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Dzyaloshinskii-Moriya induced spin-transfer torques in kagome antiferromagnets
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In recent years antiferromagnets (AFMs) have become very promising for nanoscale spintronic applications
due to their unique properties, such as THz dynamics and the absence of stray fields. Manipulating antiferro-
magnetic textures is currently, however, limited to very few exceptional material symmetry classes allowing
for staggered torques on the magnetic sublattices. In this work, we predict for kagome AFMs with broken
mirror symmetry a new coupling mechanism between antiferromagnetic domain walls (DWs) and spin currents,
produced by the relativistic Dzyaloshinskii-Moriya interaction (DMI). We microscopically derive the DMI’s
free-energy contribution for the kagome AFMs. Unlike ferromagnets and collinear AFMs, the DMI does not
lead to terms linear in the spatial derivatives, but instead renormalizes the spin-wave stiffness and anisotropy
energies. Importantly, we show that the DMI induces a highly nontrivial, twisted DW profile that is controllable
via two linearly independent components of the spin accumulation. This texture manipulation mechanism goes
beyond the concept of staggered torques and implies a higher degree of tunability for the current-driven DW
motion compared to conventional ferromagnets and collinear AFMs.
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The manipulation of magnetic textures by electrical cur-
rents was a breakthrough discovery in spintronics and
galvanized a new generation of nonvolatile memory devices
with high performance and low power requirements [1-3].
Further advantages come from the use of antiferromagnetic
materials, allowing for more compact devices and increased
performance speeds [4,5]. The manipulation and observation
of antiferromagnetic textures, however, still present a great
obstacle. The electric control of the magnetization is contin-
gent on the crystal layering structure and symmetries [6-9].
So far, current-driven manipulation has only been observed in
antiferromagnets (AFMs) having a crystal symmetry allowing
for a staggered torque on the magnetic sublattices [6,10-13].

A particularly interesting class of antiferromagnetic ma-
terials is the noncollinear antiferromagnets (NCAFMs) [14].
Unlike ferromagnets and collinear AFMs, whose spin or-
ders are characterized by a single vector field, the NCAFMs
have a SO(3)-valued order parameter field. Consequently, the
NCAFMs are expected to exhibit richer and more complex
spintronic properties than those observed in ferromagnets and
collinear AFMs.

Recently, it was demonstrated that laser pulses can scan
and write domain walls (DWs) in NCAFMs [15]. Astonish-
ingly, their speed and direction of motion can be controlled
by a single spin-wave source with tunable frequency [16].
However, only a few works addressed the current-induced
dynamics of the NCAFMs [17-22], and little is known about
how relativistic interactions influence the shape and current-
driven control of the DWs. Specifically, it is expected that
several NCAFMs could have a significant Dzyaloshinskii-
Moriya interaction (DMI). For example, in NCAFMs with
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kagome structure, it was shown that the broken mirror sym-
metry of the kagome plane yielded a complex DMI that varies
on the atomic scale [23-27]. As in ferromagnets and collinear
AFMs [28-32], it is anticipated that the NCAFMs’ DMI is
crucial in understanding the equilibrium and spintronic prop-
erties of the DWs [33-35].

Here, we demonstrate that in kagome AFMs with broken
mirror symmetry, the DMI induces a distinctly twisted DW
shape, which differs markedly from any observed spin tex-
tures in ferromagnets and collinear AFMs. We investigate
how these nontrivial DWs are manipulable by spin currents
injected into the thin-film kagome AFM from an adjacent
heavy metal layer (see Fig. 1). We find that these twisted
DWs can be controlled by a novel spin-transfer torque (STT)
mechanism that couples the DW’s center-of-mass coordinate
additionally to spin currents polarized parallel to the kagome
plane. In contrast, for mirror-symmetric kagome planes, the
DWs are only affected by the out-of-plane component of
the spin accumulation. Consequently, the DWs in kagome
AFMs with broken mirror symmetry couple to two linearly
independent components of the spin current, allowing for a
high degree of tunability in the electrical manipulation of
the DWs. Furthermore, the new STT mechanism opens the
door for detecting the kagome AFMs’ complex DMI via the
current-driven dynamics of the DWs.

