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Dzyaloshinskii-Moriya interaction

Igor Dzyaloshinskii (1958) and Toru Moriya (1960)
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Chiral magnetism

Micromagnetic energy (in a 2D magnet)
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Thermodynamically stable “vortices” in magnetically ordered crystals. The mixed
state of magnets

A.N. BogdanovandD. A. Yablonskii

Physicotechnical Institute, Donetsk, Academy of Sciences of the Ukrainian SSR
(Submitted 20 April 1988)
Zh. Eksp. Teor. Fiz. 95, 178-182 (January 1989)

It is shown that in magnetically ordered crystals belonging to the crystallographic classes C,,
C.:D,,D,,;,and S, (n = 3,4,6),in acertain range of fields, a thermodynamically stable system

nv?

of magnetic vortices, analogous to the mixed state of superconductors, can be realized.
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one does not consider contributions to the energy density like
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Boundary terms

PRL 119, 127203 (2017) PHYSICAL REVIEW LETTERS 22 SEPTEMBER 2017

New Boundary-Driven Twist States in Systems with Broken Spatial Inversion Symmetry

Kjetil M. D. Hals"* and Karin Everschor-Sitte'

PHYSICAL REVIEW B 98, 064429 (2018)

Editors’ Suggestion

Effect of boundary-induced chirality on magnetic textures in thin films

Jeroen Mulkers,’»>" Kjetil M. D. Hals,>* Jonathan Leliaert,> Milorad V. Milogevi¢,"f
Bartel Van Waeyenberge,” and Karin Everschor-Sitte?

= = = 2d= 10 NmM

2d= 20 nm
| = === 2d=40 nm
-0.19 -0.2r s 20= 160 NmM
FIG. 1. (a) Illustration of the boundary-driven twist state. The FIG. 1. Cross section of a skyrmion in an extended film with
) . . g boundary-induced DMI (Ds # 0) at the top and bottom sur-
black arrows in the close-up view of the sample indicate the face, and without boundary-induced DMI (Ds — 0) . Both
canting of the magnetization across the ferromagnetic thin film. systems are shown on the same scale. The dark contours rep-

resent isomagnetizations.
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Ds # 0

FIG. 1. Cross section of a skyrmion in an extended film with
boundary-induced DMI (Ds # 0) at the top and bottom sur-
face, and without boundary-induced DMI (Ds = 0) . Both
systems are shown on the same scale. The dark contours rep-
resent isomagnetizations.
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Relation of the Dzyaloshinskii-Moriya interaction to spin currents and to the spin-orbit field

Frank Freimuth,” Stefan Bliigel, and Yuriy Mokrousov

II. FIRST-ORDER CONTRIBUTION OF SOI TO DMI

Due to DMI, the free energy density F(r) at position r
contains a term linear in the gradients of magnetization [22]:

(1)

FPMi(r) = 37 D, (i(r)) - [ﬁ(r) . O (")],
J

Brj

where D ;(i1) are the DMI coefficient vectors, which depend
on the magnetization direction 72(r) in systems where DMI is
anisotropic. The index j runs over the three cartesian directions
x,y,and z.

FIG. 1. Cross section of a skyrmion in an extended film with
boundary-induced DMI (Ds # 0) at the top and bottom sur-
face, and without boundary-induced DMI (Ds = 0) . Both
systems are shown on the same scale. The dark contours rep-
resent isomagnetizations.
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How to see if new bulk terms exist?

Take H = HHeisenberg T Htight—binding + JsaS o - n(r)

classical magnet Fermi liquid local coupling

Compute microscopic “chiral energy density”

w = Z Q‘&hﬁ n|Vang

collects all terms in micromagnetic energy density that are linear in
gradients of magnetization direction

Note that the tensor Qghﬁ has an essential GAUGE FREEDOM

due to the constraint |11 = 1 Z ngVang =0
p



Microscopic theory
H = Htight—binding + HHeisenberg + J st O - n(’r)

Grand-potential density of conduction electrons
T
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is expanded in the gradients of magnetization Q[n] = v [n] +w™[n] + ...




Microscopic theory
H = Htight—binding + HHeisenberg + J st O - n(’r)
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Microscopic theory
H = Htight—binding + HHeisenberg + J st O - n(r)

Grand-potential density of conduction electrons

Ofn(r)] = 5 [ degle) (%)~ G4, gle) =tn 1 4o /7]

271

is expanded in the gradients of magnetization Q[n] = v [n] +w™[n] + ...

