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Magnetic domain engineering in antiferromagnetic CuMnAs and Mn2Au
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Antiferromagnetic materials hold potential for use in spintronic devices with fast operation frequen-
cies and field robustness. Despite the rapid progress in proof-of-principle functionality in recent years,
there has been a notable lack of understanding of antiferromagnetic domain formation and manipulation,
which translates to either incomplete or nonscalable control of the magnetic order. Here, we demonstrate
simple and functional ways of influencing the domain structure in CuMnAs and Mn2Au, two key materi-
als of antiferromagnetic spintronics research, using device patterning and strain engineering. Comparing
x-ray microscopy data from two different materials, we reveal the key parameters dictating domain forma-
tion in antiferromagnetic devices and show how the nontrivial interaction of magnetostriction, substrate
clamping, and edge anisotropy leads to specific equilibrium domain configurations. More specifically,
we observe that patterned edges have a significant impact on the magnetic anisotropy and domain struc-
ture over long distances and we propose a theoretical model that relates short-range edge anisotropy and
long-range magnetoelastic interactions. The principles invoked are of general applicability to the domain
formation and engineering in antiferromagnetic thin films at large, which will hopefully pave the way
toward realizing truly functional antiferromagnetic devices.

DOI: 10.1103/PhysRevApplied.21.064030

I. INTRODUCTION

Antiferromagnetic (AF) spintronics has the potential to
be a breakthrough technology for data storage in terms
of speed, scaling, and robustness. Following the theoret-
ical prediction of efficient manipulation of AF order with
electrical currents [1], research has focused on proof-of-
principle functionality. Thus, rapid progress has been made
in this respect both experimentally and theoretically [2–7].
Yet, most cases show incomplete control of the AF order,
lack long-term stability, or require large current pulses and
significant heating, or even nonscalable approaches, such
as the application of large magnetic fields. To overcome

*Corresponding author: sreimers@uni-mainz.de
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these limitations and realize truly functional devices from
antiferromagnets requires an in-depth understanding of
antiferromagnetic domain formation and a precise tun-
ing of the local magnetic anisotropy in devices, which
to date remains mostly elusive for fully compensated
antiferromagnets.

In ferromagnetic devices, domain formation is largely
governed by the minimization of magnetic stray fields,
which makes the magnetic anisotropy sensitive to the
shape of the device [8]. However, magnetic stray fields
are entirely absent in the bulk of fully compensated anti-
ferromagnets, so that a priori long-range shape-induced
phenomena may not be expected.

Nonetheless, it has been reported for devices fabricated
from antiferromagnetic oxide films that the domain
structure becomes sensitive to the device shape when the
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dimensions are on the micrometer scale. Studies with
LaFeO3 have revealed both short-range and long-range
effects [9–11], with short-range effects related to an edge
anisotropy, which leads to a local alignment of the AF
spin axes parallel or perpendicular to the lithographic edge.
This is mediated only by direct AF exchange over dis-
tances up to the typical AF-domain size. Effects over
longer ranges have been attributed to magnetoelastic inter-
actions. Also for NiO/Pt heterostructures, it has recently
been shown that minimization of elastic energy has a
primary role in the domain configuration [12]. In NiO,
magnetoelasticity originates from exchange coupling and
hence is known to be large.

In the antiferromagnetic metals CuMnAs and Mn2Au,
studied here, magnetoelastic coupling can only arise from
the relativistic spin-orbit coupling, which is typically sev-
eral orders of magnitude smaller than exchange cou-
pling. Nevertheless, as we show in this work, patterned
edges also significantly influence the domain structure and
magnetic anisotropy in CuMnAs and Mn2Au thin films.
Tetragonal CuMnAs and Mn2Au are amongst the most
promising material candidates for application in AF spin-
tronics, because they are the only materials discovered
for which electrical currents can rotate the Néel vector
via so-called Néel spin-orbit torques (NSOTs) [2,7,13–
15]. Insight into the mechanism of domain formation and
anisotropy in these materials is thus directly relevant for
AF spintronics research and potential future application.

To understand the effect of patterning on the domain
structure, we study the AF domains in simple geome-
tries fabricated from CuMnAs and Mn2Au films using
x-ray magnetic linear dichroism photoemission electron
microscopy (XMLD PEEM).

Our experimental data reveal a spatial variation of the
local magnetic anisotropy over several micrometers, which
we measure as a change of the domain-wall widths in
CuMnAs and as a change of the average domain popula-
tion in the Mn2Au films. This microscopic investigation
of the anisotropy in AF structures gives unique insight
into the mechanisms that underpin AF-domain forma-
tion and anisotropy changes in patterned structures. We
show that the spatial variation of the anisotropy and the
characteristic domain structures are directly related to the
spatial distribution of strain in the samples, which we
model using magnetoelastic charges. We find that short-
range edge-induced anisotropy arising at the patterned
edges can induce long-range effects due to magnetoelastic
interactions competing with the film-substrate clamping.
By comparing CuMnAs and Mn2Au, we disentangle the
contributions to the local anisotropy and show how in pat-
terned structures, the same mechanisms result in different
stable AF-domain morphologies depending on the mate-
rial parameters. Our description can be generally applied
to domain formation in devices fabricated from epitax-
ial AF thin films grown on a nonmagnetic substrates, the

most relevant geometry for spintronic application. This
study hopefully makes a crucial contribution toward clos-
ing the gap between proof-of-principle experiments and
truly functional AF-spintronic devices.

