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Spin Hall Nano-Oscillator Based on an Antiferromagnetic Domain Wall
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We propose here a high-frequency spin-Hall nano-oscillator based on a simple magnetic texture, such
as a domain wall, located in an antiferromagnet with an easy-axis anisotropy type. We show that the spin
current, polarized along the anisotropy axis, excites a conical precession of the Néel vector in such a
domain wall, which allows obtaining a robust ac output signal—contrary to the planar precession in a uni-
form uniaxial antiferromagnet, where ac output is hard to achieve. The frequency of the auto-oscillations
is easily tunable by the applied current up to the terahertz range, and the threshold current vanishes for
a pure uniaxial antiferromagnet. By micromagnetic simulations, we demonstrate that the pinning of the
domain wall is crucial for the oscillator design, which can be achieved in the nanoconstriction layout of
the free layer.
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I. INTRODUCTION

Spin-transfer-torque and spin-Hall nano-oscillators
(STNOs and SHNOs) are well-established devices in mod-
ern spintronics [1–4]. They can act as tiny frequency
generators, or as strongly nonlinear “active” elements for
advanced signal processing, including neuromorphic [5]
and stochastic [6] computing. Both types of oscillators
consists of a “free” magnetic layer and an adjunct spin-
current source. Spin torque, which arises from the input
spin current, drives the magnetization dynamics, which can
then be readout as an output electric alternate current. The
operational frequency of ferromagnetic devices is defined
by the resonant modes of the magnetic layer, i.e., is deter-
mined by the bias magnetic field [7,8] and usually lies in
the 1–50 GHz range [9], but in practice rarely exceeds 30
GHz.

A significant growth of the operating frequencies, even
in the absence of an external field, can be realized in
portable spintronics devices by employing antiferromag-
netic (AFM) [10,11] or compensated ferrimagnetic [12,13]
materials for “free” layers, where a strong exchange field
has a definitive contribution to the spin dynamics [14–16].
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Thus, the so-called exchange enhancement is applied to
the main AFM dynamic parameters: it leads to the ultra-
high frequencies of the magnetic resonance [17], which
can reach a terahertz frequency range (0.3–3.0 THz) and
substantially high limiting velocity of domain-wall motion
[18]. Exchange enhancement also occurs for nonconser-
vative phenomena, such as magnetic damping and spin-
transfer torque. Besides, the AFMs can conduct [19],
rectify [20], and even amplify [19,21] the spin current.

In the recently proposed AFM-based SHNOs the spin
current, polarized along p, induces a torque on the Néel
vector l, which starts to rotate in the plane perpendicular to
p [10,11,16,22]. The dynamics of the Néel vector, in turn,
can induce an output electric current

jout ∝ τout = [l × l̇] (1)

by spin-pumping and inverse spin-Hall mechanisms.
Since, for a planar rotation, l̇ ⊥ l ⊥ p (known as prolif-
eration [10]), the alternate output is present only for the
nonuniform in time Néel vector dynamics. This method is
applicable to the biaxial AFM with the easy-plane type of
primary magnetic anisotropy [11,15], where the in-plane
potential created by the small secondary anisotropy accel-
erates and decelerates the rotation of the Néel vector. This
potential, however, creates a threshold for auto-oscillations
that would require the application of extremely high cur-
rents for its overcoming in the case of easy-axis AFMs.
Besides, the above method produces a substantial ac out-
put only not far above the threshold that limits a useful
frequency range.

2331-7019/22/18(2)/024047(8) 024047-1 Published by the American Physical Society

https://orcid.org/0000-0002-5582-7625
https://orcid.org/0000-0002-9698-1610
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.024047&domain=pdf&date_stamp=2022-08-17
http://dx.doi.org/10.1103/PhysRevApplied.18.024047
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html


R. V. OVCHAROV et al. PHYS. REV. APPLIED 18, 024047 (2022)

(a) (b)

FIG. 1. Schematic diagrams illustrating a microwave genera-
tor with a thin film of a uniaxial AFM with domain wall used
as an active element in (a) nanoconstriction and (b) rectangular
geometries. The Néel vector is shown by the yellow arrows, the
black arrow shows the electrical current direction, and the blue
arrow indicates the direction of the spin current polarization.

