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Antiferromagnets (AFMs) have great benefits for spintronic applications such as high frequencies
(up to THz), high speeds (up to tens of km/s) of magnetic excitations, and field-free operation.
Advanced devices will require high-speed propagating spin waves (SWs) as signal carriers, i.e., SWs
with high k-vectors, the excitation of which remains challenging. We show that a domain wall (DW)
in anisotropic AFM driven by the spin current can be a source of such propagating SWs with high
frequencies and group velocities. In the proposed generator, the spin current, with polarization
directed along the easy anisotropy axis, excites the precession of the Néel vector within the DW.
The threshold current is defined by the value of the anisotropy in the hard plane, and the frequency
of the DW precession is tuneable by the strength of the spin current. We show that the above
precession of spins inside the DW leads to robust emission of high-frequency propagating SWs into
the AFM strip with very short wavelengths comparable to the exchange length, which is hard to
achieve by any other method.

Introduction.—Spin-transfer-torque and spin-Hall
auto-oscillators (AOs) based on ferromagnetic materials
(FMs) are well-established devices in modern spintronics
and have a great potential for advanced signal and
data processing [1–4]. For example, thanks to their
highly nonlinear behavior, they are promising in neu-
romorphic computing applications, such as image or
sound recognition [5–7]. Such complex tasks require
large arrays of strongly mutually coupled AOs that
can be achieved by direct exchange, magneto-dipolar
interactions, or spin waves (SWs) propagating between
individual AOs [8–13]. The latter has special advantages
since SWs can carry signals on large distances and be
additionally processed in the inter-AOs space [7, 14, 15].
Despite the above benefits, the FM AOs have significant
drawbacks, such as the necessity of externally applied
strong magnetic field, low operational frequencies, which
are usually limited by a few tens of GHz [16], and low
velocity of the emitted SWs, which are of the order of 1
km/s.

Recently, it was proposed to use antiferromagnetic ma-
terials (AFM) instead of FM to eliminate the above is-
sues [17–25]. AFM AOs can operate in the THz fre-
quency range and do not require an external magnetic
field due to the well-known feature of the AFM spin dy-
namics – the utilization of the internal exchange field or
so-called – exchange amplification [26–28]. The veloci-
ties of the SWs in AFMs can reach dozens of km/s [29],
which is promising for the fast signal/data transduction
between AOs. However, substantially short wavelengths
of the excited magnons are required to achieve such high
velocities. The dispersion relation for the propagating

FIG. 1. Schematic representation of the proposed ultrashort
SW generator. The spin torque source with a width L is
positioned at the device’s center beneath the AFM DW. The
spin current polarization p aligns with the easy axis. The spin
current application induces a precession of the Néel vector
within the DW in the hard plane with n-fold symmetry. This
precession results in the emission of SWs, as schematically
shown in the lower-left corner.

SWs in AFM reads as ω =
√
ω2
0 + c2k2 (where ω0 is

the frequency of AFM resonance (AFMR), c – maximum
group velocity of magnons and k denotes a wavevector).
Thus, the group SW velocity, vgr = ∂ω/∂k, tends to zero
for a small k, and one is interested in the case k ≳ ω0/c,
which corresponds to the wavelength of a few tens of
nanometers for the typical AFMs, like orthoferrites [30],
(40 nm for ω0/2π = 500 GHz, c = 20 km/s). The ex-
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citation of such short coherent waves is a fundamental
problem of modern magnonics since it requires an ultra-
compact source of magnons [31], despite different finesses,
such as the usage of higher-order radial and azimuthal
modes.

Here, we propose to employ a spin-current driven do-
main wall (DW) in an AFM as an ultra-compact source
of the propagating coherent SWs. We demonstrate the-
oretically and by micro-magnetic simulations that the
simple spin texture, such as an AFM DW, driven by
spin current [32, 33], can be a source of the propagat-
ing SWs with substantially high frequencies and short
wavelengths, comparable to the exchange length of the
AFM. We consider a device, schematically shown in Fig.
1, which is based on a thin film of an AFM with easy-
axis anisotropy and n-fold rotational symmetry in the
hard plane. In the proposed generator, the spin cur-
rent flowing from the adjunct layer with the polarization
along the principal axis excites the precession of the Néel
vector within the DW. We assume the finite size of the
spin current source with a width L located directly un-
der a DW. The threshold current of the excitation is de-
fined by the value of the anisotropy in the hard plane,
and the frequency of the DW precession ω is tuneable
by the strength of the spin current. We show that the
above precession of the DW leads to the excitation of two
modes of magnons with the frequencies (n ± 1)ω, where
n is the order of the anisotropy. A robust emission of
the propagating SWs into the AFM strip occurs when
(n ± 1)ω > ω0, where ω0 defines the frequency of AFM
resonance. Consequently, the maximum achievable fre-
quency of SWs is (n + 1)ω, which corresponds to very
short wavelengths of the SW, comparable with the ex-
change length, especially for the hexagonal AFMs. The
excitation of the high wavevectors is possible due to the
substantially small width of the DW in AFM, which is
hard to achieve by any other method.

