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Nanoscale mechanics of antiferromagnetic

domain walls
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Antiferromagnets can encode information in their ordered
magnetic structure, providing the basis for future spintronic
devices', The control and understanding of antiferromag-
netic domain walls, which are the interfaces between domains
with differing order parameter orientations, are key ingredi-
ents for advancing antiferromagnetic spintronic technolo-
gies. However, studies of the intrinsic mechanics of individual
antiferromagnetic domain walls are difficult because they
require sufficiently pure materials and suitable experimental
approaches to address domain walls on the nanoscale. Here
we nucleate isolated 180° domain walls in a single crystal
of Cr,0;, a prototypical collinear magnetoelectric antifer-
romagnet, and study their interaction with topographic fea-
tures fabricated on the sample. We demonstrate domain
wall manipulation through the resulting engineered energy
landscape and show that the observed interaction is gov-
erned by the surface energy of the domain wall. We propose
a topographically defined memory architecture based on anti-
ferromagnetic domain walls. Our results advance the under-
standing of domain wall mechanics in antiferromagnets.

In the few years since its inception’, the field of antiferromagnetic
spintronics® has seen substantial progress, culminating in several
demonstrations of antiferromagnet-based memory devices*. The
focus of these advances has been on controlling and reading the
bulk Néel vector of antiferromagnets’ and their domains®, whereas
the study and direct control of individual antiferromagnetic domain
walls (DWs) has received much less attention. DWs are of particu-
lar relevance to the field, as they carry essential information on the
magnetic microstructure of a material”'’, can have fundamentally
different properties from the interior of domains'""?, and delimit
logical bits in magnetic memory devices". Furthermore, and akin
to ferromagnet-based DW logic', the understanding and control of
antiferromagnetic DWs could inform future approaches to antifer-
romagnetic spintronics architectures.

In this work, we achieve an important step towards harnessing
antiferromagnetic DWs for spintronics applications and thereby
gain valuable insights into DW physics in antiferromagnets.
Specifically, we realize antiferromagnetic DWs whose morphologies
are governed by DW energy minimization and sample geometry, a
key result that we obtain by direct, real-space imaging of antiferro-
magnetic DW trajectories with nanoscale resolution.

We demonstrate these results for the case of Cr,0,, a uniaxial,
magnetoelectric antiferromagnet that orders at room temperature
(Tyea=307K) (ref. '*). The magnetoelectric properties of Cr,O,
allow for local control of the Néel vector L through the simultaneous
application of electric and magnetic fields>"*. In addition, symmetry
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breaking at the surface of Cr,O, leads to a roughness-insensitive,
uncompensated surface magnetic moment that is linked directly to
the underlying bulk Néel vector'®'”, which can thereby be read out'®.
These combined properties render Cr,0O, particularly interesting for
antiferromagnetic spintronics>°.

To address DW physics in Cr,O,, we employ nanoscale magnetic
imaging that uses a single nitrogen vacancy (NV) electron spin in
diamond as a scanning probe magnetometer'?. NV magnetometry
is among the few nanoscale imaging methods for antiferromag-
nets'?°% it detects stray magnetic fields that result from uncom-
pensated magnetic moments to address antiferromagnetic order.
Such moments can generally result on surfaces'” or from spatial
variations of the Néel vector’** and are thereby particularly suitable
for studying antiferromagnetic DWs. Here, we exploit the surface
magnetic moments of Cr,0, (ref. '°) for imaging.

We perform our experiments on a (0001)-oriented Cr,O; single
crystal that has a thickness of 1 mm and millimetre-scale lateral
dimensions. To obtain position markers and a measurable magnetic
stray field from the sample, even from uniformly ordered domains,
we pattern a grid of micron-scale mesas (Fig. 1a, inset) with mean
thickness ¥ = (166 +4) nm and width w = (2.4+0.3) pm on the
sample surface (Methods). We induce magnetic domainsin the Cr,O,
sample via magnetoelectric field cooling'® across Ty, Specifically,
we apply collinear magnetic and electric bias fields along the surface
normal with By,,=550mT and E,,;=+0.75MV m™, and we use a
split-gate capacitor to invert E,,,; between two halves of the sample.
We find this method of nucleation to be repeatable, reversible and
necessary to observe DWs in the otherwise mono-domain sample
(Supplementary Section II).