Another way to get the ac signal is to excite the coni-
cal precession of l for easy-axis AFM [10], or for AFMs
in the so-called cone phase [15]. To achieve this, here we
propose to use the natural heterogeneity of magnetic order
inside magnetic solitons; various types of those already
play a significant role in ferromagnetic-based spintronics
[23–29]. We consider the simplest topologically stable (the
topological charge π0) soliton, describing a 180◦ domain
wall [30] (DW) and show that nano-oscillators based on an
AFM DW can create a substantial ac output while keep-
ing the benefits of the AFM materials, such as ultrahigh
achievable frequency. We are focused on the spin-Hall
geometry of the device (see Fig. 1); however, the devel-
oped theory of the DW dynamics is also applicable for
STNOs with 90◦ rotation of the appropriate axes.

II. SPIN CURRENT DRIVEN DYNAMICS OF A DW

AFM DW motion under the action of spin-orbit torques
has already aroused considerable interest in the literature
[31,32]. In particular, it was shown that both nonconser-
vative (dampinglike) and conservative (fieldlike) torques
can drive the translational motion of the DW with ultra-
high velocities [33–35], which are 2 orders of magnitude
higher than those in ferromagnets. Here we are focused on
the dynamics of the DW in the easy-axis AFM excited by
the dampinglike torque.

For our scheme, the possibility of controlling DWs in a
thin film of AFM is of crucial importance. The presence of
a weak noncompensated magnetic moment makes the solu-
tion simple for easy-axial canted AFM-like orthoferrites.
For DyFeO3, canted (weak ferromagnetic) phase is present
above the so-called Morin point, approximately 50 K.

Thanks to this magnetic moment, a quite-regular domain
structure is well known for canted AFMs (see, e.g., Fig. 6
in the review article [36]). An application of nonuniform
in space and weak enough magnetic field with the field
gradient as small as 0.1 T/cm stabilizes the two-domain
configuration with a single DW placed on the line of zero
field (see Fig. 10 of Ref. [36]). Even for “pure” AFMs,
in particular, for the antiferromagnetic phase of DyFeO3
below the Morin point, DWs were observed optically and
controlled by the usage of a combination of a magnetic
field and stress [37]. The aforementioned results corre-
spond to films with a thickness of the order of microns, but
domain structures are known even for ultrathin magnetic
films, and even for magnetic monolayers [38]. Epitaxial
films of dysprosium orthoferrite with thicknesses down to
5–10 nm were grown using pulsed laser deposition [39].
For these films, the magnetic structure, including the value
of the weak magnetic moment of the order of 0.05 μB on
an iron ion, is the same as for the bulk material.

The low-energy (in comparison with the energy of
the exchange interaction) spin excitation of an AFM can
be described by a σ -model equation with a single vari-
able—unit Néel vector l [12,16] (normalized by the sat-
urated AFM magnetization value Ms, which corresponds
to the parallel orientation of both sublattices). The vector l
is convenient to represent in angular variables:

lx = sin θ cosφ, ly = sin θ sinφ, lz = cos θ .
(2)

Here the axis z is chosen along the easy axis of the AFM,
so that the ground state corresponds to θ = 0,π . The
Lagrangian density is then [22,40]

L = Ms

2γωex
[θ̇2 − c2θ ′2 + sin2 θ(φ̇2 − c2φ′2)] − wa, (3)

where an upper dot and prime denote derivatives over time
and space, respectively, γ is a gyromagnetic ratio, ωex =
γHex is the frequency defined by the uniform exchange
field Hex of the AFM, and c = x0ω0 = γ

√
HexA/Ms is

the characteristic speed of magnons, which can be writ-
ten through the domain-wall thickness x0 = √