A. Samples

Here, we study epitaxial (001)-oriented CuMnAs and
Mn2Au films grown on nonmagnetic substrates. The films
have a tetragonal crystal structure and exhibit antiferro-
magnetic ordering at room temperature, with magnetic
moments located on Mn sites. The magnetic moments
align ferromagnetically in the (001) plane, with anti-
ferromagnetic coupling between neighboring planes [16,
17]. Both materials exhibit large out-of-plane magne-
tocrystalline anisotropies, confining the AF spin axis in
plane. The in-plane magnetic anisotropies, which are much
smaller, favor two mutually orthogonal magnetic easy axes
along the 〈110〉 crystallographic directions that match the
in-plane symmetry of the substrates. Thus, from a magne-
toelastic point of view, the samples have the same geome-
try but the size of the magnetocrystalline anisotropies vary
considerably. For Mn2Au, states with spin alignment along
the 〈110〉 and 〈100〉 crystallographic directions are sepa-
rated by an energy barrier larger than 1.8 μeV per formula
unit (f.u.) [18]. For CuMnAs, experiment and theory indi-
cate near degeneracy of the spin-axis direction in the a-b
plane, with the energy difference between the 〈110〉 and
〈100〉 crystallographic directions <1 µeV per f.u. close to
the resolution limit of the calculation [19] and a preference
for the 〈110〉 directions (magnetic easy axes hereafter) in
50-nm films as studied here. The out-of-plane anisotropy
barrier is far larger in both materials, with 2 meV per f.u.
in Mn2Au [16] and 127 μeV per f.u. in CuMnAs [19].

B. Antiferromagnetic domain imaging

The AF-domain structures are imaged by photoemis-
sion electron microscopy (PEEM) with sensitivity to the
axis of the Néel vector (AF spin axis hereafter) due to
the x-ray magnetic linear dichroism (XMLD) effect. For
x-ray polarization along an in-plane high-symmetry crys-
tallographic axis, maximum contrast is achieved between
domains aligned parallel and perpendicular to the x-ray
polarization direction. The XMLD-PEEM imaging of AF
domains has been established for both materials in previ-
ous experiments [18,20,21].

II. RESULTS AND DISCUSSION

First, we discuss the patterning-induced AF-domain
configurations using CuMnAs as an example and intro-
duce the magnetoelastic model. Later in this paper, we
show how this model can be applied to the second inves-
tigated antiferromagnet Mn2Au, which has a much larger
magnetocrystalline anisotropy.
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The model considers three contributions to the total
energy: magnetic energy that contains exchange energy
Wex and magnetocrystalline anisotropy Wmc, surface
energy at the patterned edge, Wedge, referred to here-
after as edge energy, and destressing energy at the film-
substrate interface, Wdestr, which is the elastic energy due to
magnetostriction of the antiferromagnet and film-substrate
clamping. We distinguish between epitaxial (or growth-
induced) strain and spontaneous incompatibility strain.
The epitaxial strain is isotropic and hence does not break
the symmetry between the two magnetic easy axes, and can
be neglected in many cases. Only directly at the edge, this
strain can be relaxed anisotropically over approximately
the distance of the film thickness. This is one possible
origin of edge anisotropy. Other contributions to strain
relaxation at the edges could originate from local defects
generated by the etching procedures, in particular from the
ion-beam etching of the Mn2Au thin films (the CuMnAs
samples have been wet chemically etched). However, for
our theoretical discussion, the origin of the edge anisotropy
is not relevant and, in particular, we show that long-range
magnetoelastic interactions act on regions far away from
the edges. With the term incompatibility, we refer to the
additional spontaneous strain that emerges due to magne-
toelastic coupling when comparing the nonmagnetic state
with the magnetic state. This is anisotropic and therefore
can affect AF-domain formation. Further information can
be found in Appendix C.

A. Effect of patterning in CuMnAs

High-quality epitaxial CuMnAs films, of 50-nm thick-
ness, are grown by molecular-beam epitaxy or GaP(001)
substrates, with a mismatch between film and substrate of
approximately 0.3 %. The films are grown fully strained.
Epitaxial strain is relaxed locally in the vicinity of spe-
cific crystallographic nanoscale defects, referred to as
microtwins [22]. Nonpatterned (as-grown) samples of the
films studied here consist of two types of AF domains with
mutually orthogonal spin axes, along the 〈110〉 crystallo-
graphic directions of the films. Previous work has shown
that the domain morphology and size are governed by
nanoscale microtwin defects [23]. The microtwins termi-
nate at the surface as characteristic lines along the crystal-
lographic 〈110〉 directions and locally pin the AF spin axis
parallel to their direction. The strain field surrounding such
a twin defect can stabilize 180◦ domain walls due to mag-
netostriction [23]. For the sake of simplicity, we will refer
to the 〈110〉 directions as the magnetic easy axis and the
〈100〉 directions as the magnetic hard axis, for these films.

