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Evidence for in-plane antiferromagnetic domains in ultrathin NiO films
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Ultrathin films of NiO grown on Ag~100! were investigated by photoemission microscopy. To image
antiferromagnetic domains, linearly polarized light from an insertion device was used. The micrographs re-
vealed lateral changes of the spectral line shapes of the 3p photoemission spectrum which were confirmed by
taking full spectra with a lateral resolution of 150 nm~microspectroscopy!. These changes indicate the pres-
ence of antiferromagnetic domains which can be distinguished because the magnetic moments~or components
thereof! are either collinear or perpendicular to the electric field vector of the linearly polarized light.
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The formation of magnetic domains is a common beh
ior of magnetically ordered materials. Though usually as
ciated with ferromagnetic materials, where domain format
reduces the magnetostatic energy of a sample by reducin
avoiding large stray fields reaching out into the environm
of the sample, domain formation occurs also in antiferrom
netic materials. As for ferromagnets, an antiferromagn
domain is defined as a region in a crystal in which the patt
of magnetic moments is periodic in all three directions
space. An example is Cr, whose magnetic moments are
allel to the 100 directions, so that three different domains
possible. In the present study we address the case of
For bulk material, magnetic moments are aligned ferrom
netically within 111 planes, with antiferromagnetic alig
ment of subsequent 111 planes. This leads to four diffe
possible domains (T domains!. Furthermore, there is a three
fold axis in the 111 planes, which leads to three differe
domain types within eachT-type domain. Considering als
spin reversal, in principle 24 different domains are possib
Antiferromagnetic domain walls result either if there is
rotation of the direction of the moments within the ferroma
netic sheets (S walls! or if there is a change in crystallo
graphic orientation of the ferromagnetic sheets (T walls!.

Domains in antiferromagnets have recently been con
ered in the context of exchange biasing, which is used
modify the hysteresis loop of a thin ferromagnetic layer
exchange coupling to an antiferromagnetic layer.1 The un-
compensated spins of the antiferromagnet~AF! at the inter-
face to the ferromagnetic~F! layer do not, or only to a smal
degree, experience the effect of the external field, so tha
exchange coupling between the AF and F spins at the in
face leads to a hysteresis loop shifted along the field a
The observed exchange fields, i.e., the magnitude of
magnetic field shift, tend to be smaller than may be estima
from the number of spins and the coupling strength at
interface. Antiferromagnetic domains may be one cause
PRB 580163-1829/98/58~9!/5201~4!/$15.00
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this discrepancy. Therefore experimental evidence on AF
mains in ultrathin films is highly desirable.

In a ferromagnet the multidomain state can be charac
ized by a reduced or vanishing macroscopic magnetizatio
domains are commonly detected by performing a spati
resolved experiment which reveals contrast due to the n
vanishinglocal magnetization. These methods do not wo
for AF domains where also the local magnetization vanish
Observations of AF domain ordering in transition me
monoxides have been made by neutron- and x-ray-scatte
methods as well as linear birefringence.2–4 The two latter
methods in principle depend on the lattice distortion incur
by AF order. BelowTN the antiferromagnetic ordering re
sults in a slight rhombohedral deformation of the cryst
which comes about by a contraction of the original cubic u
cell along the 111 axes: In the AF ordered state the spa
between subsequent AF aligned ferromagnetic planes is
duced. A domain can be considered as an optical unia
crystal, with the optical axis coincident with the axis of co
traction. Different domains and walls between them can
made visible in 100mm thin crystal by transmitted polarize
light. The crystallographic distortion can also be detec
directly by x-ray diffraction. For ultrathin films these meth
ods are difficult to use because it is not clear to which deg
surface and/or interface anisotropies will lead to a differen
ordered AF state compared to the bulk.

We report here an attempt to investigate the spin orien
tion in ultrathin NiO films directly in a spatially resolve
way by exploiting linear magnetic dichroism in photoem
sion. Linear dichroism in general requires no net magnet
tion, but may show up in terms of different optical or spe
tral properties depending on whether the polarization vec
of the light is parallel or perpendicular to the preferred sp
orientation. In photoemission, this type of dichroism h
been observed for the Fe 3p spectrum,5 and calculations ex-
ist for other materials.6 Photoabsorption experiments on u
trathin NiO films have been reported by Vogel7 and Alders
5201 © 1998 The American Physical Society
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5202 PRB 58BRIEF REPORTS
et al.8–10 Here, a preferred spin axis was imposed by th
film epitaxial growth on MgO~100! single crystal substrates
From a detailed analysis of the2p absorption edges it wa
concluded that in such thin film samples only domains w
spin directions@62, 61, 61# were present. The experimen
tal line shape for the 2p1/2 absorption edge consists of tw
peaks, separated by about 1.5 eV, and under normal
dence the lower-energy peak is higher than the higher-en
one if only domains of this subset are present. Ang
dependent studies showed a reversal of this intensity rela
for grazing incidence, where the spin moments have a la
projection on the electric field vector of the incoming light.7,9

The experiments reported here were performed on
ESCA Microscopy beamline11,12 at the ELETTRA synchro-
tron radiation source in Trieste, Italy. The light emitted by
4.5 m, 56 mm period undulator is dispersed by a spher
grating monochromator in the 200–1000 eV photon ene
range. This beam is focused by a Fresnel zone plate
microspot of about 120–150 nm diameter. The specime
mounted on a piezodriven scanning stage, which provi
movement of the sample with respect to the photon beam
100 mm mean radius hemispherical analyzer, equipped
multichannel detection, collects the photoelectrons emi
from the microspot, with an overall energy resolution of 0.
0.5 eV. Because of the photon energy dependence of
zone plate focal length, refocusing is required when the p
ton energy is changed. However, during the acquisition
the absorption spectra, the zone-plate–sample distance
not changed, because the change in focal distance is neg
bly small for the energy interval of interest.

