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Direct observation of twin domains of NiO(100) by x-ray linear dichroism at the O K edge using
photoemission electron microscopy
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The domain structure of antiferromagnetic (AFM) NiO(100) has been investigated by nonmagnetic x-ray linear
dichroism (XLD) at the O K edge using photoemission electron microscopy and linearly polarized x-ray light.
The evolution of XLD image contrast as the function of the angle between the crystal orientation and the incident
s- or p-polarized light is clearly observed. The angular dependence of the XLD contrast is in good agreement
with the calculated x-ray absorption cross section of O 1s to 2p orbital that is deformed anisotropically by
the strong hybridization with Ni 3d orbitals. This agreement strongly supports the conclusion that the observed
XLD contrast reflects the twin-domain (7 -domain) structure of the NiO crystal. By comparing the experimental
data with the calculation, it is possible to assign each domain contrast to a specific 7-domain in the quantitative
manner. The proposed simple and clear way of 7'-domain assignment will be useful for investigating the magnetic
domain structures of NiO and other oxide AFM materials such as FeO, CoO, and CuO, and will be important for
understanding the magnetic properties of AFM materials, such as the exchange bias effect.
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I. INTRODUCTION

The phenomenon of exchange bias, which arises in a
ferromagnetic (FM) layer fabricated on an antiferromagnetic
(AFM) substrate, is widely utilized in magnetic storage
devices.! Despite its technological importance and the amount
of time since its discovery,” the phenomenon is not yet entirely
understood on a microscopic level.> Since the magnetic
properties at the interface of the system are dependent on
the micromagnetic structures (magnetic domain structures) at
the surface of the antiferromagnet, detailed investigations of
the AFM domain structures are important to understanding the
microscopic mechanism of the phenomenon.

NiO is the archetypal AFM material, which has relatively
simple AFM domain structures compared to the other anti-
ferromagnets. The Néel temperature is Ty = 523 K and it
has a collinear spin structure. Owing to the magnetostriction
caused by AFM ordering, the NiO crystal below Ty consists
of many twinned crystals. The crystallographic twinning leads
to four different possible domains, the so-called twin-domains
(T-domains), with different contractions along the (111) axes.
In each T-domain three easy spin axes along the (112)
directions exist, resulting in the possible three spin domains
(S-domain) in one T-domain. Therefore, in NiO crystal 12
different magnetic domains can exist in total.

The magnetic domain structure can be observed by several
kinds of microscopic techniques and has been investigated
extensively so far.*® Among these techniques, photoemission
electron microscopy (PEEM) combined with x-ray magnetic
linear dichroism (XMLD) at the Ni L, edge makes the precise
observation of magnetic S-domain structures possible, and
the detailed assignment of the magnetic domain contrast to
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the specific S-domain has been reported by comparing the
azimuth angle dependence of the observed image contrast with
the cluster model calculation including the crystal symmetry
and full multiplet splitting.”

In addition to the observation by the XMLD effect, even at
the O K edge, it has been reported by Kinoshita and coworkers
that the image contrast can be observed with the nonmagnetic
x-ray linear dichroic (XLD) effect,® and Ohldag and coworkers
also have reported the XLD effect in the NiO(100) surface
recently.” Considering that each O ion is surrounded by six
Ni ions whose magnetic moments are antiferromagnetically
aligned, the oxygen does not have any magnetic moment. Thus,
the observed XLD effect cannot be due to a magnetic effect
and the observed image contrast should not be reflecting the
magnetic S-domain. The observation of simpler domain struc-
tures with the XLD effect than with XMLD-PEEM measure-
ments suggests that the XLD-PEEM image contrast reflects
the crystallographic 7-domain structures.® The mechanism
of the domain observation has been qualitatively discussed as
the consequence of the strong interaction between the O 2 p and
Ni 3d orbitals and the anisotropy of the O 2p orbital.®!° The
lack of understanding of the observed image contrast by XLD
in a quantitative manner, however, hampers the assignment of
each domain to the specific T-domain, as is realized for the
S-domain investigation by the XMLD effect.’

