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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
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e Motivation - Spin-orbit torques

Magnetization switching with SOT

Spin Hall effect - small relativistic effect
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Miron et al, Nature 476, 189 (2011)
Liu et al, Science 336, 555 (2012)

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

Staggered SQOTs in special AFMs
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Rashba-Edelstein effect

Mn1 Mn2

Zelezny et al, PRL 113, 157201 (2014)

Wadley et al, Science 351, 587 (2016)
Zelezny et al, PRB 95, 014403 (2017)
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From a device view point
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i Spin polarized currents

| Spin transfer torque (STT)
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Spin currents
Spin-orbit torque (SOT)
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Go et al, ~2018 (OHE)

Slonczewski, 1996

STT-MRAM

EVERSEIN

Everspin, Samsung, IBM

market-ready product
after ~20 years

Hirsch 1999 (SHE)
Miron et al, 2011

SOT-MRAM

Read current

Write current

SHE

Technology being
developed for market

Observation SHE Pt:
Stamm et al, 2017
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Current fundamental
research topic
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Orbital Hall effect predicted —

without SOC

Tanaka et al, PRB 77, 165117 (2008)

Orbital Rashba effect
Hep(k) = %i (2 x k)

Orbital Rashba Hamiltonian

Explanation of OHE
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-« Large orbital effects predicted
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Go, Lee, Mokrousov, Bligel et al,
Sci. Rep. 7, 46742 (2017)

1E =-08¢eV, k,=0 ‘
= _— |l Orbital texture in k-space
<] — ¢ Go, Jo, Kim & Lee, PRL
& o £ 121, 086602 (2018)
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Orbital inverse Faraday effect —
not due to SOC

ww  Electronic structure theory predictions

ﬁ SM o E2k

Berritta, Mondal, Carva, Oppeneer, sh-t | o
PRL 117, 137203 (2016)
e | | S sSoC
_ _ T CuMnAs | o0
Orbital Rashba-Edelstein effect — A [ o
large, not due to SOC g wf [ | x10
Salemi, Beritta, Nandy, Oppeneer, = :," | 1
Nat. Commun. 10, 5381 (2019) ool PRRE |
hw [eV]
: : : Te__J_ “[®)
Orbital Hall insul. phase in TMDCs g >© = =
Canonico, Cysne, Molina, Muniz & gz' [N § a
Rappoport, PRB 101, 161409R (2020) g g
T~
o MK o S B R

Many new papers in last years:

Tbpsr) (€127)

Go, Freimuth, Hanke, Xue et al, Phys.Rev.Res. 2, 033401 (2020)

Go, Jo, Lee, Klaui & Mokrousov, EPL 135, 37001 (2021)
Lee, Go, Park, Jeong et al, Nat. Commun. 12, 6710 (2021)
Choi et al, arXiv 2109.14847
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Spin Hall effect

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

Rashba-Edelstein effect,
inv. spin-galvanic effect

Z
O'yx

7'ran5p0/T
Sy _ 1" S
Jy ayx, E,

,/

Spin Conductivity
lensor

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

Infinite bulk 3D crystal

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

& Ayx ~

time-reversal even

Spin Susceptibility
lensor

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

Originally: Rashba SOC + 2D symm.
Bychkov & Rashba, JETP Lett. 39, 78 (1984)
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Rashba-Edelstein effect (requires inv. symmetry breaking)

— ., L
65 Xl] E 5Ll — Xl] E]
\ ™~
Spin magneto-electric susceptibility Orbital magneto-electric susceptibility
DFT + linear response theory o~ A=LorS (atomicsphere )
' J
XA‘ / Jnk — fmk A:mzk Pumk Interband
T m, Jg . #m ROpmk  —Opmi + 1Ty (Fermi sea)
/ dk Z afnk An.nl« pnnl\ Intraband
’n" mtra (Fermi Surface)

AWpmk = €nk — Emk
Relativistic WIEN2k

(own implementation) Salemi, Berritta, Nandy, Oppeneer, Nat. Commun. 10, 5381 (2019) 8

OM = ppd(L + 2S)



s oAb initio calculations

Spin Hall effect JSk — O-Sk E A= JSk — {Sk, P}
I I 2me.V
Orbital Hall effect J k=0 *FK Spin/orbital current operator

Include scattering effects in an average through lifetimes Tintra, Tinter

(no explicit extrinsic effects such as side step or skew scattering)

SHE: Guo et al, PRL 100, 096401 (2008)
OHE: Tanaka et al, PRB 77, 165117 (2008)
Jo, Go, and Lee, PRB 98, 214405 (2018)