We show a representative NV magnetometry image of the
sample obtained at room temperature and in a weak bias magnetic
field (Byy=1.6mT) applied along the NV axis to achieve quanti-
tative imaging' (Fig. 1b). The data show stray magnetic fields
emerging from a nucleated DW and from two mesas located on
adjacent antiferromagnetic domains. From an analytical fit to the
stray field across the mesa edges, we extract mean surface magne-
tizations 6,,=+2.1+0.3) yynm=2 (where y; is the Bohr magneton
and the two signs apply to the different mesas), which are consis-
tent with other measurements”*** and theoretical expectations®.
We confirm that these data are connected to the bulk antiferromag-
netic order through temperature-dependent measurements, o,,(T),
where we observe that ¢, vanishes near Ty, (ref. '*) (Supplementary
Sections IV and VII).

The DW we observe constitutes an interface between regions
of oppositely aligned Néel vector, L, through which L rotates by
180° over a characteristic length scale of 2¢, = 2+/.A/K (Fig. 1¢),
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Fig. 1| Sample structure and domain wall imaging on single-crystal antiferromagnetic Cr,0;. a, Schematic of the (0001)-oriented Cr,0; single-crystal
sample, showing the magnetic moments in two regions with oppositely oriented Néel vector L and the associated magnetization. Stray magnetic fields occur
either on DWs or on topographic features and are measured and imaged using scanning single-spin magnetometry. The inset shows a micrograph of the
mesas (of thickness t~166 nm) fabricated on the sample surface. b, Representative stray-field image obtained on the surface of the sample on a section that
contains two mesas and a DW nucleated by magnetoelectric cooling. ¢, Schematic of the Néel vector evolution across the DW of width 27.,.. d, Line cut of the
magnetic field measured across the antiferromagnetic DW. From a fit to the data (red), we determine an upper bound for the magnetic length #,, $32nm.

where A and /C are the exchange stiffness and magnetic anisotropy’.
We perform analytical fits to the magnetic stray field measured
across the DW (Fig. 1d) to determine a room temperature upper
bound of 7, <32 nm, which is consistent with theoretical estimates
(Supplementary Section VII). Strikingly, we find the DWs away
from the mesas to be smooth and straight over length scales of tens
of microns (Fig. 1b and Supplementary Fig. 2), and do not observe
a correlation between DW orientation and crystallographic direc-
tions of the sample.

When a DW crosses a mesa, however, we observe considerable
deviations from such straight DW paths; these deviations are similar
to the refraction of a light beam as described by Snell’s law in geo-
metrical optics (Fig. 2a). Indeed, the crossing of the DW through
the mesa incurs an energy cost that is directly proportional to the
increase in DW surface area resulting from the non-zero mesa
height . The DW then assumes a path that minimizes its surface
area (and thereby its surface energy) and takes into account the local
change in topography. To further support this picture, we map 17
instances of such refraction-like behaviour for a wide range of DW
incidence angles, 6, € {~20°...~70°} (Fig. 2b). We determine 6, by
the DW direction off the mesa and define the angle 8, to be the DW
direction at the centre of the mesa (Fig. 2b, inset). Similar to Snell’s
law, we find a linear behaviour of sin 6, / sin@, = 1.16 £ 0.04.

