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Controlling chiral domain walls in antiferromagnets using spin-wave helicity
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In antiferromagnets, the Dzyaloshinskii-Moriya interaction lifts the degeneracy of left- and right-circularly
polarized spin waves. This relativistic coupling increases the efficiency of spin-wave-induced domain-wall motion
and leads to higher drift velocities. We demonstrate that, in biaxial antiferromagnets, the spin-wave helicity
controls both the direction and the magnitude of the magnonic force on chiral domain walls. In this case it is
shown that the domain-wall velocity is an order of magnitude faster in the presence of the Dzyaloshinskii-Moriya
interaction. In uniaxial antiferromagnets, by contrast, the magnonic force is always propulsive, but its strength is

still helicity dependent.

DOI: 10.1103/PhysRevB.97.020402

The Dzyaloshinskii-Moriya interaction (DMI) was intro-
duced to describe the weak ferromagnetism in antiferro-
magnetic (AFM) materials [1,2]. The DMI arises from the
relativistic spin-orbit coupling that occurs when there is a
broken inversion symmetry. The DMI is an antisymmetric
exchange interaction between two adjacent spins S;_; and
Si, wpm = — Y_,(—=1)'Dg - (S;—1 x S;), where Dy is a vector
with constant direction and amplitude [3]. The direction of Dy
is dictated by the point-group symmetry of materials. The DMI
can originate in the bulk in noncentrosymmetric crystals. There
also can be interfacial DMIs in ultrathin films and at interfaces
with heavy metals [4—7]. The discovery of magnetic skyrmions
and chiral domain walls (CDWs) [8-13] has led to renewed
interest in the DMI. In addition to their fundamental interest,
the control of these intriguing textures may have applications
in next-generation information storage and processing devices.

AFM materials are ordered magnetic materials without any
net magnetization. Their lack of stray fields and terahertz
response are promising for novel ultradense and ultrafast
magnetic devices. Topics in AFM spintronics include spin
angular-momentum transport and transfer, spin-orbit coupling,
and the manipulation of AFM domains and solitons [14-23].
Coherent or thermal spin waves (SWs) [24-27] and currents
[21,28,29] can induce movement of AFM domain walls (AFM-
DWs). In the absence of the DMI, circularly polarized SWs
push AFM-DWs via the transfer of linear momentum [24-26]
but pull ferromagnetic (FM) domain walls (FM-DWs) via the
transfer of spin angular momentum [30-32]. The SWs in FM
systems are always right handed. By contrast, in AFM systems,
both left- (L) and right-circularly (R) polarized SWs exist
[33-35]. In the absence of the DMI, the dispersions associated
with the two helicities are degenerate, but the DMI lifts this
degeneracy [36].

The helicity degree of freedom in AFM-SWs, among
other degrees of freedom in the nature, such as the spin of
electrons and polarization of light, recently has attracted great
attention [34—40] and promises many applications in novel low
dissipation magnonic data processing.
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In this Rapid Communication, we demonstrate the possibil-
ity of all-magnonic helicity-dependent AFM-DW motion in the
presence of DMI. This paves the way for faster and improved
control of AFM textures.

Model. We consider a two-sublattice AFM insulator with
equal spins S4 = S = S. The unit vectors along the directions
of the magnetic moments are m4(r,t) = S4/Sand mp(r,t) =
Sp/S. At equilibrium, m 4(r,t) and mg(r,t) are antiparallel.
We introduce the magnetization m = (m4 + mp)/2 and the
staggered order parameter n = (m4 — mpg)/2, wheren - m =
0and n?> + m? = 1. We consider an effective one-dimensional
(1D) model along the x direction to describe the AFM-DW
motion.

In the exchange approximation, the total Lagrangian density
of an AFM system is

Ln,m] = Lg[n,m] — U[n,m], (1

where the Berry-phase-induced term Lg and the free-energy
density U are [17,41-43]

Lg[n,m] = pon-(n x m), (2a)
2

m A )
Ulnml= — + Lm - 9d,n + —(0,n)
2x 2

K, 2
- 7(" - %) + wpM. (2b)

Here, p = /iS/a is the spin angular-momentum density, a
is the lattice constant, y is the magnetic susceptibility, A is the
exchange stiffness, L is the parity-breaking term amplitude
[41], and K, > O is the easy axis anisotropy energy density.
The DM free-energy density in the continuum model wpy =
d-(mxn)+ D - (d,n x n) consists of homogeneous and
inhomogeneous DMIs as expressed by the first and second
terms, respectively. The magnetization is a slave variable and
can be found by solving the equation of motion x ~'m =
ponxn—Lon—+dXxn.

