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ABSTRACT

We investigate domain walls in antiferromagnets focusing on the effect of Dzyaloshinskii-Moriya interactions (DMIs). Using spin model
simulations and analytical arguments within a continuum theory, we show that Dzyaloshinskii-Moriya interactions affect static as well as
dynamic properties of the domain wall. For certain configurations of the DMI vectors, the DMI can either tilt the easy plane of the domain
wall, an effect that leads to a reduced domain wall width, or it can favor a certain chirality of the domain wall. Depending on the DMI con-
figuration, the DMI may lead to an increasing or decreasing domain wall velocity. The asymmetry of the domain wall velocity observed in
ferromagnets subject to DMI cannot be found in antiferromagnetic systems.
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I. INTRODUCTION

Conventional spintronic devices are mostly based on ferromag-
netic materials or on heterostructures comprised of different types
of materials, such as ferromagnetic/antiferromagnetic bilayers, to
achieve an exchange bias.”” However, recent advances in writing and
reading magnetic states of antiferromagnets (AFMs) have paved the
way for pure antiferromagnetic spintronics.’™® Possible advantages of
AFMs for spintronics applications include their lack of stray fields™
and the rich choice of new materials, including a variety of antiferro-
magnetic insulators.” The very low susceptibility to external fields,
which used to be the biggest obstacle to applications, can be over-
come by writing domains with spin-transfer or spin-orbit torques.™
Moreover, AFMs are found to have intrinsic time scale orders of
magnitude shorter than those of ferromagnets (EMs).”™"" While this
is an advantage for the control of magnetic states on ultrashort time
scales, it was recently shown to be a disadvantage for the thermal
stability of antiferromagnetic nanostructures.'”

The stability problem can possibly be overcome following
Parkin’s idea of revising digital storage by using domain walls
(DWs) to encode bits instead of particle-based domain patterns.”
Ferromagnetic DWs can be driven by external fields, ™' spin-
polarized currents,'®™'® and temperature gradients.'”*’ The latter is
especially interesting since this effect should appear in AFMs as well
as in FMs. The basic understanding of DW motion in temperature

gradients rests on the fundamental thermodynamic potential for a
domain wall, its free energy density, which is a monotonously decay-
ing function of temperature, vanishing at the Curie temperature.
Assuming a temperature gradient along the spatial coordinate of a
nanowire, the minimization of free energy leads to an entropic
torque acting on the domain wall that drags it toward the hotter
region. These purely thermodynamic considerations are accompa-
nied by a microscopic interpretation, where the space dependent
thermal excitation leads to a spin wave current since the hotter
region of a nanowire contains a higher density of magnons which,
by diffusive motion, move into the cooler region. Assuming conser-
vation of angular momentum, the magnonic spin current that passes
the wall must push it toward the hotter region, a result that agrees
qualitatively with the former thermodynamic argument.

Surprising effects were found for ferrimagnets.””> While
below the Walker breakdown where the wall leaves its easy plane
and starts precessing slowing down the DW motion,"* the tempera-
ture gradient always pulls the domain wall toward the hotter region
above the Walker breakdown, and the ferrimagnetic DW can show
the opposite, counterintuitive behavior of moving toward the cold
end. In this case, the motion to either the hotter or the colder ends
is driven by angular momentum transfer and, therefore, strongly
affected by the angular momentum compensation temperature, a
unique property of ferrimagnets.”'
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For domain walls in antiferromagnetic materials,” recent publi-
cations forecast a variety of surprising effects, such as, e.g, a sign
change of the domain wall velocity.”**” However, this sign change
can only appear for monochromatic excitation of spin waves with
unique polarization but not for thermally excited spin waves.”®
Nevertheless, a striking difference to the dynamics of domain walls in
ferromagnets was found recently. It was shown that the Walker
breakdown is missing in antiferromagnets.”® This is due to the fact
that the antiferromagnetic wall is not tilted during its motion because
the torques that are responsible for the tilting of the two sublattices of
the antiferromagnet cancel each other. For the same reason, antiferro-
magnetic DWs have no inertia related to this tilting and, hence, no
acceleration phase, leading to higher effective mobility.™* Similarly,
significantly enhanced DW velocities and a deferred Walker break-
down have been reported for current induced DW motion in syn-
thetic AFMs, where the antiferromagnetic coupling between the two
ferromagnetic layers stabilizes the domain wall structure.””**

