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We demonstrate how shape-dependent strain can be used to control antiferromagnetic order in
NiO/Pt thin films. For rectangular elements patterned along the easy and hard magnetocrystalline
anisotropy axes of our film, we observe different domain structures and we identify magnetoelastic
interactions that are distinct for different domain configurations. We reproduce the experimental
observations by modeling the magnetoelastic interactions, considering spontaneous strain induced by
the domain configuration, as well as elastic strain due to the substrate and the shape of the patterns.
This allows us to demonstrate and explain how the variation of the aspect ratio of rectangular
elements can be used to control the antiferromagnetic ground state domain configuration. Shape-
dependent strain does not only need to be considered in the design of antiferromagnetic devices,
but can potentially be used to tailor their properties, providing an additional handle to control
antiferromagnets.

Antiferromagnetic materials (AFM) are promising can-
didates for fast, robust and energy-efficient spintronic
devices [1]. AFMs possess two or more magnetic sub-
lattices, with vanishing net magnetization. This absence
of magnetic stray fields enables higher bit packing den-
sity of AFMs devices compared to ferro(i)magnetic ma-
terials (FMs), enhanced robustness against interfering
external magnetic fields and potentially THz switching
speeds [2]. Especially insulating antiferromagnetic mate-
rials (iAFM) have emerged as a promising material class
for the development of low power devices, because their
low damping allows for the transport of spin currents over
long distances [3].

Crucial for the implementation of AFMs as active spin-
tronic devices is the control of the antiferromagnetic or-
der. In recent years it has been established that current
pulses through an adjacent heavy metal layer can induce
a reorientation of the antiferromagnetic ordering in insu-
lating AFMs [4–6]. For iAFMs with strong magnetostric-
tion, the reorientation of the Néel vector is dominated by
a thermomagnetoelastic switching and strongly depends
on the device geometry [7–9].

For FMs the device geometry and shape-induced con-
trol of the domains is a key tool for tailoring func-
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tional device properties. In AFMs, conventional shape
anisotropy caused by the magnetic dipolar interactions
is not present, due to the absence of a demagnetization
field. However, theoretical work on shape-induced phe-
nomena in finite size antiferromagnets predicts an order-
ing of the antiferromagnetic domains, with long-range
strain fields leading to the formation of shape-dependent
domain structures [10, 11]. It has been shown that the
shape-induced domains in the FM layer of a AFM/FM
bilayer can for instance be used to imprint an AFM vor-
tex state into the adjacent AFM layer [12, 13]. How-
ever, initial studies of patterning-induced effects in an-
tiferromagnetic LaFeO3 could not observe any changes
in the domain structure, after patterning different ele-
ments with etching [14]. Later studies patterned elements
via an Ar+ ion implantation-based patterning technique,
which resulted in antiferromagnetic structures embedded
in a non-magnetic layer [15, 16]. This technique led to
the observation of changes in the antiferromagnetic or-
dering near the patterning edge for LaFeO3 [15, 17, 18]
and more recently La0.7Sr0.3FeO3 [16], interpreted as an
edge effect near the edge for elements patterned along
the easy axis. Further studies have suggested the ex-
ploitation of this effect in exchange bias applications of
AFM/FM heterostructures [19]. However, these previous
investigations of patterning-induced modulations of the
AFM order have been focused on the passive application
of AFMs in AFM/FM bilayers. Considering the poten-
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tial of antiferromagnets as active elements in spintronic
devices, it is important to investigate patterning- and
shape-induced effects and in particular the control of the
domain configuration in AFMs without an adjacent FM
layer. It is crucial to not only understand patterning-
induced effects near the edge, but also the influence of
shape-dependent strain on the domain structure inside
a structured antiferromagnetic device. This effect would
be most suitable to tailor domain configurations by the
shape.

