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Relation of the Dzyaloshinskii-Moriya interaction to spin currents and to the spin-orbit field
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Starting from the general Berry phase theory of the Dzyaloshinskii-Moriya interaction (DMI) we derive an
expression for the linear contribution of the spin-orbit interaction (SOI). Thereby, we show analytically that at
the first order in SOI DMI is given by the ground-state spin current. We verify this finding numerically by ab
initio calculations in Mn/W(001) and Co/Pt(111) magnetic bilayers. We show that despite the strong SOI from
the 5d heavy metals, DMI is well-approximated by the first order in SOI, while the ground-state spin current is
not. We decompose the SOI-linear contribution to DMI into two parts. One part has a simple interpretation in
terms of the Zeeman interaction between the spin-orbit field and the spin misalignment that electrons acquire in
magnetically noncollinear textures. This interpretation provides also an intuitive understanding of the symmetry
of DMI on the basis of the spin-orbit field and it explains in a simple way why DMI and ground-state spin currents
are related. Moreover, we show that energy currents driven by magnetization dynamics and associated to DMI
can be explained by counter-propagating spin currents that carry energy due to their Zeeman interaction with the
spin-orbit field. Finally, we discuss options to modify DMI by nonequilibrium spin currents excited by electric

fields or light.

DOI: 10.1103/PhysRevB.96.054403

I. INTRODUCTION

Most excitement about spin currents arises from the
prospects to use them to transmit information dissipationlessly
[1], to switch magnetic bits [2,3], and to move domain walls
[4,5]. Therefore, in many cases the generation of spin currents
by applied electric fields, i.e., the spin Hall effect [6], or by
magnetization dynamics, i.e., spin pumping [7], or by laser ex-
citation [8] are considered. However, spin currents exist also in
the absence of applied electric fields, magnetization dynamics
and laser pulses, when the system is in its ground state. These
ground-state spin currents mediate important effects and inter-
actions as well. For example, in magnetic bilayer systems, the
ground-state spin current flowing between the magnetic layer
and the normal metal substate when the magnetization is tilted
away from the easy axis provides the nonlocal contribution to
the magnetic anisotropy torque [9]. Furthermore, the interlayer
exchange coupling between magnetic layers in spin valves is
mediated by ground-state spin currents [10].

Recently, it has been proposed to estimate the
Dzyaloshinskii-Moriya interaction (DMI) from the ground-
state spin current [11]. DMI describes the linear-in-g con-
tribution to the energy dispersion E(g) of spin spirals and
arises in systems with inversion asymmetry and spin-orbit
interaction (SOI) [12,13]. In several spintronics concepts,
DMI plays a central role. Notably, it is a key ingredient
to achieve current-driven domain wall motion at high speed
[4,5] and to stabilize skyrmions [14]. The relation of DMI
to the ground-state spin current also leads to an intuitive
interpretation of DMI as a Doppler shift [11].

Since the computational evaluation of the ground-state spin
current is easier than the usually applied methodology for
the calculation of the DMI coefficients from the g-linear
contribution to the energy dispersion E(q) of spin spirals
[15-18], it has been proposed to use the ground-state spin
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currents, for example, to study the dependence of DMI on
strain and voltage [11]. However, the relation between DMI
and ground-state spin current has been derived in the strong
exchange limit and the accuracy of this spin-current approach
to DMI has been demonstrated only in the B20 compounds
Mn,_,Fe,Ge and Fe;_,Co,Ge. In Co/Pt magnetic bilayer
systems, SOI is much stronger than in these B20 compounds
and the applicability of the spin-current approach to such
magnetic bilayer systems has not been demonstrated yet.

The description of ferroelectric polarization by the Berry
phase [19], the use of the Berry curvature in the theory
of the anomalous Hall effect [20], and the discovery of
topological insulators are well-known examples for the success
story of the quest for effects of topological and geometrical
origin in band theory. Recently, it has been shown that the
exchange parameters can be expressed in terms of geometrical
properties such as the quantum metrics [21] and that DMI
can be expressed in terms of the mixed Berry curvature
Im(dug, /0ft|dug, /0k), where derivatives with respect to the
k point and derivatives with respect to the magnetization
direction 71 are combined [22-24].

This Berry phase approach expresses DMI directly in
terms of the electronic structure, similar to the spin-current
approach. This is a major advantage of these two approaches
compared to the spin-spiral method, where DMI is extracted
from the g-linear contribution to the energy dispersion E(q)
of spin spirals. While the relation of DMI to other important
spintronics effects is not directly obvious within the spin-spiral
approach, the Berry phase theory of DMI shows how DMI is
related to direct, inverse and thermal spin-orbit torques and to
the twist-torque moments of wave packets [22-24]. Since the
spin-current approach to DMI establishes the connection to the
ground-state spin current, even more insights can be expected
from investigating the relationship between the Berry phase
approach on the one hand and the spin current approach on the
other hand.

In the present paper, we use first-order perturbation theory
to derive expressions for DMI and for the ground-state spin
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current, which are valid at the first order in SOI. Thereby we
find analytically that DMI is given exactly by the ground-state
spin current at the first order in SOI, which clarifies the rela-
tion between the Berry-phase approach and the spin-current
approach to DMI. Tuning the SOI strength in Co/Pt(111)
and Mn/W(001) magnetic bilayers artificially, we confirm
this analytical result numerically by ab initio calculations.
By studying both DMI and ground-state spin current as a
function of SOI strength, we illustrate the limitations of the
spin-current approach to DMI, which breaks down for large
SOI strength. We find that the SOI-linear contribution to
the ground-state spin current consists of two terms, and provide
an intuitive interpretation of both of them. We discover that
one contribution is intimately linked to the misalignment that
conduction electron spins acquire as they traverse magnetically
noncollinear textures. This contribution can be understood
as Zeeman interaction between the spin-orbit field and the
spin misalignment. When the magnetization direction is time-
dependent, the spin misalignment leads to counterpropagating
spin currents, based on which we elucidate the nature of the
energy current that is driven by magnetization dynamics in
systems with DMI [24]. Thereby, our theory exposes the
connections of DMI to other spintronics concepts such as
spin-orbit fields and spin-transfer torque.