Structures with different geometric shapes are fabricated
using photolithography and chemical wet etching from a
layer with low microtwin density and typical domain sizes
beyond 10 μm2. A representative example of the domain
structure in a nonpatterned area is shown in Fig. 1(a).

We first consider the simplest device geometry con-
sisting of bars oriented along a magnetic easy axis. In
Fig. 1, we compare the AF-domain structures in bars of
different widths [Figs. 1(b)–1(g)] to the domain struc-
ture in a nonpatterned area [Fig. 1(a)]. A strong effect
of the patterning on the AF-domain population and mor-
phology is observed. In a nonpatterned area, the popula-
tion of orthogonal domain types is almost equal, whereas
in the bars, the AF spin axis is aligned mostly paral-
lel to the long edge: the horizontal bars [Figs. 1(e) and
1(g)] show a prevailing presence of horizontal spin axis
(light areas), whereas the vertical bars [Figs. 1(b)–1(d)]
appear mostly dark. Domains with an orthogonal spin axis
are observed only as characteristic lens-shaped domains
aligned perpendicular to the edges. Direct comparison to
scanning x-ray diffraction microscopy (SXDM) images of
the microtwin structure [Figs. 1(f) and 1(h)] show that each
lens-shaped domain corresponds to a microtwin defect,
which is located at the center of the lens-shaped domain.
Microtwin-free areas are fully aligned parallel to the edge
of the bar. We have observed the stabilization of the AF
spin axis parallel to the edge across the entire widths of the
bar, even in the largest 25-µm-wide structures.

In addition to the lens-shaped domains, 180◦ domain
walls are observed. These 180◦ domain walls are char-
acteristic for uniaxial anisotropy. They appear as narrow
undulating lines in the XMLD-PEEM images and often run
parallel to the long side of the bar. However, when termi-
nating at an edge, they locally align perpendicular to the
edge, similar to what has been observed for 180◦ domain
walls at the surfaces of uniaxial Cr2O3 single crystals
[24]. This happens at positions sufficiently far away from
microtwin defects so that their influence can be neglected.

In the case of patterned edges along a magnetic hard axis
(Fig. 2), the XMLD-PEEM images reveal that the AF spin
axis aligns perpendicular to the edge. This is opposite to
what has been observed for edges aligned with the mag-
netic easy axes. Thus, the patterning-induced anisotropy
exceeds the intrinsic magnetocrystalline anisotropy of
CuMnAs. In the vicinity of microtwin defects, e.g., at the
right corner of the device in Figs. 1(a) and 1(b), the com-
petition of the effect of microtwins and the patterned edge
leads to a frustrated domain structure.

To describe domain formation in CuMnAs theoretically,
we consider the case of a large edge anisotropy and large
exchange energy compared to the destressing energy. In
this scenario, the AF spin axis is fixed at the edges. As
exchange energy dominates over destressing energy, the
entire bar can end up in a single domain state dictated by
the edge anisotropy. This is parallel to the bar for edges
along a magnetic easy axis and perpendicular for edges
along a magnetic hard axis. This kind of dependence of
the sign of the edge anisotropy on the patterning direction
has also been observed in LFO (see Ref. [9]). It clearly
shows that in antiferromagnets, edge anisotropy does not
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(a) (b) (c) (d) (e)

(f)

(g)

(h)

FIG. 1. The effect of patterning along a magnetic easy axis in CuMnAs. (a) AF domains in a nonpatterned area imaged by XMLD
PEEM. The orange arrows show the direction and polarization of the incident x-ray beam, which yields sensitivity to the spin axis as
shown by the red double-headed arrows. (b)–(d) AF-domain images in (b) 15-µm-, (c) 10-µm-, and (d) 5-µm-wide bars along an easy
axis. (e) An AF-domain image of a 15-µm-wide bar with orthogonal orientation. (f) A scanning x-ray diffraction microscopy (SXDM)
image of the same bar showing the microtwin configuration. (g),(h) The same as (e) and (f) but for a 10-µm-wide bar.

arise from the minimization of small magnetic stray fields
but can have different origins. It can arise from, e.g., the
different chemical environment of the surface atoms (e.g.,
oxidation) or from strain relaxation.

