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We report the observation of strain-induced antiferromagnetic domain structure on cleaved surface of NiO
single crystal. This nonequilibrium domain structure undergoes various spin reorientations �from in plane to
different in plane, out of plane to in plane� after mild annealing, indicating a direct correlation between the
surface strain field and domain morphology. These reorientations are found to be driven by structural modifi-
cation on the surface generated by cleaving process and buried dislocations, altering the surface magnetic
anisotropy and their relaxation through mild annealing. These observations establish that the magnetoelastic
effect plays a dominant role in determining antiferromagnetic domain structure.
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I. INTRODUCTION

Magnetic domains occur naturally in all magnetic materi-
als and play a vital role in determining their magnetic
properties.1 Applications in the area of magnetic data stor-
age, magnetoelectronics and spintronic devices have en-
hanced the significance of surface magnetism and a detailed
understanding of the magnetic microdomain structures is es-
sential for their practical applications.2,3 In general, there is a
lack of understanding of the surface antiferromagnetic �AF�
domains in comparison to their ferromagnetic counterparts,
contributed largely by the limited experimental probes sensi-
tive to surface antiferromagnetic order. The antiferromag-
netic domains have different origin compared to those in
ferromagnets due to their magnetically compensated nature
of the spin structure and higher-order contributions such as
magnetoelastic anisotropy have to be considered. Thus, anti-
ferromagnetic domains are more susceptible to external or
internal stress field4 for their stabilization which needs to be
addressed to understand their properties. There are other im-
portant effects such as the presence of perpendicular magne-
tocrystalline anisotropy �PMA� where surface magnetic do-
mains have an out-of-plane orientation and spin reorientation
or domain switching. The Presence of PMA and its depen-
dence on physical variables �such as temperature and strain�
governs spin reorientation transition �SRT�, where the mag-
netic moment orientation changes from out of plane to in
plane or vice versa. Realization of surface SRT on antiferro-
magnetic materials is significant also from technological per-
spective as a potential candidate for magnetic domain control
in magnetoelectronic devices,2 especially in spin-valve de-
vices as a way to control the adjacent ferromagnetic domains
using the interfacial exchange interactions or magnetic inter-
layer coupling.5,6 So far, mostly ferromagnetic systems are
known to exhibit these properties which are rather well
characterized.7 There have been few studies available in lit-
erature on the NiO�100� thin-film system demonstrating the
presence of PMA �Ref. 8� and in-plane SRT �Ref. 9� using

spectroscopic technique. However in these studies, we get
only average information about the system without any local
information.

Nickel Oxide �NiO� is considered to be a prototype anti-
ferromagnetic system with bulk domain structure studied ex-
tensively, both theoretically10,11 and experimentally.12–14 The
easy axes of the Ni moments are determined to be along
�112̄� directions and lying in the easy �111� plane leading to
a ferromagnetic spin arrangement within the �111� plane with
antiferromagnetic arrangement between adjacent �111�
planes. The exchange striction resulting from this antiferro-
magnetic spin arrangement leads to a rhombohedral contrac-
tion along �111�, yielding four different twin �T� domains
characterized by different rhombohedral axis. Each T domain
can further split into three spin �S� domains due to the dif-

ferent possible �112̄� directions. NiO crystals show large
magnetoelastic effect and this magnetoelastic term primarily
governs the nature of antiferromagnetic domains and the do-
main walls.15 Gomonay et al.4 theoretically investigated the
general issues of antiferromagnetic domains and proposed
that, the incompatibility between the surface and bulk mag-
netostriction results in “elastic charges” at the surface pro-
ducing an elastic stray field, determining the equilibrium
magnetic domain structure. Apart from this intrinsic surface
effect, there are other nonequilibrium effects on surfaces
such as strain, dislocations etc. which are expected to modify
the surface antiferromagnetic domain structure via the mag-
netoelastic effect and can exhibit interesting phenomenon
such as the presence of PMA and SRT. The motivation of the
present work is to address these issues experimentally by
studying the magnetoelastic nature of the antiferromagnetic
domains on the freshly cleaved surface of NiO�100� expect-
ing the presence of induced surface strain field. In the present
work, we use a combination of low energy electron micros-
copy �LEEM� and photoemission electron microscopy
�PEEM�, with LEEM providing the structural and morpho-
logical information along with magnetic information ob-
tained from x-ray magnetic linear dichroism �XMLD� as a
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contrast mechanism.16 By using XMLD-PEEM, we are able
to image the domain structure locally,15,17–22 thereby giving a
local information rather than an average.