The progress in controlling magnetic states in AFMs is due to
the fact that staggered spin transfer torques can be observed in AFMs
with broken inversion symmetry. Systems with artificially or intrinsi-
cally broken inversion symmetry have recently attracted much of
interest because of their connection to topology. In systems with
broken inversion symmetry, the Dzyaloshinskii-Moriya interaction
(DMI) can be observed,”~' a relativistic interaction which results
from spin-orbit coupling and favors non-parallel alignment of neigh-
boring spins, leading, e.g., to the formation of spin spirals’ or topo-
logically non-trivial spin structures like skyrmions.””™" The influence
of the DMI on DW motion in FMs has already been investigated in
several studies. In field-driven DWs, the Walker breakdown can be
suppressed by DML and in magnon-driven DWs it is possible to
achieve higher velocities due to DML.*’ Furthermore, it was observed
that field-driven DWs propagate asymmetrically’® since DMI breaks
the symmetry of the dispersion relation.”*’

However, the influence of DMI on DWs in AFMs has not been
investigated so far and it is the purpose of this work to explore ther-
mally induced DW motion in AFMs theoretically, with a particular
focus on the symmetry between the sublattices, which is key for a fast
and efficient driving of antiferromagnetic DWs. We will compare ana-
Iytical calculations in terms of a one-dimensional continuum model to
numerical data based on atomistic spin dynamics simulations.

Il. SPIN MODEL

The DW is modeled within the framework of an atomistic
spin model consisting of classical spins S; on a simple cubic lattice
with lattice constant a described by the Hamiltonian,

=382 oDy (8 x8) e Do (s) - 3 (s)°
(i) (i) ; -
(1)

We consider the nearest-neighbor exchange interaction, including an
isotropic Heisenberg exchange J and an antisymmetric DMI Dy, and
a biaxial onsite-anisotropy with an easy axis d, in the z-direction and
an intermediate axis dy < d, along the x-direction, which specifies
the favored plane of the DW as the xz-plane.
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The time evolution of the spins is given by the stochastic
Landau-Lifshitz-Gilbert equation (LLG),"'

2
*mgsi:SiXH,‘*Fas,‘X (S,-><H,-), (2)
y ot
where y denotes the gyromagnetic ratio, i, the atomic magnetic
moment, and a the Gilbert damping parameter.”” Within the
framework of Langevin dynamics, temperature is included via an
additional white noise term §;(¢) in the effective field,

OH
H; = _8_&+§i(t)’ (3)

with (¢7(t)) = 0 and ({7(DE () = ZakBT%(S,—jb'”"é'(t -

We solve the LLG equation numerically using Heun’s
method with time step At = 1.76x10 *u,(y|J|)" for a system
elongated along the z-direction with a Néel-type DW initialized
in the xz-plane. Absorbing boundary conditions in the form of
enhanced Gilbert damping is applied along the z-direction,
while the system is periodic along the other directions.”’

For the investigation of the equilibrium properties of the static
DW, the temperature was set constant for the whole system. To
study the thermally induced dynamics, a linear temperature gradient
4L was introduced along the longitudinal axis.

Position and profile of the DW were determined via
the staggered (Néel) order parameter along the z-direction
2n(z) = my(z) — my(z), where m, ),(z) are the magnetizations of
the sublattices at position z averaged over the xy-plane.

In real materials, DMI vectors never point only along the one
axis. But since we are interested in a general study, not focusing on
one material only, we decided to disentangle the variety of possible
configurations of DWs and DMI vectors by modeling only DMI
vectors along one axis at a time for three different configurations.
With that we are able to demonstrate which component of
(in reality much more complicated DMI vectors) makes a contribu-
tion to the static and dynamic behavior of DWs.

Hence, in the following, three different DMI configurations
are systematically investigated: in the configuration D*, the DMI
vectors are aligned with the z-direction, the easy axis of the model.
In the configuration DI, the DMI vectors are aligned with the
x-axis, the axis with intermediate anisotropy. In the configuration
D+, the vectors are aligned with the y-axis, the hard axis. A sketch
of the investigated system and DMI configurations can be found
in Fig. 1. As we will show in the following, the last two configura-
tions change the equilibrium properties of the wall, while the first
one breaks the symmetry of the dispersion relation.

