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Magnetostrictive Domain Walls in Antiferromagnetic NiO
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We report high-resolution observations of antiferromagnetic (AF) domain walls at the surface of NiO
and determine the typical width of AF walls in this material to be of the order of 150 nm. We observe a
number of different types of domain walls, including double walls caused by long-range interaction
between walls. We describe the observed wall profiles by a model containing the exchange interaction
and magnetostriction as basic ingredients. The good agreement of this model with experiment shows
that the formation of walls between antiferromagnetic domains in NiO and their properties are

dominated by magnetoelastic interactions.
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Domain walls (DW) in antiferromagnets are often
described on the same basis as the domain walls in
ferromagnets. The analogy arises from the fact that on a
macroscopic scale both structures can be characterized by
a single vector (the magnetization for ferromagnets, and
the antiferromagnetic (AF) vector, i.e., the difference
between the two sublattice magnetizations, for antiferro-
magnets) whose origin is governed by strong exchange
interactions, and whose orientation is defined by a local
anisotropy field. This description is appropriate and suffi-
cient for walls separating domains with different orien-
tations of the magnetic vectors. However, while for
ferromagnets this is the only possible type of domain
wall, a much wider variety of configurations is possible
for AF crystals in which magnetic ordering is related not
only to an appearance of a new vector but in addition to a
change of the crystal translational symmetry. Since the
properties of domain walls provide a key to understand-
ing the magnetic microstructure [1], experimental deter-
minations of their properties are extremely important.
Until recently, such high-resolution observations were
possible only for ferromagnetic domain walls, e.g., by
Lorentz microscopy [2] or photoemission microscopy
using magnetic circular dichroism [3]. The first observa-
tions of certain antiferromagnetic walls were achieved by
spin-polarized scanning tunneling microscopy on Cr
single crystal surfaces [4,5]. In this Letter, we present
the first high-resolution study of antiferromagnetic do-
main walls in NiO by photoemission microscopy com-
bined with linear magnetic dichroism.

The images were obtained in the PEEM 2 photoemis-
sion microscope installed at beamline 7.3.1.1 of the
Advanced Light Source, Berkeley National Laboratory
[6]. In photoemission microscopy, the absorption coeffi-
cient is measured in a spatially resolved way via the total
yield of electrons released from the sample as a result of
irradiation by UV or soft x-ray photons. For NiO, the Ni
2py, absorption edge occurring at 874 €V photon energy

237205-1 0031-9007/03/91(23)/237205(4)$20.00

PACS numbers: 75.50.Ee, 75.60.Ch

shows a double peak arising from the influence of large
Coulomb and exchange interactions [7]. The relative
strength of the two peaks depends on the angle 6 between
(linear) light polarization and the direction of magnetic
moments of the form (3cos26 — 1) [8]. This linear dichro-
ism is used for imaging antiferromagnetic structures
[9-11]. From measurements on e-beam lithography test
samples, we estimate the resolution to about 50 nm. The
sample was a bulk crystal, from which a fresh (100)
surface was exposed by ex situ cleavage immediately
before introduction into the microscope.

Because of the cos?6 dependence, the two sublattices
within a single domain yield the same absorption spec-
trum [8]; however, different domains are distinguishable
[9-11]. A typical domain pattern observed on a NiO(100)
surface is shown in Fig. 1(a). The domains appear as
stripes parallel to the [100] and [110] directions within
the surface [10]. In a previous study of AF domains on
NiO(100) by photoemission microscopy, we found from
the dependence of the AF domain contrast on azimuthal
sample orientation that the spin structure at the surface is
essentially bulk terminated [11].

The contrast between domains disappears whenever
the angle 6 is the same for two neighboring domains
[11]. This is the case for light polarization parallel or
perpendicular to the domain walls, as shown in
Fig. 1(b). Although the contrast between the domains
themselves has disappeared, the image shows narrow
lines, which by comparison to the domain image can be
identified as domain walls. The domain walls running
parallel to the (100) directions appear brighter than the
domain areas, whereas the (110) walls appear darker for
the sample orientation shown. The wall contrast demon-
strates that in the AF domain wall the AF vector rotates
within the surface plane, rather than rotating out of the
surface. Therefore, one can characterize the (100) walls
between T domains as Néel type, where the antiferro-
magnetic vector rotates through the plane of the wall.
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FIG. 1. Antiferromagnetic domain walls on the NiO(100)
surface imaged by photoemission microscopy. The contrast
between domains (a) disappears when the light polarization
is parallel to a [010] direction within the surface (b). In this
situation, there is only contrast due to the domain walls. The
walls running along [001] appear brighter; walls parallel to
[011] or [011] appear darker than the inner of the domains.
(c) An topography image formed from the mean PEEM in-
tensity obtained at 871 and 872 eV shows no features which may
influence the domain structure, and shows that all the features
seen in (a) and (b) are of magnetic origin. The field of view is
about 35 X 35 um?.