This article is structured as follows. In Sec. II, we derive
expressions for the SOI-linear contributions to DMI and to the
ground-state spin current and show that both agree within the
first-order perturbation theory in SOI. In Secs. IIT A and III B,
we interpret the two contributions to DMI that arise at the first
order in SOL In Sec. IV, we explain how the ground-state
energy current associated with DMI can be understood from
counter-propagating spin currents driven by magnetization
dynamics. In Sec. V we show that ground-state spin currents
exist for the nonmagnetic Rashba model with zero DMI,
but that these spin currents arise at the third order of SOIL
In Sec. VI, we present ab initio calculations of DMI and
of ground-state spin currents in Mn/W(001) and Co/Pt(111)
magnetic bilayers. In Sec. VII, we conclude with a summary
and outlook, where we also discuss the option to modify DMI
by nonequilibrium spin currents excited by electric fields or
light.

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]:

(r)} 0
ar

J

FPM(r) = ZD,(n(r)) [n(r)x

where D ;(f1) are the DMI coefficient vectors, which depend
on the magnetization direction #(r) in systems where DMI is
anisotropic. The index j runs over the three cartesian directions
x,y,and z.

Within the Berry phase approach, D () is given by

dk
D;(h) = f Gyt 2 En) Aty (3) = (En) Bros )]
)
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where d is the dimension (d =2 or d = 3), f(&E) =[1 +
ePE—=m1=1 i5 the occupation number of band n at k point
k, g(Exn) = —kpT In[1 4 ¢ P& =] is the contribution of
the state |uy,) with band energy &, to the grand canonical
potential, T is the temperature, kg is Boltzmann’s constant,
u is the chemical potential, and 8 = (kg7)~'. In the mixed

Berry curvature [23],
OUlgy | Oltgy
2| i x Tm( L | Pen ) | 3)
on Bk]

k derivatives are mixed with 72 derivatives. The twist-torque
moment of wave packets is described by [22]
Apj() = — | x 1 L )
2i(f) = —| it x Im ,
ki ok;

where Hj is the Hamiltonian in crystal-momentum represen-
tation, i.e., Hy|ug,) = Epn|tiin).

In the limit of strong exchange or small SOI, the DMI
coefficient vector D ; can also be determined from the ground-
state spin current @; [11,25]. When the ground-state spin
current flowing in j direction is defined as

Bknj(ﬁ) =

Ukn

[gkn ]

d?k
/ o )de(em el {00 k), (5)

the DMI coefficient vector can be written as

=-0; ©)

Here, v; is the j component of the velocity operator v and
o = (0x,0y,0; )T is the vector of Pauli spin matrices.

Both Egs. (2) and (5) express the DMI directly in terms
of the electronic structure, which is a major advantage over
the spin-spiral method, where DMI is extracted from the g-
linear term in the energy dispersion [15-18]. However, Egs. (2)
and (5) look very different and the relationship between both
approaches is not clear. Since DMI arises at the first order
in SOI [12], we will use first-order perturbation theory to
determine the SOI-linear contributions to D; and Q. This
will facilitate the comparison between the approaches Eqs 2)
and (5) and elucidate their relationship.

Within Kohn-Sham density functional theory, interacting
many-electron systems are described by the effective single-
particle Hamiltonian

h2
H(r) = —2—A + V() + pugo - AQ*(r)
m

1
+ 5B [VV(r) xv], (7
where the first term describes the kinetic energy and the second
term is the scalar effective potential. The third term describes
the exchange interaction, where g is the Bohr magneton,
QC(r) = s [Vt (r)— Ve ()] is the exchange field,

2up ¥ minority majority

Vi mority () is the effective potential of minority electrons, and

Vnqufjomy(") is the effective potential of majority electrons. The
last term is the spin-orbit interaction, where e is the elementary
positive charge and c is the velocity of light.

The Hamiltonian in crystal-momentum representation is
given by Hy = e k" He'*" ' We decompose Hj, into the spin-
orbit interaction V; and the Hamiltonian Hj without SOI, such
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that
Hy = Hy + V. 8)

We introduce the parameter £ to scale SOI up or down and
consider the modified Hamiltonian

H; = H, + €. )

The DMI coefficient vector D; of a system described by H,f
can be written as a power series with respect to &:

D; =DV +&DP+&DP +...,  (10)

where Dg.l) is linear in V.

In order to derive an explicit expression for D;l) it is
convenient to rewrite Eq. (2) in terms of Green functions. This
can be achieved by first expressing the k and 72 derivatives
through the velocity and torque operators, respectively. For
this purpose, we employ /iv = 0H/dk and it x 0H /9 =T
and use perturbation theory in order to rewrite the k and 7
derivatives in terms of matrix elements of v and 7 [9,23].
This yields

P ZIm[<ukn|T|ukm><ukm|v,~|ukn>] an

m=n gkm - gkn
and
<ukn |T|ukm> (ukm|vj |ukn> :|
By =21 Im . (12
kg 1; |: (Ekm - gkn)z
where
T = %[Hk,a] — o X A (13)

is the torque operator [26]. Subsequently, we apply the identity

1 1
Im/ ) g Ti07 (€ — &y 41077
[8(Ekp) — 8(Eky)] f(Ekp) :| 14
[ (Ekp - 8kq)2 * gkq - gkﬁ , ()

which can be proven with the residue theorem and with
the relation g'(€) = f(€). Thereby, we obtain the follow-
ing expression of the DMI coefficients in terms of Green
functions [27]:

1 d?k
dGR(E) _ _dGR(E)
d€ d€

X Tr[TGE(S)vj Ung(g):|7

s5)

where G%(E) =h[€ — Hy + iOJr]_1 is the retarded Green
function.

In order to identify the contributions to Eq. (15) that are

linear in SOI, we expand G}}(c‘)) up to first order in V; as
follows:

_ 1 _ _
Gi(©) = GR(E) + - GREWAGE(E), (16)
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where GR(E) = h[E — Hy + i0*]"" is the retarded Green
function without SOI. Additionally, we decompose the ve-
locity operator into two parts:

v; =1, 4+ v}, 17

where ﬁjzi[Hk,rj]/h and vS.OIzi[Vk,rj]/h. Inserting

Egs. (16) and (17) into Eq. (I5) and using the relation
HAGR(E)/IE = —[GR(E)]* we obtain the linear contribution
of SOI'to D;:

d
o =g | o s
x TH{GREWVLGREYT GR(E)D;GR(E)
+ GREOT GREVKG(E)D;GR(E)
+ GREOTGREW;GHEWGEE)
+hGRET GREWO'GR(E)
— GREWGFE);GRET GFE)
— GR(E)D;GREWVKGRE)T GR(E)
— GR(E);GRET GRHEWVKGR(E)
— hGREWOGRET GR(E)]. (18)

Substituting the torque operator by the commutator of inverse
Green function and Pauli matrices, i.e.,

ih = _
T =-Z[[GXe] o] (19)

reduces the number of Green functions in each of the products
by one and leaves us with

