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Magnetic field control of antiferromagnetic domain walls in a thermal gradient
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An antiferromagnetic domain wall in a thermal gradient is found to experience a force towards colder regions
upon the application of a uniform magnetic field along the easy axis. This force increases with the strength of
the applied field and, for sufficiently high values, it overcomes the entropic force that pushes the wall towards
the hotter regions. The force is proportional to the thermal gradient and it shows a linear dependence with the
net magnetic moment of the domain wall induced by the field. The origin of this force lies in the increase of
the domain wall reflectivity due the field-induced sizable break of the antiferromagnetic order inside it. Thus,
reflected magnons effectively transfer linear momentum to the domain wall and push it to the cold regions.
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I. INTRODUCTION

Although they have played mostly a passive role in de-
vices so far, antiferromagnetic (AF) materials present some
appealing properties that, together with the development of
different techniques to manipulate and detect the orientation
of their Néel vector, confer on them a major role in the future
of spintronics [1].

Theoretical investigations have shown that domain walls
(DWs) in AF materials can move much faster than their fer-
romagnetic counterparts, because their dynamics is mainly
governed by the exchange interaction between magnetic sub-
lattices [2–4], leading to a low DW effective mass [5,6]
and a high limiting DW velocity [2,5]. Like in ferromag-
nets, current-driven DW motion in AF materials can be
achieved via spin-transfer torque [7,8] and also by spin-
orbit torque when the current flows through an adjacent
heavy-metal layer [5,9]. Both methods are currently being
extensively investigated, but other approaches that do not
require charge currents are also worth exploring, such as us-
ing field gradients [10,11], oscillating fields [12], asymmetric
field pulses [13], anisotropy gradients [14], magnonic cur-
rents [15,16], or thermal gradients [6,17].

Regarding this last method, it was demonstrated theoret-
ically that an AF DW in a thermal gradient moves towards
hotter regions, as it is the case in ferromagnets [18–20].
This motion was explained using thermodynamic arguments,
namely, that it maximizes the entropy of the system or, equiva-
lently, it minimizes its free energy [6]. An analytical equation
for the DW motion was derived based on this so-called en-
tropic torque [6,21], following a procedure similar to that for
ferromagnets [19,22]. It was also suggested that the Brownian
motion of a DW or any other soliton in an AF leads to a
small drift towards colder regions, a phenomenon called ther-
mophoresis [23]. Another possible mechanism for thermally
driven DW motion is the transfer of angular momentum from
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magnons to the DW when passing through it [22,24], leading
to an adiabatic torque on the DW that drives it against the
magnon flow, i.e., towards hotter regions [25]. In compensated
AF materials, thermal magnons do not carry angular momen-
tum on average [26], and, therefore, this mechanism has, in
principle, no effect on the DW. However, in ferrimagnets, it
has been shown recently [27] that, above the Walker break-
down, the magnonic adiabatic torque changes sign around the
compensation temperature, driving the DW towards the hot
end above it and towards the cold end below it. On the other
hand, it has been proposed recently [28] that, in uniaxial AF
materials, applying a field enhances magnon reflection, which
contributes to the thermally driven domain-wall motion.

From the experimental side, there is already strong ev-
idence of thermally excited spin currents in different AF
materials, such as Cr2O3 [29], MnF2 [17], NiO [30,31], or
FeF2 [32], typically detected by the inverse spin Hall effect
on an adjacent heavy-metal layer. Some of these studies were
performed under an external magnetic field [29,30,32] show-
ing an increment of the spin Seebeck signal with the applied
field amplitude. These experimental results, together with the
theoretical works mentioned before, lead to the question of
whether an applied field influences thermally induced DW
motion in AF materials.

In this work we use atomistic spin simulations to inves-
tigate thermally driven DW motion in a biaxial AF material
under an external magnetic field along the easy axis. We find
that, as the field is increased, the DW gradually shifts from
moving towards the hot end to moving towards the cold one,
changing sign roughly midway to the spin-flop transition.
Furthermore, the DW velocity dependence on the applied
field collapses to a single curve when normalized to the
temperature gradient. By performing a systematic frequency
analysis with monocromatic excitations we correlate the DW
displacement with magnon reflection. The study reveals that
the effect of the applied field is twofold. On one hand, it
increases the gap between the two magnon branches, allowing
for the propagation of magnons of lower frequency that are
more effectively reflected by the DW. On the other, the DW
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reflectivity itself increases, in good agreement with Ref. [28],
due to the sizable field-induced net magnetic moment of the
DW, which significantly breaks antiferromagnetic order, thus
transforming the DW from a reflectionless [33] to a reflective
potential well for magnons.