We model the kagome AFM with DMI in the exchange ap-
proximation, where the isotropic exchange energy is assumed
to be much stronger than the relativistic interactions produced
by the spin-orbit coupling. In this case, the mutual orientation
of the sublattice spins is only weakly affected by the creation
of spin textures and their dynamics. The spin Hamiltonian of
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FIG. 1. (a) Current-driven DW motion in kagome AFMs with
DMI and broken mirror symmetry. Due to the DMI, the DW attains
a twisted out-of-plane profile, which couples the spin texture to both
the in-plane and out-of-plane spin components of the injected spin
current. (b) Current-driven DW motion in kagome AFMs without
DMI. The spins are confined to rotate in the plane defined by the
AFM layer and the DW only couples to the out-of-plane spin compo-
nent of the injected spin current. The color code of the magnetization
represents cos’ 6, where @ represents the rotation along the z-axis. In
this representation, parallel/antiparallel ground states have the same
color (blue) and the DW is emphasized.

the system is
H = H, + Hp + H,, ey

where H,=J) @pSi-Sj s the isotropic exchange
interaction between the neighboring lattice sites (ij),
Hp =} ,;yDij-(SixS;) represents the DMI, and
H, =) [K.(S; -2)? — K(S; - 71;,)*] describes the easy plane
(K, > 0) and easy axes (K > 0) anisotropy energies. The unit
vectors fi; refer to the in-plane easy axis at lattice site i. The
kagome NCAFM can be divided into three spin sublattices
with in-plane easy axes i7; = [0, 1, 0], 7, = [\/5/2, —1/2,0],
and 73 = [—\/§/2, —1/2, 0], respectively. The unit vectors
connecting the three sublattices are é; = [1/2, V3 /2, 0],
&, =[1/2,—+/3/2,0], and &; =[—1,0,0], and a is the
lattice constant [see Fig. 2(a)].

The structure of the DMI is determined by the symmetry
of the system. The bulk material consists of stacked kagome
lattice layers. In such a three-dimensional kagome lattice,
the inversion symmetry is broken, as the layers are typically
shifted among each other. However, each kagome lattice layer
still corresponds to a mirror plane. In this case, the DMI
vectors D;; are confined to be along the z-axis [24,25]. Often,
however, the mirror symmetry of the kagome lattice is broken,
e.g., due to the presence of nonmagnetic atoms between the
kagome planes such as in jarosites [23-25]. The symmetry
can also be lowered in heterostructures by sandwiching the
kagome AFM between two different materials. In these cases,
the DMI vectors additionally have an in-plane component
[23-27,33] [Fig. 2(b)]. Thus, the most general form of the
DMI within a unit cell is

D,y = D2+ Dy(e; x 2), (2a)

FIG. 2. (a) Illustration of the lattice vectors é; and in-plane easy
axes fi;. (b) The green arrows show the DMI vectors on the bondings
for the case where D, > 0 and D > 0. The spins in Hp should
be summed counterclockwise around the triangles (indicated by the
black arrows on the bondings). (c¢) Two 120° spin configurations of
opposite chirality. For clarity, all figures are illustrated in the limit
Dy — 0, in which the out-of-plane tilting becomes negligible.

D3 =Dz + Dye x2), (2b)
D3y = D2+ D@3 x 2). (2¢)

The DMI vectors on the bondings connecting the unit cells
are determined by inversion about the site of sublattice 2, i.e.,
Dz]f = D2| s D1/3/ = D13, and D3/2 = D32 [Flg Z(b)] The DMI
vectors in Egs. (2a) to (2¢) have two important implications
for the ground-state spin configurations of Eq. (1). First, the
sign of D, competes with the easy-axis anisotropy to select
a 120° ordering of the sublattice spins with a fixed chirality
[Fig. 2(c)]. For D, = 0, these two configurations correspond
to an energy minimum of the exchange interaction even
though they have different easy-axis anisotropy contributions
[20]. Second, the in-plane DMI leads to a weak out-of-plane
tilting of the spins: §; ; o —sign[D)]. Consequently, D yields
a weak ferromagnetic state. Below, we consider D, < 0 such
that the Hamiltonian (1) has two ground-state configurations
in which the in-plane components S; | of the spins are oriented
along =+7;.