For further insight into the mechanism, we study the
spatial variation of the anisotropy, in particular its depen-
dence on the distance to the patterned edges. The widths
of 180◦ domain walls (DWs) act as a local probe of the
magnetic anisotropy, since they scale as 1/

√
K with the

anisotropy constant K [25]. Two representative examples
of domain walls that terminate at edges are shown in
Figs. 3(a) and 3(b). Upon close inspection, it can be seen

(a) (b)

FIG. 2. The effect of patterning along a magnetic hard axis in
CuMnAs. (a) AF domains in a square-shaped almost microtwin-
free device imaged with x-ray polarization along a CuMnAs
〈110〉 direction, as indicated by the double-headed orange
arrows. The yellow dashed lines mark the positions of microtwin
defects. (b) The same device, but imaged with x-ray polarization
imaged with x-ray polarization along a CuMnAs 〈100〉 direction,
which reveals that the AF spin axis aligns perpendicular to the
edge.

that the domain walls are considerably narrower in the
direct vicinity of the edge. This can be clearly seen in a plot
of the domain-wall widths as a function of the distance to
the edge [Fig. 3(c)]. The data show that the change occurs
continuously over several micrometers. The domain-wall
widths reduce to almost half their value (approximately
120 nm) in the vicinity of the edges compared to the cen-
ter of the bars (200–250 nm). Even in the center, they
remain below the widths measured in nonpatterned areas of
approximately 260 nm in this sample (shown by the dotted
line).

This shows that the anisotropy is not just altered directly
at the edge but over long ranges. To understand this long-
range effect, the elastic effect of the alignment of the AF
spin axis needs to be considered: the alignment of the spin
axis with the edge leads to a deformation of the film. This,
vice versa, creates a preference for AF domains aligned
accordingly, i.e., an additional uniaxial anisotropy and can
explain, e.g., the presence of 180◦ domain walls even
in biaxial magnetic systems [25]. Yet, the corresponding
lattice deformation of the film is incompatible with the
nondeformed substrate.

Mathematically, we model this incompatibility with an
elastic charge density at the film-substrate interface, illus-
trated by the purple sheet in Fig. 3(d). A single domain
configuration corresponds to a uniform charge density.
This charge density creates a long-range “Coulomb-like”
elastic field in film and substrate, similar to the electric
field of a uniformly charged finite plate. It is largest in the
center of the bar and counteracts the patterning induced
effect. Hence the anisotropy is largest at the edge and
reduces toward the center of the bar. This translates into
a characteristic dependence of the domain-wall widths as a
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(a) (c)

(b) (d)

FIG. 3. The gradient anisotropy in CuMnAs bars. (a),(b) 180◦ DWs in a CuMnAs bar. (c) The dependence of the widths of the DWs
in (a) and (b) on the distance to the edge, measured with respect to the colored edge. The green and yellow data points correspond
to the images in (a) and (b). The dashed line shows the simulated dependence of the DW width. The dotted line shows the DW
width measured in nonpatterned areas of the sample. (d) A schematic illustrating the origin of the effect. The purple sheet displays the
magnetoelastic charge density causing the destressing field u shown in the inset (yellow curve). This field opposes the single-domain
state and reduces the anisotropy toward the center of the bar.

function of distance to the edge (see Appendix C), shown
by the dashed line in Fig. 3(c), which is an averaged fit
of the data sets. The good agreement of the model with
the experimental data supports the validity of our theoreti-
cal description. Deviations of the data from the theoretical
curve can be ascribed to local crystallographic defects.

We have shown that the AF-domain formation is gov-
erned by the competition of edge anisotropy, exchange,
and destressing energy. In the CuMnAs structures, the
destressing energy is small and the final state is largely
governed by edge anisotropy and exchange energy.
The effect of the destressing energy manifests itself as
the broadening of the domain walls toward the center
of the bars. The competition between the edge anisotropy
and the destressing field becomes more obvious in the
Mn2Au films studied and discussed next.

B. Patterning effects in Mn2Au

The (001)-oriented Mn2Au films are 40 nm thick
and are grown epitaxially on Ta(001)/Mo(001) double
buffer layers on MgO(001) substrates [14]. As men-
tioned above, Mn2Au, like CuMnAs, has two mutually
orthogonal equivalent magnetic easy axes but a much
larger magnetocrystalline anisotropy. Both magnetocrys-
talline anisotropy and magnetoelasticity originate from

spin-orbit interaction, which is larger in Mn2Au due to
its heavier mass, and therefore magnetoelasticity can also
be expected to be considerably larger in Mn2Au than in
CuMnAs, so that the destressing energy becomes more
relevant.