Model.—The low-energy dynamics of a colinear AFM
can be described using the Lagrangian L = T − U for
the Néel vector l = (M1 −M2)/Ms, where |Mi| =Ms/2
is the magnetization of the sublattice i = 1, 2 and Ms

is the value of saturated AFM magnetization. The
“kinetic” energy T = (Ms/2γωex)(∂tl)

2 determines the
inertial properties of the AFM spin dynamics, where
ωex = γHex is the frequency defined by the exchange
field Hex of the AFM, and γ is a gyromagnetic ratio.
The “potential” term U = (A/2)(∇l)2 + wa(l) is deter-
mined by nonuniform exchange (A) and anisotropy en-
ergy wa. Expressing the Néel vector in spherical coor-
dinates l = {sin θ cosϕ, sin θ sinϕ, cos θ}, the anisotropy
energy density reads:

wa =
K

2
sin2 θ +

Kn

n
sinn θ sin2

(
nϕ

2

)
, (1)

where the first term defines uniaxial anisotropy of the
easy-axis type (K > 0), and the second one defines an

anisotropy in the hard plane (Kn > 0), for an AFM with
an n-fold axis Cn. Here z-axis is chosen along the easy
axis of the AFM, K > Kn, and the ground state corre-
sponds to lz → ±1, (θ = 0, π).
A purely uniaxial AFM model (Kn = 0) possesses

formal Lorentz invariance [28, 34] with the character-
istic velocity c = γ

√
HexA/Ms and degeneracy of the

antiferromagnetic resonance (AFMR) frequency ω0 =
γ
√
HexK/Ms. The solution for a stationary DW with

boundary conditions lz|±∞ → ±1 can be found from the
minimum of the potential energy U as cos θ0 = tanhx/x0
and φ = φs, where x0 =

√
A/K is the thickness of

stationary DW and angle ϕs determines the rotation of
the l vector in the hard plane. The rotational dynamics
of interest thus can be described by the transformation
φ = ωt+φs and x0 → ∆(ω) = x0/

√
1− ω2/ω2

0 , where ω
denotes angular velocity of the Néel vector precession in
a DW [28, 34]. To induce the rotational dynamics, a spin
current that is polarized along the easy axis of the AFM
can be utilized. The frequency ω dependence on the cur-
rent j is governed by the equilibrium between the total
energy losses in the DW and the energy gained within
the constrained region (with the width L, see Fig.1) of
the spin current’s contact area [32]:

αω = σj tanh

(
L

2x0

√
1− ω2

ω2
0

)
, (2)

where α is an effective Gilbert damping, σ is a spin torque
efficiency and j is a density of electric current. In the case
of a large spin-torque source, L ≫ x0 and ω ≪ ω0, the
frequency of the rotation is linearly proportional to the
applied current ω = σj/α.
Let us continue our analysis with the second term of

Eq. 1 – namely, anisotropy in the hard plane Kn, that
leads to the excitation of spin waves. In order to inves-
tigate spin waves excitation, we consider small perturba-
tions of the initial DW solution as θ = θ0(x) + ϑ(x, t)
and φ = φs + ωt + µ(x, t)/ sin θ0(x). It is convenient to
combine polar and azimuthal perturbations into a single
complex variable ψ = µ + iϑ. Assuming small value of
the symmetry-reducing term Kn ≪ K, one can obtain
the linearized equation for ψ in the form [35] (see Sup-
plementary Material [36] for the details):