To simplify the expressions, we use natural units of

time, length, and energy: 7o = p/x/Kx, 2o = ~/A/K,, and
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€0 = ~/AK, where the exchange stiffness and easy axis
anisotropy are renormalized as follows: A — A — xL? and
K. — K. — xd?. In this way, the contributions to the La-
grangian density as functions of the staggered order parameter
read simply as [44]

Lgln] =
Uln] =

3(@m)*, (3a)
1@n)* — Y(n -2+ Dn - (% x 9,n). (3b)

The kinetic part of the AFM Lagrangian Eq. (3a) is Lorentz
invariant [45], and the effective velocity of light is the maxi-
mum velocity of magnons in isotropic systems ¢ = 1. As in
ferromagnets [46], Eq. (3b) implies that, when D > 1, the
ground state is a helical state with a spatial period of 2w /D.
By contrast, when D < 1, there are two collinear degenerate
ground states: ny = ox, where 0 = £. A DW is a transition
between these two discrete degenerate ground states [47]. In
the following, we assume that D is smaller than the critical
value of D < 1.

By minimizing the free-energy Eq. (3b) with re-
spect to the boundary conditions ny(x — +00) = ok, we
can find the profile of a CDW. This profile is repre-
sentedby ny = (cos 6, sin 6 cos ¢, sin 8 sin ¢)withcos 6 =
tanh[(x — x0)/1 — D?] and ¢ = (x — xo)D + ®, where
V1 — D? is the effective DW width, D is the rate of DW
twisting, @ is the DW tilt, and x is the position of the DW
center [46]. When D — 0, the DW profile is of the Néel type.
Inthelimitof D — 1, the system gradually approaches a spiral
state. The energy of CDW is E = 24/1 — D2,

DW motion in a uniaxial AFM system. We compute the SW
dispersions in uniaxial uniform domains and CDWs w, and
e, respectively. In doing so, we assume that there is a small
transverse deviation of the staggered field on top of a static
ground-state n = ny(x) 4 Sn. It is convenient to use a global
basis to express the SWs [25,26]. The orthogonal unit vectors
are &) = dny/00, é; = (0ny/d¢)/sin 0, and é3 = &; x é; =
ny. A SWis represented by acomplex field = én - (é; +ié;)
[48]. We obtain the effective Lagrangian density for SWs
by expanding the total Lagrangian to the second order in
Y. The effective SW equation is Hy)¥ = wﬁ(c)w. The SW
Hamiltonians in a uniform domain and in a CDW are

Ha
He = =9+ (1 — DH)[1

—3>+i20Dd, + 1, (4a)

— 2sech?(xv/1 — D?)]. (4b)

The eigenvalues are given by

= 1— 20Dk + k2, (5a)
=1— D>+ k2, (5b)

and the -eigenfunctions are expressed as Y(f,x)=
Wfr(x)e i@k - where W = |§n| is the SW amplitude
far from the AFM-DW and k is the wave number. The
eigenfunction i together with its dispersion relation as given
in Eq. (5) describe a circularly polarized SW. The dispersion
relation of Eq. (5) has both positive- and negative-frequency
solutions. The SWs with w < 0 (w > 0) are right-circularly
(left-circularly) polarized SWs. Since the phase velocity is
w/ k, the left-circularly polarized SWs are rightward moving

2 _
u
2
@

for k > 0 and leftward moving for k < 0, whereas the opposite
is true for the right-circularly polarized SWs.

In AFM materials, the DMI lifts the degeneracy of the
circularly polarized SWs as has recently been observed ex-
perimentally [36]. Equation (5a) shows that the SW spectrum
is nonreciprocal in uniaxial AFM domains such that w, (k) #
wy(—k). However, in chiral AFM-DWs, the dispersion is
symmetric and degenerate such that o (k) = w.(—k) with a
renormalized energy gap. The group velocity in a uniform
domain is vy = (k — 0 D)/w,, whereas in a CDW, it is v, =
k/w;.

The effective potential energy of a static AFM-DW, the
Poschl-Teller potential in the SW Hamiltonian . of Eq. (4b),
isreflectionless. Nevertheless, a circularly polarized SW exerts
a torque on an AFM-DW. As a result, the DWs in a uniaxial
AFM material rotate and no longer remain reflectionless
[24-26]. Consequently, there is a force on the AFM-DWs; see
Fig. 1.

To capture these effects, we transform from the laboratory
frame F into a uniformly moving and precessing frame . The
new frame of reference F rotates with an angular frequency
of €2 around the x axis and moves with a linear velocity of
V along the x direction [25,26]. In the new frame, the profile
of a CDW is described by cos 6 = tanh[(X¥ — Xp)v/ 1 — D2]
and ¢ = (¥ — %9)D + ® where we mark the variables in F
with a tilde. The natural units in F are A, = T, #, = [to,
and €, = ¢g/ T, where I' = 1/\/1 — Q2 +2yVDQand y =
1/+/1 — V2. Additionally, we define Q@ = I'(Q — y VD) and
D = T'y D. Finally, in F, the Lagrangian density is given by

Ly = 1@m)* + Qom - (& x n), (6a)

U =1@n?— 1@ %)+ Dn- (% xdn). (6b)

The second term in the kinetic part of the Lagrangian
Eq. (6a) is due to the Coriolis force [26]. By expanding the
effective Lagrangian in the new reference frame £ up to the
second order in ¥ and calculating the Euler-Lagrange equation,
we find an eigenproblem expressed as Hoy = @*¥ with the
following effective Hamiltonian for SWs on a precessing
CDW:

He = Helx — %,D — D] +2& tanh(3vV1 — D?).  (7)

The additional hyperbolic tangent potential energy in the
Hamiltonian H, causes reflections [25,26].