Without patterning, the epitaxial Mn2Au thin films
show a multidomain AF-domain state, with two types of
domains aligned with the two magnetic easy axes and
equipartitial distribution of the two domain types. A rep-
resentative example is shown in Fig. 4(a). The domain
size is in the order of 1 μm, considerably smaller com-
pared to the CuMnAs samples discussed above. Consistent
with our assumption, a smaller domain size is expected
for systems in which the destressing energy is more rel-
evant. No evidence of morphological structures or crystal-
lographic defects on the same length scale as the magnetic
domains has been found. The width of the domain walls
in Mn2Au is less than 80 nm, close to the resolution limit
of the XMLD-PEEM technique, much smaller than in
CuMnAs, where the domain-wall widths can vary signif-
icantly depending on the local defect structure [23]. This
shows the more than 30 times larger magnetocrystalline
anisotropy of Mn2Au, which is obtained by additionally
considering the about 4 times higher Néel temperature of
Mn2Au [26].
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(a) (b)

(c)

(d) (e)

(f)

FIG. 4. The effect of patterning in Mn2Au. (a) A nonpatterned area. (b),(c) In a (b) 10-µm-wide and a (c) 2-µm-wide bar along the
magnetic easy axes. (d),(e) Same as (b) and (c) but for bars with orthogonal orientation. (f) AF domains in a 10-µm-wide bar along a
magnetic hard axis. The orange arrows show the direction and polarization of the incident x-ray beam.

To study the effect of patterning on this type of domain
structure, devices with similar bar geometries are fabri-
cated using photolithography and Ar+ ion-beam milling.
In Fig, 4, we compare the AF-domain structure in patterned
bars with different orientations to the nonpatterned case.

As in the case of CuMnAs, the bars oriented along
magnetic easy axes [Figs. 4(b)–4(e)] show a pronounced
effect of the microlithography on the AF-domain structure.
However, in contrast to CuMnAs, the competing effects
of the edge anisotropy and the destressing field can be
observed directly: in the 10-µm-wide bars [Figs. 4(b)],
the AF spin axis is aligned perpendicular to the edge in a
narrow approximately 0.5–1.0-µm near-edge region. This
orientation is stabilized across the entire bar, if the width of
the bar approaches the typical domain size, as in the nar-
row 2-µm-wide bars [Figs. 4(c) and 4(e)]. In these, only
one type of domain and 180◦ domain walls are observed.
In the wider bars away from the near-edge region, domains
with their AF spin axis along both perpendicular easy
axes are observed but domains with AF spin axis paral-
lel to the edges clearly dominate the domain population.
This indicates that the effects of the destressing field are
dominant.

In Fig. 4(f), we show the AF domains in a bar patterned
along a magnetic hard axis. In this device, no effect of
the patterning on the domain structure can be observed.
The only detectable variation compared to nonpatterned
areas occurs in the corners of the device, i.e., where the
edge is locally aligned with a magnetic easy axis. Hence,
in Mn2Au, the edge anisotropy is not sufficiently strong
to overcome the intrinsic anisotropy and cannot force the
AF spin axis onto a hard axis of the magnetocrystalline
anisotropy.

Mn2Au is an example where the magnetocrystalline
anisotropy and the destressing energy are relatively large.
Consequently, as-grown unpatterned samples show a mul-
tidomain state with equipartitial population of the two

domain types, which minimizes destressing energy and
patterning-induced anisotropy cannot fully rotate the AF
spin axis but only affects the relative population of the
domains. Thus, patterned edges along a magnetic hard axis
have no measurable effect of the AF-domain structure. In
narrow (2-µm) bars along the magnetic easy axis, the AF
spin axis is almost fully aligned perpendicular to the edge,
which can be explained by the edge anisotropy and direct
exchange alone; the 180◦ domain walls are of kinetic ori-
gin. However, as the destressing energy is larger than in
CuMnAs, this alignment is not maintained over the com-
plete width of the wider (10-µm) bars. In these wider
bars, the AF-domain population in the center of the bars
is reversed compared to the near-edge region. The varia-
tion of the domain population as a function of the distance
to the edge is shown in Fig. 5. The nonequipartitial distri-
bution of domains is observed across the entire width of
the bars, which exceed the typical AF-domain size by an
order of magnitude. This is clear evidence for an elastic
origin of the effect and can be described within our model
as follows.

The alignment of the AF spin axis of the near-edge
region due to edge anisotropy deforms the lattice of the
film, so that the average strain is nonzero at the edges
and creates additional strain due to incompatibility (mod-
eled as magnetoelastic charges of one sign). This increases
the destressing energy compared to a state with zero aver-
age strain. Hence, Mn2Au reacts by creating domains
with an orthogonal spin axis (charges of opposite sign).
Mathematically, we can model the incompatibility with a
magnetoelastic charge density at the interface. The sign
and size of the charge density are proportional to the ratio
of the two domain types; hence the center and the boundary
layer have opposite sign. We then start with an initial guess
of the distribution of the domains, calculate the charge den-
sity and corresponding energy, and iteratively approach a
state that minimizes the energy, corresponding to a stable
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(a) (b) (c)

(d)

FIG. 5. Gradient anisotropy in Mn2Au bars. (a) AF domains in a 10-µm-wide Mn2Au bar. (b) The average domain population as a
function of the distance to the left edge. The purple dots are experimental data and the black dashed line is a theoretical simulation.
(c) The magnetoelastic charge configuration before patterning: purple and yellow correspond to opposite charge. (d) The magnetoelas-
tic charge configuration after patterning. Edge anisotropy imposes alignment of the AF spin axis at the edges, creating an imbalance of
charges. This increases the destressing energy, so that the film reacts by the expansion of domains with opposite charge in the center.