To derive a free-energy functional, which provides a
coarse-grained description of the Hamiltonian (1), we write
the three sublattice spins of a unit cell as [36]

SR(@)[A, + aL(1)]
72, + aL(1)]|

Here, « = 1, 2, 3 labels the sublattices within a unit cell, R is
a rigid rotation matrix that represents the order parameter of
the NCAFM, whereas L is a vector that describes an overall
tilting of the spins away from their equilibrium direction.
Because R and L are defined by six independent parameters,
the above representation yields a complete description of all
possible configurations of the three sublattice spins. Note that
R and L are constant within a unit cell and vary smoothly
on lengthscales comparable to the system’s exchange length
A = a/J/K. Furthermore, the exchange approximation im-
plies that the tilting aL is small. Substituting Eq. (3) into
Eq. (1), and expanding the Hamiltonian to second order in aL
and the spatial gradients of R, yields in the continuum limit

S.(1) =

e fl,2,3). 3)
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a — 0 the free-energy functional

FIR.m) = [ dAIFR(R) + (), @)
where dA = dxdy. The free-energy densities

Fr = Z?ZaaRijaﬁRkl + KijkiRijRi, (5a)

Fn = aom® + nomg —hp -m, (5b)

originate, respectively, from the rotation matrix R and the vec-
tor field m = TL with T,3 = 8ap + (1/3) Y, nqn,p and 8up
being the Kronecker delta. Throughout, Einstein’s summation
convention is implied for repeated indices. In Eq. (5a)
B B B

‘7i7k1 = A;tz Sik + D?_(jkl (6)
parametrizes the spin-wave stiffness of the kagome AFM. Its
first contribution,

A = —Ao[AY + B + 3/, )

represents the isotropic exchange interaction. Here, Ay =
(4S2J)/\/§ is a constant and the tensors A, B, and C are
determined by the easy axes and lattice vectors via the rela-
tiOHShipS ‘Ajtlﬂ = ny,jn3e1,a€1,p, B;[lﬁ =Ny, jN1,1€2,4€28, and
C‘;‘lﬂ = n3 jnye3qe3p. The second contribution to the spin

stiffness

D = —exalDisr A% + Do B + D3 C3F1 (8)

is ingluced by the DMI. Here, €, is the Levi-Civita symbol
andD;; = (48%/ V3 )D; ; are the DMI vectors in the continuum
limit. In Eq. (5a), the tensor

Kijki = Kiju + diju 9

describing the anisotropy of the NCAFM also has two contri-
butions. The first one,

Kijkl = Z[kznt,jnt,lazi(szk - knt,int,jnt,knL,l]v (10)

L

is linked to the anisotropy energies, where K, = 45°K. /a*~/3
and K = 45%K/a*+/3 are the anisotropy constants in the con-
tinuum limit. The second contribution to the anisotropy of the
NCAFM, Eq. (9),

2€ik ~ ~
7[013,1Mﬂ + Dy Nji+ D3 051,  (11)

diju =
is determined by the DMI with the tensors M = ny jn3,
/\/j, = ny jh1,, and Oy = n3 jny ;. In Eq. (5b), the constants
are a, = 365%J/+/3 and 1y = 12K.S?//3. Furthermore,
hp = —(245°Dy/a)z is the field induced by the in-plane DMI,
which leads to weak ferromagnetism. A derivation of Eq. (4)
is provided in Appendix A.

The free energy (4) captures the long-wavelength physics
of kagome AFMs with DMI, and is the first key result of
this paper. To our knowledge, there has been no microscopic
derivation of the DMI’s contribution to the free-energy func-
tional of kagome AFMs. The free energy of kagome AFMs
without DMI was microscopically derived by the authors of
Refs. [16,37]. Interestingly, Eq. (5a) reveals that the DMI does
not produce any terms that are linear in the spatial deriva-
tives of the order parameter field R. Instead, it renormalizes

the spin-wave stiffness and anisotropy energy via the highly
anisotropic tensors Df}il and d;jy;. This differs significantly
from DMI contributions in ferromagnets and collinear AFMs.
For example, unlike ferromagnets and collinear AFMs, the
kagome AFMs described by Eq. (4) do not support helical
spin structures as ground states.