Ĥ0ψ +
1

ω2
0 − ω2

∂2t ψ − 2iω cos θ0
ω2
0 − ω2

∂tψ =

B+
n (ξ)einωt +B−

n (ξ)e−inωt,

(3)

where Ĥ0 is the Schrödinger operator with the reflection-
less Pöschl-Teller potential Ĥ0 = −∂2ξ + 1 − 2 cosh2 ξ,
ξ = x/∆. The left side of Eq. (3) describes small-
amplitude excitations in an AFM containing a precessing
DW. The included type of potential created by a DW for
linear SWs was already discussed for the FM as well as
AFM materials. Particularly, the emission of exchange
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SWs from a Bloch DW, excited by a microwave magnetic
field, was predicted for FMs in [37]. For uniaxial AFMs,
the above approach was employed in [38], where the
propulsion of a DW by incoming SWs was demonstrated.
The right-hand side of Eq. (3) represents periodic driving
“force” with frequencies ±nωt and corresponding ampli-
tudes B±

n (ξ) = −iBn sin
n−1 θ0(cos θ0 ± sin θ0)/2, where

Bn = Kn/2K(1− ω2/ω2
0) is proportional to the value of

the anisotropy in the hard plane. Please note that super-
scripts indicate the sign of the corresponding frequency,
i.e., the direction of ψ rotation.

The free solution of Eq. (3) can be represented in the

form of a planar wave ψ = ei(k̃ξ+Ω̃t), where k̃ = k∆ is the
rescaled wave vector and Ω̃ = Ω±ω is the wave frequency
in the rotating reference frame. At a large distance from
the DW, k̃ and Ω̃ are connected by the relation

k̃2|ξ→±∞ =
(ω ∓ Ω̃)2 − ω2

0

ω2
0 − ω2

, (4)

which is a transformed version of the known dispersion
law for spin waves Ω2 = ω2

0 + c2k2 in the observer’s co-
ordinate system.

As it follows from the right-hand side of the Eq. (3),
ψ(ξ, t) should be expressed as a linear combination of
terms with both positive and negative frequencies ±nωt.
However, it is sufficient to consider one frequency sign
since the part with the opposite sign is symmetric with
respect to ξ = 0. Separating spatial and time variables
as ψ = χ±(ξ)e±inωt the equation (3) can be written as

−∂2ξχ± + U±
ω (ξ)χ± = B±

n (ξ), (5)

for the spatial part χ±(ξ), where U±
ω (ξ) is a dimensionless

potential for SWs created by a DW rotation and is given
by

U±
ω (ξ) = 1− 2

cosh2 ξ
− n2ω2

ω2
0 − ω2

± 2nω2

ω2
0 − ω2

tanh ξ (6)

The function B±
n (ξ) in Eq. 5 defines the amplitude of

a spin wave, while the potential U±
ω (ξ) defines the condi-

tion for its propagation. Particularly, for the propagating

SW in the form χ(ξ) ∝ e±ik̃ξ the wavevector acquires the
real value k̃2 > 0 when

U±
ω (±∞) < 0. (7)

Thus, Eq. (7) is a condition for a SW propagation with
a wavevector k̃2 given by the relation (4) with a substi-
tution Ω̃ → nω.

The potential U±
ω depends on the frequency of DW

rotation ω, see Fig. 2, which in turn can be controlled
by the applied current in accordance with Eq. 2. Thus,
by increasing the current, the condition for the emission
is fulfilled when certain critical frequencies are exceeded:

ω > ωcr, ω2
cr = ω2

0/(n± 1)2. (8)

FIG. 2. Potential U±
ω created by a precessing DW for SWs,

given by Eq. (6), for a different frequency ω of a DW pre-
cession. Solid lines correspond to the positive sign of a SW
frequency, while dashed lines correspond to the negative sign.

In general, critical frequencies (8) distinguish three fre-
quency ranges of the DW precession. At low frequencies
ω < ω0/(n + 1) propagating SWs are not excited, since
the wavevector k is purely imaginary. At ω0/(n + 1) <
ω < ω0/(n − 1) only one branch of propagating SWs is
emitted by a DW with a frequency Ω = (n + 1)ω. At
ω > ω0/(n − 1) the second branch of SWs appears with
frequency Ω = (n − 1)ω. The third region is, however,
absent for two-fold anisotropy with n = 2, since corre-
sponding frequencies lay below AFMR.

