbital Hall effect & orbital Nernst effect in 40 elements
! Magnetic spin Hall effect and magnetic orbital Hall effect in FMs & bilayers
! Detection of orbital accumulation in thin layers 

Thanks to:

Marco BerrittaLeandro Salemi Sanaz Alikhah



Motivation - Spin-orbit torques

3

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

Magnetization switching with SOT Staggered SOTs in special AFMs

Zelezny et al, PRL 113, 157201 (2014)

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

CuMnAs

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

Spin Hall effect - small relativistic effect

Mn1 Mn2

dS
Rashba-Edelstein effect



From a device view point
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Everspin, Samsung, IBM

Slonczewski, 1996

market-ready product 
after ~20 years 

STT-MRAM

Hirsch 1999 (SHE)       
Miron et al, 2011

Technology being 
developed for market

Current fundamental 
research topic

Go et al, ~2018 (OHE)
Orbital torque?

SHE

Observation SHE Pt: 
Stamm et al, 2017



Large orbital effects predicted 
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Orbital Hall effect predicted –
without SOC 
Tanaka et al, PRB 77, 165117 (2008)

Go, Jo, Kim & Lee, PRL 
121, 086602 (2018)

Orbital texture in k-space

Explanation of OHE

Orbital Rashba effect

Orbital Rashba Hamiltonian Go, Lee, Mokrousov, Blügel et al, 
Sci. Rep. 7, 46742 (2017)



Electronic structure theory predictions
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Orbital Rashba-Edelstein effect –
large, not due to SOC

CuMnAs

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

Orbital Hall insul. phase in TMDCs
Canonico, Cysne, Molina, Muniz & 
Rappoport, PRB 101, 161409R (2020)

Many new papers in last years:
Go, Freimuth, Hanke, Xue et al, Phys.Rev.Res. 2, 033401 (2020)
Go, Jo, Lee, Kläui & Mokrousov, EPL 135, 37001 (2021)
Lee, Go, Park, Jeong et al, Nat. Commun. 12, 6710 (2021)
Choi et al, arXiv 2109.14847

Orbital inverse Faraday effect –
not due to SOC
Berritta, Mondal, Carva, Oppeneer, 
PRL 117, 137203 (2016)

𝛿𝑀 ∝ 𝐸!𝑘



Phenomena: Charge-to-spin conversion – SHE & SREE

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

Spin Hall effect

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

Transport
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Infinite bulk 3D crystal

Spin Conductivity
Tensor

𝐽!
"! = 𝜎!#

"! # 𝐸#

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

Rashba-Edelstein effect, 
inv. spin-galvanic effect 

Originally: Rashba SOC + 2D symm. 

Local

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

Spin Susceptibility
Tensor

𝛿𝑆! = 𝜒!# # 𝐸#

𝜎!"
#" & 𝜒!"

time-reversal even



Methodology – Electronic structure calculations
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DFT + linear response theory

𝛿𝑆$ = 𝜒$%" 𝐸% 𝛿𝐿$ = 𝜒$%& 𝐸%
Spin magneto-electric susceptibility Orbital magneto-electric susceptibility

Intraband 
(Fermi Surface)

Interband 
(Fermi sea)

ℏ𝜔#$𝒌 = 𝜖#𝒌 − 𝜖$𝒌

Rashba-Edelstein effect 

Relativistic WIEN2k

(requires inv. symmetry breaking)

𝐴 = ,𝐿 𝑜𝑟 0𝑆

Salemi, Berritta, Nandy, Oppeneer, Nat. Commun. 10, 5381 (2019)

(atomic sphere !)

(own implementation)



Ab initio calculations

Spin Hall effect

Spin/orbital current operator

A =

Orbital Hall effect

SHE: Guo et al, PRL 100, 096401 (2008)
OHE: Tanaka et al, PRB 77, 165117 (2008)

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

9

Include scattering effects in an average through lifetimes 
(no explicit extrinsic effects such as side step or skew scattering)  

𝜏&#'(), 𝜏&#'*(

Spin and orbital Nernst effects

Spin Nernst effect: Meyer et al, Nat. Phys. 16, 977 (2017)

Thermal gradient



Size of OHE for 40 elements
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Tanaka et al, PRB 77, 
165117 (2008)

" Large effects for light 3d metals
" Good agreement with Jo et al (2018) 
" Factor 2 & different trend from Tanaka et al (2008)
" Cheap, light metals for future orbitronics?