The prototypical collinear antiferromagnet NiO has
been considered to be a promising candidate for an active
element in spintronic applications, in contrast to LaFeO3,
due to the possibility of electrically controlling and read-
ing the AFM order [4, 20–22] and recent observations of
ultrafast currents in the THz regime in NiO/Pt bilayers
[2, 23]. In addition, NiO exhibits a high Néel tempera-
ture of 523 K in the bulk [24] and strong magneto-elastic
coupling [25]. The latter has been used extensively to ma-
nipulate the AFM order of NiO by growth-induced strain
[26–28], piezoelectric substrates exerting strain [29] and
indirectly via current-induced heating leading to strain
[9]. However, the effect of shape-dependent strain on the
domain structure of NiO thin films has not been explored.
Considering the application of AFMs with strong magne-
tostriction like NiO or CoO in active spintronic devices,
it is important to investigate how the geometry influences
the antiferromagnetic domain configuration and how one
could use different geometries to control the antiferro-
magnetic order.

In this work, we demonstrate the tailoring of the AFM
ground state domain configuration of NiO by shape-
dependent strain. We study the Néel vector orienta-
tion in patterned elements by photoemission electron mi-
croscopy (PEEM) exploiting the x-ray magnetic linear
dichroism (XMLD) effect for magnetic contrast. We first
identify and compare the shape-induced domain struc-
ture of elements oriented along different axes before we
theoretically explore how shape-induced effects can ma-
nipulate the antiferromagnetic ordering in different ele-
ment geometries. Finally, we demonstrate how the modi-
fication of the shape-dependent strain by variation of the
aspect ratio of our elements can be used to control the
antiferromagnetic domain configuration, demonstrating
thus a tool for the shape-induced control of future AFM
devices.

I. RESULTS

To investigate shape-induced effects on the antiferro-
magnetic domain structure, we have grown an epitaxial
NiO(10nm)/Pt(2nm) bilayer on an MgO(001) substrate
and used Ar ion beam etching to pattern various
elements with different orientations. Similarly prepared
bilayers of NiO and Pt are currently extensively used
for current-induced switching [4–9] and THz radiation
experiments [30]. As depicted in Fig.1a, we have etched

trenches with a width of around 1 m and a depth of
about 20 nm around the desired elements. Additionally,
we deposited about 1.4 nm of ruthenium inside the
trenches to reduce the possibility of discharges during
PEEM imaging [31]. To allow for a reconfiguration
of the AFM domains, the sample was annealed after
pattering above its Néel temperature for 10 minutes at
550 K under vacuum. Measurements were carried out
at the UE49-PGM/SPEEM at the BESSY II electron
storage ring operated by the Helmholtz-Zentrum Berlin
fr Materialien und Energie [32].

We first measured polarization-dependent absorption
spectra around the Ni L3 and L2 edge (details of the
measurement technique, see Appendix B) to verify the
antiferromagnetic order of our films at room tempera-
ture. The XMLD contrast is proportional to the orien-
tation of the Néel vector. By studying the XMLD con-
trast dependence on the azimuthal angle γ and angle of
the beam-polarization ω (Appendix B) we can identify in

FIG. 1. (a) XMLD-PEEM image of shape-induced NiO do-
mains inside a rectangular shaped element, with its edges
oriented along the in-plane projection of the easy axis. (b)
Sketch of the experimental setup and orientation of the ob-
served different Néel vector directions [±5 ± 5 19] with re-
spect to the polarization vector. An orientation along [5 5
19] (yellow) is equally possible, but was not observed in this
particular element.
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Fig. 1a four antiferromagnetic domains present in a rect-
angular element of 10 m ×5 m whose long axis is oriented
along the [110] direction. Three different levels of XMLD
contrast are observed inside our element, indicating three
types of domains, a larger domain in the center (domain
1 - blue), two originating from the short edges (domain
2 - green) and one narrow at the long edge (domain 3
- red). The directions of the Néel vector in the differ-
ent domains are depicted in Fig. 1b. We can observe
that the in-plane projection of the Néel vector in all do-
mains is oriented orthogonal to the edges of the element
along [110] and [11̄0]. The formation of domain 3 (red)
along the edge can be attributed to localized changes of
the anisotropy near the edge of the element, related to
patterning-induced material property changes. However,
the shape of domains 2 (green) and 1 (blue) in the center
of the element can not be understood by local changes of
the anisotropy at the edge of the element and we need to
model long-range magnetoelastic interactions to under-
stand the domain configuration.