The reflection |r| and transmission |¢| amplitudes for the
1D hyperbolic tangent scattering potential are known [49]

= sinh? [Z(ky — k)] &)
sinh? [%(IE+ + /E_)] '
Ir)?k_ + |t)Pky = k_. (8b)

In F, the wave numbers of the transmitted and incoming
SWs k. and k_, respectively, are given by k3 = @ F @S2 —
1 4+ D?. The wave numbers are the same in F and F; thus,
k> = @} — 1 + D?. The frequency shift between an incoming
SW of frequency w_ = w + (2 — y V D) and an outgoing SW
of frequency w; = w — (2 — y V D) is our first central result,

Aw= —2(Q —yVD). 9)
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FIG. 1. The angular-frequency €2 [(a) and (c)] and linear velocity V [(b) and (d)] of an AFM-DW as functions of the SW amplitude W
for k = 0.8. The solid lines are based on Eqgs. (8) and (10)—(12), whereas the circles represent solutions of the Landau-Lifshitz-Gilbert (LLG)
equations. The black curves are the results in the absence of DMI, and the red/blue curves show the results for a finite DMI in the presence of

left-/right-circularly polarized SWs.

Equation (9) demonstrates that the DMI causes a shift in the
SW frequency that is linear in the DW velocity [25,26]. This
frequency shift significantly changes the interaction between
SWs and DWs, especially in biaxial systems where the angular
frequency 2 is suppressed. A left-circularly (right-circularly)
polarized SW incident on a DW has a positive (negative)
frequency and induces a precession of the DW in the positive
(negative) direction. In both cases, the effect of the angular-
frequency term, the first term in Eq. (9), is the same: The
precession of the DW reduces the frequency of the transmitted
SW by the same amount for incoming SWs of the same
amplitude but opposite helicity. By contrast, the velocity-
dependent term, the second term in Eq. (9), reinforces the
redshift for left-circularly polarized SWs and reduces it for
right-circularly polarized SWs.

Let us now derive the reactive magnonic force and torque.
We employ the conservation of the energy-momentum tensor
TP = g*7TF, where g = diag(1,—1) is the inverse of
the metric tensor in the Minkowski space ®%x" = (@,x)
and TP = 9,n - 9L/3(dgn) — §2L. When Lagrangian den-
sity is invariant with respect to the space-time, Noether’s
theorem implies continuity equations for the energy-
momentum tensor BlgT""3 =0 and current d,j* =0 [50],
respectively.

The translational and rotational symmetries in uniax-
ial AFM systems dictate the conservation of total linear-
momentum P and angular-momentum J. Then the force
and torque on AFM-CDWs are defined as F = T''(—o0) —
T''(400) =dP/dt and T = j'(—00) — j!(+00) = dJ/dt,

respectively. The total reactive magnonic force F =
Frefiection + Freashitt + Fpm consists of the reflection force, the
redshift force, and the DMI force,

Frefiection = 2|W|?|r|*k2, (10a)
Freashite = 1W[* (1 — [r|Dk_(k- —ky),  (10b)
Fpm =2y DIW (1 — |r Pk (10c)

Both the redshift and the DMI forces are due to the
transmitted SWs. The total reactive torque exerted by SWs
is given by

T =2|W|%(1 — |r|P)k_. (1)

Equation (10) shows that, when the SWs are hard (ky+ > 1)
and the DMI is large and comparable to the critical value of
D S./ 1, Freﬂeclion < FredshiftsFDMI- If k+ = k—’ then the DMI
force dominates (Fiegshirt < Fpmr). When k. < k_, both the
redshift and the DMI forces are of the same order. For soft SWs
(k+ < 1) and a strong redshift (k; < k_), the reflection force
dominates.

Thus far, we have not considered the ubiquitous dissipation.
We include dissipative effects via a Rayleigh’s dissipation
function density R = «(d;n)?/2, where « is the Gilbert damp-

ing. We define a viscous force F” and a torque ¥ such that
dP/dt = F + F" and dJ/dt = v 4+ t". In the steady state,
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FIG. 2. The DW velocity V as afunction of the external magnetic-
field frequency wy for both L- and R-polarized SWs in a uniaxial
k = 0 AFM system with D = 0.5. The black dots represent the DW
velocity in the absence of the DMI D = 0.

F = —FVand t = —1?, and we find that

_2ay{D(Q—-yVD)— V[l - D> —(Q —yVD)?]}

F =
J1—=D?—(Q—yVD)

(12a)
20y(Q —yVD)

T = .

J1—=D>—(Q—yVD)?

(12b)

Equations (8) and (10)—(12) form a closed set that we can
solve numerically to find the steady state. We plot the results of
the related simulations in Fig. 1. We see that the directions of
the angular frequencies of the DWs are opposite for different
SW helicities.

We check our results based on Egs. (8) and (10)—(12) against
those of another more direct numerical procedure. For the
latter calculations, we follow Ref. [24]. We solve the coupled
nonlinear LLG equations for the staggered field n and the
magnetization m [24]. A circularly polarized magnetic field
of frequency wy and amplitude A, excites SWs in a region far
from the DW center. The amplitude of the external magnetic
field is in natural units.