Micromagnetic simulations.—To validate our analyt-
ical findings, we carried out micro-magnetic simula-
tions using MuMax3 solver [39] for a system schemati-
cally shown in Fig. 1. The AFM film has lateral sizes
0.14 × 1.56 µm2 with a thickness of 5 nm. The selected
parameters used for the AFM correspond to the DyFeO3

and are given as [30]: α = 10−3, Ms = 8.4 · 105 A/m,
A = 18.9 pJ/m, Hex = 670 T, the anisotropy constant
along the easy axis K = 300 kJ/m3. These parame-
ters correspond to the characteristic speed c = 22 km/s,
the frequency of the AFM resonance ω0/2π = 0.45 THz,
and the width of a stationary DW x0 = 8 nm. DyFeO3

was chosen due to the relatively simple tunability of the
second anisotropy K2 in this material, for example, by
temperature [40–42]. Particularly, at low temperatures,
it is possible to achieve a uniaxial state [40] with Kn = 0,
where two magnon modes are degenerated, and by vary-
ing temperature in the vicinity of this point, it is possible
to tune K2 in a wide range.

A spin current source with a lateral size 0.14×0.1 µm2

(L = 100 nm) is positioned under a DW at the center of
the device, injecting a spin torque polarized along the
easy axis of the AFM. The frequency of the DW rotation
is evaluated at the central location, where an initially
relaxed DW is present. The selected polarization of a
spin torque does not induce translational DW movement.
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However, additional methods, such as nanoconstriction-
based pinning, can be utilized for the DW stabilization,
if necessary. The frequencies of the excited SWs are mea-
sured at a distance of 300 nm from the DW.

FIG. 3. The results of simulations for two-fold anisotropy in a
hard AFM plane, n = 2. a) The frequency of the DW rotation
(empty circles) and emitted SWs (filled circles) are shown as
a function of the applied current density for different values
of K2 anisotropy. Solid black lines are calculated analytically
using Eq. (2). Angular frequency labels are employed for sim-
plicity and correspond to the respective rotational frequencies
f = ω/2π b) The profiles of emitted SWs far from a DW with
the extracted values of the wavelengths: λ = 71 nm (red), 40
nm (green), 25 nm (blue).

Figure 3 shows the results of simulations with 2-fold
anisotropy in the hard AFM plane, considering various
values of K2. The presence of K2 anisotropy induces
the excitation threshold current σjth = ω2

2/(2ωex), where
ωn = γ

√
HexKn/Ms. In particular, for K2/K = 0.02,

the excitation starts at jth = 0.53× 1012 A/m2 with fre-
quency ωth ≃ σjth/α = ω2

n/(2αωex) ≈ 100 GHz. With
an increase in current, the frequency of DW rotation
reaches the critical frequency ωcr,1 = ω0/3 = 150 GHz,
leading to the detection of SWs at a large distance from
the DW. The dependence of the DW frequency on the
applied current is in good agreement with Eq. 2, despite
that it is derived with the assumption Kn/K ≪ 1. As
predicted above, the frequency of the propagating SW is
multiple of the DW frequency with a factor of n+ 1 = 3
and, hence, follows the scaled dependence (2) on the ap-
plied current.

Since increasing the anisotropy Kn leads to an increase
in the threshold current jth, the frequency of a DW pre-
cession at the threshold exceeds ωcr,1 for high values
of Kn. As a result, only SWs with a substantial fre-
quency gap above AFMR can be excited in this case, see

FIG. 4. The results of simulations for four-fold anisotropy in a
hard AFM plane, n = 4. a) The frequency of the DW rotation
(empty circles) and emitted SWs (filled circles) are shown as a
function of the applied current density for K4/K = 2× 10−2.
Solid black lines are calculated analytically using Eq. (2). b)
Group velocity and c) wavelength of the excited SWs as a
function of the applied current density.

Kn/K = 0.04 and 0.06 in Fig. 3. Another outcome of
raising Kn is the increase of the SW amplitude, since
driving term B±

n ∝ Kn in Eq. (5). The SW radiation
serves as an additional dissipation mechanism and results
in a reduction of the measured DW frequency (and corre-
spondingly the frequency of emitted SWs) as compared
to the dependency (2). This effect is visible in Fig. 3 for
Kn/K = 0.06.