A/K and
the magnon gap ω0 = γ

√
HexK/Ms, where A is the inho-

mogeneous exchange constant. The energy density of the
anisotropy reads

wa = Ms

2γωex
(ω2

0 + ω2
ip sin2 φ) sin2 θ , (4)

where the first term defines purely uniaxial anisotropy K of
the easy-axis type, and the second term defines anisotropy
Kip in the basal plane for an AFM with an easy axis of
the second order C2. We are using a finite value of Kip to
compare pure uniaxial and nonuniaxial cases.
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The natural dissipation and the influx of energy by spin
transfer torque (STT) can be expressed in terms of the
Rayleigh dissipation function as [15,22]

R = αMs

2γ
(θ̇2 + φ̇2 sin2 θ)

+ τMs

γ
[px(θ̇ sinφ + φ̇ cosφ sin 2θ)− pzφ̇ sin2 θ ],

(5)

where α is an effective Gilbert damping, p is the unit vector
along with spin current polarization, and τ is the amplitude
of the STT, expressed in the units of frequency τ = σ j
with j the density of the electrical current and σ the STT
efficiency [3,41].

The rotation of vector l in the AFM driven by the
spin pumping mechanism generates an output spin current
[Eq. (1)] into the adjunct layer with [11,13,15]

τout = ω[z sin2 θ − sin θ cos θ(x cosωt + y sinωt)]. (6)

From Eq. (6), the condition sin θ cos θ �= 0 is required
to obtain the ac output. However, in the case of uni-
form spin dynamics, the angle of stationary precession is
determined from the condition dwa/dθ = 0. From Eq. (4),
dwa/dθ ∝ sin θ cos θ , which corresponds to θ = π/2, i.e.,
the ac signal is absent. Contrary, an ac output appears in
the nonuniform state of the Néel order parameter, or spin
texture, in the region where θ �= π/2. The simplest exam-
ple of such a spin texture is a dynamical domain wall with
the known profile [42–44]

cos θ = tanh
(

x − X (t)



)
, φ = �(t), (7)

where 
 is an instant value of the DW thickness; 
 = x0
for the stationary DW. Using the solution of the DW pro-
file (7) and assuming that α � 1 and τ � ω0, we can write
down the equations of motion through the collective coor-
dinates: the coordinate of the wall center X and the angle
�, which determines the rotation angle of vector l in the
wall center (see the Supplemental Material [45]). We have

1
ωex

d
dt

(
Ẋ



)
+ α

Ẋ



+ τ
π

2
(px sin�− py cos�) = 0, (8)

1
ωex

d
dt
(
�̇)+ α
�̇−
τpz +


ω2
ip

2ωex
sin 2� = 0, (9)

where 
 = x0

√
1 − Ẋ 2/c2

/√
1 − �̇2/ω2

0.
Equations (8) and (9) form one of the main analytical

results of this work: they show the possibility of excitation

of both the rotational (pz �= 0) and translational (px, py �=
0) dynamics of the domain wall by the spin current. With
this in mind, below, we discuss in detail the possibil-
ity of creating a spin-torque nanogenerator based on the
AFM domain wall and analyze the regimes of its operation
depending on the polarization direction of the spin current.

III. MICROMAGNETIC SIMULATIONS

To verify analytical results, we perform micromag-
netic simulations using the MUMAX3 solver [46] employ-
ing method similar to that described in Refs. [47,48].
We choose two geometries of the SHNO: the rectangu-
lar geometry, which completely represents our analytical
model, and the nanoconstriction (NC; see Fig. 1) geometry.
The NC cutout not only increases the local current den-
sity but also induces a pinning potential for the DW since
the minimal length and accordingly the minimal energy
of the DW is reached at the center of the NC. Therefore,
in a pure AFM without another induced pinning center,
a DW created anywhere within a NC area will naturally
relax into the center position, which makes this geometry
advantageous for practical applications. As an AFM layer,
we choose dysprosium orthoferrite DyFeO3, in which the
anisotropy in the easy plane changes its sign at tempera-
ture T = 150 K, and hence can be chosen arbitrarily weak
(this property has been established by investigation of
the DW structure [49], magnetic resonance measurements
[50], and the pump-probe technique [51]). As a spin-Hall
layer, Pt is chosen. Thus, we choose the following param-
eters [17,52]: θSH = 0.1, 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, the value of the weak sec-
ondary AFM anisotropy Kip = 2 kJ/m3. Simulations are
performed for the 136-nm-wide sample (for both cases)
with a centrally located NC with a width of 100 nm and
a cutout radius of 50 nm. For the rectangular shape, the
length of the Pt layer is limited to L = 100 nm to study the
stability of the DW position.