AF-domain configuration. Consistent with experiment, the
model predicts a sharp rise of the domain population over
a short distance and almost a plateau in the central area, in
good agreement with the experimental data.

C. Relevance for current induced switching
experiments

CuMnAs and Mn2Au are two of the most important con-
ducting materials for AF spintronics. Most experimental
and theoretical studies with these materials are concerned
with the manipulation of their AF order via NSOTs. Yet,
the behavior of the AF-domain structure is directly related
to the AF anisotropy and the equilibrium domain structure,
as well as several potential metastable states. As we show
here, these depend on the shape of the device. Thus, our
findings are of great relevance for the interpretation of pre-
vious work on AF-domain manipulation and can be used
to optimize devices for future experiments.

Our data show that there is an equilibrium domain
configuration in patterned structures, i.e., in potential AF
spintronics devices, which is different from the as-grown
state. In the context of switching between two orthogo-
nal orientations of the Néel vector, as originally proposed
for AF magnetic random access memory (MRAM), this
raises the question of whether the switched states can be
stable in the long term and if the AF-domain structure
relaxes to the equilibrium configuration by thermal acti-
vation. Here, we note two things: first, in CuMnAs, neither
electrical current pulses nor magnetic fields have been able
to induce long-term stable switching by 90◦ of a large
fraction of the active area of a device at room temper-
ature. On the contrary, the switching is characterized by
significant decay [27–29]. This can be understood by con-
sidering the existence of a ground state that is dictated
by patterning in combination with the low magnetocrys-
talline anisotropy. Second, for Mn2Au, long-term stable

switching of a large area of a device at room tempera-
ture has been demonstrated and no relaxation of electrical
switching at room temperature is observed [14]. This is
because the domain walls in this material are narrower
and more strongly pinned. The lack of relaxation at room
temperature is consistent with the fact that the AF-domain
structure is altered during the patterning process, because
the Ar+ ion-beam milling used significantly heats the sam-
ple. This helps to overcome the domain-wall pinning barri-
ers required to achieve the new equilibrium configuration,
whereas at room temperature, the pinning barriers are suf-
ficiently large to prevent relaxation of the current-induced
metastable state. This example illustrates that applications
rely on a fine tuning of the anisotropy and that knowledge
of the effect of patterning is crucial in order to design suit-
able device geometries. For example, for applications that
rely on orthogonal switching of the Néel vector between
two magnetic easy axes, edges along the magnetic easy
axes lead to significant pinning, thus limiting the device
efficiency. Consistently, in Ref. [14], long-term stable and
reversible switching of effectively the entire active area
of a Mn2Au device has been shown with an “easy-edge-
free” device geometry. Recent work has also suggested
applications beyond AF MRAM, including novel comput-
ing based on complex AF textures such as vortices and
AF merons [30]. Of the two materials studied there, these
are most likely to be realizable in CuMnAs devices with
low magnetocrystalline anisotropy, in which the competi-
tion of the edge effect and microtwin defects can be used
to engineer a frustrated anisotropy landscape. This can be
achieved by patterning edges along the magnetic hard axis.
Indeed, such a geometry has been used in Ref. [31], where
AF merons have been electrically generated. In contrast,
an enhanced uniaxial anisotropy might be beneficial for
devices based on the motion of 180◦ domain walls, as
could be envisioned for an AF racetrack memory.

064030-7



SONKA REIMERS et al. PHYS. REV. APPLIED 21, 064030 (2024)

III. CONCLUSIONS

Microlithography has been shown to have a significant
impact on the AF domains and magnetic anisotropy in both
CuMnAs and Mn2Au films. When edges are patterned,
an additional anisotropy is induced, which results in a
preferred alignment of the AF spin axis. This patterning-
induced anisotropy can surpass the bulk magnetocrys-
talline anisotropy in materials such as CuMnAs, where
the intrinsic anisotropy is small. However, even in mate-
rials with larger intrinsic anisotropy, such as Mn2Au, the
patterning-induced anisotropy has a significant impact on
the AF-domain structure. In devices, this leads to pro-
nounced gradients of the anisotropy that can be directly
measured as a change of 180◦ domain-wall widths in
CuMnAs or inferred from the average domain popula-
tion in Mn2Au. Patterned edges, which are inevitable in
devices, can therefore be utilized as a tool to tune the
anisotropy and domain structure for both applications and
experiments involving these widely investigated materi-
als. By comparing data from both materials, a model
of domain formation in AF devices has been developed,
which allows for the disentanglement of the different con-
tributions that govern the AF-domain structure and the
local magnetic anisotropy. For instance, the anisotropy
gradients are shown to be governed by the spatial dis-
tribution of strain. The model establishes a relationship
between short-range edge anisotropy and long-range mag-
netostrictive effects via magnetoelastic charges, in analogy
to electrostatics. The principles of edge anisotropy, mag-
netostriction, and anisotropic strain relaxation at patterned
edges are generic to all antiferromagnetic films grown on
nonmagnetic substrates. Therefore, the model is generally
applicable to antiferromagnetic devices. The understand-
ing of the mechanisms that govern domain formation and
the local anisotropy in such structures forms the basis
to precisely tune them toward specific applications. This
will hopefully facilitate the realization of functional and
efficient spintronic devices.
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APPENDIX A: SAMPLE-PREPARATION
METHODS