To obtain further insight into the observed DW mechan-
ics, we perform spin lattice simulations” that take into account
nearest-neighbour antiferromagnetic exchange interactions,
single-site anisotropy and the sample geometry (Methods). We then
obtain the equilibrium DW configuration through energy minimi-
zation of the spin lattice. The simulated DW profile on the sample
surface (Fig. 2a, inset) is in excellent agreement with the experi-
mental data, and simulations for varying incidence angles confirm
the experimentally observed linear relationship between sin &, and
sin 8, (Fig. 2b).

Our numerical results inspired an analytic ansatz for the DW
profile in which we use a variational procedure to relate key param-
eters of the DW morphology to the mesa geometry (Supplementary
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Section VIII). This analysis yields an analytic expression for
Nmesa := sin @1/ sin O, (Fig. 2b, dashed line), where for small angles
0, <1 we find n,,,=1+3.1(t/w) and additional terms O(6?%).
Although Snell’s law offers a useful analogue to the observed phe-
nomena, this result also highlights distinctions between the two.
In particular, whereas the former arises from the principle of least
action alone, the DW trajectory is also determined by the DW posi-
tion in the bulk of the sample, which manifests in the existence of
higher-order contributions of 6, to n,,.,.

Strikingly, the simulated DW trajectories also reproduce the
marked bending of the DW towards the mesa edge normal, which
results in an S-shaped distortion from the otherwise straight DW
profile (Fig. 2a). This distortion arises from the minimization of
the exchange interaction by normal incidence of DWs to surfaces
(in this case, the mesa sides)’. This, together with the overall DW
energy minimization, fully explains the observed DW trajectory on
the mesa. Our simulation also yields the three-dimensional mor-
phology of the DW crossing the mesa (Fig. 2¢), and shows how the
mesa-induced distortion of the DW transitions towards the planar
bulk DW shape over a characteristic length scale of ¢;. Through our
analytic analysis, we find t;~0.34w, which yields t;=0.82 pm for
typical mesa widths.

The energy penalty for traversing a mesa also leads to
DW-pinning phenomena at mesa edges. Specifically, we observe
instances in which the bulk DW position that would intersect a
mesa close to a corner is expelled instead from the mesa (Fig. 3a).
This behaviour is well reproduced in simulations in which we force
the bulk DW to lie close to a mesa corner (Fig. 3a, inset). In such a
case, the mesa presents a large DW energy barrier, and so the path,
which minimizes the overall energy, follows the mesa edge. The
energetically favourable DW path (‘refraction’ or ‘pinning’) is there-
fore dependent on the mesa geometry and the location of the DW
with respect to the mesa.

Importantly, we are able to de-pin the DW from a mesa corner
and to place it on the mesa by using a focused laser spot to drag
the DW (Fig. 3b). Such laser dragging, previously demonstrated
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Fig. 2 | Mechanics of an antiferromagnetic domain wall. a, Stray magnetic
field image of an antiferromagnetic DW crossing a mesa. The mesa
deflects the DW from its otherwise straight path and leads to further

DW distortion within the mesa. The inset shows that the DW trajectory

as found by numerical simulation is in excellent agreement with data.

b, Sines of the incidence and transmission angles (6, and 6,, respectively,

as defined in the inset) for a DW incident on a mesa edge, as determined
from 17 DW images (grey circles). The error bars are propagated based on
the systematic error in position readout (Methods). The apparent linear
relationship (red line) is reminiscent of Snell's law in geometrical optics and
suggests DW energy minimization as the origin of the observed deflection.
Numerical simulations (blue squares) and analytic calculations (dashed
line) confirm the experimental findings for mesa aspect ratios ~ t/w. ¢, Full
three-dimensional representation of the simulated DW surface crossing a
mesa. Below the mesa, the DW twists towards the planar DW surface in
the bulk over a characteristic length scale of t;.

in the case of thin-film ferromagnets®, is based on laser-induced
heating, which locally reduces the DW energy and therefore forms
a movable potential well for the DW. We find that such local DW
manipulation is facilitated by increasing the sample temperature,
and we therefore heat the sample to 304.5K. We then scan the laser
at elevated powers, perpendicular to the DW and in the absence of
the scanning probe. We are able to reproducibly move the DW from
a location on the mesa to a nearby location off the mesa and back
(Fig. 3b), and thereby demonstrate the ability to achieve reliable and
reversible DW manipulation.