Spin and orbital Nernst effects IS _ SkE ASH dT
1 17
ASk(Lk) o 71FQI‘QBT( d O_Sk(Lk)(E)) drj
ij T _3e \JE Y E—Ep Thermal gradient

Spin Nernst effect: Meyer et al, Nat. Phys. 16, 977 (2017)
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(a) o 12 M 5.0 T "‘ T
T n o i ,;’*‘D‘\ ," kY
g0 5 ¢ PR PN A he—Sd
8 T =
] Vv & 3.0F VNG S
Jo et al, PRB 98, T 6 S L P \
'3 = 2.0f \ ®
214405 (2018) z 4 Ni o | RN
= Cu T 1.0f |
3 2 o | v=0.02
"o R S A S R T R U
23 24 25 26 27 28 29 n
Z (atomic number) 4d Nb Mo Tc Ru Rh Pd Ag
5d Ta W Re Os Ir Pt Au

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

» 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?

Tanaka et al, PRB 77,
165117 (2008)

10
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Recently predicted new effects

Hall
. SHE OHE
MSHE MOHE
z X & ASZ

t|me reversal even

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

Rashba-Edelstein Nernst
SREE OREE | SNE ONE
MSREE MOREE MSNE MONE
SHE MSHE | OHE MOHE
Require SOC YES YES NO YES
Requiz; _r:gg;letism NO YES | No YES
Intraband (Fermi surf) NO YES | NO YES

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

Meyer et al, Nat. Phys. 16, 977 (2017)

Salemi and Oppeneer, PRB 106, 024410 (2022)

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

11
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S
- SHE ¢
Conventional SHE T Anomalous component
MSHE o> 7S 20 a
JSLE LS g JSLE|S
M,
Time-reversal Time-reversal and
and M even M odd
IA ]S Ex .
Fermi ez’ z e Fermi surface or
: eI Sec of \\ intraband n=m
interband ]

Calculations show:
Always present for

}
COH(SH) / ak = (Fok = Foi ) magnetic materials
iz (MSHE and MOHE)

Spin Berry curvature

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

X,
QX‘ - fl Im (<unk |]\ i ’umk> <“mk ’I;_r’“nk>>

ke (Enk - Emk + i’7)2

12



s Spin anomalous Hall effect (SAHE) in ferromagnets
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SAHE+SHE\ SHE

; y

t Q@ / eH W{'
E ™ E~

—>S - -
1 E 1S
/ @ SHE-like, 7-even

23 dk Z (W}71|Qg|wn>(wn|ﬁy|wm>

of = ——Im
ay 3 . 2
@m) (En = En) Miura & Masuda, PRMat. 5, L 101402 (2021)

m € unocc.

Amin, Li, Stiles, Haney, PRB 99, 220405R (2019)

Dependence on M direction

(Fermi sea or interband term)

13
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s Symmetry analysis
Nonmagnetic metal Ferromagnet
S S S. Sy S S S Sy
S~ :
€ijk OSH (Fe, N1) (Co)
. - AS‘-Z‘ ‘: Uy
Ory = Oyz — Oza .
V= S (i)
(Pt)
Amin, Li, Stiles, Haney, PRB 99, 220405R (2019)
Miura & Masuda, PRMat. 5, L101402 (2021)
g S SHE-like, 7-even
x Yy
O O O-CBZ O O Orz gl 'k
oS =0 0 o) =0 0 o !
S, S, S S,
oPz gP= 0 Yy Py ]
zx Oz Ozz Ozy 0 MSHE-like, 7-odd
g Repeated indices
(and 077

Seemann, Kédderitzsch, Wimmer & Ebert, PRB 92, 155138 (2015) Wang, Commun.Phys. 4, 55 (2021) 14
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MOHE %(ann—l

L L, hr—! = 40 meV

/-even —— 7-o0dd ———
SHE OHE MSHE
S S S, Lo L L. S, S,
Uyz szy a:cy Uyz O-Zil%l U:cy Ozz Ozx Oxz Oz

Fe 441 456 92
Co 839 8 -4
Ni 1606 1543 824

4697 4698 4707 -593

5103 4718 4737 614 1074

3306 3297 3149 394

739

-290

1343 348
-358 1356
-66 1033

<+ »

SAHE
OHE >> SHE

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

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

Salemi and Oppeneer, PRB 106, 024410 (2022)