First gradients define the chiral tensor "

Second gradients contribute to the symmetric exchange
(exchange stiffness)

Z Qeofalfﬁﬁf Vang)(Vang) + Z ngzl’lﬂﬂ’\/a\/a’nﬁ
oo’ BB’ aa’ B




(General formula

The problem is reduced to the analysis of the following formula

JsdS

o Im/ds g(e) Tr[GFos G o G — GPu, Gos GY]
-

g() = In [1 + e—<€—ﬂ>/T]

This is similar but more general than the formula proposed before

Relation of the Dzyaloshinskii-Moriya interaction to spin currents
and to the spin-orbit field

Frank Freimuth, Stefan Bllugel, and Yuriy Mokrousov
Phys. Rev. B 96, 054403 — Published 2 August 2017

The formula above is obtained by the expansion in the gradients of n

G(r,r)=G(r—r)+ JuS /dr’ G(r —7r') Z (7" — 1) Vang(r)og] G(r' —r)
af
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An example from the class Cuoy

Generalized Rashba ferromagnet in 2D:

H = f(p) + OCRC(p) [p X U]z +JaSn-o Agg = JaS

Very general symmetry-based resuit:

nghﬁ = (1) 0521y €ynp €nza + D (n2) (1 = 8p2)1y €xnp €nza "‘M

U-term does not contribute to w due to gauge invariance

RESULT: w =D n-[(2xV]|xn/|+Dn-|[zxV]xn]

OR: W = (DJ_ Ng VT, — D|| nzvmna;) + (DL nyvxnz — DII nzvxny)

Expected Lifshitz invariant form w = Dn - (2 X V) XM

2
is restored ONLY if [) | = D” = ) does not depend on n,



First order 1n spin-orbit

The limit of vanishing spin-orbit coupling (0r — 0
H=&p)+arl(p)|pxol,+ JqSn-o Agg = JaS

RESULT: w = Dn - (z X V)  expected Lifshitz invariant

The DMI strength D does not depend on n2

Ado et al., Phys. Rev. Lett. 121, 086802 (2018)



First order 1n spin-orbit

The limit of vanishing spin-orbit coupling agr — ()
H=&p)+arl(p)|pxol,+ JqSn-o Agg = JaS

RESULT: w = Dn - (z X V)  expected Lifshitz invariant

The DMI strength D does not depend on n2

General expression

Ado et al., Phys. Rev. Lett. 121, 086802 (2018)



Benchmarking

The limit of zero spin-orbit coupling (\p — 0

H=¢(p)+JuSn-o Ay = JgS

By-product: the same style expression for exchange stiffness

O%[n] = A[(Van)® + (Vyn)]

1
. " " _ = - ' —
Coincides with well-established theoretical results! J£ =1 o€ Ehe )T

seéeé e.g. Half-metallic ferromagnets: From band structure to many-body
effects

M. I. Katsnelson, V. Yu. Irkhin, L. Chioncel, A. |. Lichtenstein, and R. A. de Groot
Rev. Mod. Phys. 80, 315 — Published 1 April 2008



Non-parabolic dispersion

[mag Agq /8mh)

. dmag . .
The relation D — A (Kim, Lee, Lee, Stiles) breaks down

h
beyond the BR model!

Admaog

E.g. for non-parabolic kinetic energy it is replaced by ) =

in the metal regime

h

A



Broken Lifshitz invariants beyond weak SOC
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Total free energy (integration by parts):
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Broken Lifshitz invariants beyond weak SOC

H=¢&0p)+ar((p)|px o], +JagSn-o Ay = JgS

w=D n-[[2xV]|xn |+Din-[[z2xV]xn]
most importantly: D, =D (ni) D|| = D|| (nz)

Total free energy (integration by parts):

E = /dQT{Dtot n - [[2 X V] X n] Ddlff nz(n V (9} 0f
new bulk term

n, = cosb linear in gradients
Dy+D
tot — | 9 - — Dt(o(l) T Dt(ot) COS(QH) + Dt(ot) COS(49) +
o Dy—D
Ddiff = | = — D((thz: SIH(Q(Q) + D((hf) Sln(4(9) -+