Illl. RESULTS
A. Static properties of the DW

To understand the influence of the DMI configurations on the
DW profile and energy and for comparison with our simulations,
we start with analytical calculations within the framework of an
one-dimensional micromagnetic model, where the antiferromag-
netic order parameter n(z) is a continuous function of z. For this
purpose, we express the energy density of the system described by
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FIG. 1. (a) Sketch of an one-dimensional representation of the system. The
spins from sublattice A (blue) and sublattice B (yellow) are represented by
arrows. The easy xz-plane, created by our choice of anisotropy parameters, is
represented by the gray plane and the linear temperature gradient % >0 by
the color gradient in the z-direction. The resulting DW is a Néel-head-to-head
DW with position zpw, ilt angle ¢, and width A. (b) Schematic illustration of the
investigated DMI configurations. The black arrows indicate the DMI vectors.

the Hamiltonian in Eq. (1) in spherical coordinates,

€= J dz (Wexc + Wanis + dei)

= J dz[A0” — D0 sin ¢ + D, 6 cos ¢ @
—K, cos® ¢sin® 6 — K, cos’ 0],

where A = 2]_1,1 is the exchange stiffness, Dy, = & the micromagnetic
DMI vector, and K, = j—g‘ and K, = % the biaxial anisotropies in the
continuum model.

¢(z) and 6(z) denote the angles between order parameter
and x- and z-axes. We assume ¢(z) to be constant throughout the
wall defining the global tilt angle of the DW. Similar calculations
were carried out in Refs. 44-46, whereby in our work, the energy
of the system is explicitly calculated as a continuous function of
the tilt angle ¢.

The static DW profile npw can be calculated by minimizing
the energy density. Variation of 6(z) by solving the Euler-
Lagrange equation, while meeting the boundary conditions
lim, . « 6(z) =0 and lim, ., 6(z) = 7 result in the well known
DW profile,

x _ cos ¢
nDW(Z) - cosh(ziZADW) >
y _ sin ¢
mow(2) = oy EmE (5)
nfw(z) = — tanh(=52v),

with the DW width

A= +/4/K, — K, cos? . (6)
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At this point, it can be seen that the DMI does not enter explicitly
in the DW profile, but—as we will show in the following—indi-
rectly via the tilt angle ¢. The minimized energy density can be
obtained by solving the integral in Eq. (4) after inserting Eq. (5)
and reads as follows:

€ = 41/A(K, — K, cos> ¢) — Diwsinp+ D wcos p.  (7)

This energy density depends on ¢ and only the x- and y-components
of the DMI vector Dy,. Hence, only the configurations Dl and D*
can play a role. Above a critical value of DY = 2/AK, respectively,
D) = %\/A(KZ — K,), the energy density becomes negative and
hence the DWs proliferate in the system resulting in a spin spiral
state, which has been studied before.”>”** In our simulations, we
always stay far below this critical point.

Additionally, the tilt angle ¢, which minimizes the energy
density, is a function of the DML In the absence of the DMI, or for
the D” configuration, two degenerate minima can be found at ¢ =0
and ¢ = 7.

For the configuration D!l with D = De,, we obtain

(D) = {SgnD : FID=D% )

sgnD - arccos(+IT) else,

with the substitution

[l D
"=\55e2 — D ©)

At the DMI strength D' =2 | /%, the effect of the DMI saturates.

By inserting Eq. (8) into Eq. (6), the DW width is obtained as a
function of D,

Hd, —dJP)”" if |D| < D™,
J(2d,)~! else.

AD) = (10)

To compare these analytical results with our simulations, a
system of 16 x 16 x 128 spins with a=0.01, d, =0.02|]],
d, =0.1]J], and T = 0.05|]|kz' was simulated. The DMI strength
D was varied from D = —0.10]J| to D = 0.10 |J| with a step size
of 0.01]]]. In all simulations, the DW was initialized with tilt
angle ¢ = 0 in the easy plane. For all parameters, 20 runs with
different seeds were simulated to allow for a statistical evalua-
tion. By fitting the calculated DW profile npw(z) [Eq. (5)] to the
system’s order parameter, the properties of the DW are deter-
mined. As can be seen in Fig. 2, we obtain perfect agreement
between the analytical theory and the numerical data in spite of
the completely different approaches.

For the configuration D* with D = De,, the degeneracy of the
two energy minima is lifted meaning that the DMI favors one
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FIG. 2. (a) Tilt angle ¢ and (b) DW width A as functions of the DMI strength D.
Analytical results [Eqgs. (8) and (6)] and results from simulations are compared
for the configuration D,

chirality of the DW. At a critical value of

_ad, [

Dswitch dx _ ,
@) ="\ 2@ = ay

(11)

the minimum at ¢ = 0 vanishes and the wall flips. For the tilt
angle, we obtain

0 ifD< Dswitch’

(12)
7 else.

(D) = {

This analytical result is also confirmed by our simulations and will
be discussed in Sec. III B since it affects the dynamic behavior of
the DW.