L [
47 h? (2m)?
x 0 GR(E)D;GR(E) — GREWKGR(E)a1;GF(E)
+ 0 GREWGF(E)D;GR(E)
— GR(E)TVIGR(E)D;GR(E)
+ 0 GR(E)D;GREWVKGR(E)
— GR(E)ov;GHEWVKGR(E) + o GREWP'GR(E)
— KGR (E)a v GR(E)
— GREWVGR(E)D;0GR(E)
+ GREWVKGR(E)D;GR(E)o
— GR(EW;GREVa GR(E)
+ GR(E);GREWVKGR(E)o
— GR(E)D;0 GREWVGR(E)
+ GR(E)T,;GR(E) Vi GR(E)
— KGREW e GR(E) + hGF(EWIVGR(E)a].
(20

DY = / dEg(E)TI[GREWVK

We first pick out all the terms from Eq. (20) that can
be expressed in terms of the anticommutators {o,7;} and
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{o, USOI} because we are searching for a relation of the form
of Eq (6) between DMI and the ground-state spin current
and according to Eq. (5) this spin-current is given in terms
of such anticommutators. The sum of these contributions is
given by

1
4nh2 Q2 )d/ A€

x Tr[{o,5;}[GRE ViGRE)

aj:

+ {00} GREVK[GRET + fifo . v [GRO]]

—LI dd—k dE F(E)T 5. 1GREW,

x GR(&) + h{o v} GR(©)]. 1)

where we used integration by parts and the relations
ROGR(E)/0E = —[GR(E)]* and g'(€) = f(€). Carrying out
the energy integrations with the help of the residue theorem,

@ D)

we obtain a; = =a; + a; with
d’k f(5k)—f(5_k )
o_ n m
G =) G 2 g G
X (thgn {0, 0 it ) (g | Vil liken) (22)
and
h d?k
amn _ SOI
a;) =—7Re | 55 Zf(ekn (itien {0 03 k), (23)

where &, and |iy,) are eigenvalues and eigenfunctions of
the Hamiltonian Ay without SOI, i.e., Hyliign) = Enliiin)-
Expanding the spin current @ ; in Eq. (5) analogously to the
expansion in Eq. (10), we find

=-0\, (24)

where Q;l) is the SOI-linear term in

Q,=£0V+&07+£00+.... 25)
Thus the SOI-linear contribution to DMI generally contains
the ground-state spin current. Eq. (23) differs from Eq. (5) by
the minus sign, by the replacement of the wave functions |u;,)
by those without SOI, i.e., |iig,), and by the replacement of the

velocity operator by its SOI correction v$°". Since v§°" is first

order in SOL, it is obvious that Eq. (23) contnbutes to — Q;l).
The second contribution, Eq. (22), arises when first order
perturbation theory is used to add SOI to the wave functions
litx,) without SOI and when the spin current 7i{o,v;}/4 is
evaluated for these perturbed wave functions.

Next, we pick out all terms from Eq. (20) that can be
expressed in terms of the commutators [Vy,o]. The sum of
these contributions is given by

bi= 471712 / Qr )d/ 1e8®)

x Tr[GRE)Vi.01GR(E)T;GR(E)
— GR(EW;GREWVk.01GL(©E)]
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1 d’k Ry IGRE)
= Re Y / dsg(s)Tr[ckGE(é‘)uj k
AGRE) .
— L0 Gk(S)} (26)

where we defined £y = —i[V,0]/2. Using the residue theo-
rem to perform the energy integrations yields

dik i
j= / —(Zﬂ)d [f(gkn)Aknj - g(é’k,l)Bknj], (27)

where
<’2kn|£k|ﬁkm)(ﬁkm|ﬁj|ﬁkn>
ni =h I . = 28
Ak ! r%;t o gkm - 5kn ( )
and
_nﬁ _m _m_'_n
By =~21Y Im (ttsen | L] e ) (e [0 en) 29)

m#£n (gkn - gkm)z
Since |iix,) is an eigenstate of the Hamiltonian Hj; without
SOI, we can use

(’/_‘—kn |L—k |ﬁ—km> = _[<ﬁkn |£’k |ﬁkm)]>.<
_[<Izkm|l_)j|lzkn>]>’< (30)

in order to show that A_g,; = —Ay,; and B_g,j = —By,;.
Therefore, the k integration in Eq. (26) evaluates to zero, i.e.,
b; = 0.Equation (27) strongly resembles Eq. (2). The essential
differences are that in Ay,; and By,; Ly takes the place of 7°
in Ag,; and By,; and the wave functions, eigenenergies, and
the velocity operator are replaced by those without SO, i.e., by
|tgn), En, and v;, respectively. Interestingly, the operator Ly
is sometimes used instead of the torque operator 7, because
for stationary states in collinear magnets the expectation values
are the same [28]. Clearly, when we replace £y by 7, both
Egs. (28) and (29) yield zero, because without SOI both DMI
and spin-orbit torque are zero. Since 7” may be replaced by Ly
in collinear ferromagnets, both Eqs. (28) and (29) yield zero
also with L. This is an alternative explanation why b; = 0,
which does not make use of Eq. (30).

Next, we discuss all those remaining terms in Eq. (20) that
contain v}°". They are given by

(lz—km |ﬁj|’z—kn> =

. -1 . d’k
! 2k Qm)d

g(gkn) — 8(€km)
f (27[)(1 Z - gkm

Hitkn)- (€19}
a

/ dEgE)Ti[o GR(EWV'GR(©)]

X <”_‘kn|a|lf_‘km><ﬁkm|vj

Using 7 = z[Hk,a]/Z we can rewrite the terms ¢; and a;
as follows:

d‘k -
¢j=- / Y Xn:g(&m)Bknj (32)
and
aEH) / Qn )d Z f(gkn)AknJv (33)
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where

Aknj = hZIm

m##n

(ﬁkn |T|I/_tkm><ﬁkm |v‘§01|ﬁkn)
- = (34)
gkm - Ekn

and

~ <ﬁkn |T|ﬁkm) (ﬁkm|vS'OI|ﬁkn)
Bini =21 ) Im _ _ . (35
g mX;é:: |: (gkm - gkn)z

Comparing these expressions to those of Ag,; and By,; in
Egs. (11) and in (12) shows that |uk,), Ekn, and v; are replaced

by lixn), Ekn, and ij-OI, respectively. While the contribution
from Ag, j enters Qg.l), the contribution from By, ; does not.
Finally, the last remaining terms in Eq. (20) are given by

-1 d?k
it ) @n)
x GR(E)D,;GR(E) + o GREWD;GHEWKGR(E)]. (36)