We investigate this pinning and switching behaviour more
closely through simulations. We consider the energy of a DW whose
end points we pin at fixed positions xp,, relative to a square mesa
(Fig. 3¢). By varying xp,,, we observe three distinct equilibrium DW
configurations: a straight undisturbed DW, or the DW pinned to
either side of the mesa. The energy and snapshots of these configu-
rations are shown as a function of x,, (Fig. 3¢). In the case of a
straight DW, the DW energy increases abruptly upon crossing the
mesa, and the energy step can be tuned by the mesa height. For the
pinned DWs, the DW area, and hence the DW energy, increases
gradually with increasing DW deflection. This observed pin-
ning behaviour shows that the DW mimics an elastic, deformable
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surface. The mechanical surface tension of the DW (energy per unit
area) is determined by the material properties and sets the energy
excess that results from the interaction between the DW and mesa
(Supplementary Section IX). For sufficiently strong deflections, the
energy of the pinned state exceeds that of a straight DW, which leads
to a metastable configuration. When this happens, the application
of a stimulus (for example magnetoelectric pressure or local heat-
ing) can cause a sudden relaxation of the DW state (Fig. 3c, vertical
arrows). This switching process is hysteretic and controllable by the
mesa height and the strength of the stimulus.

These combined results suggest a potential architecture for a scal-
able, DW-based antiferromagnetic memory (Fig. 3d). Specifically,
we propose to employ nanoscale mesas as engineered DW pinning
centres, in which binary information is encoded by the direction of
L on a given mesa. By fabricating sufficiently thick mesas, one can
energetically exclude an unpinned DW, thereby creating a bistable
system in which the DW is forced to pin to one edge of the mesa or
the other. The size of the antiferromagnetic memory bits is then lim-
ited solely by Z,,, which opens the route to bits of nanoscale dimen-
sion—a considerable improvement on currently demonstrated
architectures for antiferromagnetic memories™*. We demonstrate
the possibility of switching and reading such bits by laser dragging
and magnetometry, but integrated, all-electrical approaches could
be readily envisaged. In particular, electrical gates on the mesas
could be used to apply magnetoelectric pressure'®? for switching
and to exploit the anomalous Hall effect'® for all-electrical readout.

In conclusion, we demonstrate the deterministic generation and
control of pristine DWs in a single-crystal antiferromagnet, and
observe DW physics determined solely by sample geometry and the
DW surface energy while defect-related DW pinning mechanisms™
appear to be negligible. These combined achievements, together
with the versatile toolset of quantum sensing’’, offer attractive ave-
nues to exploring largely uncharted areas of DW physics, such as
DW creep*> or DW magnons in antiferromagnets”. Based on the
generality and robustness of our modelling (Methods), we con-
clude that our results should extend to other achiral, uniaxial anti-
ferromagnets. Furthermore, based on simulations, we expect the
DW behaviour observed here in bulk to manifest in high-quality,
thin-film samples, which is a key materials frontier that remains to
be addressed in the future. Thus, our work opens multiple avenues
for future research of fundamental and applied nature, be it in the
form of the proposed antiferromagnetic memory devices or ulti-
mately for the realization of DW logic'".
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Fig. 3 | Engineered pinning and controlled manipulation of antiferromagnetic domain walls. a, Magnetic stray field image of a domain wall (DW) pinned
to a mesa corner where the mesa position is highlighted by the black dashed line. The inset shows a corresponding simulation. b, Laser dragging of a DW
across a mesa corner different from that in a. Green dots and straight arrows indicate the path along which the DW is dragged; curved arrows connect
sequential images. ¢, The top shows simulation snapshots of the three possible (meta-)stable DW states in the vicinity of a mesa: pinned to either side
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Methods