In this paper, we report the precise observation of the
azimuth angle dependence (AAD) of the domain contrast
by the XLD effect using PEEM at the O K edge. Applying
both s- and p-polarized light, it is confirmed that the XLD
at the O K edge is caused by the x-ray absorption from O
1s to the anisotropic O 2p orbital that is hybridized with Ni
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FIG. 1. The experimental geometry of the XLD-PEEM obser-
vation at the beamline BL17SU of SPring-8. The angle between
the incident light and the sample surface is & = 16°. The projected
components of the propagation vector of the incident light to the
surface plane is the [001] direction at the azimuth angle ¢ = 0° and
the [010] direction at ¢ = 90°.

3d orbitals. By comparing the AAD of the domain contrast
with the calculated AAD of the x-ray absorption cross section
with linearly polarized light from the O 1s to anisotropic 2p
orbital one can assign each domain to a specific 7-domain in
a quantitative manner. The result of the 7-domain assignment
is in good agreement with the S-domain assignment from a
comparison of the AAD of XMLD contrast with a cluster
model calculation.”

II. EXPERIMENT

The experiments were performed using the PEEM appara-
tus, SPELEEM (ELMITEC GmbH), installed at the beamline
BL17SU of SPring-8. Figure 1 shows the experimental
geometry of the PEEM measurement. The angle between the
incident soft x-ray and the surface plane is 6 = 16°. At the
beamline, horizontal and vertical linear polarized light which
corresponds to s- and p-polarized light as well as circularly
polarized light can be obtained by the multipolarization mode
undulator.!’ The projective components of the propagation
vector of the incident light to the surface plane of the NiO(100)
crystal is the [001] direction at the azimuth angle ¢ = 0°
and the [010] direction at ¢ = 90°. A single-crystal NiO
sample was cleaved at the (100) plane in the atmosphere
and transferred into the vacuum chamber immediately. More
details of the experimental setup are described elsewhere.”-'?

III. RESULTS AND DISCUSSION

To obtain the angular dependence of the domain contrast
by the XLD effect in different domains, we have measured the
AAD of XLD images with s- and p-polarized light. Figure 2(a)
shows an example of the observed XLD image of NiO(100)
taken with p-polarized light at the O Kedge. The XLD image
is obtained by dividing the image taken at the photon energy
of 532.2 eV by that taken at 531.7 eV as in Ref. 7. The way
of obtaining the XLD image (i.e., dividing the intensities of

PHYSICAL REVIEW B 85, 174401 (2012)

[001]

[010]

FIG. 2. (Color) (a) Domain structures observed by XLD-PEEM
at the O K edge with p-polarized light. Four different XLD contrasts
can be seen. (b) Schematic of the domain structures revealed in (a).
The four colored solid lines indicate the boundaries of the four types of
domains. These correspond to the so-called 7-domains of NiO(001)
and are labeled as T1, T2, T3, and T4.

the image taken with higher photon energy by that with lower
photon energy) is the same as that of obtaining the XMLD
image at the Ni L edge in previous studies.” As demonstrated
in the figure, we can see clear domain contrast by the XLD
effect. Four kinds of contrast can be recognized in Fig. 2(a) and
the area of the same contrast is color-coded in Fig. 2(b) (blue,
red, yellow, and green). As will be discussed in the following
section, these four kinds of color-coded areas correspond
to the so-called T-domains and are labeled as T1, T2, T3,
and T4.