In the following, we study the physics of a DW connecting
two domains being in the two energetically degenerate ground
states of a kagome AFMs with broken mirror symmetry [see
Fig. 1(a)]. To this end, we examine a spin texture along the
x-axis and parametrize the rotation matrix by nautical angles

R(x) = R [0 ()R, [ ()R [ (x)]. 12)

Here, 0, ¢, and ¥ represent rotations about the z-, y-, and
x-axes, respectively. Furthermore, we consider a parameter
regime in which the easy-plane anisotropy is the dominant
interaction produced by the spin-orbit coupling: K/K, < 1,
ID;;ll/K, < 1. This is consistent with the typical material
parameters of kagome AFMs [38—41].

In the absence of DMI, a DW corresponds to a rota-
tion R(x) = R,[0(x)], where ¥ = ¢ =0, and 6(x) varies
smoothly between 0 and +m in the DW region. Because the
DMI produces a highly anisotropic form of the spin-wave
stiffness Ji".‘fl, it may lead to finite out-of-plane rotations ¢ (x)
and v (x) of the DW. We expect these rotations to be small and
linear in the DMI (to leading order). Below, we therefore keep
terms up to second order in ¢ and v in the free-energy density
Fr(0, ¢, ¥) and solve the equilibrium equations to first order
in the DMI. The expression for Fz(6, ¢, ¥) is given in Ap-
pendix A. The equilibrium equations for the nautical angles
and m are found from the variational equations §F /89 =0
W e{b,¢,¥}) and 6F/6m = 0.

From Eq. (4), we notice that the equilibrium value of m is
not affected by the underlying spin texture and is a function
only of the in-plane DMI contribution

= D”( ! ) (13)
a3\ 1 +no/a z.

This allows to integrate out the field m in the effective action
description of the DW. Note that ny/a, ~ K,/J < 1 and, thus,
m ~ —(Dy /a~/3J)? for a static kagome AFM.

For the angle 8, we obtain the equilibrium equation

520 — 2K
! A0 - \/g[)z

which has the well-known solution

sin(20), (14)

0(x) = 012 arctan{exp[oz2(x — r)/Aaw]}- (15)

Here, Ay = \/(Ao — «/§l~)z)/4I€' is the DW width, r is the
center of the DW, whereas oy € {1, —1} and 0, € {1, —1} are
determined by the boundary conditions of 6. Notice that the
DMlI-induced change of the DW width in Eq. (15) resembles
the ferromagnetic case [42].

Varying the free energy (4) with respect to the nautical
angle ¥ produces the following equilibrium equation:

B V/3D;3,[(3,0)sin 6]

v— K¢ sin(20)
8(K, + K cos?0)

=— 16
2(K. + K cos? ) (16)
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where K. = K. — v/3D./a®. Thus, ¥ is completely deter-
mined by the solutions of the angles 6 and ¢. The functional
form of the nautical angle ¢ is dictated by
€9(®) — QDPX) + RE) =0,
which has the form of an inhomogeneous Schrodinger equa-
tion. Here, we introduced the dimensionless coordinate ¥ =

(x — r)/Aay and the constant €2 = Ag/2K;12, . The functions
QO and R are defined by

Q%) = 1 + k[1 — 3sech?(¥)],
R(X) = —o1¢q [sech x) — ZSech3(5c)],

7

(18a)
(18b)

with constants k = K/K; and o) = v/3D|/8K.A2,. An ex-
act analytical solution of Eq. (17) is not known. How-
ever, from the expression of Ay, we see that € ~
Vk < 1. Therefore, Eq. (17) is on a form suitable for
the Wentzel-Kramers-Brillouin (WKB) approximation [43],
which leads to ¢(%) = [ d¥'G(X, ¥)R(¥) with G(¥, ¥') =
exp[—(l/e)|f;,dt«/Q(t)|]/2€[Q()”c)Q()”c’)]1/4. In the limits
k <« 1, an asymptotic expansion of the above integral implies
the approximate solution