Sample preparation. The Cr,0, used in this study is a commercially available,
single crystal from MaTecK with a (0001) surface orientation. The original

5mm X 5mm X 1 mm crystal was broken into two halves along a diagonal
(Supplementary Information). The sample was prepared by removing magnetic
contamination (presumably resulting from the polishing process) with a 100s
Ar/Cl, plasma etch (ICP-RIE, Sentech) in 2 steps. One side of the crystal was
then spin-coated with a hydrogen silsesquioxane layer (FOx, Dow Corning) and
subsequently developed by using electron-beam lithography to create 10 pm X 2 pm
mesa masks. These mask patterns were transferred into the sample with a 100s Ar/
Cl, plasma etch. The masks were then removed by using hydrofluoric acid. This
process results in the 166 nm tall structures (Fig. 1a, inset). For the measurements,
the sample was mounted on a small Peltier element that was placed on top of an
open-loop piezoelectric scanner (ANSxyz100, Attocube), which allowed us to heat
the sample to ~340K.

Nitrogen vacancy magnetometry. The NV centre is a point defect in diamond
whose S=1 electronic ground-state spin can be initialized and read out through
optical excitation at 532 nm. Specifically, we use state-dependent fluorescence
to identify the Zeeman splitting between the | + 1) spin levels by using optically
detected magnetic resonance. All measurements in this study were performed
by using scanning all-diamond parabolic pillars™ that house a single NV centre
and are integrated into a custom confocal imaging set-up equipped with a
continuous wave 532 nm laser”’. The measurements are performed with <10 pW
of continuous-wave optical excitation, which is a factor of two lower than typical
saturation powers for NVs in these parabolic scanning pillars®. The microwave
for manipulating the NV is provided by a 30 pm gold loop antenna with a typical
effective driving strength of 0.25 G at the NV. These low excitation powers (both
microwave and laser) ensure that we do not disturb the DW, as confirmed by
repeated scans of the DW. A small-bias magnetic field (<60 G) is applied along the
NV axis by using a permanent magnet to allow for a sign-sensitive measurement of
the stray magnetic fields.

Both two-dimensional magnetic field images and line scans are obtained
by using a feedback technique to lock a microwave driving frequency to the
instantaneous NV spin transition frequency, as described in ref. **. We employ
single-pixel integration times that range from 0.3 s for full-field images to 5s for
individual line scans with a noise floor of ~ 3.3 T VHz ..

Domain wall nucleation. DW’s are nucleated in the otherwise mono-domain
single-crystal Cr,O, by using magnetoelectric cooling through the

Néel temperature. A uniform magnetic field is achieved by placing two

5cm X 5cm X 2 cm permanent magnets adjacent to each other. The result is a nearly
homogeneous magnetic field of B~ 550 mT along the centre normal, as measured
by a Hall probe (AS-NTM, FM302 Teslameter, Projekt Elektronik). In addition, we
apply electric fields across the sample by using a split-gate capacitor that consists
of two quartz plates with 100 nm Au evaporated onto the surface. The Cr,0,
sample is then centred onto the capacitor gap and sandwiched between the top and
bottom gate together with thin mica sheets to prevent electroplating of Au onto

the crystal surface (see Supplementary Information for a schematic of this set-up).
The entire device is then heated to far above the Néel temperature and allowed to
cool to room temperature while simultaneously +750V are applied between the
electrodes, which leads to an electric field of E~0.75 MV m™ across the crystal.
The resulting |E - B|=0.41x 10°VT m™" forces the Cr,O, sample into a two-domain
state. The crystal can again be made mono-domain by repeating this procedure
with a uniform capacitor rather than the split-gate capacitor. This process was
repeated twice to show the reproducibility; each realization resulted in a different
domain configuration (Supplementary Section II).

