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Inertia-Free Thermally Driven Domain-Wall Motion in Antiferromagnets
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Domain wall motion in antiferromagnets triggered by thermally induced magnonic spin currents is
studied theoretically. It is shown by numerical calculations based on a classical spin model that the wall
moves towards the hotter regions, as in ferromagnets. However, for larger driving forces the so called

Walker breakdown  which usually speeds down the wall

is missing. This is due to the fact that the wall

is not tilted during its motion. For the same reason antiferromagnetic walls have no inertia and, hence,
no acceleration phase leading to higher effective mobility.

The interest in antiferromagnetic and ferrimagnetic
materials has increased recently for several reasons. One
is the more complex spin structures which lead to addi-
tional spin wave modes with higher frequencies and,
consequently, faster spin dynamics than in ferromagnets
(FMs). Possible applications are in the field of ultrafast spin
dynamics [1,2]. Also, ferrimagnets and antiferromagnets
(AFMs) have attracted a lot of attention as low-damping,
insulating magnets in the emerging field of spincalori-
tronics [3-5] which is on the combined transport of spin
and heat. Finally, antiferromagnets are also discussed as
future material for antiferromagnetic spintronics, since it
has been shown that despite their lack of a macroscopic
magnetization their magnetic state can be controlled via
spin torque switching and can be read out via their
magnetoresistive properties [6]. Spintronic phenomena call
for exploitation in devices with magnetic storage function-
alities, where a magnetic nanostructure has to be controlled
efficiently and fast. The information can be stored in
magnetic domains, in isolated magnetic nanoparticles, or
even in domain walls (DWSs) [7]. For the latter case
synthetic AFMs have been shown to pave a new road
towards higher DW mobility [8].

For a ferromagnetic system, in Ref. [9] the existence of
thermally driven domain-wall motion in temperature gra-
dients was demonstrated by computer simulations based on
different approaches, an atomistic spin model as well as a
micromagnetic model based on the Landau-Lifshitz-Bloch
(LLB) equation of motion. A thermodynamic explanation
for this kind of DW motion rests on the minimization of the
free energy of the DW (or the maximization of entropy).
For a DW at finite temperature, the free energy is
AF(T) = AU — TAS, where AU is the internal energy
and AS the entropy of the DW. It is a monotonically
decreasing function of temperature [9-11]. This rather
general argument explains a DW motion towards the hotter
parts of the sample where the free energy is lower [11-13]
and it can be expected to hold for other magnetic textures as
well. Furthermore, it has been shown by Schlickeiser et al.

that the DW motion is caused by a so-called entropic
torque. The exchange stiffness is weaker for higher temper-
ature and therefore, an effective torque on the DW is created
driving it towards the hotter region [11].

A more microscopic explanation for DW motion in
temperature gradients rests on the continuous stream of
thermally excited magnons from the hotter towards the
colder region with a transfer of angular momentum pushing
the wall in the direction opposite to the magnonic spin
current [14]. Theoretical investigations based on these
arguments show that the magnonic torque should be
analogous to the macroscopic entropy torque [15].

Like ferromagnets, antiferromagnets are materials with
magnetic long-range order, but while neighboring atomic
magnetic moments are aligned parallel in a FM, in an AFM
they are antiparallel and compensate each other. Thus,
there is no net magnetization. The antiferromagnetic order
parameter, which is referred to as staggered magnetization,
is hence defined as 2n = m; —m,, where m;, are the
magnetizations of the sublattices.

Although an AFM differs from a FM on a microscopic
level, their thermodynamic equilibrium properties, as, e.g.,
the free energy, are the same. This is due to the fact that
these properties result solely from the Hamiltonian of the
system. For the simple case of a two-sublattice AFM with
only nearest-neighbor interaction the identical transforma-
tion to a model with reversed sign of the exchange constant
J and of all spins in one sublattice leads directly to a
ferromagnetic model. Accordingly, the temperature
dependence of the exchange stiffness should be identical,
which suggests that antiferromagnetic DWs might behave
as ferromagnetic ones. Note, however, that the argument
above is solely classical and quantum mechanical correc-
tions may lead to additional effects where equilibrium
properties of FMs and AFMs deviate.