The paper is organized as follows. In Sec. II the atom-
istic model used for our investigation is explained and some
relevant computational details are given, whereas the main
results are presented and discussed in Sec. III. First, the
influence of the applied field on DW motion in a thermal
gradient is characterized and, later on, a systematic analysis
with monochromatic excitations is presented for a better un-
derstanding of the results. The main conclusions of our work
are presented in Sec. IV.

II. ATOMISTIC MODEL

We use an atomistic spin model for our AF material based
on the following Hamiltonian:

H = −
∑

〈i, j〉
J �si · �s j −

∑

i

(
Kx s2

i,x + Ky s2
i,y + μs �si · �Bext

)
,

(1)
where �si is the normalized magnetic moment (�si = �μi/μs),
J is the exchange constant, Kx are Ky are the primary and
secondary anisotropy constants (Kx > Ky), respectively, and
Bext is the applied field. The dynamics of the system is given
by the stochastic Landau-Lifshitz-Gilbert equation:

∂�si

∂t
= − γ

(1 + α2)μs
�si × ( �Hi + α �si × �Hi ), (2)

where γ is the gyromagnetic ratio, α is the damping param-
eter, and �Hi = − ∂H

∂�si
+ �ζi(t ). We take into account thermal

fluctuations at finite T by adding the stochastic term �ζi(t ),
obeying the statistical properties of white noise [34,35].

The system is schematically represented in Fig. 1(a). We
consider a bipartite AF material in the shape of a nanowire
of dimensions Lx × Ly × Lz = 512 a × 16 a × 16 a, where a
is the lattice constant. A DW separating two antiparallel do-
mains magnetized along the easy axis (x) is initially placed
at the center of the nanowire and relaxed at T = 0. Once
equilibrium is reached, the dynamics of the system under
the influence of both a uniform thermal gradient with its hot
end on the left and a magnetic field along the easy axis is
computed by integrating Eq. (2) numerically using Heun’s
scheme [36] with a fixed time step �t = 2.0 × 10−3 τ , where
τ = μs/(γ J ) = 56.35 fs. The following material parameter
values were considered: a = 0.5 nm, J = −2 × 10−21 J, μs =
2.14 μB, Kx = 2 × 10−22 J, Ky = 0.1 Kx, and α = 1 × 10−2.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the time evolution of the DW position
for different values of the applied field, which is normalized
to the spin-flop transition value with Ky = 0 and b = Bext/Bs f ,
where Bs f = √

2BexBan − B2
an, with Bex = 6J

μs
and Ban = 2Kx

μs
.

Without the external field [b = 0, green line in Fig. 1(b)]
the DW moves leftwards, towards the hotter region, as a
result of the force exerted on the DW due to the entropic
torque [6], but the behavior is substantially modified in the
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FIG. 1. (a) Sketch of the system under study. The red and blue
arrows represent the spins of magnetic sublattices 1 and 2, respec-
tively. For a thermal gradient of dT

dx = 0.194 K/nm, panel (b) shows
the time evolution of the DW position (xdw) for different values of
the applied field b = Bext/Bs f and panel (c) shows the average DW
velocity (vdw) as a function of the applied field strength |b| for both
positive (purple) and negative (blue) values.

presence of the magnetic field. We observe a gradual shift
from the negative slope at b = 0 towards the positive slope
for large fields, which clearly indicates that the magnetic field
favors DW motion towards colder regions. This is confirmed
if we now compute the DW velocity, averaged over a time
window of tsim = 8.4 × 103 τ and over five realizations, as a
function of b. The results are presented in Fig. 1(c) for both
positive (purple) and negative (blue) fields. They prove that it
is possible to reverse the motion of an AF DW inside a thermal
gradient with a magnetic field and, furthermore, that its speed
can be tuned with the strength of the field. This is the main
result of our work.
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FIG. 2. (a) Average DW velocity divided by the strength of the
thermal gradient as a function of the applied field. The line cor-
responds to the fit of the data to Eq. (3). (b) Profile of the net
magnetization mx along the DW (centered at x = 0) for different
values of the magnetic field. Inset: DW maximum magnetic moment
per unit surface as a function of the applied field. (c) Average DW
velocity divided by the strength of the thermal gradient as a func-
tion of DW maximum net magnetic moment per surface. The line
corresponds to a linear fit of the data.