II. EXPERIMENTAL DETAILS

The experiments were performed at the French branch of
the Nanospectroscopy beamline at the ELETTRA storage
ring using a commercial LEEM/PEEM microscope �Elmitec
GmbH�. The spatial resolution of the microscope in this pho-
toemission mode �PEEM� is limited by the chromatic and
spherical aberration to 25 nm, with a probing depth around
5–10 nm, depending on material used. The lateral resolution
of the LEEM is better than 10 nm, and reveals the geometri-
cal and structural features of the studied objects. NiO crystal
cubes were cleaved ex situ and introduced into the UHV
chamber soon after for the measurements without any out-
gassing procedures, in the “as-cleaved” condition. The
cleaved surfaces were characterized by low-energy electron
diffraction �LEED� measurements and the sharp �1�1� pat-
tern in Fig. 1�a� indicate the high structural quality of the
surface. Interestingly, for primary electron energies �Ep� be-
low 35 eV, we could detect the half-order spots �see Fig.

1�a��, arising due to the exchange scattering from the antifer-
romagnetic lattice, as reported first by Palmberg et al.23

These weak spots, with �2% intensity of the integral spots,
confirms the long-range antiferromagnetic order on the
cleaved surface. The surface morphology as shown in Fig.
1�b� was acquired with Ep=61.1 eV in overfocused condi-
tion of LEEM mode. The field of view is �7�7� �m2,
which is same for all images �XMLD-PEEM, LEEM, and
morphological PEEM� presented in this paper, on the same
sample region. XMLD contrast images are generated from
PEEM images collected at two energy point of the Ni L2
multiplet structures using horizontally polarized �HP� and
vertically polarized �VP� light, through standard procedures
�by �I1− I2� / �I1+ I2�, where I1 and I2 are the images obtained
at the Ni L2 edge multiplet energies�20 and morphological
PEEM images are generated just by adding these two energy
point images �I1+ I2�. As photons were incident on the
sample surface at a grazing angle of 16°, the contrast ob-
tained from XMLD-PEEM with HP light mapping in-plane
component of the antiferromagnetic domains while the con-
trast with VP light largely representing the out-of-plane com-
ponent. All measurements were performed at room tempera-
ture and confirmed by subsequent measurements at different
sample regions.

III. RESULTS AND DISCUSSIONS

A. AS-CLEAVED SURFACE

1. Nonequilibrium in-plane and out-of-plane domain structure

We show the images of different experiments on the same
area of the as-cleaved surface in Figs. 1�b�–1�f�. We can
observe different contrast features on the LEEM image of the
surface in Fig. 1�b� as indicated by arrows. The PEEM mor-
phological images are shown in Fig. 1�c� with HP light and
in Fig. 1�d� with VP light. Observation of similar features
�which are polarization independent� in the corresponding
regions as in LEEM �indicated by arrows� confirms that mor-
phological PEEM imaging indeed depicts the surface topog-
raphy. The extra stripes �indicated by arrows in Figs. 1�c�
and 1�d�� comes from the surface scratches �possibly from
the cleaving process� as evident from different LEEM im-
ages �Figs. 1�b� and 2�. XMLD-PEEM image obtained at the
Ni L2 edge in the same location using HP light is displayed
in Fig. 1�e� while that obtained using VP light is shown in
Fig. 1�f�. The black �stripped� regions in VP image �Fig. 1�f��
corresponding to the features in LEEM images, are absent in
the image with HP light. Apart from these, we also observe
some curved bright regions in HP image �Fig. 1�e�� with
larger contrast in comparison to VP image �Fig. 1�f��. Thus,
there is photon polarization dependence in these observed
features. Along with the fact that, our surface shows a long-
range antiferromagnetic order �from exchange scattered spots
in LEED� we can conclude in these XMLD-PEEM images,
the origin of the contrast is magnetic in nature and other
issues such as charging effects, crystal-field effects24 have
been ruled out. In Fig. 1�e�, we see primarily two distinct
gray scales �for example, see Fig. 3�, each of which is pro-
portional to a cos2 � term, where � is the angle between the

a) b)

e) f)

c) d)