IV. RESULTS AND COMPARISON WITH THE
THEORY

For further analysis of the DW dynamics, we intro-
duce the angle ψ , which determines the direction of the
polarization vector p = z cosψ + y sinψ . The angle ψ
is easily configurable in STNOs, where the adjunct layer
determines the polarization of the spin current. However,
in SHNOs p is strictly determined by the direction of the
electrical current, and in the chosen configuration corre-
sponds to the z direction. Thus, the direction of the easy
axis should be changed to obtain a nonzero angle ψ . In this
case, the domain wall itself does not change its position, as
it is not bound to the spin frame of reference, but the direc-
tion of the output torque is changed; see details below. For
this case, we introduce another angle ϕDW that determines
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(a)

(b) (c)

FIG. 2. (a) Sketch of a Néel vector precession within a DW
under the action of direct spin current. Gray arrows show the
directions of the easy axis (EA) and secondary anisotropy (SA).
(b) Frequency ω/2π of the DW rotation for the NC (blue) and
rectangular (red) geometries. (c) Velocity of the DW as a func-
tion of the dc electric current density. Dots show the values
extracted from the micromagnetic simulations, while solid lines
are calculated analytically. The frequency of the AFM resonance
ω0/2π = 0.45 THz and the limiting velocity c = 22 km/s.

the deviation of the easy axis relative to the DW orientation
(z axis).

Parallel polarization: p = z, ψ = 0◦. The solution for
the DW coordinate X corresponds to the standing wall, as
px = py = 0 in Eq. (8). From Eq. (9) it follows that the spin
current, with polarization along the easy axis pz, excites
Josephson-like dynamics [11] that leads to the rotation of
the Néel vector within a DW under the action of direct spin
current, as is schematically shown in Fig. 2(a). The preces-
sion of the Néel vector is of a conical type, similar to the
precession of magnetization in ferromagnetic oscillators.
However, in ferromagnetic counterparts, the cone opening
angle is defined by a balance between applied torque and
nonlinear damping. In contrast, here it is determined by a
spatial position within a DW, according to the Eq. (7) and
is independent on torque and damping in a wide frequency
range, when �̇ � ω0 is negligible in the expression for a
DW thickness 
.

Josephson-like spin dynamics, described by Eq. (9), has
been widely discussed in the literature in the application to
uniform easy-plane AFM materials [11,53]. Equation (9)
is mathematically analogous to the dynamics of a physi-
cal pendulum in a gravitational potential under the action
of constant external torque. In this analogy, the magnetic
anisotropy ωip plays the role of a gravitational field, and
Gilbert damping plays the role of friction. Therefore, the
threshold torque (i.e., current) to start auto-oscillations

(rotation of the pendulum) is defined only by the potential
energy at the “top” position, i.e., by the anisotropy value as
σ jth = ω2

ip/(2ωex) and does not depend on damping. The
value of jth, which is relatively small for our parameters,
vanishes for pure uniaxial AFM, and an arbitrarily weak
current excites spin dynamics with a low frequency.

In the case of a limited spin-current source size with
length L, at currents above the threshold, the dependence
of the frequency on the current is determined by a balance
between the total energy loss in the whole DW and energy
gain within the limited spin-current contact area. By inte-
grating the energy balance function with corresponding
limits (see the Supplemental Material [45]), one can obtain

αω = σ j tanh
(

L
2x0

√
1 − ω2

ω2
0

)
. (10)

In the case of a large spin-torque source, L 	 x0 and
ω � ω0, the frequency of the rotation is linearly propor-
tional to the driving current ω = σ j /α. The minimum
frequency achievable by a constant torque can be obtained
by substituting the threshold and reads ωth 
 σ jth/α =
ω2

ip/(2αωex). Thus, Eq. (10) implies easy tunability of
the frequency by the driving current in the range ωth–ω0,
where ω0 can reach a subterahertz range. The numerical
simulation of such a regime is represented in Fig. 2(b) by
symbols, while the solution of Eq. (10) for a rectangular
sample is shown by a solid red line. The rapid saturation of
the generation frequency when approaching the AFM res-
onance ω0 is caused by an expansion of the DW thickness

 and, hence, by a reduction of a relative overlap with a
spin current source.