We repeated our study for different values of the tempera-
ture gradient in order to check the soundness of our finding.
The results are shown in Fig. 2(a), where the average DW
velocity divided by the thermal gradient is plotted on the y

axis. As can be observed, all the tested cases tend to fall within
in a single curve, which indicates that the effect of the applied
field on the DW velocity is proportional to the temperature
gradient, as in the case of the entropic torque [6]. The data in
Fig. 2(a) are fitted to the following law:

vdw = (A − C|b|n)
dT

dx
, (3)

where A = (1.37 ± 0.11) × 10−6 m2 s−1 K−1, C = (3.05 ×
±0.16) × 10−6 m2 s−1 K−1, and n = 1.25 ± 0.15. The coef-
ficient A represents the contribution of the entropic torque
in the absence of the applied field. According to Ref. [6],
A = 2γ a3

μsα
∂Aex
∂T which, for our parameter values and assuming

a linear temperature dependence of the micromagnetic ex-
change constant Aex, gives A = 1.53 × 10−6 m2 s−1 K−1, in
good agreement with the fitted value obtained from our data.

It is natural to think that the effect of the magnetic field on
DW motion is related to the change in its internal structure.
Figure 2(b) shows the profile of the net magnetic moment
mx = ∑

i �si,x averaged over the cross section of the nanowire
for a DW centered at x = 0 in equilibrium at T = 0 for dif-
ferent field values. Whereas the AF domains are insensitive
to the field (mx ≈ 0), a sizable net magnetization parallel to
it appears inside the DW. Both the width and the height of
the mx distribution increase with the magnetic field. This is
due to the fact that the spins inside the DW are oriented
perpendicular to the field and, therefore, their susceptibility
is much higher than for those inside the domains [10,37]. In
the inset of Fig. 2(b) we plot the net magnetic moment per
unit area (μmax

x = mmax
x μB/a2) at the center of the DW, where

it reaches its maximum value, as a function of the magnetic
field, displaying a dependence similar to that of the DW ve-
locity [Fig. 2(a)]. In fact, if we now plot the DW velocity as
a function of μmax

x , we obtain an apparent linear dependence
[Fig. 2(c)], which points out the central role played by the DW
net magnetic moment in the observed behavior.

In the end, this sizable net magnetization means that a
substantial deviation from AF ordering takes place inside the
DW, which most likely will affect the way the DW interacts
with the thermally excited magnonic current. Furthermore, the
effect of the magnetic field on the DW velocity is drastically
reduced if we increase the damping parameter α (see Fig. S1
in the Supplemental Material [38]), which points to the
magnonic nature of this effect. On the other hand, the mag-
netic field not only opens the gap between the two AF modes
in the system [39] but it has also been shown that it can modify
to a large extent the propagation length of thermally excited
magnons [40,41]. It is difficult to say, a priori, how each one
of these aspects affects the DW dynamics and, in particular,
which one is responsible for the field-induced motion of the
DW towards the cold reservoir. To elucidate this issue, in what
follows we investigate in detail how the DW interacts with
monochromatic spin waves.

Monochromatic spin waves (SW) are injected in our sys-
tem by imposing a sinusoidal excitation on the spins at the left
edge (sx = √

1 − A2, sy = A sin(ωt ), sz = A cos(ωt ), where
A = 0.2 and ω are the amplitude and frequency of the exci-
tation, respectively). As it propagates along the x direction
the SW interacts with the DW, which is initially located in
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FIG. 3. (a) Reflected power Pr and (b) DW displacement �xdw as
a function of the applied field and frequency for a monochromatic AF
excitation. Both the applied field and the frequency are normalized
to Bs f and ω0 = 2πγ Bs f , respectively.