On the other hand, the dispersion relations of the spin
waves in FM and AFM are clearly different. In particular, in
an AFM there exist circularly and linearly polarized spin
waves [16,17]. Based on a microscopic spin wave model, it
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was argued recently that the interaction of spin waves with
DWs in AFMs—and consequently their dynamics—should
be distinct from the DW dynamics in FMs. The mechanism
of DW motion driven by antiferromagnetic spin waves
should at the microscopic level vary with the excited spin
wave mode: while circularly polarized spin waves carrying
angular momentum cause the DW to precess and get
reflected pushing the DW away from the source, linearly
polarized spin waves pass through the wall without
reflection dragging the DW towards the source [17,18].
Following these arguments a rather complex behavior of
AFM DWs could be expected.

In this Letter, we study the thermally driven DW motion
in AFMs using an atomistic approach by solving the
stochastic Landau-Lifshitz-Gilbert equation of motion for
an atomistic spin model. Comparing our results with
the DW dynamics in FMs we find similarities as well as
clear differences. For small temperature gradients the wall
velocity in AFMs is identical to the one in FMs while for
larger driving forces the so-called Walker breakdown—
which usually speeds down the DW-—is missing.
Furthermore, the DW is not tilted during its motion so
that it has no inertia and, hence, no acceleration phase
leading to higher effective mobility.

For our study we first simulate the dynamics of a DW in
a thermal gradient based on a model of classical spins in
the form of normalized magnetic moments S; = p;/p, on a
simple cubic lattice. We consider isotropic Heisenberg
exchange interactions for nearest neighbors and a biaxial
anisotropy. The Hamiltonian reads

H=-JY 88;—d.y (5 -d.> (52 (1)
(i) i i

with J < 0 for antiferromagnetic order. Here d, > d, > 0
are anisotropy constants defining an easy axis in the
z direction and an intermediate axis in the x direction.

The dynamics of the normalized magnetic moments
at finite temperature are given by the stochastic Landau-
Lifshitz-Gilbert equation,

osi__ r
o p(1+a?)

S; x [H; +a(S; xH;)|, (2

where y is the gyromagnetic ratio and H; = —0H/
dS; + &;(¢). The first term represents a precession of the
magnetic moments around an effective field H;, while the
second includes phenomenological relaxation with damp-
ing constant a [19,20]. The temperature in this model is
included within the framework of Langevin dynamics
by an additional white noise term {;(¢) in the effective
field [21,22].

The simulations are based on the numerical integration of
the stochastic Landau-Lifshitz-Gilbert equation using Heun’s
method [22] with time step At = 1.76 x 10 * pu,/(yJ).
We simulate an elongated three-dimensional model with

16 x 16 x 256 spins featuring open boundary conditions and
an easy axis with d, =0.1J while d, is varied. After
initialization and relaxation of the DW, a linear thermal
gradient is applied to the system, where the temperature
increases along the z direction from 7 =0 to
T =0.57T./a, where T, is the critical temperature and
a the lattice parameter. The damping constant is set to
a = 0.01 and absorbing boundary conditions are introduced
at the cold end to avoid spin wave reflection.

We start with a comparison of thermally driven DW
motion in ferromagnetic and antiferromagnetic systems
(Fig. 1). The first result we obtain is that in both systems the
DW moves towards the hotter region, as expected from the
thermodynamic considerations. But there is a significant
difference in the behavior of the DW during its motion.
The dynamics of the ferromagnetic DW profile reveals an
acceleration phase during which the DW is forced out of
its easy x-z plane. This tilting depends strongly on the
anisotropy d,, the damping parameter ¢, and the strength of
the thermal gradient. After that acceleration the DW moves
with constant velocity and constant tilting angle. For larger
gradients eventually the wall starts to rotate while it is
moving and the velocity decreases (see Fig. 4). This is the
so-called Walker breakdown, which was observed for
field-, current- and also thermally driven DW motion in
FMs [9,23-25].

In case of the AFM there is no acceleration phase
and no tilting of the plane containing the DW. Instead,
the wall remains in its initial plane and moves with
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FIG. 1. Motion of the DW in a thermal gradient. Linear
temperature gradient AT/Az = 0.56 x 1073 T\./a (a), and pro
file of the DW at different times in a ferromagnetic (b), and
antiferromagnetic (c) system with d, = 0.02 J.
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FIG. 2. Displacement of the DW versus time. Comparison
between ferromagnetic (solid) and antiferromagnetic (dashed)
systems with different intermediate anisotropies d, in a thermal
gradient of AT/Az = 1.67 x 1073 T /a.

constant velocity. Note that the movement of the DW in
Fig. 1 shows slight deviations from a pure ballistic motion
with constant velocity due to an additional diffusive
component.