Using the relation

d; = / dEg(E)Tr[o GR(E)Vik

o = lAer] = =[G} ] 6D

we can reduce the number of Green functions in each of the
products by one. This yields

d: = 11 /ddk /d€(5T (‘;Rei[v 1
j =5 Im ) g)Tr|o k()ﬁ kol
x G(E) + %[a,rj]éi(swkéi(&}. (38)

Substituting i [Vy,r;1/i = ij.OI and [a,r;] = 0, we obtain
d j= —¢Cj. (39)

Finally, the SOI-linear contribution to DMI is given by
D.(jl):aj+bj+cj+djzaj:_Qy). (40)
Thus Eq. (6) is satisfied in first order of V4, which is the
main result of this section. An interesting corollary of Eq. (40)
is that ground-state spin currents in nonmagnetic materials
cannot arise at the first order in )V}, because there is no
DMI in nonmagnetic systems. In Sec. III B, we will explicitly
show that in nonmagnetic systems Q;l) = 0. However, in the
presence of SOI ground-state spin currents are possible in
noncentrosymmetric crystals even when they are nonmagnetic,

but these are generated by higher-order terms in the Vj
expansion.

III. INTERPRETATION OF THE
CONTRIBUTIONS 4’ AND 4"

At first order in SOI, both the DMI coefficient vector D(jl)

and the ground-state spin current Q;l) can be decomposed into

Y] an
J J

D =-0"=4a? +a" (41)

two contributions, a’;’ and a’;’, according to

where @' and aEH) are given in Eqs. (22) and in (23), respec-
tively. In the following, we discuss these two contributions in

detail.
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0
J

DMI can be interpreted as a Doppler shift due to the ground-
state spin current Q; [11]. In this interpretation SOI is built
in from the start and the resulting spin current interacts with
the noncollinear magnetic texture resulting in an energy shift.
In the following we discuss a complementary interpretation of
the contribution a?) to DMI, which emphasizes the role of the
spin-orbit field. In contrast to Ref. [11] we do not include SOI
from the start but instead we will add it later. The Kohn-Sham
Hamiltonian of a spin spiral without SOI is given by

A. The contribution a

2
H = —f—mA V) + A o (42)

We consider the special case of a flat cycloidal spin spiral with
spin-spiral wave number g propagating along the x direction.
Its magnetization direction is

sin(gx)
i(r)=n.(x)= 0 . (43)
cos(gx)

The term ug2*°(r)it.(r) - o in the Hamiltonian in Eq. (42)
can be brought into the more convenient form pgQ*(r)o, by
the transformation

Ul(rpsQ(r)i.(r) - aU(r) = upQ(r)o, (44)
where
qx Qi qx
v =" (qi) Sm(qj) 45)
sin (7) cos (7)

for the cycloidal spin-spiral in Eq. (43). Under the transforma-
tion U (r), the Hamiltonian in Eq. (42) turns into [29,30]

H=U'(rYHU(r)
1
=5-(p+ eA™)? + V(1) + up(r)o, + O(g?), (46)

where p = —ihV and O(g?) summarizes terms of order ¢>
that we neglect in the following and

ou(r)
ar

is an effective vector potential. For the cycloidal spin-spiral in
Eq. (43) we obtain

ih
AT = _ Syt (47)
e

A = =5, 0vér (48)

where &, is a unit vector pointing in x direction. Up to first
order in g, the transformed Hamiltonian is given by

- _ h
Hk = Hk - Zq{ayvﬁx}a (49)

where Hy = e *" He'*" is the crystal-momentum represen-
tation of the Hamiltonian of the corresponding magnetically
collinear system:

i} *
H = _ﬂA + V(r) + usQ*(r)o;. (50)

The spectrum of Eq. (49) agrees to the spectrum of Eq. (42)
(up to the first order in ¢g) and the eigenvectors of Eq. (42) can
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be obtained from the eigenvectors of Eq. (49) via the unitary
transformation Eq. (45). However, solving the eigenvalue
problem of Eq. (49) is considerably easier than solving the
eigenvalue problem of Eq. (42), in particular when the wave
vector g of the spin-spiral in Eq. (43) is small.

We denote the eigenstates of Hy by |iig,) and the corre-
sponding eigenenergies by &,. When an electron in band
at k-point k propagates along the spin-spiral of Eq. (43) it
exerts the torque 7, on the magnetization. From first-order
perturbation theory, where the second term on the right-hand
side of Eq. (49) acts as perturbation, we obtain

ﬁq <’2kn|,j-|ﬁkm)(ﬁkm|{6yaﬁx}|ﬁkl1)
T, =— Re = = , 51
where T(r) = —upo x &.Q*(r) is the torque operator of

the collinear system described by Eq. (50). Using 7} =
i[Hy,01/2, we can simplify Eq. (51) into

ﬁqA

i'kn = 2 € Skn vknx ’ (52)

where ¥, = (i, |V,|i,,) is the group velocity in x direction
and the spin index s, = (i, |0, li,,) is 1 for minority
electrons and —1 for majority electrons. Rotating 7,, back
into the original reference frame, we obtain

K cos(gx)
Ty, = ;s,mum o | (53)
— sin(gx)

i.e., 7., lies in the zx plane and stays always perpendicular to
f.(r) [Eq. (43)], while it rotates in the same sense as 7i.(r).

The sign of the torque 7,, depends on the sign of the spin
index s, as well as on the sign of the group velocity 7, . Since
= —1,,,, the Brillouin zone integral of 7, is zero:

d’k
/ Y > fenThn =0 (54)

However, when an electric field is applied along x direction, a
net torque on the magnetization of the spin-spiral arises from
the 7, the so-called adiabatic spin-transfer torque [29,31,32].
If we approximate the relaxation time by the constant 7, the
adiabatic spin-transfer torque, which we denote by 7242, is
obtained from Eq. (54) by considering that in the presence

of the electric field the occupancies f, change by df,, =

Y_knx

—etiy,, 6(E — E_kn)EX. We obtain
. d ~
Tadla = —eT m Z Tknl_)knx(s(gF - gkn)Ex

fierg [ Ak L, [ cosax)

= ) W Zsknvknx 0

L - — sin(gx)

x 8(Ep — E)E,
A cos(gx)

= —q(aT —0oy) 0 E,
2e — sin(gx)
h on ad

_ By, 900 90,00 55)
2e ox ox
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where

S (56)
oy t+oy

is the polarization of the electric current,

0,(r)=

is the spin current density, oy and o are the respective
contributions of the minority and majority electrons to the
electrical conductivity, and J, is the electrical current density.
The observation that Eq. (55), i.e., 78 = 3 Q (r)/dx, is the
well-known expression for the adiabatic spin-transfer torque
[29,31,32] validates the approach of combining the gauge
transformation Eq. (45) with first-order perturbation theory
in Eq. (51) to obtain 7.