NiO is known for its strong magnetoelastic coupling
which is responsible for the creation of internal (magne-
toelastic) stresses in a magnetically ordered state. In a
free-standing homogeneously magnetically ordered sam-
ple, these stresses induce a pronounced spontaneous
strain (u0 ∝ 10−4 − 3 · 10−3 [33]) characterized by the
strain tensor ûspon0 whose components are related with
the components of the Néel vector n. In a multilayer
system the internal magnetoelastic stresses are comple-
mented by the external stresses due to the clamping of
the antiferromagnetic layer by a nonmagnetic substrate
[34]. In this case the resulting strain field can be split into
two parts, spontaneous (or plastic) strains ûspon0 [n(r)] as-
sociated with the distribution of the Néel vector (as in
the absence of a substrate) and additional, elastic strains
ûelast: ûtot = ûspon0 + ûelast.

To calculate the elastic strain, we use an approach
of elasticity theory with continuously distributed de-
fects [35, 36]. In particular, we assume that in mag-
netic multilayers the defects originate from the incom-
patibility between the spontaneous strain ûspon0 and the
non-deformed (reference) state of a non-magnetic sub-
strate at the NiO/substrate interface, or from incom-
patibility between spontaneous strain in neighboring do-
mains. From the compatibility condition for the total
strain εijkεlmn∂j∂mu

tot
kn = 0 (where εijk is an antisym-

metric Levi-Civita tensor) we obtain a set of equations
for the elastic strains

εijkεlmn∂j∂mu
elast
kn = ηil, (1)

in which the incompatibility tensor ηil ≡

−εijkεlmn∂j∂mu
spon
kn [n(r)] is calculated for a given

distribution of the Néel vector.
Equation (1) is similar to equations of electrostatics, in

which the incompatibility η̂ plays the role of the elastic
or magnetoelastic charges and the elastic strains ûelast

correspond to the potentials [37]. Moreover, similar to
the electric and magnetostatic stray fields, the field of
the corresponding elastic strains is long-range and there-
fore can stabilise an inhomogeneous distribution of the
magnetic vectors. The similarity with the equations of
electrostatics and magnetostatics allows for a qualitative
interpretation of the magnetoelastic effects in terms of
magnetoelastic charge distributions.

Here, we consider some of the effects that reinforce our
intuitive reasoning through modelling. The theoretical
description of magnetic textures is based on minimizing
the total energy of a sample with respect to magnetic
and elastic variables. The bulk energy of the NiO film,

Wbulk =

∫
dr(wmag + wm−e + welas) (2)

includes magnetic, wmag, magnetoelastic, wm−e, and
elastic, welas contributions. The magnetic structure of
NiO is described by the Néel vector n(r) (|n| = 1), which
is generally parameterized with two angles, ϕ and ϑ, as
shown in Fig. 1b.

We distinguish in our thin NiO films four types of T-
domains with the Néel vector oriented along [±5± 5 19]
[38]. The pairs with opposite orientation of projection
on the film plane have the same in-plane components of
spontaneous strain and will be treated in the further dis-
cussion as the same domain. Since the out-of-plane com-
ponent of the Néel vector is the same in all domains, we
consider the in-plane angle ϕ as the only magnetic vari-
able. We also neglect the magnetic homogeneity through-
out the thickness of the NiO layer and consider the dis-
tribution of the Néel vector to be within the film plane
(xy).

We start with a discussion of the origin of the domain
structure in thin films and patterned elements. A single-
domain continuous film of NiO is charged due to in-
compatibility strain charges homogeneously distributed
at the interface with the non-magnetic substrate. The
charge density depends on the elastic and magnetoelas-
tic properties of the interface and is localised in a thin
layer of the order of the exchange length (characteristic
length scale at which the Néel vector decays inside the
nonmagnetic region), see Appendix C. These magnetoe-
lastic charges create additional homogeneous strain ûelast

and their non-negative contribution to the energy of the
NiO layer is proportional to the volume of the NiO.