¢(%) = —oja [sech (¥) — 2sech’(¥)]. (19)

Substituting Eqs. (19) and (15) into Eq. (16), yields the fol-
lowing expression for the nautical angle ¥:

V(%) = 0220 sech? (%) tanh(¥). (20)

Equations (15), (19), and (20) are the second key result of
this paper, and determine the DW profile of kagome AFMs.
Importantly, we notice that the DMI forces the DW to develop
a highly nontrivial out-of-plane twist state when the mirror
symmetry of the kagome lattice is broken.

Next, we will investigate how this nontrivial DW texture
couples to a spatial uniform spin accumulation p,. The source
of this spin accumulation does not play a role in the results
we derive. However, in an experiment, u, typically origi-
nates from the spin Hall effect (SHE) in an adjacent heavy
metal layer, which generates a spin current into the AFM, as
sketched in Fig. 1. An effective action Ser = [ dtdA Legt of
the kagome AFM is characterized by the Lagrangian density

Meff

Eeff = 4 TI‘[RTR] — ]:S — ]:R'

2n

Here, the first term represents the kinetic energy where meg =
25> / V3Jd2. Additionally, we included F;, which captures
the free-energy contributions from the spin accumulation and
the DMI: F; = (7/12aSJ)(hp,; — g,u‘v,;)e,’jk[RTR]jk. Here,
g parametrizes the reactive STT. The free-energy density Fg
is given by Eq. (5a).

The dissipative processes of the spin system are governed
by the dissipation functional

G= / ardA[ SLTRTR] + £y jen RRT 1] 22)

where o, and g, are parameters controlling the damping and
dissipative STT, respectively. Equations (21) and (22) are
microscopically derived in Appendix B.

In the stationary regime, the STT-driven motion of the DW
is well described by the center-of-mass coordinate r. The

time evolution of r can be found by substituting the WKB
solutions Egs. (15), (19), and (20) into Egs. (21) and (22)
and integrating over the spatial coordinates. We then find the
following action and dissipation functionals:

2

S:L‘,/dtmeffr ,
: A

dw
O[df'z (o] .
g = Ly dt 2o - 01(727ng<?#§,)' + /Lv,z)r .

Here, L, is the width of the sample. Note that F; in Eq. (21)
does not contribute to the dynamics of » because hp and pu,
are static. Consequently, the field-like STT does not influence
the DW motion and the main driving torque is the damping-
like STT, similar to the collinear AFM case [8]. From the
variational equation §S/8r = §G/§r, we find the equation of
motion for r

2y .. o . Q)
r=———r+01027gy ?

)de )\dw
In the stationary regime, in which ¥ — 0, the DW approaches
the terminal velocity

foy + 1) @)

01027 ardw a2\/§D” N
Vdw = ~ = +z C M. (24)
¢ o (16(512KZ - «/gDz)kflwy

The current-driven DW velocity (24) is the third key result of
this paper and demonstrates that the DMI produces a novel
force acting on the DWs via x polarized spin currents. In the
absence of DMI, the DWs only couple to the z-component of
I, [20], i.e., through the first term of Eq. (24). Consequently,
the DMI enables manipulation of the DWs via two linearly
independent components of u,. Furthermore, Eq. (24) opens
the possibility to probe the in-plane DMI via measurements of
the current-driven DW motion. For example, for a DW driven
by u,|9, the terminal velocity v, provides a measure of D.