Figure 2 shows the DW velocity as a function of w, for left-
and right-circularly polarized SWs excited by a magnetic field
of hp = 0.001. In the presence of a high-frequency left-handed
(right-handed) SW, the velocity of a chiral AFM-DW is higher
(lower) than that of its nonchiral counterpart. The DW velocity
exhibits nonmonotonic behavior with respect to the frequency
wyp. At lower frequencies, CDWs have higher velocities than
their nonchiral counterparts for both helicities.

Note that these calculations are based on the conservation
of linear momentum [24-26] and they are valid for the small
Gilbert damping regime [51].

DW motion in a biaxial AFM system. We model a biaxial
AFM material by introducing an additional contribution to the
free-energy density expressed in Eq. 3b) U — U + Uyy;. The
transverse-axis anisotropy energy density is Uy, = k(1 - 2)2,
where k = K, /2K, > 0 and K, is the anisotropy energy
density in the z direction. This fixes the CDW tilt angle such
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FIG. 3. The same as in Fig. 2 but for a biaxial AFM system. The
hard-axis anisotropy is ¥ = 0.25.

that ® = 0 or 7. For biaxial AFM systems, the spin-current j'
is no longer conserved.

In a collinear biaxial AFM system, the SW polarization is
elliptical with a dispersion relation,

wf =14k + k> £ /4D + «2. (13)

In a biaxial AFM system, the spectrum remains symmetric
such that wy(k) = wp(—k). Note that, even in the absence of
the DMI, a transverse anisotropy lifts the helicity degeneracy
of the polarized SWs; however, this degeneracy breaking is
independent of momentum and leads to a finite gap between
the two branches of the SW excitations. The group velocity
of the SWs in a collinear biaxial AFM system is v, = (1 &
2D?/+/4D%k? + k?)k /wy. The equations of motion in biaxial
AFM systems are complicated; here, we present only the
results of numerical calculations.

In a biaxial AFM system, in the absence of the DMI, a
DW approaches the SW source regardless of the SW helicity.
There is no rotation of the DW. The potential in the SW
Hamiltonian that is induced by the AFM-DW texture causes
no reflections. Thus, the motion induced by elliptical SWs
is similar to that induced by linearly polarized SWs in a
uniaxial AFM system; the DW motion is slow compared
with that induced by circularly polarized SWs and is to-
ward the SW source because of the conservation of linear
momentum [24].

In abiaxial AFM system, the DMI does not cause the CDW's
to rotate, but Eq. (9) shows that the outgoing SWs acquire
a DMI-dependent frequency shift. The hard-axis anisotropy
suppresses the angular frequency of the CDWs. The frequency
shift simplifies to Aw =~ 2y V D. The DMI and redshift forces
dominate the total magnonic force since the reflection force
can be neglected. Figure 3 shows that DMI dramatically
increases the DW velocity and leads to helicity-dependent DW
motion. This is our second central result. The helicity of the
SWs controls the direction of the induced motion of chiral
AFM-DWs. The velocity of CDW is antisymmetric respect to
the helicity of SWs. The DW velocity is approximately two
times higher in the presence of one helicity (left-circularly
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polarized SWs in our configuration) than it is in the presence
of the opposite helicity.

Discussion and conclusion. Using KMnF3 parameters [55],
we find a DW velocity of 2 km/s, which is at least two orders of
magnitude faster than the SW-driven CDW motion in biaxial
FM systems [32] and one order of magnitude larger than the
FM-DW driven by spin-orbit torque [56]. On the other hand,
although in SW-driven CDW motion only a change in the sign
of the DMI merely reverses the direction of motion [32,57] via
a linear-momentum transfer mechanism [58], in AFMs the SW
helicity also controls the direction.

Recent developments in atomic-scale resolution mi-
croscopy enables us to trace the AFM-DW position via tech-
niques, such as spin-polarized scanning-tunneling microscopy
[59], photoelectron emission microscopy [60], and magnetic
exchange force microscopy [61]. The position of AFM-DW

center also can be detected by using the anisotropic magne-
toresistance effect indirectly [21].

The DMI results in a faster and more controlled motion of
AFM-DWs. In a biaxial AFM system, the SW helicity deter-
mines both the direction and the magnitude of the DW velocity.
These features enable the magnonic helicity-dependent DW
motion. By contrast, in a uniaxial AFM system, a CDW always
is recoiled from the SWs’ source via a magnonic force with a
helicity-dependent magnitude.

Acknowledgments. The authors thank E. G. Tveten and
Y. Tserkovnyak for fruitful discussions. The research leading
to these results received funding from the European Research
Council via Advanced Grant No. 669442 “Insulatronics” and
was partially supported by the Research Council of Norway
through its Centres of Excellence funding scheme, Project No.
262633, “QuSpin.”