In a multidomain sample with equally distributed do-
mains of all types, the average strain incompatibility and
average charge density vanish. The local charge density

is still non-zero and contributes to the energy of the sam-
ple. However, this contribution is proportional to the av-
erage domain volume. Hence, a small-scale multidomain
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FIG. 2. (a) XMLD images of different NiO(10)/Pt(2) rectangular devices with varying aspect ratio. The edges of the devices are
oriented along the in-plane projection of the easy axes. The arrows show the in-plane projection of the Néel vector determined
from the greyscale contrast. (b) Final equilibrium state of the magnetic texture after considering magneto-elastic interactions
to simulate the domain distribution in different aspect ratios. The color code indicates the direction of the Néel vector.

structure is energetically favourable, with the domain size
being limited by the positive energy contribution of the
domain walls (similar to the Kittel model in ferromagnets
[39]). However, the formation of a new domain inside a
single-domain region is blocked by a high energy barrier
associated with the coherent rotation of a large number
of magnetic moments in the two sublattices. The en-
ergy barrier can be much lower at the sample surfaces
and edges due to the additional contributions from sur-
face energy and incompatibility charges at the element
corners [34].

First, we consider the role of the surface magnetic
anisotropy present in thin film NiO continuous films and
patterned elements, which in our case favours alignment
of the Néel vector perpendicular to the surface. For this
we studied the evolution of the magnetic structure in the
patterned elements with different aspect ratio cut paral-
lel to the in-plane projection of the easy magnetic axis
(see Fig. 2a).

In this geometry the surface anisotropy induces the for-
mation of the dark domains along [110] edges and bright
domains along [110] edges. The final texture includes two
closure domains localised at the short edges and a large
orthogonal domain that spreads between the two long
edges. The closure domains grow from the edges due to
magnetoelastic forces that act to diminish the average
magnetoelastic charge of the sample. This growth is lim-
ited by an increase of the energy of the domain walls.
The size of the closure domains is of the order of the size
of the short edge and depends on the aspect ratio of the
sample (see Fig. 2b). It should be noted that in the
absence of magnetoelastic coupling, the closure domains
would be localised in the vicinity of the short edge within

FIG. 3. Comparison between equilibrium states with (a) and
without (b) consideration of magnetoelastic coupling.

a distance of several magnetic domain wall widths ( Fig.
3), independent on the aspect ratio of the device. Our
simulations also show that the closure domains can be
localised along the longer edges of the samples as well,
as could be experimentally observed for larger patterned
devices. However, both configurations (the one with the
closure domains along the short and the other along the
long edges) are observed in a finite range of aspect ra-
tios (between 1/3 and 3) for which their energies have
comparable values. In this case the structure of the final
state depends on the initial configuration and kinetics of
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the domain growth.

To better illustrate the effect of strain, we next inves-
tigate elements oriented along the [100] and [010] axes,
where even more conspicuous effects are expected. For
elements oriented along the projection of the hard axes
the domains do not align along the edges of the element,
but instead are centered around the corners of the ele-
ments, see Fig. 4a. Inside the element we can observe a
large green domain and two blue domains, which are lo-
cated near the top left and bottom right corner. Outside
of the element we observe a domain (green arrows) and
two additional domains (blue arrows) located at the top
right and bottom left corner, opposite to the domains in
the inner corners. In the case that the domain forma-
tion is dominated by an alignment along certain crystal-
lographic axes one would expect the same domains to be
present at the inside and outside edge of the element.
However, this is not the case and we therefore need to
consider shape-dependent strain, in particular the role of
incompatibility charges in the corners of the elements, to
understand the origin of the domain structure.

For elements cut along the in-plane projection of the
hard magnetic axis, the surface anisotropy favours an
orientation of the Néel vector along a hard magnetic axis
and does not set a preferable domain type. However,
the surface anisotropy sets orthogonal easy directions at

FIG. 4. (a) Antiferromagnetic domain structure of a rectan-
gular shaped element oriented along the in-plane projections
of the hard axes. (b) Simulated equilibrium state of the mag-
netic texture. The color code and the arrows indicate the
direction of the Néel vector.