15
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7-even 7-odd
Spin Conductivity (T-even) Orbital Conductivity (7-even) Spin Conductivity (7-odd) Orbital Conductivity (7-odd)
(a) Fe Fe |[{b) Fe |
06k oS {472 4
. ¥z ofi._‘(l“) R ip)
T 4.69 S (L
ol S || e 1o
14.66 .
X )
02f 14.63 2T . 14
s (© Co s , (d) Co
Q Q n
1+ 52 2 T\ b= —Ho
g, SH E g . | ﬁj’ R
~ {505 o i ’
(D) | L ./ 4
< 0.5 = ) ' 2
i 149 T :
| W N | MOHE {
w l l l l 1 1 1 1 w { { } 1
T T T T 1 T T 1 ‘b
© (e) Ni || (D Ni (® Ni
N 1.5
> 133 = =0
1 &=
132 - 12
0.5
13.1 0 S T 1 F 14
5lO 160 1 l50 2(I)O 510 l(lJO | l50 260 510 | (1)0 | l50 2(I)O 510 l(l)O 1 I50 2(1)0
Broadening [meV] Broadening [meV]

MSHE and MOHE (intraband) much larger for pure samples
16
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wean  SOTS at symmetry-broken interface Pt/3d FM
HM (Pt) 3d

! e | nPt/2Y 0S=x" E
%%%%%%%%%%%8%%%%%% Y = Ni, Co, Cu or Pt JS"c — o5 E
Rod %g%g%% 8585 %a® n=2t16 —
% % % % Pts% PtS%PHO% Pt12% Pt14% Pt16% Y18
L = P13 e Pts Ptz P9 PH1  PH3  Pt15 Y17 u, E alongx
e
Ind. polarization
Effective t
ective torques y r 5S ngr E, Teven
T =M x 5B SB ~ |Bxc|— g
N 05z = X Bz Todd
T = —2up|Bxc| [M X (XSE>] M =S/|S|
Te XM x (E Xuy) Time-rev. odd — field like

ToL XM x [M x (E X uy;)] Time-rev. even — damping like

Early work:

Haney, Lee, Lee, Manchon, Stiles, PRB 88, 214417 (2013)
Freimuth, Bltgel, Mokrousov, PRB 90, 174423 (2014) 17




wsns  Layer-resolved induced spin polarization
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0.5, SPIN 58, Mlu

Spin accum.

E-Transverse M-Transverse /?Ca/ 5 S Y
ot (a) s by s _ _
f;\\ @) Xix 15-( ) K / 1 *»» Typical transverse spin
E 25\ - 0 accumulation Pt
BT | DS~ - ** Modified at the interface
(=) 5+ - o, ol
= 5| 9 i = e T-odd, MSREE < Mand T-even effect
_:x L T-even 16PV2Co 9 _ 0 o2 SSBGRRRFEL =01
2 150-(d) o’ | aop (€) fonl .
s 2 30l > < Very local response at
g 20l interface, along £,
L .
S 10} **» Only exists for magn.
= 0 material (M and 7-odd)
-,Z 107 < Same size as &S,
1’2 :1 I6 I8 110 112 114 1|6 118 i’Z L1 I6 I8 llO 112 114 1|6 118
z [atomic layer] z [atomic layer]
HM (Pt 3d
FL DL | ( ) ”% !
> BodedeBadsfogodots
?
@2 (Pam% @6% %%,ﬁ%o%@g%mm%me Y18
p Pz P9 Pti1 PH3 PtI5 Y174y
Salemi, Berritta, Oppeneer, PRMat. 5, 074407 (2021) I z
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Results Pt/3d-bilayers —orbital polarization & current

150}
100}
50

-50F

-100}
-150F

¥ (107 rnm/v]
o

300

OL

E-Transverse

200+ g

-100}
-200}

ol [103 (nfe) (@ m)!]

2 4 6 8 10 12 14 16 18
z [atomic layer]

80

y ORBITAL 5L, M || u,

M-Transverse

O o

MOHE

2 4 6 8 10 12 14 16 18
z [atomic layer]

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

5L,

¢ Huge OHE

¢ Orb. accumulation profile
different from spin

¢ Enlarged at the interface
* M, T-even effect

5L,

¢ Local response at
interface, along £,

* Only exists for magn.
material (M, 7-odd)
¢ Smaller than Etransv.