HP

HP

VP

VP

Ep=61.1 eV

Ep=28.0 eV

1

FIG. 1. �a� LEED image �28 eV� from the cleaved NiO�100�
surface. Line profile along the half-order spots �marked� is shown in
the main panel. �b� LEEM image obtained at 61.1 eV with a field of
view=�7�7� �m2 in overfocused condition. �c� Topography image
generated from the PEEM images at the same region with HP light,
�d� with VP light, �e� XMLD-PEEM image of the as-cleaved sur-
face using HP light, and �f� using VP light.
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photon polarization vector and antiferromagnetic vector
�spin-axis direction�.20 In our case, the bright and dark areas
on the image present domains where the antiferromagnetic
vector makes larger and smaller angle with the polarization
vector, respectively. The observed domains in Fig. 1�e� have
large in-plane character as probed by HP light. The same
in-plane domains can also be observed in Fig. 1�f� using VP
light but with a diminished contrast ��20% of Fig. 1�e��
confirming the near in-plane character of the observed sur-
face domain structure. The observed domain pattern on as-
cleaved surfaces appears rather curious with curved domain
walls. They are very different from what is known on an-
nealed surfaces of NiO single crystals,20,22 where the surface
domains have the bulk symmetry with the domain-wall
traces following particular crystallographic directions, repre-
senting equilibrium domain structure. There have been some

earlier observation of curved domain wall on bulk-
terminated antiferromagnetic domain structures on NiO
single crystals due to the elastic strain field originated by
disclinations at the domain-wall boundaries.15 However, the
magnetic domain structure observed on the as-cleaved sur-
faces appears rather different compared to previous observa-
tions.

On bulk-terminated equilibrium domain structure, it is ex-

pected to observe domains with �112̄� spin-axis directions.
Effort have been made to associate the observed dichoric
gray scales with conventional bulk-terminated domain struc-
ture but axes of the antiferromagnetic spins have different
behavior compared to the equilibrium bulk-terminated do-
mains and we cannot associate them with the conventional T
or S kind of domains. The possible explanation for the be-
havior of these surface domains could be due to the presence
of inhomogeneous surface strain, generated during the cleav-
ing process.25 This induced surface strain field may influence
the magnetic anisotropy of the surface via magnetoelastic
effect and can alter the antiferromagnetic spin-axis
orientations.26 The inhomogeneous strain field on the surface
may be represented by the fictitious dislocations with infini-
tesimal Burgers’ vector continuously distributed on the sur-
face within the formalism of quasidislocations in
magnetoelasticity.4,27 The induced strain field raises the sur-
face energy density in a laterally inhomogeneous way and
the domain walls loose their directionality as they have to
satisfy the local compatibility conditions11,15 to minimize the
energy density. Depending on the microelastic properties of
the surface, the surface strain and the resulting domain struc-
tures could be pinned by defects, dislocations, and grain
boundaries.

As mentioned before, apart from the in-plane domain
traces, in Fig. 1�f� we also observe extra contrast in the form
of dark stripes, which are clearly associated with out-of-
plane magnetic domains on the surface as contrast for out-
of-plane domains will appear only when VP light is used.
This observation of out-of-plane domains is interesting as
only in case of tensile strained thin films of NiO�100� grown
on MgO�100� is known8 to possess preferential surface out-
of-plane spin configuration. In case of bare NiO crystal sur-
faces, only conventional domains are known.20–22 Comparing
LEEM image �Fig. 1�b�� or PEEM images �Fig. 1�c� or 1�d��
with Fig. 1�f�, we find a one-to-one correspondence between
the features observed in LEEM with that of the observed
out-of-plane magnetic stripe domains, which is very striking.