FIG. 5. Sketch of the different direction of the rotation for
strain at inner and outer corners.

neighboring edges and favours the formation of vortex-
like textures of the Néel vectors in the vicinity of the sam-
ple corners. Such a rotation of the Néel vector through
90◦ is associated with an inhomogeneous rotation of the
spontaneous strain ûspon0 and creates an elastic vortex
structure – so-called disclinations [36, 40] – localized in
the corners. Each disclination is characterised by incom-
patibility charges which have opposite sign in neighbor-
ing corners (see Fig. 5). These charges create a radi-
ally distributed field of elastic strain ûelast [36] that via
magnetoelastic coupling sets preferable directions for the
Néel vector along the bisectrices of the element. For the
elements cut along the easy magnetic axis, this strain
couples with the orientation of the Néel vector in the
center of the domain walls and splits the energy of the
domain walls pinned to the neighboring corners. For the
elements cut along the hard magnetic axis, it removes the
degeneracy between the bright and dark domains and fa-
cilitates a formation of the domain of a certain type. In
other words, the elastic strains lower the energy barrier
for a closure domain. Here, the closure domain starts
to grow from the opposite corners, which have the same
sign of rotation, as shown in Fig. 4(b). Interestingly,
such magnetoelastic disclinations appear not only at the
inner corners of the rectangular elements, but also at the
corners of the outer part of the element, where the spon-
taneous strain rotates in the opposite direction [41].

Hence, internal and external strain charges of the same
corner have opposite signs. As a result, the closure do-
mains of the same type start to grow along the differ-
ent diagonals in the internal and external regions (see
Fig. 4(a) and (b)). Magnetoelastic disclinations (corner
charges) are present also in the elements cut along the
easy magnetic axes. In this case, corresponding elastic
strains set a preferable direction of the Néel vector inside
the domain walls near the corners. Our calculations show
a difference of domain wall width and pinning energy in
the neighboring corner as a result of the strain-induced
anisotropy.

In addition, different antiferromagnetic domains are
accompanied by the deformation of the crystallographic
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FIG. 6. Simulated evolution of the domain structure from the
initial state to the final equilibrium state.

structure. Due to the need for mechanical equilibrium,
the creation of antiferromagnetic domains is accompa-
nied by destressing effects [10, 42]. The total energy of a
patterned element is here complemented by the destress-
ing energy Wdestr, which describes the coupling with the
nonmagnetic substrate and edge effects, and the surface
energy Wsurf of the patterned edges. The surface energy
is modelled in a way to favor an orientation of the Néel
vector parallel to the normal N with respect to the pat-
terned edge:

Wsurf = −Ksurf

∮
(n ·N)2d`. (3)

Here, the constant Ksurf > 0 parameterizes the surface
energy and ` is the coordinate along the sample edge.
The destressing energy, Wdestr, is treated as an additional
contribution of the elastic strains ûelast, which maintains
the strain compatibility of the sample at the interface
with nonmagnetic substrate.

To demonstrate the role of incompatibility and the
destressing effects in the formation and stabilization of
the domain structure, we have calculated the evolution
of the domain structure for elements along the in-plane
projection of the easy axes, starting from the almost ho-
mogeneous state (domain 2, green) with small domains
(domain 1, blue) localised at the long edges of the sam-
ple using different values of the damping parameter (dif-
ferent rates of the energy losses). At the initial stage,
the closure domains (at the long edge), being pinned in
the corners, grow in size trying to reduce the average
incompatibility of the sample (see Fig. 6). In case of
slow (quasistatic) relaxation (large damping) the system
evolves into a state with the closure domains 1 along the
long edges separated by domain 2. In the opposite case
of small damping the closure domains merge and the fi-
nal state corresponds to the closure domains of the type
2 localised at the short edges.