B. Domain wall dynamics

Domain wall dynamics in temperature gradients was intro-
duced by Hinzke and Nowak'’ and later by Schlickeiser et al.*’ for
FMs, and it was found that the motion of the DW is mainly caused
by an entropic torque resulting from a temperature-dependent
effective exchange interaction A(T). Later on, the analogy to DWs
in AFMs was investigated by Selzer et al*® In the following, we
extend this work to the case of materials with DML

Within the same approach as used by Schlickeiser et al.” and
using the same linear approximation for the temperature depen-
dence of the DMI, % ~ - 3Dm(0), as it was used for the

3 Ty
exchange stiffness % ~ %‘3) in Ref. 26, we obtain the follow-

ing formula for the DW velocity:

2
dya (ﬂ — Dsin n(D)) AT (13)
3,USO!TN

20

_2
3

D) =
vpw(D) 5 Az

Here, Ty is the critical temperature and a the atomic distance. The
second term contains the contribution from DMI, which depends
on the angle 17 between the DMI vectors and the DW. For the case
D?, it is zero and no influence of the DMI on the DW dynamics
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can be expected. For the case DI, this angle can be calculated from
Eq. (8), and it is n = ¢. For the case D4, this angle can be calculated
from Eq. (12), and it is n = /2 + ¢. As can be seen from Eq. (13),
in the latter case, the DMI can speed-up or slow down the DW.

In order to investigate the influence of the DMI on the DW
velocity vpw numerically, systems of size 16 x 16 x 128 spins with
temperature gradient 4L = 1.5 x 107|J|(kga) " along the longitu-
dinal axis, d; = 0.1J|, d, = 0.02 ]|, and & = 0.01 were simulated.
The DMI strength was varied from D = —0.1|J| to D=0.1|]|. In
all simulations, the DW was initialized with tilt angle ¢ = 0. In
order to have better statistics, all simulations were carried out 20
times with different seeds.

Figure 3 compares the analytical result [Eq. (13)] with the
simulation results for the configurations DI and D*. We obtain
good agreement between the analytical theory and the numerical
results. For the configuration DI, the velocity of the DW is always
reduced by the DML For the configuration D, the situation is
more complicated: if the wall is in the stable state with the energeti-
cally favorable chirality, the DW velocity is reduced. However, if
the wall is in the meta-stable state characterized by the energetically
unfavorable chirality, the velocity increases. This can only be
observed in the configuration D+ with 0 < D < D¥h, The sketch
in Fig. 4 illustrates that in this configuration the torques driving the
DW can either support or hinder the torques from the isotropic
exchange, leading to either an increasing or decreasing DW velocity
depending on the sign of D.

The systematic deviations from the analytical theory in Fig. 3
can be explained by the fact that the thermal DMI field also entails
canting of the sublattices in the DW, which leads to additional
torques on the DW that intensify the effect.”” Despite the effect of
the DMI on the equilibrium tilt angle, there is no Walker break-
down, as usual for DW in AFM.*

C. Asymmetry of the dispersion relation

On a microscopic level, the effective decrease in the exchange
stiffness results from the population of magnons and the consequent
reduction of the magnetization. The higher the temperature, the more

0.07 (a) Dl LN B )
‘ﬁ(f 006 ~=~ Simulation
= — Theory L
< 0.05 H ; : : :
<~ 0.08 -(b) DJ_ a " |
§ 0.07 | i
0.06 - ~=~ Simulation
— Theor
0.05 L " 1 | y ) | | !
—0.1 —0.05 0 0.05 0.1
D (7))

FIG. 3. DW velocity vpw as a function of the DMI strength D for DMI configura-
tion: (a) D!l and (b) D*. Analytical results [Eq. (13)] and results from simulations
are compared.
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’T' \75 x 8 x Hdmi

FIG. 4. Sketch of the DMI torques acting on a DW in a temperature gradient for
the configuration D*. The DMI vectors are depicted in black. The two sublatti-
ces of the AFM are indicated with blue and yellow spins. Depending on the sign
of D, the green torques might support or hinder the corresponding torques of
the isotropic exchange (not shown) that drive the DW motion.

magnons are excited. Hence, in a temperature gradient, a net current
of magnons travels from the hot to the cold end driving the DW.'**"*

Without DMI, the dispersion relation is symmetric in g,
which means that the mean magnonic propagation length & and
the resulting magnon current are symmetric. In a FM with DMI
this symmetry is broken,””*’ potentially leading to different DW
velocities in antiparallel directions.”