The results for 4-fold anisotropy with K4/K = 0.02
are shown in Fig. 4. Here, all other parameters are left
unchanged for the possibility of a direct comparison with
the n = 2 case. The excitation threshold current for
n = 4 is given by σjth = ω2

4/(3ωex), which corresponds
to jth = 0.35×1012 A/m2 and a frequency of ωth/2π = 70
GHz. Upon reaching the first critical frequency ωcr,1 =
ω0/5 = 90 GHz, only SWs with a five-fold frequency
are observed. As the current is further increased, the
DW surpasses the subsequent critical frequency ωcr,2 =
ω0/3 = 150 GHz, leading to the emission of SWs with a
triple frequency as well.

Fig. 4 b) and c) show group velocity and a wavelength
of emitted SWs as a function of applied current. Our
simulation results suggest ultra-high velocities, exceeding
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10km/s, even at low supercriticality, while at higher cur-
rents, the velocity of emitted SWs is closely approaching
the maximum value of 22km/s. Such a result is extremely
hard to achieve by any other method of excitation due to
the extremely small wavelength ≃ 10nm (see Fig. 4 c) of
the magnon.

Discussion.— One can note that Eq. (3) is derived
for the conservative case, i.e., does not take dissipation
and spin current into account. Thus, the emission of the
SWs can be created by any mechanism, which leads to the
corresponding spin precession in the DW, and spin torque
induced by a current is one of them. Gilbert damping
defines the frequency of the DW precession in accordance
to Eq. (2) and also leads to the decay of the propagating
SWs, as one can see in the inset of Fig. 3.

It’s worth mentioning that the anisotropy in the hard
plane is not the only mechanism that leads to the re-
duction of the DW dynamic symmetry [35]. The corre-
sponding effect of the SWs emission can occur in AFM
with a specific form of the Dzyaloshinskii–Moriya inter-
action (DMI) characterized by a function D(θ, ϕ). The
forms of the functions D(θ, ϕ) for many AFMs are de-
tailed in Ref. [43]. The incorporation of DMI results
leads to the term of a form D(θ) sinnωt in the right-hand
side of Eq. (3), which acts as a periodic driving “force”,
similarly to the effect of anisotropy.

To summarize, it has been shown theoretically and
confirmed by micromagnetic simulations that the AFM
DW, in which internal rotational dynamics is excited by
a spin current, can be utilized as a generator of SWs with
remarkably high frequencies and group velocities, which
correspond to short wavelengths of the order of the AFM
exchange length. The AFM DW, due to its small charac-
teristic width, serves as an efficient generator of SWs that
are difficult to excite by other methods. In addition, the
application of such radiation for the synchronization of
AFM oscillators with multiple DWs, where the dynamics
is induced by the spin torque, is of particular interest.
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zon 2020 research and innovation programme (Grant
TOPSPIN No 835068) and the Swedish Research Council
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A. Rusu, and J. Åkerman, Spin-torque and spin-hall
nano-oscillators, Proceedings of the IEEE 104, 1919
(2016).

[5] J. Grollier, D. Querlioz, K. Camsari, K. Everschor-Sitte,
S. Fukami, and M. D. Stiles, Neuromorphic spintronics,
Nature electronics 3, 360 (2020).

[6] M. Romera, P. Talatchian, S. Tsunegi, F. Abreu Araujo,
V. Cros, P. Bortolotti, J. Trastoy, K. Yakushiji,
A. Fukushima, H. Kubota, et al., Vowel recognition with
four coupled spin-torque nano-oscillators, Nature 563,
230 (2018).

[7] M. Zahedinejad, A. A. Awad, S. Muralidhar, R. Khymyn,
H. Fulara, H. Mazraati, M. Dvornik, and J. Åkerman,
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Spin torque oscillator frequency versus magnetic field an-
gle: The prospect of operation beyond 65 ghz, Applied
Physics Letters 94, 102507 (2009).

[17] R. Cheng, D. Xiao, and A. Brataas, Terahertz antiferro-
magnetic spin hall nano-oscillator, Physical review letters
116, 207603 (2016).

[18] R. Khymyn, I. Lisenkov, V. Tiberkevich, B. A.
Ivanov, and A. Slavin, Antiferromagnetic thz-frequency



6

josephson-like oscillator driven by spin current, Scientific
reports 7, 1 (2017).

[19] O. Sulymenko, O. Prokopenko, V. Tiberkevich,
A. Slavin, B. Ivanov, and R. Khymyn, Terahertz-
frequency spin hall auto-oscillator based on a canted anti-
ferromagnet, Physical Review Applied 8, 064007 (2017).