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

19



wsan — Magnetization direction dependence
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Dependence of y° on M direction 12Pt/2Co, 1st Co
y
10_,.4.‘ IXSI o~ | s IXSI ] s, IXSI | . m In basal
sl Vo a0F e A e 4 SOF N 2 ¢ plane
i K f t 1 -15}F o" ‘o o" \b { %1 .\ !" i
b mmm e U S - ! ' ' ' ()] S . Sttt - (I)
v A s S s N1 st % g
5 ~‘ ; "," 25k i’ . H “. 1 ol Y r X
10 ‘.,' .. 30 Rt 5 -75F -.../
= o A o e B e o]
= s oo Kp s o Ky # o] sof # Xy: | S
g | / ’ N I v q 2sps kY : ] T = _QIU'BlBXC| M x| x"E
= 1sbs v I S s S S B S § 7
o o ¢ o| _5i . ] § 1 -25 Y s
HP 104¢ %* \ 10 * o ° 4 -50F \‘ o
o st 4 -10f ‘l-.' "--' 1 -75 ®agee’ . . .
= e i —— Induced spin polarization,
L) iy S 0...... B Sk S .’..... 4 S5k S . .
2 T T 1730 %5 A1 . depends on direction of M
st f N 125 s o 25
(] e B | 3 0
25t S {25ty e {25t
-5F E St ) R -5+ i
\ Y
7 -/ ...... i S [ | Even in M — 2¢ — FL torque

Angle ¢ [deg] Odd in M - ¢ — DL torque
» Accurate angle dependence from ab /nitio calculations
» Identify even in Mand odd in M components => analytical expressions

» Next step: full switching dynamics in the time domain -
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s Many predicted effects — direct observations?

Hall Rashba-Edelstein

SREE OREE

MSREE MOREE

Tanaka et al, PRB 77, 165117 (2008) Stamm et al., PRL 119, 087203 (2017)
Sinova et al, Rev. Mod. Phys. 87, 1213 (2015) Meyer et al, Nat. Phys. 16, 977 (2017)
Kimata et al, Nature 565, 627 (2019) Salemi and Oppeneer, PRB 106, 024410 (2022)

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

21
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wsws — EXperimental detection of orbital accumulation
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L-MOKE on top surface

(a) (b)

4.[, Objective 2 Objective 1
T oad* @
7
® - Ol =B [,
MgO z

Cr film, £=30 nm, w= 20 um

Igor Lyalin, Roland Kawakami
(Columbus, Ohio)

P~~~
™
p—

current modulated MOKE [nV]

MOKE [nrad]

B
3

oo L—o 141

T I T I T I T -
C 0.28x10'" A/m2 —— ]
Refl

Cr(30nm)

-20 -10 0 10 20
y [pum]

I I ! I

T I T
slope =-120+ 1.1 —— 7]

X

0 0.1 0.2 0.3
j[10"TA/m?]

nanorads!

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

(b)

MOKE [nrad]

C

MOKE [nrad]

slope =122+ 07 —— _
1 I 1 I 1

|

0 0.1 0.2 0.3
j[10"A/m?]
| , | . | '
slope=18+08 — ]
r I 1 1
{ T 1 l |
! L |: T
0 0.1 0.2
j[10"A/m?]
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ws  Electronic structure theory e
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0
0T

S

OHE Bulk complex MOKE

/
Lo 21 p(t)2j D(Ex) e%s / (et —1)e T

0¢ 14 0z ST 01

bulk et — ]
07 = Re{ &0k | — - >
K CObh(Ql ) K K™ KT
/
/ Kk = (dmincosy) /A \ /
Orbital diffusion length / I‘Zi = R 1/10
(parameter)

Refractive index . B
cos = (1 — sin? ¢; / 72,2)1/ 2

= 10 - 1 -
¥ A\ CT (OHE) - a2 = 7000 (H)[Qcm]™?
z Nl oxd ~ —70 (h)[ﬂcm -1 bcc Cr
et S et
-10 -5 0 5 10
Blectrochernical potential ¢V) Stamm et al., PRL 119, 087203 (2017)

23



s AP initio based theory
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Refractive index n from optical conductivity 2 ~ Nestonetal

e Lobov et al.