The tilting (or the lack of it) is crucial for the dynamics of
the DW as can be seen in Fig. 2. For the ferromagnetic
system three cases can be distinguished. In the case of high
anisotropy 4, = 0.04 J, the motion of the DW after the
acceleration phase is linear and the velocity is maximal. In
the case of a smaller anisotropy of d, = 0.01 I, the DW
motion is accompanied by oscillations that are typical for
the Walker breakdown, where the DW starts to precess and
the mean velocity decreases. For d, = 0 there is no favored
orientation of the wall and the DW rotates continuously and
moves constantly with reduced velocity. The DW motion in
the AFM, however, is independent of the anisotropy. There
is no tilting of the DW and therefore no precession of the
DW and no Walker breakdown. The DW mobility is much
higher in AFMs for large driving forces above the Walker
breakdown.

The absence of a Walker breakdown results from the
symmetry of the torques acting on the DW. In a temperature
gradient the exchange stiffness (the thermodynamic aver-
age of the microscopic exchange interaction) is space
dependent and decreases with increasing temperature,
vanishing at the Curie point. Considering the central plane
of the DW the space dependent exchange field results
in two torques following from the equation of motion
[Eq. (2)], one contribution (the double cross product) which
drives the wall and one contribution (the cross product)
which—in a FM—would tilt the wall (see Fig. 3). In an
AFM the first term is antisymmetric, pointing in an
opposite direction on the two different sublattices, as it
is necessary to drive the DW. The second torque, however,
is symmetric pointing into the same direction on the two
sublattices. In a FM it would tilt the wall but in an AFM
these two contributions cancel, which explains the fact that

FIG. 3. Sketch of the torques acting on the central plane of a
DW in a thermal gradient. The two sublattices of the AFM are
occupied with blue and yellow spins, respectively.

the DW slides easily without leaving the easy plane. The
DW in an AFM is displaced but not tilted in a temperature
gradient. Consequently, it has no inertia and no Walker
breakdown occurs.

As Fig. 4 shows, the DW motion in an AFM is not
affected by an intermediate anisotropy d,, since the wall
always stays in its easy plane. The velocity of the wall is
then always proportional to the temperature gradient. These
findings are in clear contrast to the movement of the DW in
the FM, where the velocity collapses at a certain point, the
Walker breakdown. The position of the breakdown could

(@ o015 : ; —
AFM o
AFM  x wpy” --- r x
FM 7
012FM o % - x 1
PEE
T "
':?!_I:‘: 0.09 ’,f’ * b
S ,/ x
z P
Z 006} A T
= X
/‘\I o o]
(s}
0.03F 1(6‘ LY .
e 3 o o o
T, O
) ’g’ , , . —
(b) 015 : ; —
l’ x
0.2} & = 1
/’ x
7t b4
’_“j > 009} gt P 1
=k -
z ’O{ ¥
L oA 21}
£ 006 p%
A
0.03} & T
" e
B o o] o} o] o 8
0 "--—\——_'_._.,_.____._____._
0 0.6 1.2 1.8 2.4

FIG.4. DW velocity as a function of temperature gradient in an
antiferromagnetic (red) and a ferromagnetic (blue) system with
(a) d,=0.02] and (b) d, =0.011J. Comparison between
numerical results (points) and analytical estimates (lines).
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not be determined exactly, since close to the breakdown the
precession of the DW is very slow and the wall can reach
the end of the system before rotating once. Hence, the
velocity seems to level off before collapsing, which is a
numerical effect.

Since below the Walker threshold the wall velocities in
FMs and AFMs agree a comparison with earlier results for
DW motion in FMs appears useful. Schlickeiser ef al. [11]
derived an analytical estimation of the DW velocity and
Walker threshold for DW motion in a temperature gradient
within the framework of the micromagnetic Landau-
Lifshitz-Bloch (LLB) equation in the one-dimensional
limit. For the magnitude of the DW velocity they obtained

(12
1+ =5
(143
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Here, the first line describes the linear increase of vpyw
while the second line, related to a rotation of the wall,
contributes only above the Walker threshold A,,, which is
given by

2 1|0A
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A
! 4.

(4)

M is the saturation magnetization (at zero temperature),
while the micromagnetic exchange stiffness A(T), the
transverse susceptibility ¥, (7), the transverse damping
parameter @, (T'), and the reduced equilibrium magnetiza-
tion m,(T) are temperature dependent, thermodynamic
equilibrium quantities. The factor k =1 — d,/d, breaks
the symmetry in the x-y plane.