Figures 3(a) and 3(b) show the AAD of XLD contrast of
the four types of T-domains with s- and p-polarized light,
respectively. When the sample is rotated azimuthally a change
of the contrast is clearly seen both in s- and p-polarized light
observations. To follow easily the change of the contrast as a
function of the angle, some representative domains are fringed
and color-coded with the same color as those in Fig. 2(b).
The change of the contrast in different azimuth angle ¢ is
quite different from the observations with s- and p-polarized
light. For example, at ¢ = 0° and 87° the difference of the
image contrast between different domains is almost zero in
(a) s-polarized light observation while the difference is clearly
seen in (b) with p-polarized light. In principle, the domain
contrast by s-polarized light is simpler than that by p-polarized
light. Namely, only two or less contrast variation can be seen
in (a). On the contrary, the XLD images by p-polarized light
show much richer contrast variation and three or four different
contrasts can be seen at —51°, —30°, 30°, 40°, and 60° though
only two kinds of contrast are observed at —80° and 0°.

This different domain contrast between s- and p-polarized
light observations is intuitively due to the different sensitivity
to the in-plane and out-of-plane components between the two.
Namely, two T-domains having the same out-of-plane com-
ponent regarding the contraction axis cannot be distinguished
with the s-polarized light observation because of its lack
of sensitivity. While the p-polarized light can give different
contrasts for the domains because of the different projection
of electric field to the contraction axes due to the inclined
light incidence. Unlike the x-ray absorption at the Ni L3
edge, there is no spin-orbit interaction in the final state of
x-ray absorption at the O K edge and therefore XL.D spectra
at the O K edge are not sensitive to the direction of the spin
moment at the photoexcited site. Thus, XLD spectra at the O
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FIG. 3. (Color) Azimuth an-
gle dependence of the XLD do-
main contrast with (a) s-polarized
light and (b) p-polarized light.
The angle ¢ is indicated at the
corner of each image. The shapes
of the representative domains are
indicated by dashed lines and
labeled tentatively in accordance
with Fig. 2(b). The field of view
for these XLD images is 30 pum.
(c,d) Calculated x-ray absorption
intensity as a function of angle
¢ (see Fig. 1) assuming a cos’8
dependence for the O 1s to 2p
transition with (c) s-polarized and
(d) p-polarized x-ray light. (e,f)
Experimentally derived AAD of

(C) T T T T T (d)

the contrast of different domains
with (e) s-polarized and (f) p-
polarized light. The color-coding
indicates the different domains
following the same scheme as in
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K edge only reflect the symmetry of the spatial wave function.
In the presence of AFM order, the point group symmetry of
the oxygen site is lowered to the D3, symmetry by the spin
alignment of the surrounding Ni sites and the rhombohedral
distortion of the lattice due to the magnetostriction. Since
no magnetic moment is expected at the oxygen site, the
transition matrix of the absorption should be described as a
linear combination of the second order invariant tensors of
the polarization vector e under the Ds; symmetry operation
as [ = A(3e,> — %) + Be?, where the z axis is chosen to
the trigonal axis. From this we immediately obtain the form

I = A’cos?8 + B’, where § denotes the angle between the
trigonal axis and the polarization vector e and it is also obvious
that the XLD spectra at the O K edge is sensitive only to the
T-domains. In contrast, the expression derived in the previous
work’ for the intensity of XLD spectra at the Ni L, edge
contains spin moments and this shows that the XLD intensity
is sensitive to the S-domains at the Ni L, edge.

Figures 3(c) and 3(d) show the calculated AAD of x-ray
absorption for s- and p-polarized x-ray light (i.e., cos’8 as the
function of ¢ where § is the angle between the polarization
vector and the direction of largest amplitude of the final state
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2p orbital). Although it is not evident in which direction the
2 p final state has the largest weight of atomic orbitals in the
NiO crystal, it may be along or perpendicular to the (111)
direction if we consider that the crystal contraction of NiO
is along the (111) direction. Here we calculated the AAD,
tentatively assuming that the largest weight of atomic 2p
orbitals is perpendicular to the (111) (i.e., in the {111} plane).