II. DISCUSSION

By investigating elements with different orientations
and aspect ratios etched into NiO/Pt bilayers, we identify
long-range strain to govern the shape-dependent forma-
tion of antiferromagnetic domains. We observe a prefer-
ential orientation of the Néel vector perpendicular to the
edge of our devices due to patterning effects. Consistent
with our previous observations the lattice mismatch be-
tween the MgO substrate and the NiO layer leads to a
stabilization of different T-domains with the largest out
of plane components, due the strain in the out of plane
direction [38]. We investigate the domain structures of
elements oriented along the projection of the easy and
hard axes and can identify shape-dependent strain to be
responsible for the observed domain structures. We can
reproduce our experimental observations by magnetoe-
lastic modelling that accounts for the spontaneous strain,
due to the distribution of the Néel vector, and elastic
strain due to contributions from the substrate and the
patterning. In previous studies, the substrate-induced
strain is the same for the different T-domains [38]. Here,
however, the shear strain due to the domain formation
varies for the different domains across the different ge-
ometries. The strain that dominates the formation of
the domain structure does not arise from patterning in-
duced strain, but from the strain that is associated with
the formation of each T-domain. The interactions be-
tween these strains are responsible for the formation and
stabilization of the equilibrium domain structure. Anal-
ogous to shape-anisotropy in ferromagnets, magnetoelas-
tic interactions in antiferromagnets are long-range and
can be used to tailor the antiferromagnetic ground state
of antiferromagnetic devices. For example, by choos-
ing the right size, aspect ratio and orientation one could
use shape-induced strain to control the antiferromagnetic
ground state in antiferromagnetic THz emitters to tailor
and optimize their response [30]. In addition, the strain
from the patterned device itself could be used in elec-
trical switching of antiferromagnets to support or hinder
the reorientation of the Néel vector independent of the
underlying switching mechanism.

Finally we note that long range magnetoelastic inter-
actions in AFMs could also be a challenge for the devel-
opment of antiferromagnetic data storage as reorienting
the Néel order to switch bits will by the change in strain
affect neighbouring bits. However, by considering physi-
cal separation, as in established bit-patterned media [43],
the non interacting nature of AFMs can be fully taken
advantage of due to the absence of magnetic stray fields.

In summary, we identify how shape-dependent strain
can be used to control the antiferromagnetic ground state
in NiO over several microns. Since magnetoelastic cou-
pling is significant for several other antiferromagnets such
as CoO and Hematite, shape-induced strain can be con-
sidered to be the antiferromagnetic equivalent of conven-
tional shape-induced anisotropy in ferromagnets and pro-
vide a unique means to control antiferromagnets.
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Appendix A: Sample preparation

Similar to previous studies [6, 38] we used re-
active magnetron sputtering to grow epitaxial
MgO(001)//NiO(10nm)/Pt(2nm) thin films. Before
deposition the MgO(001) substrates were pre-annealed
at 770◦ for 2 h in vacuum. We then deposited NiO from
a Ni target at 430◦C and 150 W in an atmosphere of O2

(flow 3 sccm) and Ar (flow 15 sccm), before depositing
the platinum layer in situ at room temperature.

Appendix B: XMLD signal

We observed X-ray magnetic linear dichroism (XMLD)
in Fig. 7(a), calculated as ILH-ILV, and an absence of cir-
cular magnetic dichroism (XMCD) in Fig. 7 (b), indicat-
ing purely antiferromagnetic ordering of our films. For
subsequent XMLD imaging we utilized the inversion of
the XMLD contrast at the Ni L2 edge at the energies
E1=868.3 eV, E2=870.1 eV and calculated the XMLD
image by [I(E1)-I(E2)]/[I(E1)+I(E2)]. By studying the
XMLD contrast dependence on the azimuthal angle γ
and angle of the beam-polarization ω we can identify in
Fig. 1(a) four different antiferromagnetic domains to be
present in a rectangular element of 10 × 5 m whose long
axis is oriented along the [110] direction.

NiO is a compensated collinear antiferromagnet with
two magnetic sublattices whose magnetic structure is
uniquely described by the Néel vector n. In bulk NiO
crystals the exchange-striction leads to a rhombohedral
contraction along the 〈111〉 axes. Thus, four twin T-
domains can be formed with the spins being ferromag-
netically coupled inside the {111} planes and antiferro-
magnetically between the {111} planes, due to the su-
perexchange interaction. Within such a T-domain the
spins can be oriented along three possible easy axes 〈112̄〉,
leading to three different spin domains S-domains per T-
domain. There are a total of 12 possible domains in bulk
NiO crystals [24, 44, 45]. However, in NiO thin films the
growth induced strain from the substrate mismatch can
lead to a preferential stabilization of S-domains parallel
or perpendicular to the sample plane [27, 28]. In a previ-
ous study on similarly grown MgO//NiO(10)/Pt(2) thin
films we observed that the epitaxial growth of NiO on
MgO substrates results in compressive strain, which lead
to a preferential out of plane component of the Néel vec-
tor [27, 28, 38]. Here, we have observed analogous con-
trast changes among the domains with varying azimuthal
angle γ and orientation of the linear beam polarization
ω in Fig. 8. Thus, we can identify the orientation of the
Néel vector of our domains to be along the [±5 ± 5 19]
directions, in line with our previous findings [38].