Regarding an AFM we can neglect the second term;
hence, we obtain

DW ™ ya 9z 0T’

with a, = a, M, = u,/a®, and atomic distance a. The
temperature dependence of the transverse damping
constant within the LLB approach is weak and neglected
here as well as the term quadratic in a,. To include the
temperature dependence of the micromagnetic exchange
stiffness a simple, linear estimate is A(T) = A(0)/T.,
where it is A(0) = J/2a in our spin model. This approxi-
mation was used in [11]. In the following, we use a better
low temperature approximation which was calculated with
the classical spectral density method [26,27].

There, it was found that the micromagnetic exchange
A(T) scales with the equilibrium magnetization m,(T),
A(m,) = A(0)m2D(m,), where m2 dependence comes out
from the free magnon gas approximation (equivalent to the

mean field approximation), and D(m,) stands for a small
correction coming from the magnon-magnon interactions.
At low to intermediate temperatures, one can use the well-
known low temperature relation for the equilibrium temper-
ature, m, = 1 — Q, where Q = WkgT/J, is the thermally
averaged spin wave occupation defined by the Watson
geometric sum, NW = ", 1/(1 —yy), and the exchange
interaction, J, = zJ, z being the number of nearest neigh-
bors and A the number of spins in the lattice, whereas, the
structure factor reads zy, = Zr,-je ikri; - where T, ; is the
connecting to the nearest neighbor vector. As for the small
correction, D(m,) = 1 — GkgT/J,, where G is the geomet-
rical sum, NG = > ,7/(l —yx). Hence, the explicit
temperature dependence of m, and D(m,) can directly
be used to calculate JA/OT, which ultimately determines
the DW velocity [Eq. (5)]. We note here that both
geometrical integrals, ¥V and G, depend on both, the
structure of the exchange interactions and the system size
through yy [28]. In the present work we use VW = 1.65 and
G = 0.5, related to the finite size of the atomistic system
utilized in our computer simulations. Excellent agreement
between our analytical estimations of the vjY and
computer simulations is found for a range of thermal
gradients, which allow us to conclude that in AFMs,
as for FM, the so-called entropic torques drive the DW
motion. Note, that for very high driving forces the DW
velocity cannot further increase, but more likely saturates,
as it should be limited by the maximum group velocity of
the excited magnons [18,29]. This limit cannot be further
explored due the finite system size.

Our discussion above rests on Eq. (3), which was derived
for a FM. Though our numerical results suggest agreement
with this equation a strict derivation of the DW velocity
of AFMs in temperature gradients should rest on a
two-sublattice version of the LLB equation [30], an effort
which is beyond the scope of this work. Furthermore, our
discussion above is purely classical. Taking into account
quantum effects the entropic torques in ferro- and anti-
ferromagnets are not necessarily identical. Nevertheless,
their symmetry will be the same and thus our main result,
the inertia-free behavior of the antiferromagnetic DW, will
still hold true. The effects of monochromatic spin waves
[17,18] which can indeed move the AFM DW wall in either
direction vanish in a thermally excited spin wave spectrum.
While circularly polarized spin waves cause the DW to
precess and are reflected, for linearly polarized spin waves
which can be seen as a combination of right- and left-
circularly polarized spin waves there is no net rotation of
the wall. In a temperature gradient right- and left-circularly
polarized spin waves are excited equally. Hence, on average
there is no (net) rotation of the DW and therefore no
reflection.

In conclusion, DWs in antiferromagnets are driven by
thermal gradients and move towards the hotter region. On a
macroscopic level this is explained by the minimization of
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the free energy and agrees with older results for thermally
driven DW motion in ferromagnets. However, in contrast
to FMs the dynamics of the wall is independent of the
intermediate anisotropy which defines the easy plane
containing the wall magnetization. The reason for this is
the fact that those torques which—in a FM—tilt the wall
cancel each other in the two sublattices of the AFM. This
has two consequences. One is the absence of the Walker
breakdown in AFMs leading to a higher wall mobility. This
is increasingly important in the limit of low intermediate
anisotropy where DWs in FMs always must precess with
low DW velocity. The other consequence of the lack of DW
tilting is that DW in AFMs are massless. Because of the
lack of inertia they do not accelerate but reach their
stationary DW velocity instantaneously. This is very
important for experiments and technical applications using
pulsed driving forces, since one could operate on much
shorter time scales. Furthermore, the argument of counter-
acting torques leading to massless DWs is not restricted to
temperature gradients but also applies to other driving
mechanisms in antiferromagnets featuring staggered tor-
ques, like Néel spin-orbit torques [29] or current driven DW
motion in synthetic antiferromagnets [8,31].
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