Jo et al, PRB 98, 
214405 (2018) 

Salemi and Oppeneer, Phys.Rev.Mat. 6, 095001 (2022)



Recently predicted new effects

11

SHE

MSHE

OHE

MOHE

SREE

MSREE

OREE

MOREE

SNE

MSNE

ONE

MONE

Tanaka et al, PRB 77, 165117 (2008)
Sinova et al, Rev. Mod. Phys. 87, 1213 (2015)
Kimata et al, Nature 565, 627 (2019) 
Salemi et al, Nat. Commun. 10, 5381 (2019)

Edelstein, Solid State Comm. 73, 233 (1990)
Meyer et al, Nat. Phys. 16, 977 (2017)
Salemi and Oppeneer, PRB 106, 024410 (2022)

Rashba-Edelstein NernstHall

SHE MSHE OHE MOHE

Require SOC

Require magnetism
(T-odd)

Intraband (Fermi surf.)

NO

YES YES

YESYES

NOYES

NO

NONO YES YES

𝜎!"
#",

time-reversal even
𝜒!"# & Λ!"

#"



Unusual spin and orbital currents
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Conventional SHE

𝐽# ⊥ 𝐸 ⊥ 𝑆

Time-reversal 
and M even

Fermi sea or 
interband

Spin Berry curvature  

n = m

Anomalous component

𝐽# ⊥ 𝐸 || 𝑆

Calculations show: 
Always present for 
magnetic materials      
(MSHE and MOHE)

Fermi surface or 
intraband 

Time-reversal and 
M odd

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



Spin anomalous Hall effect (SAHE) in ferromagnets
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Amin, Li, Stiles, Haney, PRB 99, 220405R (2019)

𝐽# ⊥ 𝐸 ⊥ 𝑆

Miura & Masuda, PRMat. 5, L101402 (2021)

𝜎45
6!

(Fermi sea or interband term)

SHE-like, T-even

Dependence on M direction



Symmetry analysis
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(Pt)

(Fe, Ni) (Co)

Nonmagnetic metal Ferromagnet

Miura & Masuda, PRMat. 5, L101402 (2021)

”𝜎+,-./0(𝑚)”
Amin, Li, Stiles, Haney, PRB 99, 220405R (2019)

Seemann, Ködderitzsch, Wimmer & Ebert, PRB 92, 155138 (2015) 

SHE-like, T-even

MSHE-like, T-odd

𝜀$%&

Repeated indices
(and          )

Wang, Commun.Phys. 4, 55 (2021) 



Calculated results Fe, Co, Ni
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SHE components strongly M-anisotropic (SAHE)
MSHE ~ SHE => must be taken into account
MOHE (new) exists, but smaller than OHE

T-even T-odd

OHE present without SOC, all others require SOC
MSHE and MOHE (intraband) larger for pure samples 

SAHE
OHE >> SHE

Salemi and Oppeneer, PRB 106, 024410 (2022)



Lifetime dependence
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MSHE MOHE

MSHE and MOHE (intraband) much larger for pure samples 

SHE OHE

T-even T-odd



SOTs at symmetry-broken interface Pt/3d FM 
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E along x

n Pt / 2 Y
Y = Ni, Co, Cu or Pt
n = 2 to 16

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

Effective torques

Time-rev. odd – field like

Time-rev. even – damping like

Early work:

T-even

T-odd

Ind. polarization



Layer-resolved induced spin polarization
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SHE

# Typical transverse spin 
accumulation Pt 

# Modified at the interface
# M and T-even effect

# Very local response at 
interface, along Ex 

# Only exists for magn. 
material (M and T-odd)

# Same size as dSy

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

T-odd, MSREE
T-even

Spin accum.
SPIN

MSHE

local

FL DL



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

different from spin
# Enlarged at the interface
# M, T-even effect

# Local response at 
interface, along Ex 

# Only exists for magn. 
material (M, T-odd)

# Smaller than E-transv.

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

OHE

𝛿𝐿! 𝛿𝐿" 𝛿𝐿!

𝛿𝐿"

OHE and E -transv. 
orbital polarization 
not due to SOC 

MOHE

T-odd, MOREE

T-even

ORBITAL



Magnetization direction dependence
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x

y

M
f

In basal 
plane

Induced spin polarization, 
depends on direction of M

12Pt/2Co, 1st Co

Even in M – 2f – FL torque
Odd in M – f – DL torque

" Accurate angle dependence from ab initio calculations
" Identify even in M and odd in M components => analytical expressions
" Next step: full switching dynamics in the time domain

Dependence of cS on M direction



Many predicted effects – direct observations? 