Domain wall energy

E = /dZ'r{Dtot n - [[2 X V] X n] + Dgist TLZ(’I’L ' V)@}

Domain wall n(x) = a&sinf(x) cos¢ + Yy sin @ + 2 cosH(x)
parameterization 0(x) = arccos [tanh(x/f)]
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Domain wall energy

E = /dZ'r{Dtot n - [[2 X V] X n] + Dgist TLZ(’I’L ' V)@}

Domain wall n(x) = a&sinf(x) cos¢ + Yy sin @ + 2 cosH(x)
parameterization 0(x) = arccos [tanh(x/f)]

W - domain wall length in y direction

wh =D n[(2x V) xn]+2DEn2(n-Vn, +...

Z(,AZ X d’&J) y (S@ X Sj)

(4,7) (ig,kl)

new four=spin interaction



2 0
D((inzf/D‘Eo’z

Importance of the four-spin interaction

QDSiZf%/dzr ns(n-V)n, « Z SES;{(Si - dij)S73

(ig,kl) ij and kl are links in the lattice plaquette

0 0.5 1 1.5 2 2.5

\/ ma? [ Agq




Arbitrary ferromagnet

1 sym
) — Dijk nivknj — W= 5 { %Skﬁgf) — D,L-Jyk Vi (nzn])i|

D?jszisym) = (Dijk F Djix)/2

after partial itegration:

L ae s 905k s 95k )
Weh = 5 Dijk’cij o0 @ij O (I)z'j

[I. Ado et al., arXiv:1904.05337 (2019)]



Generalization of Bogdanov-Yablonskii classification

symmetry LI-type terms non-LI-type terms
Co (D) | £ £l £ £¥; cl) AL AW AL A AR AR AL
Cov (D1n) | £ £ AL A, AZ: AR
Ds cDy £, ) AL AW AR
Dag £ — Y A + AW, AZ)
Cs | e - £+ 8o s AW + AW Al — AW, AE) 4+ A
Cy | LD — W O; AL + AW, AZ) + AL
| Csp, Q: S
Ds £+, )| o; A — AW
| Dsp, Q
Cymn >3 | L5 — L5 LY + LB L) AL + AP, A — Al A + A
Cho, n > 3| L) — LY AL + AR AL + AT
D,,n >3 ci + £ £ A — AW
Se |8+ of — o AL — AW AR + ALY AT AR - A
T £y + L% + L5 AL + AL + AT
| T A + AW + AG)
0 £+ %+ L)
A = o0l Q=AW - A <24, S = A - AL 248

[I. Ado et al., arXiv:1904.05337 (2019)]



Special Classes: Csn, Dsp, Ty

Livshitz invariants (LI) are forbidden by symmetry

non-LI multi-spin terms are the only linear-in-gradient terms
In micromagnetic energy



sd-like model for magnetization dynamics

H=-Jox » Sp-Sm +DZS X S+ K Y SiSE

(nm) (nm)

—tz 'c,. +h.c.) —I—)\RZcLaxdnm sz+ZVnCILCn

(nm)
— stSn clocy,

consists of

classical Heisenberg model for localized spins

=4

tight-binding model for conduction electrons
with spin-orbit interaction & DISORDER (electron bath)

==

local exchange coupling a la s-d



Equation of motion (microscopic LLG)

an _ X 11 JSdAnxs A f the unit cell
5 — Hef = - area of the unit ce
s(r,t) = 2(UT(r,t)o¥(r,t)) = —iTr,[2o GS(r,t;r,t)]

- non-equilibrium electron spin density (polarization)
- sensitive to electric current and electric field
- defines all kinds of torques, Gilbert dampings



Equation of motion (microscopic LLG)

an _ X 11 JSdAnxs A f the unit cell
5 — Hef = - area of the unit ce
s(r,t) = 2(UT(r,t)o¥(r,t)) = —iTr,[2o GS(r,t;r,t)]

- non-equilibrium electron spin density (polarization)
- sensitive to electric current and electric field
- defines all kinds of torques, Gilbert dampings

—eA/c)?
H:(p ;m/c) Farlp X o], + Agn o+ V(r)

spin-orbit s-d exchange  disorder



Equation of motion (microscopic LLG)
on JSdA

— = H. X nA n X 8 A - area of the unit cell

h
s(r,t) = %(QT( oW (r,t)) = —iTre| 50 G=(r,t;r,t))

- non-equilibrium electron spin density (polarization)
- sensitive to electric current and electric field
- defines all kinds of torques, Gilbert dampings

—eA/c)?
H:(p ;m/c) Farlp X o], + Agn o+ V(r)

spin-orbit s-d exchange  disorder

(9715
B ot Oéﬁ’v

=123 Es+ Tog s EsVisny + 155 Vgn, + .