[20] Ø. Johansen and A. Brataas, Spin pumping and in-
verse spin hall voltages from dynamical antiferromagnets,
Physical Review B 95, 220408 (2017).

[21] O. Gomonay, V. Baltz, A. Brataas, and Y. Tserkovnyak,
Antiferromagnetic spin textures and dynamics, Nature
Physics 14, 213 (2018).

[22] V. Puliafito, R. Khymyn, M. Carpentieri, B. Azzerboni,
V. Tiberkevich, A. Slavin, and G. Finocchio, Micromag-
netic modeling of terahertz oscillations in an antiferro-
magnetic material driven by the spin hall effect, Physical
Review B 99, 024405 (2019).

[23] D.-K. Lee, B.-G. Park, and K.-J. Lee, Antiferromagnetic
oscillators driven by spin currents with arbitrary spin po-
larization directions, Physical Review Applied 11, 054048
(2019).

[24] R. E. Troncoso, K. Rode, P. Stamenov, J. M. D. Coey,
and A. Brataas, Antiferromagnetic single-layer spin-orbit
torque oscillators, Physical Review B 99, 054433 (2019).

[25] A. Parthasarathy, E. Cogulu, A. D. Kent, and
S. Rakheja, Precessional spin-torque dynamics in biaxial
antiferromagnets, Physical Review B 103, 024450 (2021).

[26] E. Gomonay and V. Loktev, Spintronics of antiferromag-
netic systems, Low Temperature Physics 40, 17 (2014).

[27] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono,
and Y. Tserkovnyak, Antiferromagnetic spintronics, Re-
views of Modern Physics 90, 015005 (2018).

[28] E. Galkina and B. Ivanov, Dynamic solitons in antiferro-
magnets, Low Temperature Physics 44, 618 (2018).

[29] J. Hortensius, D. Afanasiev, M. Matthiesen, R. Leen-
ders, R. Citro, A. Kimel, R. Mikhaylovskiy, B. Ivanov,
and A. Caviglia, Coherent spin-wave transport in an an-
tiferromagnet, Nature physics 17, 1001 (2021).

[30] E. Turov, A. Kolchanov, M. Kurkin, I. Mirsaev, and
V. Nikolaev, Symmetry and Physical Properties of An-
tiferromagnets (Fizmatlit, Moscow, 2001).

[31] M. Hamdi and D. Grundler, Terahertz slonczewski prop-

agating spin waves and large output voltage in antiferro-
magnetic spin-hall nano-oscillators (2022).

[32] R. V. Ovcharov, E. G. Galkina, B. A. Ivanov, and R. S.
Khymyn, Spin hall nano-oscillator based on an antifer-
romagnetic domain wall, Physical Review Applied 18,
024047 (2022).

[33] R. Ovcharov, B. A. Ivanov, J. Åkerman, and R. Khymyn,
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The Lagrangian density of the sigma-model describing the dynamics of the Néel vector l in the nondissipative limit
can be represented in the form:

L =
Ms

2γωex
(∂tl)

2 − A

2
(∇l)2 − wa(l), (1)

where Ms is the saturation magnetizaton of the AFM, γ is a gyromagnetic ratio, ωex = γHex is the frequency defined
by the uniform exchange field Hex, A is the inhomogeneous exchange constant. The anisotropy energy in spherical
coordinates l = {sin θ cosϕ, sin θ sinϕ, cos θ} is taken in the form

wa(l) =
K

2
sin2 θ +

Kn

n
sinn θ sin2

(
nϕ

2

)
. (2)

Here, the first term defines purely uniaxial anisotropy of the easy-axis type K > 0, z axis is chosen along the easy axis
of the AFM so that the ground state corresponds to θ = 0, π. The second term defines the simplest form of anisotropy
in the basal plane for an AFM with an easy axis of the n-th order Cn, which is assumed to be small Kn ≪ K.

For the Lorentz-invariant model of an AFM in the approximation of purely uniaxial symmetry Kn = 0, the solution
for a stationary wall has the form

cos θ0 = tanh

(
x

x0

)
, ϕ = ϕ0, (3)

where the angle ϕ0 determines the rotation plane of the Néel vector l in the wall. The characteristic scale is given by
the thickness of the DW at rest x0 =

√
A/K, which can be expressed through the characteristic speed of magnons c =

γ
√
HexA/Ms and characteristic frequency (the magnon gap defined by the easy axis anisotropy) ω0 = γ

√
HexK/Ms as

x0 = c/ω0. The characteristic intrawall frequency is defined by the anisotropy in the basal plane ωn = γ
√
HexKn/Ms.