1. Material growth

The 50-nm CuMnAs(001) films were grown by
molecular-beam epitaxy on a GaP buffer layer on
GaP(001) substrates at 210 °C. The films were capped with
a 3-nm Al layer to prevent surface oxidation. Details of the
MBE growth can be found in Ref. [22]. Ex situ x-ray
diffraction (XRD) diffraction measurements confirmed the
tetragonal crystal structure of the layer, with the epi-
taxial relationship CuMnAs(001)[100]||GaP(001)[110].
XRD measurements and scanning transmission electron
microscopy (STEM) suggest that the films are grown fully
strained, with epitaxial strain relaxed only in the vicinity
of specific crystallographic nanoscale defects, referred to
as microtwins [22].

The 40-nm Mn2Au(001) films were prepared by
radio-frequency magnetron sputtering (rf sputtering). The
Mn2Au(001) films were deposited on MgO(001) substrates
with 20-nm Mo(001) and 16-nm Ta(001) double buffer
layers and capped with 2-nm Si3N4. The Mn2Au layers
were deposited at approximately 500 ◦C and subsequently
annealed for 75 min at 700 ◦C. For further information, see
Ref. [32]. The tetragonal structure and crystalline quality
of the films was confirmed with ex situ x-ray diffrac-
tion, establishing the Mn2Au(001)[100]||MgO(001)[110]
epitaxial relationship.

In the main text, the crystallographic axes always refer
to the CuMnAs/Mn2Au films and not to the substrates.

2. Device fabrication

The CuMnAs devices were fabricated by optical lithog-
raphy and chemical wet etching.

The Mn2Au devices were fabricated by optical lithog-
raphy and Ar+ ion-beam milling with a continuous Ar+
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current, which is associated with sample heating up to
�150 ◦C. The etching process removes the entire Mn2Au
and buffer layers and part of the substrate.

APPENDIX B: IMAGING METHODS

1. XMLD-PEEM imaging

The XMLD-PEEM measurements were performed on
beam line I06 at Diamond Light Source and at the MAX-
PEEM beam line at MAX IV. On I06 at Diamond, the x-ray
beam was incident at a grazing angle, forming an angle
of 16.5◦ with the sample surface. Magnetic contrast was
obtained from the difference in the absorption signal mea-
sured by XPEEM at the peak and the minimum of the Mn
L2,3 XMLD spectrum. At the MAXPEEM beam line, the
x-ray beam has normal incidence on the sample surface.
Magnetic contrast was obtained from the difference of the
absorption measured by XPEEM for two mutually perpen-
dicular in-plane polarizations for a fixed photon energy
at the maximum of the Mn L2,3 XMLD spectrum. The
different measurement configurations only affect the abso-
lute scale of the signal and thus are irrelevant after image
normalization.

All measurements were performed at room temperature
and with approximately 50-nm spatial resolution.

The dependencies of the XMLD on the crystal orienta-
tion of CuMnAs have been determined previously using
an exchange-coupled Fe/CuMnAs bilayer [20]. It has been
shown that the XMLD spectrum has a similar shape but
opposite sign for �E||[100] and �E||[110]. For Mn2Au, the
dependence of the XMLD for �E||[110] has been estab-
lished from Mn2Au samples that have been exposed to
an in-plane 30-T magnetic field. This induces a spin-flop
transition and leads to approximately 80 % remanent AF
spin-axis orientation perpendicular to the field [26,33].

On beam line I06, images were acquired with a LEEM
III microscope operated at 12 keV for the CuMnAs sam-
ples and at 15 keV for the Mn2Au samples. On the MAX-
PEEM beam line at MAX IV, the LEEM III microscope
was operated at 20 keV.

2. Scanning x-ray diffraction microscopy (SXDM)

SXDM imaging of microtwin patterns in CuMnAs
devices was performed at the NanoMAX beam line at the
MAX IV Laboratory. The x-ray beam with an energy of
10 keV was focused to a lateral diameter of 100 nm onto
the sample onto the sample, aligned to satisfy a Bragg
condition, and rastered across the sample surface in a two-
dimensional mesh at different angles around the Bragg
peak. The three-dimensional reciprocal space maps thus
obtained provided information about structural features of
the sample (see Ref. [23]) and rastered across the sam-
ple surface in an x-y mesh during a scan. As discussed in
Ref. [23], the microtwins create specific features (wings) at

Bragg-reflection peaks. This allows to map the microtwin
configuration by plotting the intensity measured on the
wings against the sample position during a scan. These
intensity maps were obtained at the CuMnAs(003) peak
of the sample at an angle �� = ±0.4 ◦ from the Bragg
angle, i.e., � = �Bragg ± �� and the x-ray beam imping-
ing along the CuMnAs [110] direction for � = �Bragg (for
further details, see Ref. [23]).