Appendix C: Modelling of the magnetic textures

We model these contributions according to the tetrago-
nal crystallographic symmetry of the NiO film (deformed
cubic crystal due to the substrate), so that the density
of the magnetic energy is given by4

wmag =
1

2
A (∇ϕ)

2 − 1

4
HanMs cos 4ϕ, (C1)

where A is the exchange stiffness of NiO, Han is the
anisotropy field, and Ms/2 is the saturation magnetiza-
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FIG. 7. (a) X-ray absorption spectrum and XMLD for linear
polarized X-rays in the vicinity of the L2 edge. (b) X-ray
absorption spectrum and XMCD for circular polarized X-rays.

FIG. 8. Simulated and experimental contrast of the different
domains dependent on the beampolarization for (a) γ = −30◦

and (b) γ = 45◦.

tion of the magnetic sublattice. The densities of magne-
toelastic and elastic energy are

wm−e = λmeM
2
s [cos 2ϕ(uxx − uyy) + 2 sin 2ϕuxy] , (C2)

welas =
1

2
µ
[
(uxx − uyy)2 + 4u2xy

]
+

µ

2(1− 2ν)
(uxx + uyy)2,

where λme is the magnetoleastic parameter, µ is the shear
modulus, ν is the Poisson ratio. In Eq. (C2), we omit the
out-of plane components of strain (uzz, uxz, uyz) and
disregard the coupling between the Néel vector and the
isotropic strain (uxx + uyy), since these effects are irrel-
evant for the formation of the domain structure. The
coordinate axes x and y are aligned along the easy mag-
netic axis [110] and [110]. General expressions for these
contributions can be found in [38, 46].

The strain in the NiO layer is represented as a sum of
spontaneous (plastic) strains and elastic strains, as de-
scribed in the main part: ûtot = ûspon0 + ûelast. The spon-
taneous strains are calculated by minimizing the elastic
and magnetoelastic energy contributions (C2) for a given
value of ϕ(x, y):

usponxx = −usponyy = −λme

µ
M2

s cos 2ϕ,

usponxy = −λme

µ
M2

s sin 2ϕ. (C3)

The elastic strains ûelast are then calculated from the
compatibility equations

εijkεlmn∂j∂mu
elast
kn = ηil, (C4)

The incompatibility arising at the interface between the

magnetic and the nonmagnetic layer is calculated as

ηxx = −ηyy =
λme

µ
(∂zMs)

2 cos 2ϕ,

ηxy =
λme

µ
(∂zMs)

2 sin 2ϕ. (C5)

The magnetic order, parameterized as Ms(z), vanishes
at the scale of the exchange length ξexch (∝ several inter
atomic distances) , which is much smaller than the other
length scales in the system (domain wall width, thickness
of the NiO layer, etc). We can assume that the incompat-
ibility charges (C5) are localized at the interface z = 0
and substitute (∂zMs)

2 ⇒M2
s δ(z)/ξexch. For the elastic

strains ûelast that are created by incompatibility charges
(C5), we use the Eshelby solution [37], so that

uelasxx (r) = −uelasyy (r) =
u0
4π

∫
dr′cos 2ϕ(r′)

|r− r′|
,

uelasxy (r) =
u0
4π

∫
dr′ sin 2ϕ(r′)

|r− r′|
, (C6)

where u0 ≡ λmeM
2
s /µ is the value of the spontaneous

strain.
By substituting Eqs. (C6) into Eq. (2) we get the ex-

pression for the destressing energy as

Wdestr = κ

∫
dr

∫
dr′

cos 2 [ϕ(r′)− ϕ(r)]

|r− r′|
. (C7)
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Here, κ is a phenomenological coefficient that generally
depends on the elastic properties of both the magnetic
and nonmagnetic layers and the interface. In a sim-
plified model with isotropic magnetoelastic and elastic

interactions κ ∝ µu20/(4π). We calculate the distribu-
tion of the magnetic variable ϕ(r) from the following set
of equations, which minimizes the energy of the sample
Wbulk +Wdestr:

−x2DW∆ϕ+ sin 4ϕ =
2κ

HanMs

∫
dr′

sin 2 [ϕ(r′)− ϕ(r)]

|r− r′|
+

2λmeMs

Han
[(uxx − uyy) sin 2ϕ− 2uxy cos 2ϕ] ,

∆u +
1

1− 2ν
∇(∇ · u) = 2u0

(
∂x(cos 2ϕ) + ∂y(sin 2ϕ)
∂x(sin 2ϕ)− ∂y(cos 2ϕ)

)
(C8)

where xDW ≡
√
A/HanMs is the domain wall width, and

u is the displacement vector. The second and third equa-
tions correspond to conditions of mechanical equilibrium

(zero stresses) inside the NiO layer.
Equations (C8) are complemented by the boundary

conditions at the edges:

−AN · ∇ϕ+Ksurf

[
(N2

x −N2
y ) sin 2ϕ+ 2NxNy cos 2ϕ

]
= 0,

−N · ∇u + 2u0

(
Nx cos 2ϕ+Ny sin 2ϕ
Nx sin 2ϕ−Ny cos 2ϕ

)
= 0. (C9)

While the strain distribution within the film plane can
be calculated directly from the elasticity equations (C8),
we also introduce an approach based on the associated
incompatibility component

ηzz ≡ −u0
[
(∂2x − ∂2y) cos 2ϕ− 2∂x∂y sin 2ϕ

]
. (C10)

This component is mainly concentrated in the sample
corners, where it creates partial disclinations and facil-
itates the formation of domains. To understand this
effect, we consider the immediate vicinity of a corner.
Strong surface anisotropy aligns the Néel vector at the
edges along N direction. Inside the sample the Néel vec-
tor rotates through 90◦ to fit the boundary conditions.
Due to the magnetoelastic mechanism, such a rotation
creates a nonzero lattice curvature, which is described
by the components of the bend-twist tensor [36]

Kzx = − u0Y√
X2 + Y 2

, Kzy =
u0X√
X2 + Y 2

, (C11)

with the XY coordinate frame centered at the corner.
According to Eq. (C10) the associated incompatibility
ηzz ≈ ±2u0/(X

2 + Y 2). The sign of ηzz depends on the
direction of the rotation and is opposite for the neighbor-
ing corners, see Fig.5.

Such a distribution of lattice curvature and incompat-
ibility charge can be treated as an elastic defect, known

as a straight disclination line [47], with the Frank vec-
tor (vector of disclination) Ω = 2πu0 pointing along z
direction. Similar disclinations of magnetoelastic origin
that appear at the junctions of several domain walls in
ferromagnets were described by Kleman et al. [36]. The
elastic strain created by the disclination according to [36]
are

uelasxx − uelasyy = − u0
2(1− ν)

X2 − Y 2

X2 + Y 2
,

uelasxy = − u0
2(1− ν)

XY

X2 + Y 2
. (C12)

The strain component uelasxy , which is maximal along bi-
sectrix X = Y , sets the preferable direction of the Néel
vector either along or perpendicular to the bisectrix di-
rection, depending on the sign of the incompatibility
charge. It should be mentioned that incompatibility
charges in the inner and outer corners have opposite signs
(due to opposite direction of the rotation), thus favoring
the formation of domains of different types.

Numerical simulations of the textures were imple-
mented by solving Eqs. (C8), (C9) with PDE Tools
of Matlab2021 with the following parameters: xDW =
100 nm, u0 = 3 · 10−5, Han = 0.03 T, Ms = 106A/m,
µ = 35 GPa. The equilibrium structure was calculated by
the relaxation from different initial states with the loops
for self-correction of the destressing energy, see Fig. 6.
To obtain a multidomain structure, we always introduced
a domain wall into the system (either 180◦ or 90◦).
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and J. Nogués, Phys. Rev. Lett. 97, 067201 (2006).

[14] S. Czekaj, F. Nolting, L. J. Heyderman, K. Kunze, and
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