[1] I. Dzyaloshinskii, J. Phys. Chem. Solids 4, 241 (1958).
[2] T. Moriya, Phys. Rev. 120, 91 (1960).
[3] N. Papanicolaou, Phys. Rev. B 55, 12290 (1997).
[4] A.N.Bogdanov, U. K. Ro8ler, M. Wolf, and K.-H. Miiller, Phys.
Rev. B 66, 214410 (2002).
[5] A. Bogdanov and A. Shestakovr, Phys. Solid State 40, 1350
(1998).
[6] A.N. Bogdanov and D. A. Yablonskii, Sov. Phys. JETP 69, 142
(1989).
[7]1 A. Fert, V. Cros, and J. Sampaio, Nat. Nanotechnol. 8, 152
(2013).
[8] S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A.
Neubauer, R. Georgii, and P. Boni, Science 323, 915 (2009).
[9] N. Nagaosa and Y. Tokura, Nat. Nanotechnol. 8, 899 (2013).
[10] A.Soumyanarayanan, N. Reyren, A. Fert, and C. Panagopoulos,
Nature (London) 539, 509 (2016).
[11] V. Flovik, A. Qaiumzadeh, A. K. Nandy, C. Heo, and T. Rasing,
Phys. Rev. B 96, 140411(R) (2017).
[12] M. Heide, G. Bihlmayer, and S. Bliigel, Phys. Rev. B 78, 140403
(2008).
[13] F.J. Buijnsters, Y. Ferreiros, A. Fasolino, and M. 1. Katsnelson,
Phys. Rev. Lett. 116, 147204 (2016).
[14] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich, Nat.
Nanotechnol. 11, 231 (2016).
[15] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and
Y. Tserkovnyak, arXiv:1606.04284.
[16] A. V. Kimel, B. A. Ivanov, R. V. Pisarev, P. A. Usachev,
A. Kirilyuk, and T. Rasing, Nat. Phys. 5, 727 (2009).
[17] B. A.Ivanov, Low Temp. Phys. 31, 635 (2005); A. M. Kosevich,
B. A. Ivanov, and A. S. Kovalev, Phys. Rep. 194, 117 (1990).
[18] E. V. Gomonai, B. A. Ivanov, V. A. L'vov, and G. K. Oksyuk,
Sov. Phys. JETP 70, 174 (1990).
[19] V. G. Baryakhtar, B. A. Ivanov, and M. V. Chetkin, Sov. Phys.
Usp. 28, 563 (1985).
[20] A. Qaiumzadeh, H. Skarsvag, C. Holmgqvist, and A. Brataas,
Phys. Rev. Lett. 118, 137201 (2017).
[21] E. G. Tveten, A. Qaiumzadeh, O. A. Tretiakov, and A. Brataas,
Phys. Rev. Lett. 110, 127208 (2013).
[22] J. Barker and O. A. Tretiakov, Phys. Rev. Lett. 116, 147203
(2016).

[23] E. G. Galkina, A. Y. Galkin, B. A. Ivanov, and F. Nori, Phys.
Rev. B 81, 184413 (2010).

[24] E. G. Tveten, A. Qaiumzadeh, and A. Brataas, Phys. Rev. Lett.
112, 147204 (2014).

[25] M. M. Bogdan and Z. V. Slyozova, Frontiers in Magnetism
of Reduced Dimension Systems, High Technology NATO ASI
Series 3, Vol. 49 (Kluwer, Dordrecht/Boston/London, 1998),
p. 323; M. M. Bogdana and O. V. Charkina, Low Temp. Phys.
40, 84 (2014).

[26] S. K. Kim, Y. Tserkovnyak, and O. Tchernyshyov, Phys. Rev. B
90, 104406 (2014).

[27] S. Selzer, U. Atxitia, U. Ritzmann, D. Hinzke, and U. Nowak,
Phys. Rev. Lett. 117, 107201 (2016).

[28] O. Gomonay, T. Jungwirth, and J. Sinova, Phys. Rev. Lett. 117,
017202 (2016).

[29] T. Shiino, S.-H. Oh, P. M. Haney, S.-W. Lee, G. Go, B.-G. Park,
and K.-J. Lee, Phys. Rev. Lett. 117, 087203 (2016).

[30] A. Mikhailov and A. I. Yaremchuk, JETP Lett. 39, 296 (1984).

[31] P. Yan, X. S. Wang, and X. R. Wang, Phys. Rev. Let. 107, 177207
(2011).

[32] W. Wang, M. Albert, M. Beg, M.-A. Bisotti, D. Chernyshenko,
D. Cortés-Ortufio, I. Hawke, and H. Fangohr, Phys. Rev. Lett.
114, 087203 (2015).

[33] F. Keffer, H. Kaplan, and Y. Yafet, Am. J. Phys. 21, 250 (1953).

[34] T. Satoh, S.-J. Cho, R. Iida, T. Shimura, K. Kuroda, H. Ueda,
Y. Ueda, B. A. Ivanov, F. Nori, and M. Fiebig, Phys. Rev. Lett.
105, 077402 (2010).

[35] N.Kanda, T. Higuchi, H. Shimizu, K. Konishi, K. Yoshioka, and
M. Kuwata-Gonokami, Nat. Commun. 2, 362 (2011).