In this assumption the observed AAD of XLD contrast
of the domains are in agreement with the calculated AAD of
XLD based on the cos?8 relation. For example, the almost zero
contrast at ¢ = 0° and 87° in s-polarized light observation
is well reproduced by the calculation for s-polarized light
[Fig. 3(c)] in which every T-domain has the same absorption
intensity at 0° and 90°. The simple two-tone contrast at the
other azimuth angles is also in good agreement with the
calculation in which the absorption intensities are divided
into two groups. The observation of a much richer contrast
variation with the p-polarized light is also consistent with
the calculation for p-polarized light in Fig. 3(d). At ¢ = 0°
and +90° the x-ray absorption intensities are divided into two
groups and at ¢ = £45° the variation will be three. In between
these special angles the variation can be four.

The agreement between the calculation and the experiment
is much more directly confirmed by plotting the value of XLD
image intensities as the function of ¢. Since the brightness
of the observed XLD image depends on the experimental
conditions (for example, light intensity and inhomogeneous
light illumination), to compare the image intensity at different
azimuth angle ¢ we have to measure all the images in the
same experimental conditions. However, such an experiment
is impossible and one cannot directly compare the image
intensity.

Nevertheless, if the intensity change follows the trend
of the cos?8 dependence, the average absorption intensity
should be always constant as in Figs. 3(c) and 3(d). Thus,
we have normalized the intensity of the observed domain by
the intensity average of all the domains as follows:

- Ity
Itg= —2 (1)

(o) Jo

(n=1,2,3,4).

Here I, and Ir; are the normalized and the original intensity
of each domain, respectively. We have applied this normaliza-
tion process in each image in Figs. 3(a) and 3(b) and extract
the relative domain intensity of each domain and plot them as
the function of the azimuth angle ¢ in Figs. 3(e) and 3(f).

As seen in Figs. 3(e) and 3(f) the observed intensity
change of different domains as a function of the angle ¢ is
in good agreement with the calculated cos’§ relation both
in s- and p-polarized light observations. Especially for the
s-polarized light observation, the intensity change almost
perfectly coincides with the calculation. The correspondence
between the observed intensity change and the calculation
for the p-polarized light is not as good as that for the
s-polarized light, probably due to the imperfection of the
correction of light inhomogeneity or roughness of the sample
surface by the normalization procedure. The relative intensity
change between different domains, however, almost follows
the trend of the cos?$ relation. The agreement between the
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calculation and the observed AAD of image contrast implies
that one can assign each domain to a specific 7T-domain
by comparing the observed AAD with the calculated cos>8
relations. Note that the AAD of XLD domain contrast with
s-polarized light is completely the same between the T1
and T2 domains or T3 and T4 domains and one can-
not distinguish four different 7-domains with s-polarized
light observation only. On the other hand, with p-polarized
light we can distinguish completely the four different T-
domains and the observation of AAD of XLD contrast
with p-polarized light is crucial to assign the 7-domains
completely.

Although the AAD of normalized contrast is in good
agreement with the cos?8 relation, there is also a small
discrepancy between the two. For instance, we can see three
kinds of contrast in Fig. 3(a) [and Fig. 3(e)] at 30° although
the cos?8 relation predicts two-tone contrast as in Fig. 3(c).
This small discrepancy may be due to a small misalignment
between the sample surface and the electric field vector of
s-polarized light. By comparing the theoretical curves with
experimental ones, however, we can confidently assign the
T1, T2, T3, and T4 domains as [111], [111], [111], and
[111] T-domains, respectively. It is worth noting that the
assignment of 7-domains in this work is consistent with that
derived from our previous S-domains assignment in which
the AAD of XMLD images were compared with the cluster
model calculation.” For example, the S-domains inside the T4
domain are assigned as [121], [211], and [112] by the XMLD
measurement in Ref. 7 and these S-domains should be in the
[111] plane, consistent with the assigned T-domain by the
XLD image with O K edge in the present study.