In Fig. 1(b) some regions have been marked, from
which wall profiles in Fig. 2 have been derived. The top
panel shows two profiles of a wall running approximately
along (100), taken at different locations along the wall.
The width (FWHM) of this particular wall varies be-
tween 134 and 184 nm [12]. The uncertainty arising from
finite resolution, pixel size, and averaging along the wall
is about =20 nm. The variation of the wall width both for
a single wall as well as from one wall to another is
presumably caused by the influence of local stresses due
to crystal defects.

Figure 1(b) also shows another type of DW, separating
regions which appear with the same contrast under all
light polarizations or sample orientations (regions 4—6).
Therefore, the domains on both sides are identical.
However, to be visible the spin orientation in the walls
has to deviate from that in the adjacent domains. A
possible interpretation for these walls is as faults of the
AF stacking of the (111) planes (or an antiphase bound-
ary). The spins then reorient themselves within the set of
(111) planes of the T domain via a rotation of the spins
within these planes. The width of these walls is slightly
larger than those of the T walls discussed above. The
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FIG. 2. Profiles through some of the domain walls ob-
served on NiO(100); the numbers in brackets refer to the re-
gions marked in Fig. 1(b). Widths (FWHM’s) are given in nm
near the profiles. (a) Wall running roughly parallel to 001;
(2c) refers to the right wall in region 2, i.e., the same one as 1 at
a different location. (b) Curved walls running between two
(011) walls; the profile for (5) was offset by adding 0.02 to the
branching ratio. (c) Profile for double wall. Widths derived from
other profiles are given in Ref. [12].

directions of these walls are not tied to low index crys-
tallographic directions. Figure 2 shows profiles for one of
these walls, which yield a width between 140 and 192 nm.
The lower panel of Fig. 2 shows a profile of the double
wall seen in Fig. 1(b).

The structure and orientation of AF domain walls are
governed mainly by the rather large magnetostrictive
strains ranging from 1073 for the rhombohedral defor-
mation [13] to nearly 10~ for the deviatory distortion in
the (111) planes [14]. A plane infinite 7" wall with normal
n separating two domains with different AF vectors and
corresponding spontaneous strain tensors @V and 4@ is a
source of elastic long-range distortions [15] which relax
the incompatibility # of the deformations:

7=-nX @Y —u?)xn. (1)

If the incompatibility 7} has a magnitude comparable to
the magnetostriction itself, its contribution to the free
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energy density, fi,. * 7)¢ 7 (¢ is the tensor of elastic
moduli), competes with the energy of the bare magnetic
anisotropy. This imposes certain restrictions on the DW’s
and governs their shape and orientation.

For walls separating T domains, the optimal orienta-
tion of the DW plane for which the incompatibility (1)
vanishes is (110) or (100). This is evident in Fig. 1(b),
where 7 walls appear only with these orientations. Any
other orientation will produce elastic strains whose con-
tribution to the crystal energy density can rise to
10° J/m?, which is comparable to the out-of-plane an-
isotropy 3.32 X 10° J/m? [16]. We conclude that the ob-
served AF domain pattern is of elastic origin.

The deformations associated with the AF state have to
match at domain walls, which influences the shape of AF
domain walls. The simultaneous variation of the AF
vector and the associated magnetically induced deforma-
tion inside the walls is a source of incompatibilities (that
can be thought of as quasidislocations [15]) and thus is
energetically disadvantageous. The energy increase can
be avoided if the strains inside the DW are frozen, i.e.,
take a constant value (u") or u®) inside the domain, and
change in a stepwise manner at the center of the DW.
Therefore, the strains contribute to the anisotropy, which
favors orientation of magnetic moments within the given
(111) plane. This can be accounted for by replacing the
bare magnetic anisotropy by an effective one of the form

AA
Bt =B 5 2

The crystal-field magnetic anisotropy ,8|(|2) and the addi-
tional magnetoelastic contribution induced by the frozen
strains, A Ayy/2c44, are of comparable magnitude. In (2),
the magnetoelastic constant A arises from the depen-
dence of the exchange integral on interatomic separation,
and Ay is the relevant magnetoelastic constant, which
relates the shear strain with the orientation of the AF
vector.

The structure of the DW is governed mainly by the
competition between the exchange interaction, which fa-
vors collinear alignment of the antiferromagnetic mo-
ments, and the effective anisotropy defined by Eq. (2).
This is the essence of what distinguishes the antiferro-
magnetic walls discussed here from the commonly en-
countered domain walls in ferromagnetic materials where
the magnetic anisotropy is uniform throughout the
sample and across the wall.