Domain wall dragging. The repeated movement of the DW is demonstrated via
local heating with a laser, a process we describe as laser dragging. For this, we
remove the NV scanning probe and focus the laser onto the sample surface with

a beam diameter of ~420 nm. We scan the sample at a speed of roughly 80nms™",
perpendicular to the DW, over distances exceeding 10 pm before reducing the
laser power back to below 10 pW. With this method, the minimum laser power at
which we have observed DW motion is 135 pW. We then re-insert the NV scanning
probe and image the new DW position. These experiments were performed at a
sample temperature of 304 K, which was achieved through heating with the Peltier
element. This DW dragging is verified through direct measurements with the NV
(Supplementary Section X).

Error analysis. We characterize our piezo scanner displacement to correct for the

piezo non-linearity (Supplementary Section I). We compare the corrected mesa

dimensions measured in our set-up to those measured with a Bruker Dimension

3100 atomic force microscope and obtain a 10% error. We therefore take this value

to be the uncertainty in the lateral scales that factor into the error bars in Fig. 2b.
To determine the errors on the DW deflection angles, we take, as stated

above, the uncertainty in the x and y distances (Ax and Ay, respectively)

to be Ax=Ay=10%. Through simple error propagation, we then obtain

Skay = \/fk(l)Ax. Here, k (k,) is the slope of the DW in the bulk (on the mesa),
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which can then be converted to an error in sin(6,()) through further error
propagation. This results in

. 2k Ax
5sln(91(2)) = ¢ (1)

(1 +kf1>)3/2’

which is plotted as the error bars in Fig. 2b. We then use a linear regression to
obtain the final estimate of n,,.,,. Further discussions of uncertainty are found
throughout the Supplementary Information.

Fitting to mesa stray fields. The mesa structures etched into the surface of

Cr,0, play a critical role in our study as they act as sources of stray fields for
characterizing the surface magnetization (o,,) and NV sample spacing (dyy) and
for providing reference markers. For the former, we consider 29 line-cut sections,
each taken over a mesa, and fit the stray field at the mesa edges by modifying a
well-studied model” that describes the stray field as arising from line currents
along the top and bottom edges of the mesa (Supplementary Information). We
obtain estimates of the NV angles (6yy and ¢y ), dyy» 0,, and the mesa edge
positions, as well as their variances, through the Metropolis-Hastings algorithm
(Supplementary Information). In particular, by combining the results of all 29
data sets, collected at various temperatures, we obtain reasonable estimates of the
NV angles, Oy, =60.7 +2.9 degrees and ¢, =260.6 + 0.8 degrees. We furthermore
extract a mean dy, =51.4+19.2nm. By considering only the six measurements
taken at room temperature, we determine the value for the surface moment density,
0,,=2.1+0.3 u;nm2, where the error corresponds to the standard deviation.

Fitting to domain wall stray fields. To describe the stray field of a DW in Cr,0O;,
we begin with the typical description of the evolution of the magnetic moments of
the two sublattices in this collinear antiferromagnet’*. For this, we assume a Bloch
wall of the typical form

L, =0, @)
L, = sech(x/m), (3)
L, = tanh(x/¢y,), (4)

where £, is the magnetic length, as given previously. Thus, the DW profile (Fig. 1c)
is determined by ¢, which allows us to use this parameter to characterize the DW
width. This form of the DW profile is then considered in the derivation of the stray
field along the NV axis (Supplementary Section V).

We again use the Metropolis—-Hastings algorithm to evaluate our model of the
stray field with the stray field data. To do so, the NV-sample spacing, angles and
surface magnetization extracted previously from the mesa fits are used as prior
information. In particular, we consider the NV sample spacing on a case-by-case
basis as each DW line scan is taken concurrently with a mesa line scan. The
upper bound for £, stated previously is then obtained from extrema of the
likelihood distributions at room temperature; the 98th percentile of the cumulative
distribution function is selected as the upper limit on #,,. This implies that, at room
temperature, our data exclude an ¢, greater than 32 nm.