For a deeper understanding of this asymmetry in AFMs, we
start with a calculation of the mean magnon propagation length.
As a first step, we calculate the propagation length {(q) as a func-
tion of the wave vector q. For that we solve the LLG [Eq. (2)] with
damping term and DMI within linear spin wave theory, which
leads to the dispersion relation w,(q) and the inverse lifetime I'(q),
where o indicates the two branches of the dispersion relation. The
first result is that only the z-component of the DMI vector D
appears in these two quantities, which means that only the DMI
configuration D” can play a role. With these quantities, the propa-
gation length &(q) = |06—“:; IT~! can be calculated and reads

_a+ a?) 2aQ,

* QO - (1+ a0,

. \/Z[Usin(qﬂa) — |Dﬂ|cos(qﬁa)}2, (14)
B

&(q)

whereby the substitutions J, = 2|J| D cos(¢Pa), Dg=2%" 51Ds
xsin(¢q?a), Qo =Jo+2d,, and f}q :7,1 +bq are used. With |D| >0,
the function is no longer symmetric with respect to g =0 but shifted.

To determine the mean propagation lengths &_ (£,) of left
(right) propagating magnons with negative (positive) group velocity
vg> the integral

_ V 1 Vzo'(q) kBT
- dg-&

Cx N(2n’)3za:”JBz 1 I'(q) os(q)

- (i

P £.(q) cos (q)

)@(i V2 (@) (15)
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FIG. 5. Mean propagation length & in antiferromagnets as a function of the
damping constant & for DMI configuration D* with strength (a) D = 0 and (b)
D =0.07|J|. The results from the analytical theory are compared with the
results from simulations.

has to be solved numerically (see also Ref. 21). In the integral, the

propagation length in the z-direction VE:‘E;? is averaged over the first

Brillouin zone (BZ), whereby each mode q is weighted with its occu-

pation probability % and amplitude a(q). The exponential func-

tion corrects the fact that the modes can also propagate with angle &
with respect to the z-direction. With the Heaviside step function ©,
the left and right propagating modes are evaluated separately.

To compare the results from this analytical theory with simula-
tions, we simulate a system of 16 x 16 x 1024 spins with a tempera-
ture step from T =0 to T = 0.2|J|kz! with d, = 0.1]J| and d, = 0.
We determine the magnon accumulation An = |ny(z) — n(z)| in the
vicinity of a temperature step. From the exponential decay of this
accumulation An*(z) = An*(0) expZ, the propagation length can be
obtained via fitting.”’ The results aré shown in Fig, 5.

Interestingly, in contrast to the case of a FM,*’ the DMI does
not break the symmetry of the mean propagation length. The
reason for this is that the effect of the DMI on the two magnon
branches has opposite sign and hence cancels out because both
magnon branches are excited equally.

D=000l | R
012} (a) D=0.00]J] PR SO
T 008 | et DT
= 00 e AT/Az >0 o - - ]
T 0= : : : ! ——
= 0.12 |- (b) D=0.07|J] \ PP A
3 i .8-9° Data Fit
g oo e T ara conan Y

0.04 - —’,—"‘ AT/AZ>0'—.—1 - -

0 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5
|AT/az] (107% [ J|(ksa) ™)

FIG. 6. Magnitude of DW velocity |vpw| as a function of the magnitude
of temperature gradient |4L| for DMI configuration D* with DMI strength (a)
D = 0.00]J| and (b) D = 0.07|J|. Data points from simulations and linear fits.
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With this result, the spatial symmetry of the DW movement in
AFMs should also be unaffected by the DML To verify this, we simu-
late a system of 16 x 16 x 128 spins with a damping constant
a=0.01, the easy axis d, =0.1|J|, and the intermediate axis
dy = 0.02]]|. Temperature gradients were applied along the z-axis,
each with positive and negative signs. Figure 6 shows the DW velocity
for D=0 and D = 0.07|J|. As expected from the theory, the DMI
has no effect on the symmetry of the DW motion in AFMs.

IV. SUMMARY

In this work, we investigate the influence of DMI on the static
as well as dynamic properties of thermally driven DWs in AFMs.
In the configuration DI, where the DMI vectors are aligned with
the axis of intermediate anisotropy, the angle of the plane contain-
ing the DW is tilted leading to a reduced DW width and to addi-
tional torques that slow down the DW motion.

In the configuration D, the vectors are aligned with the hard
axis. Here, the DMI favors a certain chirality of the DW. The DW
velocity can be reduced or enhanced depending on the DW chirality.

For the DMI configuration D*, where the DMI vectors are
aligned with the easy axis of the model, the static DW properties are
unaffected. Here, an asymmetric dispersion relation can be observed
which—for the case of FMs—can lead to different DW velocities in
antiparallel directions.”® In AFMs, this effect is canceled by the sym-
metry of the sublattices. However, in all configurations, the symmetry
of the torques acting on the two sublattices is preserved and, thus,
there is no Walker breakdown.”®
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