~

spin-orbit in-plane

torque spin-transfer
torque

Gilbert DMI + linear grads
damping



Universal magnetization dynamics

H=2 Far|o X pl, — Agn-o+ V(r) n=.S/S

Microscopic LLG up to the first gradients:
on
ot

=—nXHyyg—anx(Z2xJ)

— fo(ng) Din + §||(n§) n X Din + fL(nz) n X Din |

Long derivative: Classical drift velocity:
0

Microscopic theory of spin-orbit torque
I. A. Ado, O. A. Tretiakov, and M. Titov, PRB 95, 094401 (2017)

Anisotropy of spin-transfer torques and Gilbert damping induced by Rashba coupling
l. A. Ado, P. Ostrovsky and M. Titov, arXiv 1907.0241 (2019)



Universality of torques

on

ot

=—nXHyg—an x(Z2xJ)

— fo(ng) Din + §||(n§) n X Dth —+ fJ_(ng) nxDin;

Automodel solutions DO NOT DECAY 1 = n(r — vgt)

an
ot

=-—-nXHgpg—an x (2 xJ)

Can this phenomenon be observed beyond Rashba model?



Vanishing spin-orbit limit

0
De=gg—vaV
on
o7 = VHer x 1t —&Din +§n x Dinj +&1n x Diny

For vanishing spin-orbit: £y = 55/5 €J_’|| =0

where 05 is polarization of conduction electrons per unit cell

hence, the LLG equation is reduced to angular momentum conservation




Large anisotropy of torques!
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Traditional formulation

on
ot

For finite spin-orbit: &y = 5Seff/S 5Seff # 55

=YHeg xn —§{Dim+§nx Dingy +&6inx Ding

- a la polarization current
vg=dJ/en

_ Y [ £
Y = — ’ — H,J_
1+ & LT 1, B, L o




Gilant anisotropy of Gilbert damping

mn 2D Rashba AFM

Z
N i
70 - Neel vector TN - magnetization vector ~ >UPhtticeB o7 = -7
2 2 s al
T - TN — O n nm = 1 Sublatti
? ce A | ~
m<n o by ‘»
: . e b \‘\ <Y
S+ = (SA T 83)/2 - electron spin densities ) -




Gilant anisotropy of Gilbert damping

mn 2D Rashba AFM

<
» |
70 - Neel vector TN - magnetization vector ~ >UPhtticeB o7 = -7
2 2 ~ 1
mn-nmnm — O, 1 m- =1 Sublattice A |
~ o \“R'
m<<n N s R ‘
: o Nl S s~
S4 = (SA T 83)/2 - electron spin densities ‘a:/l? _. Y
e * Swa N
n=-Onxm+nxs +mxs +...,

equations
of motion: M =mxs  +nxs +...



Gilant anisotropy of Gilbert damping

mn 2D Rashba AFM

<
A il
70 - Neel vector T - magnetization vector ~ >UPhtticeB o -1
9 9 h X U
mn-nmnm — O, 1 m- =1 Sublattice A | 5
m < n e S, O SR
——kf\/ TN - : - - ' > C
: .. e e, Y
S+ = (SA T 83)/2 - electron spin densities \ag—/xﬁs "
e * -— N
n=-—-OQnxm+4+nxs +mxs +...,

equations
of motion: M =mxs  +nxs +...

(., -Vvery very large
Xy, - vanishingly small




Gilant anisotropy
from spin-orbit split Fermi surfaces
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Undamped non-equilibrium precession

n = —anm%—aﬂlnxmu+oszm><'r'u+...,

1

M =0, MXN| T+ 0, MM +....

For Neel vector in plane n = 1) and
non-equilibrium magnetization perpendicular to the plane M = ™ |

_ _ n=—0nxm,
one finds an undamped precession . 0
m =

with the frequency: (m
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Too many open questions to be lhisted



Thank you for your attention