[36] G. Gitgeatpong, Y. Zhao, P. Piyawongwatthana, Y. Qiu, L. W.
Harriger, N. P. Butch, T. J. Sato, and K. Matan, Phys. Rev. Lett.
119, 047201 (2017).

[37] R. Cheng, M. W. Daniels, J.-G. Zhu, and D. Xiao, Sci. Rep. 6,
24223 (2016).

[38] R.Cheng, S. Okamoto, and D. Xiao, Phys. Rev. Lett. 117,217202
(2016).

[39] V. A. Zyuzin and A. A. Kovalev, Phys. Rev. Lett. 117, 217203
(2016).

[40] Y. Shiomi, R. Takashima, and E. Saitoh, Phys. Rev. B 96, 134425
(2017).

020402-5


https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRevB.55.12290
https://doi.org/10.1103/PhysRevB.55.12290
https://doi.org/10.1103/PhysRevB.55.12290
https://doi.org/10.1103/PhysRevB.55.12290
https://doi.org/10.1103/PhysRevB.66.214410
https://doi.org/10.1103/PhysRevB.66.214410
https://doi.org/10.1103/PhysRevB.66.214410
https://doi.org/10.1103/PhysRevB.66.214410
https://doi.org/10.1134/1.1130556
https://doi.org/10.1134/1.1130556
https://doi.org/10.1134/1.1130556
https://doi.org/10.1134/1.1130556
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nature19820
https://doi.org/10.1038/nature19820
https://doi.org/10.1038/nature19820
https://doi.org/10.1038/nature19820
https://doi.org/10.1103/PhysRevB.96.140411
https://doi.org/10.1103/PhysRevB.96.140411
https://doi.org/10.1103/PhysRevB.96.140411
https://doi.org/10.1103/PhysRevB.96.140411
https://doi.org/10.1103/PhysRevB.78.140403
https://doi.org/10.1103/PhysRevB.78.140403
https://doi.org/10.1103/PhysRevB.78.140403
https://doi.org/10.1103/PhysRevB.78.140403
https://doi.org/10.1103/PhysRevLett.116.147204
https://doi.org/10.1103/PhysRevLett.116.147204
https://doi.org/10.1103/PhysRevLett.116.147204
https://doi.org/10.1103/PhysRevLett.116.147204
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1038/nnano.2016.18
http://arxiv.org/abs/arXiv:1606.04284
https://doi.org/10.1038/nphys1369
https://doi.org/10.1038/nphys1369
https://doi.org/10.1038/nphys1369
https://doi.org/10.1038/nphys1369
https://doi.org/10.1063/1.2008127
https://doi.org/10.1063/1.2008127
https://doi.org/10.1063/1.2008127
https://doi.org/10.1063/1.2008127
https://doi.org/10.1016/0370-1573(90)90130-T
https://doi.org/10.1016/0370-1573(90)90130-T
https://doi.org/10.1016/0370-1573(90)90130-T
https://doi.org/10.1016/0370-1573(90)90130-T
https://doi.org/10.1070/PU1985v028n07ABEH003871
https://doi.org/10.1070/PU1985v028n07ABEH003871
https://doi.org/10.1070/PU1985v028n07ABEH003871
https://doi.org/10.1070/PU1985v028n07ABEH003871
https://doi.org/10.1103/PhysRevLett.118.137201
https://doi.org/10.1103/PhysRevLett.118.137201
https://doi.org/10.1103/PhysRevLett.118.137201
https://doi.org/10.1103/PhysRevLett.118.137201
https://doi.org/10.1103/PhysRevLett.110.127208
https://doi.org/10.1103/PhysRevLett.110.127208
https://doi.org/10.1103/PhysRevLett.110.127208
https://doi.org/10.1103/PhysRevLett.110.127208
https://doi.org/10.1103/PhysRevLett.116.147203
https://doi.org/10.1103/PhysRevLett.116.147203
https://doi.org/10.1103/PhysRevLett.116.147203
https://doi.org/10.1103/PhysRevLett.116.147203
https://doi.org/10.1103/PhysRevB.81.184413
https://doi.org/10.1103/PhysRevB.81.184413
https://doi.org/10.1103/PhysRevB.81.184413
https://doi.org/10.1103/PhysRevB.81.184413
https://doi.org/10.1103/PhysRevLett.112.147204
https://doi.org/10.1103/PhysRevLett.112.147204
https://doi.org/10.1103/PhysRevLett.112.147204
https://doi.org/10.1103/PhysRevLett.112.147204
https://doi.org/10.1063/1.4862465
https://doi.org/10.1063/1.4862465
https://doi.org/10.1063/1.4862465
https://doi.org/10.1063/1.4862465
https://doi.org/10.1103/PhysRevB.90.104406
https://doi.org/10.1103/PhysRevB.90.104406
https://doi.org/10.1103/PhysRevB.90.104406
https://doi.org/10.1103/PhysRevB.90.104406
https://doi.org/10.1103/PhysRevLett.117.107201
https://doi.org/10.1103/PhysRevLett.117.107201
https://doi.org/10.1103/PhysRevLett.117.107201
https://doi.org/10.1103/PhysRevLett.117.107201
https://doi.org/10.1103/PhysRevLett.117.017202
https://doi.org/10.1103/PhysRevLett.117.017202
https://doi.org/10.1103/PhysRevLett.117.017202
https://doi.org/10.1103/PhysRevLett.117.017202
https://doi.org/10.1103/PhysRevLett.117.087203
https://doi.org/10.1103/PhysRevLett.117.087203
https://doi.org/10.1103/PhysRevLett.117.087203
https://doi.org/10.1103/PhysRevLett.117.087203
https://doi.org/10.1103/PhysRevLett.107.177207
https://doi.org/10.1103/PhysRevLett.107.177207
https://doi.org/10.1103/PhysRevLett.107.177207
https://doi.org/10.1103/PhysRevLett.107.177207
https://doi.org/10.1103/PhysRevLett.114.087203
https://doi.org/10.1103/PhysRevLett.114.087203
https://doi.org/10.1103/PhysRevLett.114.087203
https://doi.org/10.1103/PhysRevLett.114.087203
https://doi.org/10.1119/1.1933416
https://doi.org/10.1119/1.1933416
https://doi.org/10.1119/1.1933416
https://doi.org/10.1119/1.1933416
https://doi.org/10.1103/PhysRevLett.105.077402
https://doi.org/10.1103/PhysRevLett.105.077402
https://doi.org/10.1103/PhysRevLett.105.077402
https://doi.org/10.1103/PhysRevLett.105.077402
https://doi.org/10.1038/ncomms1366
https://doi.org/10.1038/ncomms1366
https://doi.org/10.1038/ncomms1366
https://doi.org/10.1038/ncomms1366
https://doi.org/10.1103/PhysRevLett.119.047201
https://doi.org/10.1103/PhysRevLett.119.047201
https://doi.org/10.1103/PhysRevLett.119.047201
https://doi.org/10.1103/PhysRevLett.119.047201
https://doi.org/10.1038/srep24223
https://doi.org/10.1038/srep24223
https://doi.org/10.1038/srep24223
https://doi.org/10.1038/srep24223
https://doi.org/10.1103/PhysRevLett.117.217202
https://doi.org/10.1103/PhysRevLett.117.217202
https://doi.org/10.1103/PhysRevLett.117.217202
https://doi.org/10.1103/PhysRevLett.117.217202
https://doi.org/10.1103/PhysRevLett.117.217203
https://doi.org/10.1103/PhysRevLett.117.217203
https://doi.org/10.1103/PhysRevLett.117.217203
https://doi.org/10.1103/PhysRevLett.117.217203
https://doi.org/10.1103/PhysRevB.96.134425
https://doi.org/10.1103/PhysRevB.96.134425
https://doi.org/10.1103/PhysRevB.96.134425
https://doi.org/10.1103/PhysRevB.96.134425