The origin of the torque 7, is the y component S, = of the
spin that electrons acquire as they move along the cycloidal
spin spiral of Eq. (43):

h2
Sy == D_Re

—PJ ar) (57)

ukn|0\ g ) (i e |{Uyaﬁx}|lzkn>

m#n 5kn - gkm
@ZI (i T Vison) B | {0y D Tkn)
2 mn (Skn - Skm)z

(58)

Assuming that the minority (1) and majority (| ) states differ
only by a rigid shift A€ of the band energies, i.e.,

_ _ _ _ 1
gknT =& + AL, liknr) = |ukn><0)’

= = _ _ 0 59
Einy = Ekns Nillkny) = |Mkn)<l>, (59)
we can approximate Eq. (58) by
N R’q
Skny ~ = Skn IAE Vknx- (60)
As in the case of T, [cf. Eq. (53)], the sign of Skny depends

not only on s,, but also on the sign of v, . Therefore, as
illustrated in Fig. 1, electron spins with the same s, are tilted
out of the zx plane in opposite directions if their v, differs
in sign.

We add now the effect of SOI, which is not taken into
account in Eq. (42). In nonmagnetic crystals with broken
inversion symmetry the degeneracy between spin-up and
spin-down bands is lifted by SOI, which can be described
by an effective k-dependent magnetic field Sl,SmOI, which acts
on the electron spins (see Refs. [33-36] for reviews). This
so-called spin-orbit field is an odd function of k and may be
expanded as [35]

sol (@) “)
ka Z Xm k] + Z ijlm /kl km +- (61)
jlm
where Xm ; is the ij element of an ax1al tensor of second rank,

which depends on the band index n. Xm Jim 18 the ijIm element
of an axial tensor of fourth rank.
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FIG. 1. Thick transparent arrows parallel to the zx plane illustrate
the magnetization direction in the cycloidal spin spiral of Eq. (43) (for
q < 0). Spheres with attached arrows illustrate conduction electrons
and their spins. According to Eq. (60) the spin of a conduction
electron has a component in y direction and is therefore not perfectly
aligned with the magnetization. (a) Minority electron with vg,, < O:
Skny < 0. (b) Majority electron with vg,, < 0: Sg,, > 0. (c) Minority
electron with vg,, > 0: Sk, > 0. (d) Majority electron with vg,, > 0:
Sk,”. < 0.

For the (001) and (111) surfaces of cubic transition metals
such as Pt and W, symmetry requires that axial second rank
tensors be of the form

0 o, O
xP=|-a, 0 0 (62)
0 0 0

if the coordinate frame is chosen such that the surface
normal is along z direction. The resulting Zeeman interaction
between the spin-orbit field and the electron spin is given
by

ppo - ' = ppa, (0 xk)-e,, (63)

which has the form of the Rashba interaction with a band-
dependent Rashba parameter «,, .

We now consider magnetic bilayers, where a magnetic
layer is deposited on the (001) or (111) surfaces of cubic
transition metals, such as Mn/W(001) and Co/Pt(111). When
the magnetization is described by the cycloidal spin spiral of
Eq. (43), electrons traveling in x direction exhibit nonzero
y components of both spin [see Eq. (60)] and spin-orbit
field:

S 4
kn) SanAg knx> (64)
SZSOI e, =—ak
ntx

A linear-in-g energy sh1ft results from the Zeeman interaction

between S ny ~and SZSOI.
1 M hqg [ d'k _
Ag]()])vn B / Qn )d Zn: fknan kx SknVknx+ (65)

We emphasize that the Brillouin zone integral of Eq. (60) is
zero because electrons with opposite k vectors have opposite
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and their S~ cancel. However, AESI)VH is

nonzero since both §,, and SlSOI are odd functions of k.
Equations (64) and (65) are a central result of this section:
they show how DM is related to the spin-orbit field and to the
adiabatic spin-transfer torque.

While Eq. (65) provides a useful and intuitive picture of the
origin of DMYI, it provides only a rather crude estimate because
we approximated SOI in the magnetic bilayer by Eq. (63) and
we used Eq. (59) to derive the approximation Eq. (60) of S kny

velocities Dy,

In order to obtain a more accurate expression for AEDMI, we
use the full spin-orbit interaction H5° instead of Eq. (65) and
we do not use the rigid shift model (59). This yields

hq [ dk
O
Aépy ¥ _7/ 2y > fin

(ﬁkn |Vk|”_tkm> <’/_tkm |{0'y’ Uy }|I/_tkn>
E R = =
* e{ gkn - gkm }

m#n
=qal). (66)

Here, a(vlg is the y component of ag), ie,ay =é&,- ag), where
e, is the unit vector in y direction. There are two ways to
read this equation. The first way is to consider SOI, i.e., Vk,
as perturbation. Then Eq. (66) describes the change of the
observable 7i{o,,¥,}/4 in response to the perturbation Vg, i.e.,
it describes part of the SOI-linear contribution to the ground-
state spin current. The second way to read Eq. (66) has been
described in detail in this section: according to Eq. (49), we can
consider —/ig{o,,0,}/4 as the perturbation arising from the
noncollinear spin-spiral structure. Then Eq. (66) describes the
response of the observable Vj to the noncollinear spin-spiral
structure. The observable V;, measures the Zeeman interaction
between the spin-orbit field and the noncollinearity-induced
spin, i.e., an energy shift due to DMI. Equation (66) is a central
result of this section: the two ways of reading Eq. (66) explain
in a simple and intuitive way why DMI and ground-state spin
currents are related.

In the discussion above, we considered the special case
of flat cycloidal spirals. For a general noncollinear magnetic
texture, an electron moving with velocity vy, is misaligned
with the local magnetization by

2
Skn —Skn En X (vkn V)ﬁ
Z B R on 67
= - VgnjSkn ———= | X — |,
—itang [ b

which is obtained by generalizing Eq. (60). Assuming that the
k-linear term in the spin-orbit field Eq. (61) dominates we can
write the energy shift due to the Zeeman interaction of S,
with %" as

O A MBE
AEDMI 27T)d Z fkn

9
" Zsknvknj [x2k]- |:n x 87"} (68)

J
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Comparing this expression to Eq. (1) leads to the approxima-
tion

N«Bh ~
a} ~ Z e / @yt SlnStn Vi (69)

from which it follows that the tensor a i ) has the same

symmetry properties as the tensors X @ This result can also
be concluded directly from symmetry arguments, because
D;j = &; - D; is an axial tensor of second rank exactly like

(2> Thus D;; is of the form of Eq. (62) for (001) and
(111) surfaces of cubic transition metals. Also the torkance
tensor that describes the spin-orbit torque is an axial tensor of
second rank. Therefore the symmetry of D;; can be determined
from the symmetry of the magnetization-even component
of the torkance tensor, which has been determined for all
crystallographic point groups [37-39].