2. Origin of the nonequilibrium out-of-plane
domain structure

For understanding these out-of-plane domains, the origin
of the contrast mechanism in LEEM has to be understood.
We show LEEM images taken with Ep=61.1 eV in overfo-
cused �see Fig. 1�b��, nearly focused �see Fig. 2�a�� and un-
derfocused �see Fig. 2�b�� conditions and we see the revers-
ing contrast of these stripes with vanishing striped features in
the near in-focus condition. This behavior clearly indicates
the phase-contrast mechanism at work with surface steps at
these striped features. However, in LEEM images below 50
eV, we do not see these striped features in the defocused

a) b)

c) d)

Ep=61.1 eV Ep=61.1 eV

Ep=4.2 eV Ep=-0.6 eV

FIG. 2. �a� LEEM image obtained at Ep=61.1 eV in the nearly
focused and �b� underfocused conditions. �c� LEEM image at 4.2
eV in defocused condition and �d� at −0.6 eV �MEM mode�.

FIG. 3. XMLD gray scale along the line drawn in Figs. 1�e� and
4�a� showing the transition width and in-plane spin reorientations
after mild annealing.
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condition �see Fig. 2�c� with Ep=4.2 eV�. To see the surface
topography, we performed mirror electron microscopy
�MEM� where the electrons are ballistically reflected by the
surface potential just above the surface, as can be seen in
Fig. 2�d� with Ep=−0.6 eV. In both Figs. 2�c� and 2�d�, no
striped features can be seen indicating the absence of any
atomic steps on the surface and ruling out any morphological
origin of the stripes.

In case of thin films grown on substrates, buried interfaces
and interfacial dislocations have been observed in LEEM by
Tromp et al.28 The interfacial dislocations give rise to ex-
tended strain field up to surface of films resulting in displace-
ments of the surface atoms, which can produce interference
patterns on the elastically scattered electrons and can be de-
tected by the phase-contrast mechanism in the defocused
condition. The contrast in Figs. 1�b� and 2�b� can be under-
stood in a similar manner as in case of thin films; extended
strain field originated by the dislocation network buried in
the crystal producing surface-atom displacements. However,
the contrast represents the surface strain pattern originating
from buried dislocations and does not image the dislocations
directly. There are few reports28–30 on the observation of bur-
ied interfacial dislocations at the interface between the grown
film and substrate but not on bare single crystalline surfaces.
In case of line dislocations, the width of the surface displace-
ments is known30 to be comparable to the depth of the strain
nucleus below the surface from which the displacement field
occurs. The width of the surface displacement region esti-
mated by the width of the contrast transition �boundary� re-
gion of the stripped features �marked by arrows in Fig. 1�b��
is about 150 nm and gives a measure of the depth from the
surface where the dislocation network is buried. The dis-
placement field at the surface can be estimated31 with the
phase shift given by �=kd= �2� /��2a� where � is the elec-
tron wavelength and a� is the surface step height. From this
interference condition at 61 eV with a phase shift of � /2, we
can estimate the surface step height �a�� to be around 0.2 Å.
As the depth of the buried dislocation from the surface in-
creases, the width of the displacement field increases32 and
the amplitude of the surface-atom displacements decrease
owing to the lattice relaxations and damping of dislocation
field. The observed step height of 0.2 Å should thus corre-
spond to the magnitude of Burgers vector at the buried dis-
location site which to a first order is the interatomic spacing
��2 Å�. This also explains why we do not see the disloca-
tion patterns at low energies �Fig. 2�c��, as the phase contrast
generated by the step is not detectable at these energies.
Thus, the electron primary energy at which the dislocations
are visible is a good measure of the depth from the surface at
which these dislocations are buried. The ability to detect sur-
face steps28,30,31 as small as 0.2 Å, which is practically very
difficult to observe by any other technique including scan-
ning tunnel microscope over micron length scales, manifests
the capability of the LEEM technique. Even though sensitive
to surface topography, the MEM �Fig. 2�d�� fails to detect
these surface-atom displacements as these steps are below
the vertical resolution limit of the instrument ��1–2 Å� as
well as the broad features giving rise to weak modulations of
the surface potentials. Preferential �average� out-of-plane
magnetic spin configurations are stabilized in tensile strained

NiO; which is demonstrated both experimentally8 as well as
theoretically.33 This suggests that the striped domains are re-
gions of lattice where they are expanded in plane while con-
tracted in out-of-plane direction leaving the striped surface
0.2 Å below the rest of the surface. Thus, these black stripes
represent strain-induced nonequilibrium out-of-plane AF do-
mains not the conventional bulk-terminated equilibrium do-
mains.