QAIUMZADEH, KRISTIANSEN, AND BRATAAS

PHYSICAL REVIEW B 97, 020402(R) (2018)

[41] E. G. Tveten, T. Miiller, J. Linder, and A. Brataas, Phys. Rev. B
93, 104408 (2016).

[42] E. M. Lifshitz and L. P. Pitaevskii, Statistical Physics, Course
of Theoretical Physics (Pergamon, Oxford, 1980), Vol. 9, Pt. 2.

[43] The parameters of the 1D micromagnetic model are defined in
terms of the atomistic spin-lattice parameters as follows: x ~! =
41Jo|S?/a, A =2al|ly|S?, K, =2K¢S*/a, d = 2DS?/a, and
D = DS?, where J, and K, are the Heisenberg exchange
energy and anisotropy energy, respectively, and a is the lattice
constant.

[44] In our nonlinear o model, we disregarded the topological term
[xLn - (Vnr x n)] and another term arising from the homoge-
neous DMI [xn - d] because these terms are total derivatives
and do not affect the equations of motion.

[45] 1. V. Baryakhtar and B. A. Ivanov, Zh. Eksp. Teor. Fiz. 85, 328
(1983) [Sov. Phys. JETP 58, 190 (1983)]; B. A. Ivanov and A. K.
Kolezhuk, Phys. Rev. Lett. 74, 1859 (1995); Fiz. Nizk. Temp.
21, 355 (1995) [Low Temp. Phys. 21, 275 (1995)]; 1. Affleck,
Phys. Rev. Lett. 57, 1048 (1986).

[46] O. A. Tretiakov and A. Abanov, Phys. Rev. Lett. 105, 157201
(2010).

[47] M. Kardar, Statistical Physics of Fields (Cambridge University
Press, Cambridge, U.K., 2007).

[48] The staggered field can be expressed in terms of ¥:m =
Re[¢/12, + Im[¥]2, + [1 — (Re[y1)2/2 — (Am[¥])*/2]és.

[49] L. D. Landau and E. M. Lifshitz, Quantum Mechanics, 3rd ed.
(Pergamon, Oxford, 1991).

[50] The conserved spin currents
nydL/0(0gn;) — n 0L/3(0yny).