To summarize, we microscopically derived the DMI’s free-
energy contribution for kagome AFMs. We showed that the
DMI renormalizes the spin-wave stiffness and anisotropy en-
ergies, but does not lead to the typical terms linear in the
spatial derivatives. In kagome AFMs, a nonvanishing in-plane
DMI can be observed in jarosites and heterostructures by
juxtaposing nonmagnetic materials with the kagome planes.
Furthermore, we investigated how the DMI influences the
shape and current-driven motion of DWs in kagome AFMs.
Our findings reveal that the DMI causes the DWs to develop a
twisted spatial profile. A major consequence of the emerging
twist state is that it gives rise to a new STT, which enables the
control of DWs via two linearly independent torques. Impor-
tantly, this suggests that NCAFMs are particularly attractive
for use in spintronic devices as they offer a higher degree of
control of the electrically operated DWs.
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APPENDIX A: DERIVATION OF FREE ENERGY

In what follows, we consider a spin system described by
the microscopic Hamiltonian (1) and derive an expression
for the free-energy functional in the continuum limit (assum-
ing the temperature 7 — 0). To this end, we first derive the
energy contribution from one unit cell (labeled by the index
u) for H,, Hp, and H, in Eq. (1) and express the spins in terms
of L and R using Eq. (3). Second, we sum over all the unit
cells and take the continuum limit by converting the sum to an
integral via Zu — f dA/a..Here,a. = a> \/§/4 is the area of
the the kagome lattice’s unit cell. Throughout, we keep terms
to second order in aL and the spatial gradients of R.

For |aL| <« 1, the spin representation (3) becomes

S, ~ SR{f, +a[L — (&, - L), ]}. (AD)

The net spin polarization of a unit cell is Sy = Z?:l S, =
3aSRm, where Ty,g = 8o — (1/3) Z?zl n.oh,pandm = TL.
For the considered kagome AFM, the operator T is diagonal
with elements 2T, = 27,, = T, = 1.

The energy contribution of unit cell u originating from the
Heisenberg exchange term H, = J Z S;-8;is

H,, =JIS}| - (S5t + 8574

Sh - (STH2 + 8772 £ 8L (S5 485 (A2)

Here, ! denotes the position of the spin within unit cell u
and [ £ ¢, is the nearest-neighbor lattice site connected to
t via the lattice vector +aé;. The spatial variations of the
the spin S;i“"’ is captured by the gradient expansion Si.ie’ ~
Sh £ a@; - V)8 + % (@;- V)2S,. Substituting this expansion
along with the expression (Al) into Eq. (A2) produces the
energy contribution

H,, = 9a’S*Jm* + a. A [3,R" 04R];;., (A3)

where the tensor Af‘jﬂ is defined in the main text.
Similarly, the DMI energy of unit cell # can be expressed
as

Hp, =Di3 - [S} x (S5 + 8574
+ Dy - [Sh x (8772 + 87%)]

+ D3, - [S5 x (8575 4 S574)]. (Ad)

Upon substitution of Eq. (A1) and the gradient expansion of
the spins, Eq. (A4) yields the DMI energy

Hp, = ac[DZ'ilaaRijaﬂRkl + dijuRijRi — hp,im;],  (AS)

where Dfﬁ ;> dijki, and hp are given in the main text.

We split the anisotropy energy into easy axes and easy
plane contributions: H,, = H% + H". The easy axes
anisotropy energy of unit cell u is ngf‘;‘es) =— Z?zl K(S, -
#,)?, which to second order in the out-of-equilibrium quan-

tities becomes [again, using Eq. (A1)]

H(Ea;(es) —K§? Z(nt iy, j1 i, ) (R R ).
=1

(A6)

Correspondingly, we find for the easy plane anisotropy
HPYM =3 K- S,)? the energy contribution

3
K.S*> i n jRaR:j + 3a°S* K& - m)*. (A7)
=1

H(plane)

a,u

Thus, the energy of unit cell u is H, = H, , + Hp, + Ha.u
and the total energy of the spin system becomes H = ), H,,.
The free-energy functional (4) is obtained by taking the
continuum limit Y_, — [ dxdy/a., and grouping the terms
involving R and m into F and F,,, respectively.