We note that for completeness, the stray field data have also been analysed
under the assumption of a Néel wall, which results in a similar quality fit
for slightly changed model parameters. However, the resulting DW width is
consistently smaller for a Néel wall, which maintains the validity of our statement
about the upper limit of £, regardless of wall type.

Simulation details. The spin-lattice simulations are performed with the
in-house-developed SLaSi package*”*’, which was rewritten in the CUDA (compute
unified device architecture) framework. The simulations are based on a generic
antiferromagnet that consists of a simple cubic lattice, which is described by the
effective Hamiltonian

H= JTSZZi.i'Fi CWy = KTQZx(ﬂf)z

2,2¢2 N o o (5)
ta uogs;:[BS Zitj {ﬁ 3 'uzi(v, ru)] )

)
i if

Here, J is the exchange integral, K is the easy-axis (e,) anisotropy, p; is the unit
vector representing the direction of the magnetic moment at the ith lattice site,

and i runs over the nearest neighbours of i, yielding the oppositely oriented
magnetic sublattices. To represent a general antiferromagnet while approximating
the properties of Cr,0,, we set S=1,a=0.277 nm, J =2.34 X 10~ p]J (ref. *°) and
K=2.6x10"""p], which leads to £;, = ay/J /K =0.83 nm. These values allow for
areasonable scale of the sample for spin-lattice simulations and properly reproduce
the effects observed in experiments. The last term in the Hamiltonian represents
the dipolar interaction, which we control by the parameter ¢, € {0, 1}. We find that
dipolar interactions do not change the results of our simulations quantitatively, and
therefore favour ¢;=0 in the following, which is consistent with other studies.
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With this, we solve the set of Landau-Lifshitz-Gilbert equations

dy, 1 IH dy,
= gt G+ o ©)

where h is the reduced Planck’s constant and a;=0.5 is the Gilbert damping,

by using the Runge-Kutta-Fehlberg scheme of order 4-5 with a fixed time step
to find the equilibrium magnetic state when max |d;/dt| — 0. We simulate
parallelepiped-shaped samples with the mesa faces coinciding with lattice planes.
This is done without loss of generality, as simulations with arbitrarily oriented
mesas show no significant variations.

To simulate a given bulk DW position, in particular for the study shown in Fig.
3¢, we fix the equilibrium DW by notches at the sample boundaries. The initial
state is defined as either a straight DW, which can cross the mesa, or a DW that
is pinned at and bent around the mesa edges. The magnetization is then relaxed
and its energy is compared to that of an unperturbed DW far from the mesa. The
excess energy of the initial state can cause the DW to switch from a high-energy
(strongly extended) state to a low-energy state, thereby imitating an induced switch
due to an external stimulus. We note that the present model contains no bias to
select a particular DW type (Bloch, Néel or other). The resulting equilibrium DW
type in the simulations is therefore determined by the initial magnetic state that
we choose before numerical relaxation and may also vary along the DW. We varied
details of the initial conditions and observed no influence of the DW type on the
relaxed DW trajectory.

Finally, to further investigate the robustness of our model, we performed
simulations in which we lower the structural symmetry of the lattice by shifting
the two magnetic sublattices that we consider by half a lattice constant with respect
to each other along the main axis of the cubic lattice. We still observe results
quantitatively similar to those of the original simple cubic lattice, which indicates
that our model is indeed robust against variations in lattice parameters.

In conclusion, our minimal model appears to be justified as it already captures
all features of the DW mechanics observed in our experiments. Furthermore, the
generality of this model suggests that it should be applicable to any achiral, uniaxial
antiferromagnet.

Data availability
Source data are provided with this paper. All data shown are available from Zenodo
at https://doi.org/10.5281/zenodo.3941994".

Code availability
The spin lattice simulation software’ used in this paper is available at
http://slasi.knu.ua.
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