B. EFFECT OF MILD ANNEALING

1. In-plane spin reorientation

If induced strain field �resulting from the cleaving pro-
cess� is the cause for the nonequilibrium domain structure
then the domain structure is expected to be modified by
variation in this strain field. By annealing the surface, one
provides sufficient thermal energy to overcome different lat-
tice pinning effects and releasing/modifying the nature of
surface inhomogeneous strain field. In Figs. 4�a� and 4�b�,
we show the XMLD-PEEM images of the same area of the
surface after it was annealed in situ to 473 K �below TN�. The
resulting antiferromagnetic domain pattern retains the mor-

PMA

~0.2 A�

Buried
dislocations

~150
nm

As-cleaved After mild annealing

a) b)

c) d)

e)

HP

HP

VP

VP

2

FIG. 4. �Color online� �a� XMLD-PEEM image of the as-
cleaved surface using HP light and �b� using VP light after mild
annealing. �c� Topography image generated from the PEEM images
at the same region with HP light and �d� with VP light after mild
annealing. �e� Schematic accounting the effect of strain field caused
by buried dislocations �see text for details�.
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phological character as that of the as-cleaved antiferromag-
netic domains in Fig. 1�e� with irregular domain shape. How-
ever, the domain pattern undergoes changes caused by the
changes in the nature of inhomogeneous strain-field pattern
resulting from the annealing process. In Fig. 3, we show the
line profile along the region 1 �Fig. 1�e�� and region 2 �Fig.
4�a�� to show the changes in XMLD gray scales in more
quantitative way. As we can see, the gray level correspond-
ing to dark domain in Fig. 1�e� has moved down and the gray
level corresponding to bright domain has moved up after
annealing. As mentioned before, for fixed experimental ge-
ometry and polarization direction, these changes imply
changes in the antiferromagnetic spin-axis direction through
an angular dependence. The contrast between these �bright
and dark� domains have increased considerably after mild
annealing as evident from Fig. 3. After annealing a move-
ment of domain wall has been observed. The domain walls
follow the paths to minimize the local magnetoelastic ener-
gies, causing a spin reorientation between different in-plane
domains as there is no contrast reversal within the images
acquired by HP and VP light �compare Fig. 4�a� and 4�b�
excepting the region indicated by arrow�. In these observa-
tions, the smaller �bright� domains coalesce to form bigger
domains, demonstrating the nonequilibrium nature of these
domains.

Here, we would like to make some comments about the
nonequilibrium domain walls that is the transition region of
antiferromagnetic order parameter between two nonequilib-
rium domains. The domain walls in NiO have been studied
in very details by Weber et al.,15 they have explained that the
magnetoelastic interaction is the primary factor governing
the width, internal structure of domain wall. The realistic
value of the domain-wall width �134–184 nm� can be found
from the competition between exchange interaction and an
effective anisotropy which contains an additional anisotropic
magnetoelastic term. In Fig. 3, we show the width of the
order-parameter transition region for these kinds of domain
walls. One has to remember that nature of these profiles de-
pends on the angular configuration between the polarization
vector and the spin configuration inside the domain wall �in-
ternal structure of the domain wall�. Within some uncertainty
�due to pixel to nanometer mapping, finite resolution, line
profile averaging procedure and drift correction�, the transi-
tion width �not the domain-wall width� have been found to
be same about 440 nm which is more or less same as re-
ported �see Fig. 3 of Ref. 15� for more equilibrium type
domain structure.