the middle. We carry out a systematic study as a function of
both the applied field and the excitation frequency. For each
pair of values (b, ω) we compute the time evolution of the
system at T = 0 during a time window tsim = 500 τ using
a time step dt = 5 × 10−3τ and with α = 5 × 10−3 except
at the right edge of the system, where a higher unrealistic
value is considered (α = 0.5) to avoid SW reflection [42].
For each simulation we obtain the total DW displacement and
the power reflected by the DW. This latter one is estimated
by integrating the time-averaged SW intensity (m2

z ) over the
region to the left of the DW and subtracting from it the value
computed in the same way but without the presence of the
DW. The results of our study are presented in Fig. 3, where
the reflected power Pr [panel (a)] and the DW displacement
�xdw [panel (b)] are plotted as a function of both the applied
field b and the excitation frequency ω. The solid lines in both
figures correspond to the frequency of the uniform mode for
the two magnon branches (ω+ and ω−) [39]. We note that,
unlike what happens in uniaxial AF materials, in our biaxial
system [Eq. (1)] the two modes are not degenerate at b = 0
and there is a small gap between them.

A strong correlation between DW displacement and re-
flected power is apparent in Fig. 3, which indicates that
magnon reflection at the DW is the dominant mechanism that
explains the field-induced DW motion towards the colder re-
gions. For a given frequency, as we increase the field (moving
horizontally towards the right in Fig. 3) both Pr and �xdw

increase monotonically. This can be explained by considering
that, as already discussed, the DW net magnetic moment also
increases with the field [Fig. 2(b)], which results in a higher
probability for the magnons to be reflected, transferring linear
momentum to the DW and pushing it to the right [28].

On the other hand, a strong frequency dependence in both
Pr and �xdw is observed. For a given applied field the highest
reflected power is obtained in a region slightly above the
propagation threshold of the lower branch (ω−). This depen-
dence is closely related to the frequency-dependent magnon
propagation length in our system, as can be observed in Fig.
S2 in the Supplemental Material [38]. Therefore, we assume
that the reflected power in our case is mostly given by the SW
intensity that reaches the DW as it propagates from the left
edge of our system. The DW displacement shows a similar
frequency dependence [Fig. 3(b)], although the maximum is
slightly shifted towards higher frequencies. This shift is due to
the fact that the magnon linear momentum is proportional to
the wave vector k [28], and therefore, the higher the frequency
(wave vector) is, the higher the momentum transferred to the
DW is when the magnon is reflected.

In view of this analysis with monochromatic SWs, we be-
lieve that, for the thermally driven DW motion described in the
first part of the section, it is also the low-frequency magnons
that contribute more significantly to the force driving the DW
towards the cold end, not so much because their propagation
length is larger but because their energy is smaller. Therefore,
this region will be more populated when excited thermally.

IV. CONCLUSIONS

We have shown that in AF materials, thermally driven DW
motion towards the hotter regions can be reversed by apply-
ing a magnetic field along the easy axis. The DW gradually
shifts from moving towards the hot end to moving towards
the cold one, changing sign roughly midway to the spin-flop
transition. Furthermore, the DW velocity dependence on the
applied field collapses to a single curve when normalized to
the temperature gradient. A frequency analysis revealed that
this effect is mainly due to, on one hand, the increase of the
DW reflectivity, intimately related to the sizable field-induced
net magnetic moment in the DW and, on the other hand, the
lowering of the propagation threshold induced by the field,
which allows for a high population of thermally excited low-
frequency magnons that push the wall when they are reflected.

Although we chose a biaxial AF material for our study, the
biaxial nature is not relevant for the effect reported. In fact, we
obtain a similar behavior if we consider a uniaxial AF material
(see Fig. S3 and “uniaxial.avi” in the Supplemental Mate-
rial [38]). On the other hand, we chose an AF material with
high anisotropy to have a narrow DW and, therefore, make the
computational study less time-consuming, but a similar effect
of the magnetic field is also found in low anisotropy materials
(Fig. S4 and “low-anisotropy.avi” in the Supplemental Mate-
rial [38]). We believe that the reported effect of the magnetic
field on thermally driven DW motion is quite universal and
robust and that it could be confirmed experimentally in most
common AF insulators, such as hematite, NiO, Cr2O3, etc. In
our opinion, this finding might allow for new functionalities
in spintronic devices based on the manipulation of DWs.
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