[51] In the presence of larger damping constants another mechanism
becomes dominant in uniaxial AFMs. In this case SWs decay
quickly thus there are much more SWs on one side of AFM-
DW than on the other side, consequently this leads to a large
gradient of the effective stiffness field amplitude. This effective
stiffness field gradient leads to a backward motion of AFM-

o

are expressed as j

DWs in the presence of circularly polarized SWs in systems
with uniaxial anisotropy. This is similar to the contribution of
so-called entropic torque (or force) on the DW motion in the
presence of a temperature gradient. The entropic torque arises
from the temperature dependence of the effective exchange field
as discussed in Ref. [52].

[52] S. K. Kim and Y. Tserkovnyak, Phys. Rev. B 92, 020410(R)
(2015).

[53] S. J. Pickart, M. F. Collins, and C. G. Windsor, J. Appl. Phys.
37, 1054 (1966).

[54] L. V. Solovyev, V. V. Mazurenko, and A. A. Katanin, Phys. Rev.
B 92, 235109 (2015).

[55] We use the material parameters for KMnF; in 1D:
§=5/2,a=0418nm, M, =5 x 107"* Am, K, = 2.03 x
107%J/m, D=1x10"27J, and A=1.15x10"]m,
adapted from Ref. [53]. Also we consider o = 10~*. Other
candidate materials for the observation of SW-induced
AFM-DW motion include metallic AFM materials, such
as the uniaxial KMnF; [53] and insulating AFM materials, such
as the uniaxial Cu,V,05 [36] as well as the biaxial Sr,IrO, and
Ba,IrO,4 [54].

[56] 1. M. Miron, T. Moore, H. Szambolics, L. D. Buda-Prejbeanu, S.
Auffret, B. Rodmacq, S. Pizzini, J. Vogel, M. Bonfim, A. Schuhl,
and G. Gaudin, Nature Mater. 10, 419 (2011).

[57] X.-G. Wang, L. Chotorlishvili, G.-H. Guo, A. Sukhov, V.
Dugaev, J. Barnas, and J. Berakdar, Phys. Rev. B 94, 104410
(2016).

[58] P. Yan, Y. Cao, and J. Sinova, Phys. Rev. B 92, 100408
(2015).

[59] M. Bode, E. Y. Vedmedenko, K. von Bergmann, A. Kubetzka, P.
Ferriani, S. Heinze, and R. Wiesendanger, Nature Mater. 5, 477
(2006).

[60] N. B. Weber, H. Ohldag, H. Gomonaj, and F. U. Hillebrecht,
Phys. Rev. Lett. 91, 237205 (2003).

[61] R. Wiesendanger, Rew. Mod. Phys. 81, 1495 (2009).

020402-6


https://doi.org/10.1103/PhysRevB.93.104408
https://doi.org/10.1103/PhysRevB.93.104408
https://doi.org/10.1103/PhysRevB.93.104408
https://doi.org/10.1103/PhysRevB.93.104408
https://doi.org/10.1103/PhysRevLett.74.1859
https://doi.org/10.1103/PhysRevLett.74.1859
https://doi.org/10.1103/PhysRevLett.74.1859
https://doi.org/10.1103/PhysRevLett.74.1859
https://doi.org/10.1103/PhysRevLett.57.1048
https://doi.org/10.1103/PhysRevLett.57.1048
https://doi.org/10.1103/PhysRevLett.57.1048
https://doi.org/10.1103/PhysRevLett.57.1048
https://doi.org/10.1103/PhysRevLett.105.157201
https://doi.org/10.1103/PhysRevLett.105.157201
https://doi.org/10.1103/PhysRevLett.105.157201
https://doi.org/10.1103/PhysRevLett.105.157201
https://doi.org/10.1103/PhysRevB.92.020410
https://doi.org/10.1103/PhysRevB.92.020410
https://doi.org/10.1103/PhysRevB.92.020410
https://doi.org/10.1103/PhysRevB.92.020410
https://doi.org/10.1063/1.1708332
https://doi.org/10.1063/1.1708332
https://doi.org/10.1063/1.1708332
https://doi.org/10.1063/1.1708332
https://doi.org/10.1103/PhysRevB.92.235109
https://doi.org/10.1103/PhysRevB.92.235109
https://doi.org/10.1103/PhysRevB.92.235109
https://doi.org/10.1103/PhysRevB.92.235109
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1103/PhysRevB.94.104410
https://doi.org/10.1103/PhysRevB.94.104410
https://doi.org/10.1103/PhysRevB.94.104410
https://doi.org/10.1103/PhysRevB.94.104410
https://doi.org/10.1103/PhysRevB.92.100408
https://doi.org/10.1103/PhysRevB.92.100408
https://doi.org/10.1103/PhysRevB.92.100408
https://doi.org/10.1103/PhysRevB.92.100408
https://doi.org/10.1038/nmat1646
https://doi.org/10.1038/nmat1646
https://doi.org/10.1038/nmat1646
https://doi.org/10.1038/nmat1646
https://doi.org/10.1103/PhysRevLett.91.237205
https://doi.org/10.1103/PhysRevLett.91.237205
https://doi.org/10.1103/PhysRevLett.91.237205
https://doi.org/10.1103/PhysRevLett.91.237205
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1103/RevModPhys.81.1495