Parametrizing the rotation matrix in terms of nautical an-
gles using Eq. (12), Fx in Eq. (5a) can to second order in ¢
and i be written as

3Ao

Fr =" [(1 = 9)(0:07 + (8:9)"] = 3K cos” 0
E[(122 + K cos? 0)(¢* + ¥*) — Ky sin(26)]
3{0 (8,0)*

343 -

- —D” [(0:¢) cosO + (0, )sin6O](0,0).  (AS8)

APPENDIX B: ACTION AND DISSIPATION FUNCTIONALS

1. Action of the kagome AFM

The action of the spin system is S = [ dt[T — H — H,].
Here, the first term is the kinetic energy 7 =), hA(S )-
S;, where A is vector potential satisfying V x A(S;) = 8;/S,
H is the Hamiltonian (1) of the isolated spin system, and
Hg =), A - S; describes the interaction energy between
the spins and the spin accumulation u,.

The kinetic energy of unit cell u is 7, = Z?: | hA, [Sl]Sl,a.
Expanding the vector potential A(Sx) to first order in the
out-of-equilibrium quantities and using Eq. (A1) yields the
expression

3 3
Y A8 IS XY ASIAL(RA,) - (RR, )

=1 =1

+ a€qpy Lon, s(RTRA,), 1, (B1)

where we used the relationship €4, 084, = S,/S as well as
the property €,5,RaaRgg Ry, = €y, of the rotation ma-
trix. The first term in Eq. (B1) can be disregarded as it is a
topological term that does not influence the equations of mo-
tion of the rotation matrix. The quantity R”R is antisymmetric
and can thus be written as (RTR),-‘,- = —€;jo Vo, Where V, V),
and V, represent the three independent tensor elements. Sub-
stituting this expression into Eq. (B1), we find the following
kinetic energy of one unit cell 7, = 3ahiSm - V.

Next, we consider the coupling H; to the spin accumula-
tion p,, which is assumed to be spatial uniform. Using that
Z?:] S, = 3aSRm, we find to second order in pu, and the
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out-of-equilibrium quantity m

Hy, = 3aSi.p, - m. (B2)

Consequently, the action can be written as S =
f dty" [T, — H, — Hy,]. Taking the continuum limit, we
find the expression

S:/dtdA[a1m~V—]:R—]:m —]:M], (B3)

where we introduced a; = 127S/a/3, F, . = &rly - m with
gr = 128X, /a~/3, and separated the free-energy density of
the isolated spin system into two energy contributions arising
from R and m, respectively. A minimization of Eq. (B3) with
respect to m yields

2a5[1 + 6,i(no/ax)1lm; = arVi + hai — grhs,i-

Note that the term §,(no/az) only leads to a small cor-
rection to m on the order of ny/a, ~ K,/J. Therefore, we
disregard this term in the proceeding analysis. Substituting
m; = [a\Vi + ha i — gri4s,i1/2a2 back into Eq. (B3) and using
that V; = —(1/2)¢; jk[RTR] jk» produces the nonlinear sigma
model in Eq. (21).

(B4)

2. Dissipative processes

The following Rayleigh dissipation function models the
dissipative processes of the spin system

g = Z/dl(haTGsiz + AaSi - (g x Si))-

(BS)

Here, A, parametrizes the dissipative STT, whereas o is the
Gilbert damping parameter.

To find an expression for the dissipation in the continuum
limit, we consider the contribution G, from unit cell u (thus,
G = [dtY",G.). Further, G, = G{* + G is grouped into
terms originating from the damping (G'®¢)) and the dis-
sipative STT (GU“)). Using Eq. (Al), we find that §; =
Rw/Raﬂrnm/niﬁr to second order in the out-of-equilibrium
quantities. A summation over the three spins in the unit cell
then leads to

3h0GS?

Gloa) = TTr[RTR]. (B6)

To second order in g, and R, the dissipative STT of one unit
cell can be written as

T
Gl = %Sz?»dGi_/kMs,i[RR 1k, B7)

where we applied S; X S,- ~ S2(Rn;) x (Rni) and summed
over the three sublattice spins. In Egs. (B6) to (B7), we used
that Zk N kg = (3/2)8p for the case that the 120° order-
ing is not restricted to lie in the xy-plane. Summing up the
contributions from the unit cells and taking the continuum
limit produces the following dissipation functional in Eq. (22).
We defined ay = 24%a;S?/a*v/3 and g4 = 121452 /a2/3.
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