The DW with the precession of spins inside is described by

cos θ0 = tanh
( x
∆

)
, ϕ = ϕ0 + ωt, (4)

where the DW thickness ∆ has the next ansatz ∆ = x0/
√

1− ϕ̇2/ω2
0 = x0/

√
1− ω2/ω2

0 .

The dissipative function, taking into account the contribution of spin torque (ST), is given by:

R =
Ms

2γ

[
α(∂tl)

2 − 2τ∂tl(l× p)
]
, (5)

where α is the effective dissipation constant and τ = σj is the torque created by a spin current expressed in the units
of frequency, σ is the torque-current proportionality coefficient.

COLLECTIVE COORDINATES APPROACH.

The Lagrangian density and the rate of energy change associated with the rotational dynamics are given in spherical
coordinates as
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Lϕ =
Ms

2γωex

[
(ϕ̇2 − ω2

0) sin
2 θ − 2ω2

n

n
sinn θ sin

(
nϕ

2

)]
, (6)

Ėϕ = −l̇
∂R
∂ l̇

= −αMs

γ
ϕ̇2 sin2 θ +

τMs

γ
ϕ̇ sin2 θ. (7)

The forced rotational dynamics of an AFM DW can be described by the collective coordinate Φ(t). The effective
Lagrangian density and energy dissipation function can be obtained by integrating (6) and (7) over x in infinite limits
using the DW profile (4) with a substitution ϕ → Φ. Energy dissipation function can be written as ĖΦ = Φ̇FΦ, and
we are interested in the nonconservative moment of force FΦ that will be incorporated into a standard Euler-Lagrange
equation.

FΦ = −2αMs∆

γ
Φ̇ +

2τMs∆

γ
. (8)

The “kinetic” part TΦ of the Lagrangian density LΦ = TΦ−UΦ is equal to TΦ = (Ms∆/γωex)Φ̇
2, and the potential

part depends on the symmetry order n:

γωex

Ms∆
UΦ =

{
ω2
2 sin

2 Φ if n = 2

(ω2
4/3) sin

2 2Φ if n = 4

Therefore, for n = 2, the equation of motion reads

1

ωex
Φ̈ + αΦ̇ +

ω2
2

2ωex
sin 2Φ = τ, (9)

that specifies the threshold torque as τth = σjth = ω2
2/(2ωex). For n = 4, one can obtain

1

ωex
Φ̈ + αΦ̇ +

ω2
4

3ωex
sin 4Φ = τ, (10)

with the threshold torque τth = ω2
4/(3ωex).

PERTURBATION THEORY.

The complete Lagrangian in a form convenient for analyzing the one-dimensional DW with θ = θ(x, t) and ϕ =
ϕ(x, t) reads

L =E0

∫
dx

2x0

{
ω−2
0

[
(∂tθ)

2
+ (∂tϕ)

2
sin2 θ

]
− x20

[
(∂xθ)

2
+ (∂xϕ)

2
sin2 θ

]
− sin2 θ − 2Kn

nK
sinn θ sin2

(
nϕ

2

)}
, (11)

where E0 = S⊥
√
AK is the energy of a planar stationary wall with the cross-sectional area of the AFM sample S⊥.

Equations for the variables θ and ϕ can be written as follow:

ω−2
0 ∂2t θ − x20∂

2
xθ + sin θ cos θ

[
1 + x20(∂xϕ)

2 − ω−2
0 (∂tϕ)

2
]
=
Kn

K
sinn−1 θ cos θ sin

(
nϕ

2

)
, (12)

ω−2
0 ∂t

(
sin2 θ∂tϕ

)
− x20∂x

(
sin2 θ∂xϕ

)
=
Kn

2K
sinn θ sin(nϕ). (13)

The system (12) and (13) without anisotropy in the basal plane has the solution of the DW with the precession of
spins (4). Considering that the terms on the right-hand side are small Kn ≪ K, we will consider small perturbations
to the “zero” solution (4) in the form:

θ = θ0(x) + ϑ(x, t),

ϕ = ϕ0 + ωt+ µ(x, t)/ sin θ0(x).
(14)
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Linearizing the left-hand sides of the system (12) and (13) with respect to ϑ and µ and limiting to the zeroth
approximation in the right-hand sides, one obtains a system of linear inhomogeneous equations for ϑ and µ in the
following form:

(
Ĥ0 +

1

ω2
0 − ω2

∂2t

)
ϑ− 2ω cos θ0

ω2
0 − ω2

∂tµ = −Bn sin
n−1 θ0 cos θ0 cosnωt,

(
Ĥ0 +

1

ω2
0 − ω2

∂2t

)
µ+

2ω cos θ0
ω2
0 − ω2

∂tϑ = Bn sin
n θ0 sinnωt,

(15)

Here, the terms that do not contain time dependencies are omitted, and the following notation is usedBn = Kn/2K(1−
ω2/ω2

0). The equations for ϑ and µ contain the Schrödinger operator with the Pöschl-Teller potential

Ĥ0 = −∂2ξ + 1− 2

cosh2 ξ
, ξ = x/∆ (16)

For further analysis, it is convenient to introduce a complex variable ψ = µ+ iϑ. By using the transformation

Bn sin
n−1 θ0(sin θ0 sinnωt− i cos θ0 cosnωt) =

− iBn sin
n−1 θ0
2

[
(cos θ0 + sin θ0)e

inωt + (cos θ0 − sin θ0)e
−inωt

]
=

− iBn sech
n−1 ξ

2

[
(tanh ξ + sech ξ)einωt + (tanh ξ − sech ξ)e−inωt

]
= B+

n (ξ)einωt +B−
n (ξ)e−inωt,

(17)

one gets the equation for ψ in the following form:

Ĥ0ψ +
1

ω2
0 − ω2

∂2t ψ − 2iω cos θ0
ω2
0 − ω2

∂tψ = B+
n (ξ)einωt +B−

n (ξ)e−inωt. (18)

For a free solution of the form ψ ∝ ei(k̃ξ+Ω̃t), the Lorentz-transformed wave vector k̃ = k∆ = kx0/
√

1− ω2/ω2
0 and

the wave frequency in the rotating frame Ω̃ are connected at a distance from the DW by the reletation

k̃2|ξ→±∞ =
(ω ∓ Ω̃)2 − ω2

0

ω2
0 − ω2

(19)

From Eq. (18), the solution for ψ should include additives with positive and negative frequencies ±nωt. The general
solution can be represented as a superposition of solutions with different frequency signs. It is sufficient to consider
the part of the equation that is proportional to einωt, since the solution that is proportional to e−inωt is symmetric
with respect to ξ = 0. The equation for the coordinate part of the function ψ = χ(ξ)e+inωt reads

−∂2ξχ+

(
1− 2

cosh2 ξ
− n2ω2

ω2
0 − ω2

+
2nω2

ω2
0 − ω2

tanh ξ

)
χ = B+

n (ξ) (20)

To simplify, we replace the expressions of type sinn θ0 by the delta function sinn θ0 −→ unδ(ξ), and the expressions
of type sinn−1 θ0 cos θ0 by the derivative of the delta function with respect to the coordinate sinn−1 θ0 cos θ0 −→
un−1δ

′
(ξ)/(n−1) , where the constant un is determined from the condition

∫∞
−∞ sinn θ0dx =

∫∞
−∞ sechn ξdξ = un, and

we also approximate cos θ0 by a step function Ξ, putting Ξ = sign ξ. Formally, these simplifications are only applicable
for very large k >> 1; however, the numerical calculation showed that the results obtained in this approximation are
qualitatively applicable to k ∼ 1.

−∂2ξχ+
ω2
0 − ω2(1− nΞ)2

ω2
0 − ω2

χ = − iBn

2

[
unδ(ξ) +

un−1

n− 1
δ
′
(ξ)

]
(21)

The solution of the coordinate part thus can be found as a superposition of the solutions with separately considered
delta function and a derivative of the delta function in the form:

χ(ξ) =

{
Le−ik(−)ξ at ξ < 0,

Reik(+)ξ at ξ > 0,
(22)
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where the quantities k(+) and k(−) are given by substituting Ω̃ → nω into Eq. (19):

k2(±) = k̃2|ξ→±∞ =
(n∓ 1)2ω2 − ω2

0

ω2
0 − ω2

(23)

The contributions to the amplitude can be found from the join conditions:

{
χ(−0)− χ(+0) = − iBnun−1

2(n−1) ,

χ
′
(−0)− χ

′
(+0) = − iBnun

2

(24)