Within the model laid out above we have calculated the
profile of the wall separating the domains with a different
direction of AF exchange coupling. In contrast to the
previous model developed by Yamada [17](which ad-
dresses a different geometry) we assume that spins in
different sublattices are kept in parallel almost through-
out the DW, thereby significantly reducing the exchange
energy. For the position dependence of the AF vector L
for a Néel-type (100) wall (illustrated schematically in
Fig. 3, inset) we obtain
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where ¢ is a coordinate perpendicular to the DW plane. «
is the exchange stiffness constant, and &, = [a/ ,82%}]]/ 2
can be considered as the DW half-width. The calculated
wall profile as represented by the projection of the anti-
ferromagnetic vector on the direction normal to the plane
of the wall is shown in Fig. 3 as a solid line. From the
modeling we extract the magnitude of &, to be 73 nm;
using @ = 3 X 1071 J/m yields B = 0.57 X 10* J/m®
for the effective magnetic anisotropy. This contribution is
comparable to the magnetoelastic coupling of A/
2c4y « 10* J/m? (calculated from the trigonal distortion
A = 1.3 X 1073 [13], shear strain —9.5 X 107> in the
[112] direction [18], and shear modulus c41.1 X 10'2
[19]). This demonstrates not only the role of magneto-
elastic coupling in the formation of the DW structure,
which was first noted by Yamada, but also reveals the
nature of the related forces. The exchange interaction
represented by the constant A is insensitive to the ori-
entation of the AF vector with respect to crystal axes and
cannot itself be responsible for the rotation of L inside
the domain wall. Without taking into account the aniso-
tropic magnetoelastic coefficient Ay, which arises from
direction-dependent spin-orbit coupling, an unrealisti-
cally small width of the wall, 8 nm, would be obtained,
with an energy of 4 X 1073 J/m? [17]. In our model we
obtain a domain wall energy of 4.2 X 10™* J/m? [20].
The observed Bloch-type DW separating different S
domains is described by an expression similar to (3).
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FIG. 3 (color online). Profile of a T domain wall in Fig. 1(b),
averaged along the wall in region 1. Points, experimental
data; solid line, calculated from (3) with &, = 73 nm. The
width (FWHM) of the AF domain wall is about 160 nm. The
inset shows a schematic representation of the (001) domain
wall. Double-ended arrows show orientation of the AF vector
inside the DW.
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However, the wall width is defined by the weaker in-plane
anisotropy of magnetoelastic origin, (A;; — App)?/
12(cy; — c12). Correspondingly, the wall should be wider,
nearly 200 nm, in agreement with the experimental data.
Considering only the bare magnetic anisotropy, a much
larger width would be obtained because of the small in-
plane anisotropy.

So far we have considered only the idealized situ-
ation of isolated walls between infinitely large domains.
However, the complex domain structure shows evidence
that domain walls interact with each other. Examples are
spots where [110] walls end at a [100] wall, leading to a
kink in the latter one, or also the interconnect between the
two left walls of regions 1 and 3 in the middle of the
image. The most striking cases are the curved walls of
regions 4—6. The internal stresses induced by the large
magnetostriction of NiO arise at points where different
DW’s form a junction. The magnetostrictive distortion
produces not only strain but also a rotation of the crystal
lattice with respect to the nondeformed paramagnetic
state. Accumulation of the rotations in the vicinity of
the DW junction generates a disclination, which can be
thought of as a wedge-shaped lack or excess of material.
The continuity of the sample is then achieved by long-
range stresses and corresponding strains. In antiferro-
magnetic NiO, disclinations should always occur at
junctions of S and T walls and strongly influence their
shape and position. Two disclinations positioned at the
same T-T boundary have opposite signs (the positive sign
of disclination corresponds to a lack of the material) and
thus attract each other. Such an attractive interaction is
observed between the pair of the S-S domain walls seen
in the upper right corner in Fig. 1(b). The disclinations
locked at opposite sides of a T domain have opposite signs
and try to get as close as possible. The S-S domain wall,
which connects these disclinations, tends to align itself
parallel to the easy direction and thus forces the discli-
nations apart. The competition between these two factors
results in a bending of the domain wall, as seen in
experiment.

In summary, we have reported the first direct observa-
tion of antiferromagnetic domain walls on the NiO (100)
surface. From the experimental data, T walls are found to
be about 150 nm wide, in contrast to early estimates
producing much smaller widths. Modeling shows that
magnetoelastic interaction is the primary factor govern-
ing the width, internal structure, and interaction between
walls. Our model is applicable to any antiferromagnet
with strong magnetoelastic coupling. In particular, it can
be applied to CoO with only a slight modification, but
also to underdoped superconductors which have an anti-
ferromagnetic ground state.
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