B. The contribution a(m

In Eq. (49), we describe the perturbation to the Hamiltonian
due to the noncollinearity by the anticommutator of the Pauli
matrix with the velocity operator v, where the effect of SOI is
missing in . In the presence of SO, the term —/ig{oy,v50"} /4
therefore needs to be added to the perturbation. In the first
order, this leads to the energy correction described by a(H)
Eq. (23).

The SOI-correction of the velocity operator can be written
as

V0! — %[Vk,r] - o xVV, (70)

M“B
2mcle
where we used that SOI is described by the last term in
Eq. (7). Equation (70) allows us to rewrite the anticommutators
{oi,v S !} occurring in Eq. (23) as

soI UB av(r)
S = - 71
{U vj } mczeejk ory 7
where we used {0;,0;} = 2§;;. Finally, we obtain
(U) 5 (H)
1] =¢€;
BV(r)
4I’I1C2 ljk/ (2 )d Zf(gkn) ukn |ukn)
(72)

where é; is the unit vector in the ith cartesian direction,
€;jx 1s the Levi-Civita symbol and asl) is the ith cartesian

component of ag.n). Thus ai(]u) is directly proportional to the
expectation value of the gradient of the scalar effective po-
tential. In centrosymmetric systems, this expectation value is
Zero.

In noncentrosymmetric systems, Eq. (72) is generally
nonzero, even in nonmagnetic systems. However, in non-
magnetic systems Q?) has to vanish, because according to
Eq. (40) it is related to DMI, which is zero in nonmagnetic
systems. We therefore prove now that a?) and aﬁn) cancel out
in nonmagnetic systems. In nonmagnetic systems, Eq. (22) can
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be rewritten as

h d‘k
a® =¢,.a¥ = —“Re
4 (271)d

Z f(gkns) - f(gkms)
gkns - gkms

X (i ens | {Uy SO i m—s) (ukm—s |Vk | gens )

_ Fl ddk f(gkns) - f(gkms)
=73 / Qr)? 2 3

nm,s Ekns - gkms

X <L_‘kns |1_}x |l'?kms> <lzkm —s |Vk|ﬁkns)

___MB
- 2€ﬁ62R /(2 )d Z f(gkns)

a(’ans||_ ><_ |8V(r)8Hk| )

Ukms ) \Ukms| ——— u ns

akx . k arz 8kx k
hug V( )

= Re § g ns ns ns/ -
4emc? /(2 )d S Ehens)tens | =5~ [t iens)

(73)

To simplify the equations, we treat only the y component of
aV in Eq. (73). The other components can be worked out
analogously. s = %1 labels the spin, i.e., s = +1 denotes spin
up and s = —1 denotes spin down and we used (s|oy| — s) =
—is. Since the system is supposed to be nonmagnetic, all
energy levels are at least doubly degenerate: Eg,y1 = Egni.
In the last step, we have used integration by parts and we
have substituted the second k, derivative of Hj by R /m.
Comparison of Eqs. (72) and (73) shows that a{) + a = 0
in nonmagnetic systems. [Note that in Eq. (73) the band index
n runs over doubly degenerate states and there is an additional
spin index s. In Eq. (72), there is only one band index, which
runs over both spin-up and spin-down states.]

IV. INTERPRETATION OF THE GROUND-STATE ENERGY
CURRENT ASSOCIATED WITH DMI

When the magnetization is time-dependent, e.g., when
skyrmions or domain walls are moving or when the mag-
netization is precessing at the ferromagnetic resonance, a
ground-state energy current arises from DMI [24]. It is

given by
. on
IM =-D;- (n X E)' (74)

In Eq. (65), we model DMI by the Zeeman interaction between
the spin-orbit field and the misalignment of the spins of
conduction electrons with the noncollinear magnetic texture.
Based on this model we develop an interpretation of the
ground-state energy current ¢ jDMI in the following.

According to Eq. (67), the misalignment of the spin of the
electron of band n at k point k can be written as

i(r)

J

Sin(r) =Y @ (r)) (n(r) x
i
where we introduced the misalignment coefficients Y,.(k"),
which are given approximately by '
hZ

INE Ukn] (76)

(kn)
tyj ~ =Skns o
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We now consider a magnetic texture 7i(r,t), which moves with
velocity w such that

a(r,t) = no(r — wt), a7

where no(r) describes, for example, a domain-wall or a
skyrmion at rest. For such a magnetic texture in motion,
the spin misalignment is time-dependent and satisfies the
continuity equation

(kn)
0Skn 00
— 0, 78
where
.
0" = f‘km(n)( x a_';> 9

is the misaligned part of the spin-current density driven by
the motion of the magnetic structure and associated with the
electron in band n at k point k.

The Brillouin zone integral of Q;k") is zero:

dk .
> / Wf(sk,agj»"") =0, (80)

because according to Eq. (76) the misalignment coefficients are
odd functions of k, i.e., . (—km) — 5”]("") and consequently

ij") is also an odd function of k, i.e., Q( kn) — Q(k”)
Consequently, Eq. (79) does not lead to a net spin current, but
it describes counter-propagating spin currents, where the spin
current carried by electrons at k point k has the opposite sign
of the spin current carried by electrons at —k.

From Eq. (75) until Eq. (80), SOI is not yet considered.
Therefore the ground-state spin current associated with SOI is
not present. However, even in the absence of SOI, there are
several additional spin currents present that are not included

in our definition of Q(jk"). First, there is the spin current

" Ak
0¥ =Y / Gy Cn) St (81)

which mediates the exchange-stiffness torque. In contrast to
Q(jk”), the spin current Q’j‘-C is zero in collinear systems, i.e.,
whenever di1/dr = 0. However, the Brillouin-zone integration
leads to a nonzero value of Q’J‘-C in noncollinear systems,

while the Brillouin-zone integral of Q;k”) vanishes according
to Eq. (80). Second, the time dependence of 7 can lead to
spin-pumping, in particular in magnetic bilayer systems. Most
discussions on spin-pumping focus on net spin currents [by
“net” we mean that in contrast to Eq. (80) the Brillouin zone
integral is not zero] that flow in magnetic bilayer systems
from the magnet into the nonmagnet. In contrast, the spin
currents described by Eq. (79) are counter-propagating, i.e.,
Q( k) — Q(]k") However, in analogy to the discussion of
Eq (64) we will show now that such counter-propagating spin
currents are exactly what is needed to interpret the ground-state
energy current _# jDMI.