P
7 S,

Bulk complex MOKE, using rel. DFT plus
Zeeman field H = 1By - (£425)

(b) ' | | | | | | | | _
06k - - Spin Moment, m, =0.1 “B(xm)- 0 1 |52nergy [e?{/] . s
__Orb Moment, m{ 01"8
it
X 30 oL 4+ jek — Z?fn(; Ccos ¢; in oy
larger n? —ng cos(¢; — ¢1)
Energy [eV]
WIEN2k FLAPW
f (€nk) — f(enn) (W' E|j%|nk)(nk|j®|n'k)
rasl) = - o i

et nk — Entke hw — €pp + € + 1R/ T .
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UPPSALA Determination of orbital diffusion length in Cr
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Fit MOKE or MOKE/p? to T T T T
obtain /, [

o
|

ﬁ
=

(@]

@)

-

<
L |

] ‘ | ]

lp =6.6 +0.6nm

o2 = 7000 (H)[Qcm]™?

e experiment

MOKE [nrad/(10" Am )]
)
|

51- — fitof I_ -
OH - I
HO . lOUZI p(t)QJ‘D(EF)em X 0 ] ] | ] | ] | ] | 1
K = cosh(o-) 0 10 20 30 40 50 60
2 Cr thickness [nm]
—4 _t .
Red qpulko, [((€7° °— le7To  e7"' "1
]k K™ Kt Igor Lyalin, Roland Kawakami

(Columbus, Ohio)

Choi, Jo et al., Nature, in press (2023): Orbital diffusion length /, ~ 60 — 70 nm Ti
But had to scale ¢°" by a factor of 1/100 5c
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Electronic structure calculations very powerful, predictive tool for development of
spin-orbitronics and orbitronics

Ferromagnetic Fe, Co, Ni:

® Large magnetic spin Hall effect and MOHE coefficients ( 7-odd) predicted
® Expected to be present in other magnetic materials

® Leads to (novel) magnetic SNE and magnetic ONE (MSNE and MONE)

Pt/3d bilayers

" Presence of 7-even and 7-odd spin and orbital accumulations => diff. torques
Elements

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

\” FEMTO 7
—  H2020 TERABYTE

Vetenskapsradet SEVENTH FRAMEWORK
PROGRAMME




TN
TRl 4@

ws  Magneto-optical detection of OHE in Ti
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L-MOKE

30 & ! -
gl w27 i g o oy

15} o ; { 5 B i
ﬁ %{;; i 1501 < ' ® & ]

=1 . }i e - b :

{ £ 2. 0 30 60 90 120 150 G
.30 i Ti(90 nm) < ty, (nm) orbital Hall
4 2 0 2 4 =
e ¢ (10°Afcm?) > 50 : spin Hall
. P /
=
0 < o
= :

.‘1 b-\‘§.
- ~ 4 2 0
C:: 0 \_\\§
> -50 ~]

-16 X |

Ti(90 nm) " :
-30 ' 4 1
-10 -5 (0 )5 10 2 it 'I‘hick!t\jess. Ty (ﬁ?ll) » -
y (um

Orbital diffusion length /, ~ 60 — 70 nm
But had to scale a°" by a factor of 1/100

Choi, Jo et al., Nature, in press (2023) >7
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UPPSALA Ab initio calculated results Fe, Co, Ni

UNIVERSITET

SHE-like OHE

Spin Conductivity (T-even) Orbital Conductivity (7-even)

|||||| T T T T T T T T

| (@) Fe | k(b) Fe IR
i 11 ’f‘\.‘ |

o © = W
i
A
<5
<——‘
\
\
)
~

S 1103 wle) (@ cm)]

Electrochemical Potential [eV]

OHE > SHE
SHE M-anisotropic

Salemi and PMO, PRB 106, 024410 (2022)

P [103m/e) (Q em) ']

MSHE-like MOHE

Spin Conductivity (7-odd) Orbital Conductivity (7-odd)

- * - s
L L I

| '
5] — [=} — 5]
T T T T T

| (a)

Fe || (b) Fe |
"O‘II
N B —~ I .~'__ - —ta= == a]
D ‘ ‘l Y
4 W
P —
X
(o

l 1
o = o = D

| N R S N—
D = o =

||||||

| I RN [ R
D = © = N

| I (S [ I I —
6 4 2 0 2 4 6 6 4 2 0 2 4 6

Electrochemical Potential [eV]

MOHE ~ MSHE
MSHE ~ 1sotropic

lifetime
hr—! = 40 meV

MSHE ~ SHE
MOHE < OHE

28
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Magnetic spin and orbital Nernst effects

TR =0 kB — AjF——

dT

Y dr;

Spin Thermal Conductivity

T-even

d
OS]c(Lk)

S
Oy

2.63
19.72
-3.35
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Sizes of torques & Influence of SOC
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mw  Magneto-optical detection of SHE
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experiment
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» Accurate ab initio predictions of spin Hall effect possible

» Direct MOKE measurement of SH conductivity in heavy metals feasible
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Induced orbital polarization — M direction dependence
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> Orbital y,, is nonrelativistic and antisymmetric xxy xyx

» All other components due to SOC
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