The first term of Eq. (9), which is inversely propor-
tional to the exchange frequency, also implies an inertial
dynamics of the oscillator. Once started, a Néel vector will
continue to precess even with torques below the aforemen-
tioned threshold in the case of a low damping value, which
we assume here. To stop oscillations, the losses have to
overcome the energy gain over the cycle, which gives the
minimum current σ jmin 
 2αωip/π of sustained oscilla-
tions [11], as shown in the inset of Fig. 2(b). To simulate
this regime, a short (0.5 ns) rectangular pulse of a cur-
rent above the threshold (j > jth) is applied to start spin
dynamics, which is later reduced to the desired values of
j < jth[11]. In this way, one can reach arbitrarily low fre-
quencies of the oscillations near jmin, but has to take into
account a large amplitude of high harmonics [53].

Given Eq. (6) for this case, one can note that the output
alternate spin current is spatially asymmetric:

τ
y
out = ωsech

(
x



)
tanh

(
x



)
cosωt. (11)

Since Iout ∝ ∫
τoutdxdy averaged over the DW vanishes,

see Figs. 3(a) and 3(b), the signals from the film areas,
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(a) (b)

(c) (d)

FIG. 3. Simulated distributions of the output torque τout = l ×
∂l/∂t components (the upper plane in each figure) and z compo-
nent of the Néel vector (the lower one) in the plane of the film for
different geometries [rectangular (a),(b) and NC (c),(d)] and dif-
ferent spin polarization angles [ψ = 0◦ (a),(c), ψ = 30◦ (b) and
ψ = 45◦ (d)]. The applied current density is 7.8 × 1011 A/m2.
Panels (a) and (c) show alternate torque at the primary frequency
of oscillations ω/2π = 160 GHz [Eq. (11)], while panels (b) and
(d) show alternate torque at the doubled frequency 2ω/2π = 320
GHz [Eq. (16)].

where sin θ cos θ ≶ 0 have to be read out independently,
can be achieved by an additional spin-Hall electrode on
top of the AFM layer. As well, a unique technique used
in Ref. [54] can be applied, where two nanowires made of
metals with opposite signs for the spin-Hall angle (such as,
e.g., tantalum and platinum) are placed at opposite slopes
of the DW to sum up the signals [see Fig. 1(b)].

Perpendicular polarization: p = y, ψ = 90◦. In this
limit case, the precessional dynamics is not excited, and
only the translational motion of the DW is possible, which
was already highlighted in the literature [31,33,55]. The
equation for the velocity of DW motion is common to that
for a DW driven by Néel spin-orbit torques, considered in
detail in Ref. [34] (see also the Supplemental Material [45]
for details), namely,

v = μτc/
√
(μτ)2 + c2, (12)

where μ = πx0/2α has the sense of the mobility of the
domain wall (v 
 μτ at μτ � c). The dependence of

the velocity on the applied current for the rectangular
geometry is shown in Fig. 2(c).

Oblique polarization: 0◦ < ψ < 90◦. In this case, the
torque component (pz) defines the solution for the angle
� in Eq. (9) and, thus, controls the efficiency of the driv-
ing force in Eq. (8). As in the case ofψ = 0, the anisotropy
in the hard plane induces the threshold for the oscillations.
Above the threshold j 	 jth, particularly for pure uniaxial
AFM, when jth = 0, the solution takes the form � ≈ ωt
that leads to oscillations of the domain wall around the
equilibrium position with the velocity defined by

Ẋ√
1 − Ẋ 2/c2

= 
(ω)
πpy

2
τωex√

ω2 + α2ω2
ex

sin(ωt + ϕ),

(13)

where 
(ω) = x0/

√
1 − ω2/ω2

0 and ϕ = arctan(αωex/ω).