In order to include SOI, we multiply Eq. (78) by the spin-
orbit field. Subsequently, we integrate over the Brillouin zone
and add the contributions of all occupied bands. This yields

PHYSICAL REVIEW B 96, 054403 (2017)

the continuity equation for DMI energy:

a8 | 505

ot T 8r_,~

=0, (82)

where
2u dk - .
/jDMLI hB 2 :/ (27.[)51 f(gkn)Q(jk : ° SZ]S(SI (83)

is a ground-state energy current associated with DMI. This
approximation leads to the picture that / PMLL 55 associated
with counter-propagating spin currents, Where the spins carry
energy due to their Zeeman interaction with the spin-orbit field.
Since both Q;k") and £3°" are odd functions of k, fJDMI‘I is
nonzero in systems with inversion asymmetry.

The continuity equation of DMI energy, Eq. (82), has been
discussed in detail in Ref. [24]. It describes that DMI energy
associated with domain walls or skyrmions in motion moves
together with these objects. In this section, we have shown that
Eq. (82) results from the continuity equation, Eq. (78), of the
spin misalignment.

V. RASHBA MODEL

We consider the model Hamiltonian
h? AV
Hy = —k 4+ak x &) 0+ —o,, (84)
2m 2

where the first term is the kinetic energy, the second term
describes the Rashba spin-orbit coupling, and the third term
describes the exchange interaction. The velocity operators are
given by the expressions [40]

h
Uy = —k : Vs
(85)
hk n oto_
vy = —ky x>
Y m Y h
and the spin velocity operators are [41]
h{ \ 2 P
—{vy,0,} = —ky0, + =a,
4 2m 2 (86)
h n? 1
Z{UX,O'y} = %kxoy - EO{.

First, we discuss the case AV = 0, where DMI vanishes.
For the ground-state spin currents, Eq. (5), the following
analytical expressions are readily derived:

m2a3
Qx = - é}”
6mh*
27T3 ®7)
moo’
T

when the temperature 7 = 0 and when the chemical potential
u > 0. In agreement with our discussion in Sec. III B, there is
no a-linear term in Eq. (87) because the system is nonmagnetic
due to AV =0. On the other hand, the ground-state spin
currents are nonzero even in this nonmagnetic case. Since
DMI vanishes for nonmagnetic systems Eq. (6) is violated,
while Eq. (40) is fulfilled.

054403-9



FRANK FREIMUTH, STEFAN BLUGEL, AND YURIY MOKROUSOV

12 - T .

[meV/A]

2

D

FIG. 2. DMI coefficient D,, (squares) and spin current Q,,
(circles) vs « in the Rashba model Eq. (84) for the parameters . = 0
and AV = 1eV.

Next, we discuss the magnetic case. Figure 2 shows the
DMlI-coefficient D, and the ground-state spin current Q.
for AV =1eV at u = 0 as a function of «. In the SOI-linear
regime, i.e., for small «, we find D, = —Q,,, in agreement
with the analytical result in Eq. (40). For large values of
a, nonlinearities become pronounced in both D, and Q.
Interestingly, Q,, exhibits stronger nonlinearity than D,
does. Therefore also in the magnetic Rashba model Eq. (6)
is violated, while Eq. (40) is fulfilled.

VL. ab initio CALCULATIONS

In the following, we discuss DMI and ground-state spin
currents in Mn/W(001) and Co/Pt(111) magnetic bilayers
based on ab initio density-functional theory calculations.
The Mn/W(001) system consists of one monolayer of Mn
deposited on nine layers of W(001) in our simulations.
The Co/Pt(111) bilayer is composed of three layers of Co
deposited on ten layers of Pt(111). Computational details of
the electronic structure calculations are given in Ref. [9],
where we investigated spin-orbit torques in Mn/W(001) and
Co/Pt(111). We use Eq. (5) to evaluate the full ground-state
spin-current density O, = &, - Q.. Its SOI-linear part Q(ylx) =
—a;lj — aﬁg) is calculated from Eq. (22) and from Eq. (23). We
employ Eq. (2) to compute the DMI coefficient D, = &, - D;.
The temperature in the Fermi function f(£) and in the grand
canonical potential density g(€) is set to 7 = 300 K.

In Fig. 3, we plot both the spin current Q,, = &, - Q, and
the DMI coefficient Dy, = &, - D, as afunction of SOl scaling
factor £ for the two systems Mn/W(001) and Co/Pt(111). The
figure shows that in the linear regime, i.e., for small &, the
relation Dy, = —Q, is satisfied very well, in agreement with
the analytical result in Eq. (40). For large values of &, nonlinear
contributions become important for both Q,, and D,, and
the DMI coefficient is no longer described very well by the
ground-state spin current.

In Mn/W(001), we show Q,, and D,, for two different
magnetization directions 7, namely 7|z and 7||x. Both Q,,
and D,, depend on #. For small &, the # dependence of D,,
is well described by the 72 dependence of Q,,. However, at
& =1, the A dependence of Q,, is much stronger than the 7
dependence of D,,.
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FIG. 3. DMI coefficient D,, (squares) and spin current Q,,
(circles) vs SOl scaling factor & in (a) Mn/W(001) and (b) Co/Pt(111).
For the Mn/W(001) magnetic bilayer results are shown for magne-
tization along z (72]|z) and for magnetization along x (7z||x). For the
Co/Pt(111), magnetic bilayer results are shown for magnetization
along z. The insets illustrate the geometry and the coordinate system.

Interestingly, O, is much more nonlinear in & than D,
in the considered & range. This leads to large deviations
between Dy, and —Q,, at £ = 1. Since D,, is almost linear
up to & = 1, a good approximation is D,, ~ —Q(‘,lx). This is
a major difference to the B20 compounds Mn,_,Fe,Ge and
Fe_xCo,Ge for which Dy, ~ —Q,, has been found to be a
good approximation [11]. Due to the strong SOI from the 5d
heavy metals in the magnetic bilayer systems considered in
this work the SOI-nonlinear contributions in Q,, require to
extract the SOI-linear part Q) in order to approximate DMI
by the spin current as Dy, ~ —Q).