2. Out-of-plane to in-plane spin reorientation

The most interesting changes happening in these images
are the absence of the black stripped out-of-plane domain
regions which were observed in Fig. 1�f�. In these regions,
the out-of-plane domains have vanished and the spin axis of
the antiferromagnetic domains have undergone a spin reori-
entation from out of plane to in plane. Still some traces of the
out-of-plane domains can be seen in Fig. 4�b� �as indicated
by arrow� with weaker contrast, suggesting domain switch-
ing was not completed in this region. The absence of striped
out-of-plane AF domains at the surface suggests that the ten-

sile strained regions have relaxed while regions with weak
contrast indicates reduced strain magnitude, possibly the an-
nealing temperature was not sufficient to relax all the surface
strain pinned by the surface defects. The morphological
PEEM images in Figs. 4�c� and 4�d� also suggest the �near�
absence of surface topography.

Now, we will try to understand why this spin reorientation
�from out of plane to in plane� occurs. It is possible that the
dislocations have either moved further deep or even disap-
peared by annihilation with other dislocations. However, the
annealing temperature used is rather low to enable diffusion
of atoms and to mobilize the dislocations, making these situ-
ations very unlikely. The situation could be best explained by
the schematics shown in Fig. 4�e�, which is strongly sup-
ported by the large magnetoelastic effects in NiO crystals.
Dislocations �the field near dislocation is presented by con-
centric circles as a singular point or source, which is stronger
than the field presented by graded region up to the surface�
are buried at distance on the order of 150 nm below the
surface of the cleaved crystal and the extended strain-field
�depicted by the graded region� propagates to the surface,
with decreasing atomic displacement �reduced gray scale�, in
Fig. 4�e�. The surface-atom displacements are rather small
��0.2 Å� as observed from LEEM, however, is sufficient to
give rise to detectable out-of-plane magnetic domain con-
figurations �as a result of PMA coming from the expanded
in-plane lattice parameter �represented by the bidirectional
arrow on surface in Fig. 4�e�, left�. This indicates that the
surface strain field is rather weak, given that the dislocations
are buried deep below. During the annealing process, the
atoms have sufficient thermal energy to relax and to get rid
of the strained surface lattice parameter which are not ener-
getically favorable and to return to the surface equilibrium
position with reduced in-plane lattice parameter �indicated
by the smaller bidirectional arrow in Fig. 4�e�, right� with
in-plane magnetic domains. After annealing it is unlikely that
the relaxation occurs only on the surface to avoid any dis-
continuous or abrupt changes. It also occurs within the bulk
near surface region but not immediate close to dislocation
itself. This situation is shown in the “after mild annealing”
schematic in Fig. 4�e�. These surface structural relaxations
are also influenced by other factors such as surface defects,
which could result in partial relaxation of the domains as
seen by arrow-indicated region in Fig. 4�b�. Now the ques-
tion is what is the origin of these dislocations in the crystal?
It is unlikely that dislocations are generated as a result of the
cleaving process as then they could be either on or close to
the surface. Most likely they were intrinsic to the crystal and
it happened that the crystal was cleaved close to them.

IV. SUMMARY

In summary, we have observed nonequilibrium antiferro-
magnetic domain structure including the presence of PMA
�hence out-of-plane domains which are nonconventional by
nature� due to the presence of induced inhomogeneous strain
field on the cleaved surface of NiO single crystal coming
from cleaving process and buried dislocations, respectively.
After mild annealing, the antiferromagnetic domain structure
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evolves to accommodate the modifications and partial relax-
ations of the strain field and driving a spin reorientation be-
tween different in-plane domains. We also observe a spin
reorientation from out-of-plane to in-plane configuration due
to changes in perpendicular magnetocrystalline anisotropy
after mild annealing. The role of dislocations in modifying
many properties of materials such as mechanical and electri-
cal are well known. Here, we show a case where the mag-
netic properties of an antiferromagnetic surface is strongly
modified by the presence of dislocations. The magnetic an-
isotropy of the surface is modified by the dislocation-induced
surface strain field via the strong magnetoelastic effects. Our

study shows that magnetoelastic effect is a strong parameter
in determining the shape and pattern of the antiferromagnetic
domain structure.
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