The validity of the 7-domain assignment can also be
confirmed by checking the domain wall direction between
different 7T-domains. In Fig. 2(b) we have summarized the
assigned T -domain structure of Fig. 2(a). From the illustration
we can find that the domain walls between T1 [111] and T2
[111] or T3[111] and T4 [111] run along the (011) direction,
while the walls between T1 [111] and T3 [111] or T2 [111]
and T4 [111], or T1[111] and T4 [111] run along the (001)
direction. These domain wall directions are consistent with
those deduced from the possible boundary structure between
each adjacent T-domains as discussed in previous papers.”!314
The consistency of our domain assignment by the XLLD of O K
edge with those obtained by the XMLD and with the domain
wall consideration supports our tentative assumption that the
2 p final states has a larger weight of atomic orbitals in the {111}
plane.

Finally, we demonstrate that the 7-domain images by
XLD can be observed even with circularly polarized light.
Figures 4(a), 4(b), 4(c), and 4(d) show the PEEM images of
the NiO(100) surface taken at the O K edge with s-, p-, and
circularly polarized light, and the sum of images (a) and (b).
Because of the richer contrast variation in the p-polarization
measurement, some fine structures can be observed in Fig. 4(b)
in addition to the relatively simple domain structure observed
with the s-polarized light. The sum of the images with s-
and p-polarized light results in the very similar image to the
observed contrast by the circularly polarized light as compared
to Figs. 4(d) and 4(c). Note that the photon energy to obtain
the best XLD contrast with circularly polarized light is the
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FIG. 4. (Color online) XLD images observed at the O K edge
with (a) s-polarized light, (b) p-polarized light, and (c) circularly
polarized light. (d) The sum of (a) and (b). The field of view of
these images is 30 wm. (e) Calculated AAD of cos?$ for circularly
polarized light.

same as that with linearly polarized light (~ 532.2 eV).”?
This good agreement between (c) and (d) arises from the fact
that the circularly polarized light is a coherent combination
of s- and p-polarized light with 7 /2 phase difference each
other. Thus, one can obtain both XMLD and XMCD images
by using circularly polarized light similarly to the situation that
XMLD and XLD images are obtained by unpolarized light'>-1®
and successfully applied for the investigation of the magnetic
coupling of ferromagnetic film with the antiferromagnetic
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NiO(001) substrate.!” Therefore, one can also utilize the XLD
image taken with circularly polarized light to distinguish
different T-domains. The expected AAD of domain contrast
is just a linear combination of those of s- and p-polarized
light as indicated in Fig. 4(e). Since every T-domain has
different AAD of the XLD contrast one can distinguish four
kinds of T-domain with circularly polarized light in principle.
The similar sinusoidal pattern between T1 and T2, and T3
and T4, however, may make the identification a little more
difficult than that with p-polarized light. On the other hand,
utilizing XLD imaging with circularly polarized light for the
assignment of a 7-domain would be useful for the study of
the magnetic properties of a ferromagnetic overlayer on oxide
antiferromagnetic materials at the beamlines where one can
use only circularly polarized light.

IV. SUMMARY

We have observed the AFM domain contrast of NiO(001)
caused by the x-ray linear dichroism at the O K edge by
using s- and p-polarized x-rays and a photoemission electron
microscope. It is found that the observed azimuth angle
dependence of the contrast can be well reproduced by the
cos?8 dependency of the x-ray absorption cross section which
arises due to the x-ray absorption cross section from the O
1s initial state to an anisotropic 2 p final state hybridized with
the Ni 3d state. We can unambiguously classify the observed
domains into four different 7-domains in a quantitative manner
by comparing the observed azimuth angle dependence of
the domain contrast with the calculation. The results of
T-domain assignment are consistent with those derived by
the spin-domain assignment in our previous study in which
the domain contrast in the x-ray magnetic linear dichroism
was compared with a cluster model calculation that included
the crystal symmetry and full multiplet splitting. Such domain
observations and assignments using a nonmagnetic x-ray linear
dichroism can also be anticipated for the family of compounds
of NiO such as FeO, CoO, and CuO. This will be helpful in
understanding the complicated magnetic domain structure of
such materials.
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