21

SHE

MSHE

OHE

MOHE

SREE

MSREE

OREE

MOREE

SNE

MSNE

ONE

MONE

Tanaka et al, PRB 77, 165117 (2008)
Sinova et al, Rev. Mod. Phys. 87, 1213 (2015)
Kimata et al, Nature 565, 627 (2019) 
Salemi et al, Nat. Commun. 10, 5381 (2019)

Stamm et al., PRL 119, 087203 (2017)
Meyer et al, Nat. Phys. 16, 977 (2017)
Salemi and Oppeneer, PRB 106, 024410 (2022)

Rashba-Edelstein NernstHall



Experimental detection of orbital accumulation
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Igor Lyalin, Roland Kawakami 
(Columbus, Ohio)

L-MOKE on top surface

Cr film, t = 30 nm, w = 20 µm

nanorads!

See also: Choi, Jo et al., Nature, in press (2023)



Electronic structure theory
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Orbital diffusion length     
(parameter)

OHE Bulk complex MOKE  

Refractive index

Stamm et al., PRL 119, 087203 (2017)Electrochemical potential (eV)

𝜎1+2/ = 7000 ℏ
" [Ω𝑐𝑚]34

𝜎1+-/ ≈ −70 ℏ
" [Ω𝑐𝑚]34 bcc Cr



Ab initio based theory
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Refractive index n from optical conductivity

WIEN2k FLAPW

Bulk complex MOKE, using rel. DFT plus 
Zeeman field  

x 30 
larger



Determination of orbital diffusion length in Cr
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theory

Fit MOKE or MOKE/r2 to 
obtain lo

𝑙5 = 6.6 ± 0.6 𝑛𝑚

Choi, Jo et al., Nature, in press (2023): Orbital diffusion length lo ~ 60 – 70 nm Ti

But had to scale 𝜎!" by a factor of 1/100 

𝜎1+2/ = 7000 ℏ
" [Ω𝑐𝑚]34

Igor Lyalin, Roland Kawakami 
(Columbus, Ohio)



Summary

! Large magnetic spin Hall effect and MOHE coefficients (T-odd) predicted
! Expected to be present in other magnetic materials 
! Leads to (novel) magnetic SNE and magnetic ONE (MSNE and MONE)
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H2020

Ferromagnetic Fe, Co, Ni:

Pt/3d bilayers 

! Presence of T-even and T-odd spin and orbital accumulations => diff. torques

Elements
! Large OHE in light 3d metals predicted
! First evidence of very large OHE in Cr

Electronic structure calculations very powerful, predictive tool for development of 
spin-orbitronics and orbitronics



Magneto-optical detection of OHE in Ti

27Choi, Jo et al., Nature, in press (2023)

L-MOKE

Orbital diffusion length lo ~ 60 – 70 nm
But had to scale 𝜎2/ by a factor of 1/100 



Ab initio calculated results Fe, Co, Ni
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SHE-like          OHE MSHE-like        MOHE

MOHE < OHE
MOHE ~ MSHE MSHE ~ SHE

Salemi and PMO, PRB 106, 024410 (2022)

OHE ⋙ SHE
SHE M-anisotropic MSHE ~ isotropic

lifetime



Magnetic spin and orbital Nernst effects
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“intraband”“interband” " Large MSNC and MONC predicted T-odd



Sizes of torques & Influence of SOC
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Influence of SOC

Magn. SHE

Spin accum.

T-even orb. accumulation
and OHE not due to SOC, 
all others SOC  induced



Magneto-optical detection of SHE
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Excellent agreement with experiment!
Estimated ls=11.4±2 nm for pure Pt

σ xz
SH (exp) =1880 [Ωcm]−1

σ xz
SH (th) =1890 [Ωcm]−1

Stamm, Murer, Berritta, Feng, Gabureac, Oppeneer 
& Gambardella, PRL 119, 087203 (2017) 

j =107 A/cm2

" Accurate ab initio predictions of spin Hall effect possible

" Direct MOKE measurement of SH conductivity in heavy metals feasible



Orbital Nernst effect
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Large for nonmagnetic Ni, Pd & Pt

Salemi and Oppeneer, arxiv2203.17037



Layer-resolved comparison of spin accumulation
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But: lifetime dependent, 
cxy intraband

n Pt/2Ni
n Pt/2Co SHE dominated

Magn. SHE larger



Induced orbital polarization – M direction dependence
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12Pt/2Co, 1st Co

" Orbital cxy is nonrelativistic and antisymmetric

" All other components due to SOC

ORBITAL SUSCEPTIBILITY z –x plane



Spin-charge angle tensor q
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Mixing of 
effects

Spin-
filtering 
on AHE

Salemi and PMO, arXiv:2203.17025