APPENDIX C: FITTING PROCEDURES

1. Measuring the widths of 180◦ domain walls

The image processing and data fitting was done using
MATLAB R2018b.

To measure the width of the 180◦ domain walls, inten-
sity profiles of line cuts across the walls in the XMLD-
PEEM images were extracted and a phenomenological
model was fitted to the data. For simplicity, the in-plane
anisotropy is modeled with a single phenomenological
uniaxial term (anisotropy constant K). The out-of-plane
anisotropy is assumed to be strong enough to keep the Néel
vector in plane. In this case, orientation of the Néel vector
is parametrized with a single angular variable ϕ calculated
from the easy-axis direction: n = (cos ϕ, sin ϕ, 0). The
domain-wall profile is then given by a standard expression,

ϕ − ϕ∞ = arccos
[
− tanh

(
x − x0

dDW

)]
, (C1)

where ϕ∞ = 0 or π describes the Néel vector orienta-
tion for x −→ −∞, x0 is the position of the center of the
domain wall, and dDW = √

A/K is the characteristic length
scale of the rotation, the “domain-wall widths,” defined by
the ratio of the exchange stiffness and anisotropy constants
A and K . Taking into account the functional form of the
XMLD effect, one obtains for x-ray polarization along a
CuMnAs [110] direction,

MLD[110] = A0 ·
[

tanh
(

x − x0

dDW

)]2

+ C, (C2)

where A0 and C are constants that depend on the size of the
XMLD signal and on the image normalization.

To ensure that the profile was obtained in the direction
perpendicular to the domain wall, for each point on the
domain wall, the angle of the profile was varied, the pro-
files fitted, with fitting parameters dDW, x0, A0, and C, and
the minimal dDW chosen.

A detailed description of the fitting protocols is given in
the Supplemental Material [34].

2. Modeling elastic incompatibility

For modeling the effect of the elastic incompatibility,
we use the formalism developed in Refs. [12,35]. The
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distribution of the Néel vector at the interface with the non-
magnetic substrate is treated as a source of incompatibility
charges that create the additional strain uelas both in the
antiferromagnetic and the nonmagnetic layers.

3. Domain-wall width in CuMnAs stripes

In the presence of additional strain, the domain-wall
width dDW = √

A/Keff depends on the effective anisotropy
K + HmeMs(uelas

xx − uelas
yy ), where Hme is the parameter of

magnetoelastic coupling and Ms/2 is the sublattice magne-
tization.

For a given distribution of the Néel vector, the additional
strain is calculated as [35]

uelas
xx (r) = −uelas

yy (r) = uspon

4π

∫
dr′ cos 2ϕ(r′)

|r − r′| δ′(z′), (C3)

where uspon is the value of the spontaneous strain. We have
used Eq. (C3) to calculate the strain distribution within
the CuMnAs stripe, assuming a single-domain state ϕ = 0
within a stripe region. The calculated function uelas

xx − uelas
yy

is then substituted into the expression for the domain-wall
width dDW. We obtain

1
d2

DW
= 1

D2

(
1 − ae−x/el) , (C4)

where x is the distance from the edge and a, D, and el are
phenomenological parameters. D can be interpreted as the
domain-wall widths at infinity and el as the length scale
of the problem. To fit the experimental data with the theo-
retical curve, we compare the calculated and experimental
dependencies 1/d2

DW as a function of distance from the
stripe edge by fitting Eq. (C4) to the experimental data.
We obtain D = 227(8) nm and el = 1.1(2) µm.

4. Domain distribution in Mn2Au stripes

The equilibrium distribution of the Néel vector taking
into account incompatibility effects can be calculated by
minimization of the destressing energy [35]:

Wdest = 1
2

HmeMsuspon

∫
dr

∫
dr′ cos 2

[
ϕ(r′) − ϕ(r)

]
|r − r′| δ′(z′).

(C5)

For the calculation of the domain distribution in Mn2Au
we use a multiscale approach (see, e.g., Refs. [36,37]). We
distinguish two principal scales: the large one defined by
the stripe (sample) size and an intermediate one, which is
much larger than the domain size but much smaller than
the sample size. After averaging over the smaller scale
〈cos 2ϕ(r)〉 = 2ξ(r) − 1, where ξ(r) is the fraction of the

domains with ϕ = 0 and 〈sin 2ϕ(r)〉 = 0, we minimize the
destressing energy,

Wdest = 1
2

HmeMsuspon

∫
dr

∫
dr′

× (2ξ(x) − 1)(2ξ(x′) − 1)

|r − r′| δ′(z′), (C6)

assuming that ξ(x) = 1 at the stripe edges (due to the edge
anisotropy).
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