Taking, for simplicity, Ẋ � c, the coordinate can be
written as

X (t) = Xmax cos(ωt + ϕ), (14)

where the amplitude of the DW translational oscillations is
defined by

Xmax = πpy

2pz

αωex√
ω2 + α2ω2

ex


(ω). (15)

However, the analytical solution � = ωt is approxi-
mate [11], and our micromagnetic simulations show that
periodic wall oscillations are accompanied by a drift; see
Fig. 4(a). This drift is a significant problem for the signal
readout in a rectangular geometry; depending on the polar-
ization of the spin current, angle �, and velocity of the
domain wall, it can bounce off the edge of the contact, stay
on the edge for a long time, or go beyond the STT source
area, which will disrupt signal generation [see Fig. 4(a) for
ψ = 45◦]. This problem can be solved by pinning the wall,
such as using NC; see Fig. 4(b). The NC creates a restoring
force for the DW, so, as can be seen from the simulations,
the wall ceases to drift, and the points of the phase change
are fixed in coordinate. Interestingly, the amplitude of the
oscillations increases as the DW exhibits resonant behavior
in the pinning potential.

The translational oscillations of the DW produce an
additional output torque at the doubled frequency:

τ
y
out = ωXmax



sech

(
x − X (t)



)
cos 2ωt. (16)

In contrast to Eq. (11), the signal is symmetrical in coor-
dinate [see Figs. 3(c) and 3(d)], so there is no need for the
additional readout layers. However, τ y

out creates an elec-
trical current in the z direction, i.e., perpendicular to the
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(a)

(b)

FIG. 4. The phase of the domain wall � as a function of
the domain-wall coordinate X for the (a) rectangular and (b)
NC geometries. The gray rectangle defines the spin-Hall region,
where current is flowing; black ellipses show analytical depen-
dence (14). The applied current density is 2.4 × 1011 A/m2.

input one, which requires a complex four-terminal device
design. To avoid this issue, one can tilt the easy axis of the
AFM in the y-z plane by an angle ϕDW, and as a result, an
alternating z component appears in the output torque. In
this case, the same two terminals can be used simultane-
ously as a source of the dc input and a detector of the ac
output as in conventional spin-Hall oscillators.

The output power of the SHNO can be calculated using
the method described in Ref. [11]. It is presented in
Fig. 5 for the aforementioned parameters of the SHNO.
The useful signal at frequency ω of the DW preces-
sion achieves higher power, although it requires additional
readout layers. However, even at the doubled frequency

FIG. 5. The output power of the spin-Hall nano-oscillator. The
red line corresponds to ψ = 0◦,φDW = 0◦ and is extracted at the
main frequency of oscillations ω, while the blue line is extracted
at the doubled 2ω and ψ = 45◦,φDW = 45◦.

2ω and simple bilayer SHNO layout, the output power can
reach tens of picowatts for 100-nm DW length, which is a
few times higher than for the conventional ferromagnetic
devices [24]. It is noticeable that power delivered by both
output methods substantially grows near the AFM reso-
nance frequency ω0, which makes it preferable to operate
in the high-frequency range.

V. CONCLUSIONS

To conclude, first note that the developed theory is not
limited to AFM dielectrics and is also applicable to metal-
lic AFM films. Usually, however, AFM metals have a
substantially higher damping α, which leads to the lower
slope of the oscillation frequency versus current (Fig. 2)
for the same STT efficiency σ . Besides, in this case,
an oscillator has only one threshold jth, since jmin > jth,
and oscillations start from zero frequency with multiple
harmonics in the spectrum (see the details in Ref. [53]).

Thus, we have shown that the spin current can excite
complex dynamical regimes for an AFM DW, which
include the precession of the Néel vector in the center of a
DW, as well as oscillatory motion of the DW position. This
dynamics provides a substantial alternate output spin cur-
rent, which can be used for the development of efficient
subterahertz spin-Hall nano-oscillators. The pronounced
feature of this oscillator offers the possibility of minimiz-
ing a threshold current (which completely vanishes in the
case of a pure uniaxial anisotropy) and the increasing of
the output power with the frequency; see Fig. 5.
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