The finding that D, ~ —Q(ylx) is a good approximation
despite the strong SOI from the heavy metals motivates us
to investigate Q) further by splitting it up into its two
contributions —a{ and —a{. In Fig. 4, we show Q) and
the two contributions —a}) and —a{}. In order to investigate
chemical trends, we artificially shift the Fermi level by AFEFg.
The Mn/W and Co/Pt bilayer systems correspond to A Er = 0.
Negative values of AEp approximately describe the doped
systems Mn;_,Cr,/W;_,Ta, and Co,_,Fe,/Pt;_,Ir,, while
positive values of AEp approximately describe the doped
systems Mn;_,Fe,/W;_Re, and Co;_,Ni,/Pt;_,Au,.
Figure 4 clearly shows that a{}) and a{) are generally of similar
magnitude. In Mn/W(001) at AEg = 0, there is a crossing of
ag,I)I() through zero and therefore Q(ylx) A —ag;. However, for

AEg # 0, both a;I; and ag) are important. In Co/Pt(111),
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FIG. 4. Spin current Q. (squares), SOI linear contribution Q)
to the spin current (circles), and the contributions a;,lj_ (triangles)
and @ (diamonds) to Q) = —a{) —a{ly. Results are shown as
a function of Fermi energy shift AEr in (a) Mn/W(001) and
(b) Co/Pt(111) for magnetization in z direction.

both a{l) and a{})’ are much larger in magnitude than Qf!) but
opposite in sign. We also show Q,, in Fig. 4. Q,, and lex)
behave similarly as a function of A Er. However, due to the
strong SOI from the 5d transition metal, Q,, and lex) often
deviate substantially.

Numerical tests in Fe and Ni have shown that the effect
of the SOI-correction v3°" on optical conductivities and the
magneto-optical Kerr effect is small [42,43]. At first glance,
it is therefore surprising that 4!} is as important as a{!) in
Co/Pt(111) according to Fig. 4. One reason is that SOI in Pt
is stronger than in Fe and Ni, but a second important reason
is that from the ten layers of Pt only the first few layers close
to the interface matter for DMI while all Pt layers contribute

to afl) and to a). In order to illustrate this we calculate the
coefficient a{:¥, which is obtained from Eq. (22) when SOI
is included only in the three Co layers and in the adjacent
interfacial Pt layer and artificially switched off in the other
nine Pt layers. We plot the resulting coefficient a{;* in Fig. 5
as a function of Fermi energy shift AEr and compare it to
the DMI coefficient D,,. Figure 5 shows that a{;* is a good
approximation for Dy, in the region —0.75 eV < AEg < 0.
This suggests the picture that the essential DMI physics in
transition metal bilayers is contained in (). However, when
the 5d heavy metal layer is very thick, aﬂ,lg gets contaminated
by —a;lj) and therefore the correct expression in first order
of SOl is D;Q = a;lg + ag)?. This interpretation is also in line
with our discussion in Sec. III B, where we point out that a;ljz
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FIG. 5. DMI coefficient D,, (squares) and the part al,* of a®l)
where SOI is switched off in all Pt layers that are far away from the
Co/Pt interface (triangles). Results are shown as a function of Fermi
energy shift A Er in Co/Pt(111) for magnetization in z direction.

and a&? may individually be nonzero in nonmagnets while
their sum cancels out in nonmagnets.

VII. SUMMARY AND OUTLOOK

We show analytically that at the first order in the pertur-
bation by SOI DMI is given by the ground-state spin current.
As a consequence, ground-state spin currents in nonmagnetic
systems cannot exist at the first order in SOI. In the special case
of the Rashba model, they arise at the third order in SOI. This
clarifies the connection between the Berry-phase approach and
the spin-current approach to DMI. The SOI-linear contribution
to DMI can be decomposed into two contributions. The first
contribution can be understood by mapping spin-spirals onto
magnetically collinear systems by a gauge transformation
and adding spin-orbit coupling perturbatively. We obtain an
intuitive interpretation of the first contribution as Zeeman
interaction between the spin-orbit field and the misalignment
of electron spins in magnetically noncollinear textures. We
discuss how the misalignment is related to the spin-transfer
torque and how the symmetry of DMI is related to the spin-
orbit field. Thereby, we also provide a simple explanation why
DMI and the ground-state spin current are related. The second
contribution arises from the SOI-correction to the velocity
operator. While the SOI-correction to the velocity operator is
in principle small in transition metals, its contribution to DMI
cannot be neglected in magnetic bilayer systems with thick
heavy metal layers. When magnetic textures are moving, the
spin misalignment of electrons leads to counter-propagating
spin currents. These counter-propagating spin currents carry
energy due to their Zeeman interaction with the spin-orbit
field. Thereby, our theory highlights the connections of DMI to
spintronics concepts such as spin-orbit fields and spin-transfer
torque. We calculate DMI and ground-state spin currents from
ab initio in Mn/W(001) and Co/Pt(111) magnetic bilayers.
We find that due to the strong SOI from the heavy metal
layers DMI is not well approximated by the full ground-state
spin current. Thereby, we illustrate the limitations of the
spin-current approach to DMI in systems with strong SOIL.
However, the SOI-linear contribution to the ground-state spin
current provides a good and useful approximation for DMI in
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systems with strong SOI because DMI is much more linear in
SOI than the ground-state spin current is.

The application of electric fields or light can change the
DMI coefficients [44]. While a complete ab initio theory of
nonequilibrium exchange interactions and DMl is still missing,
an interesting application of the spin-current description of
DMI is the estimation of the variation of DMI by nonequi-
librium spin currents excited by applied electric fields or
by light. In order to induce or to modify DMI the spin in
the nonequilibrium spin current needs to have a component
perpendicular to the magnetization. One option to generate
such a spin current is the spin Hall effect [6], which allows the
generation of spin currents of the order of 107 A/cm?/i/e in
metals with large SOI. A spin current of this size corresponds
to a DMI change of the order of 0.05 meV A per atom.
While this is smaller than the equilibrium DMI in Mn/W and
Co/Pt by more than two orders of magnitude and therefore

PHYSICAL REVIEW B 96, 054403 (2017)

difficult to measure in these systems, DMI-changes due to
the spin Hall effect might be measurable in systems with
small or zero DMI. Using femtosecond laser pulses, one can
excite significantly stronger nonequilibrium spin currents of
the order of 10° A/cm?/i/e [8]. For such strong spin currents
the spin-current picture of DMI leads to the estimate of a
DMI-change of 5 meV A per atom, which is the order of
magnitude of the equilibrium DMI in Mn/W and Co/Pt bilayer
systems.
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