The present study was performed on NiO films grown i
UHV chamber connected to the microscope equipped w
low-energy electron diffraction~LEED! and Auger spectros
copy on Ag~100! single crystal surfaces as described
Marre et al.13,14 The lattice constant of Ag is smaller tha
that of NiO by 2.05%, which allows for good epitaxia
growth of NiO on Ag~100!. Prior to deposition, the Ag crys
tal surfaces were cleaned by sputtering and annealing,
exhibited a high contrast LEED pattern. Sample cleanlin
was checked by Auger spectroscopy. Ni was evaporated
electron beam heating of a Ni rod. Calibration of the eva
ration rate by taking a series of Auger spectra yielded a va
of about 0.8 monolayers Ni per minute. For growing N
films, an O2 pressure of 1026 mbar was established in th
deposition chamber before starting deposition~with the
evaporator in operation, but the shutter closed!. During depo-
sition the sample was at room temperature. The films sho
a LEED pattern similar to those of the substrate crystals,
Auger spectra showed only Ni and O in a ratio consist
with NiO. For the experiments reported here the azimut
orientation of the Ag crystal was such that the electric fi
vector of the linearly polarized light was parallel to a@011#
direction in the Ag~100! surface. As a discriminative crite
rion for the formation of NiO we use the valence band ph
toemission spectrum, which is displayed in Fig. 1~a!. This
figure shows all the features characteristic for NiO: A lar
narrow peak of primarily Nid character at 2.3 eV binding
energy~BE!, a broad band of mixed Nid-O pcharacter ex-
tending to about 13 eV BE, and finally the O 2s emission
feature 22 eV BE.15,16 Comparison to a metallic sampl
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shows that the onset of the emission is below the Fe
level, demonstrating the absence of metallic Ni or Ag sp
cies.

Another criterion for the formation of NiO is the Ni 2p
absorption spectrum shown in Fig. 1~b!, which also exhibits
the characteristic features of NiO, a so-called white line w
a satellite at the 2p3/2 edge and a double peak at the 2p1/2
threshold. Figure 1~c! shows an absorption spectrum of th
2p1/2 edge under normal incidence. We note that the high
energy feature has about the same intensity as the lo
energy one. This is in contrast to the results obtained
Alders et al.9 in normal incidence measurements on film
grown on MgO.

The aim of the microscopy experiments was to investig
whether photoemission or absorption spectra obtained f
small areas show changes with lateral position which wo
indicate different orientations of the magnetic moments. W
first used the contrast mechanism described above for p
toemission. In those experiments, the Fe 3p photoemission
spectrum was found to be different depending on whether
electric field vector of the light was parallel or perpendicu
to the orientation of the magnetic moments.5 Reversal of the
magnetization does not affect the spectrum. The dichroi
i.e., the difference of the spectra normalized to the su
shows for the case of Fe a characteristic W-like shape.
became apparent from calculations, this comes about

FIG. 1. ~a! Photoemission spectrum of the valence band a
shallow core levels of NiO grown on Ag~100!, taken with 497 eV
linearly polarized photons under normal incidence; emission w
70° to the surface normal,~b! Ni 2p absorption spectrum for NiO
grown on Ag~100!, taken with a large~200 mm! light beam diam-
eter.~c! Detail of Ni 2p1/2 absorption spectrum.
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cause emission from themj56 3
2 sublevels which appears a

the upper and lower edges of thej 5 3
2 multiplet, have differ-

ent intensities than themj56 1
2 sublevels which appear with

intermediate binding energy.17–19 In the simplest approach
one assumes that the main effect of the incompletely fi
3d shell is to split themj levels in a Zeeman-like fashion.17,18

The j 5 1
2 sublevel does not show any or only a small19 di-

chroism. While this picture seems to capture the essen
features for metallic systems, the situation for NiO is ob
ously not well described since all core level spectra sh
distinct satellites.16 Nevertheless, referring to the calculatio
by Thole and van der Laan6 for a d8 system as a starting
point, one may anticipate that the largest effect of the lin
magnetic dichroism of domain imaging to be used occurs
the low binding energy side of the3p photoemission spec
trum.

We acquired photoelectron intensity images of various
gions on the sample using light focused to a spot of ab
150 nm. The images consisted of 2563256 pixels which
covered an area of 64364 mm2. The photon energy was se
to 497 eV. At the time of the experiment, image acquisiti
in the photoemission microscopy mode was performed
measuring the count rate of the spectrometer as pixel in
sity while scanning the sample using the piezodrives. W
the pass energy used, the energy resolution was abou
eV. The kinetic energy was set to different values, cover
the Ni 3p photoemission peak. Figure 2~a! shows the photo-
emission image obtained with 429.8 eV kinetic energy p
toelectrons~67.2 eV binding energyEB).One can see a
bright area in the middle on the left of the image. Figure 2~b!
shows an image of the same area, but now acquired u
photoelectrons with binding energyEB569.5 eV. Here, the
same area appears dark, while the region in the upper r
corner is now brighter than in the previous image. We
cribe this to different preferential spin orientations in t
sample, i.e., to different domains.

Figure 3 shows full photoemission spectra taken with
small light spot in different regions of the image of Fig.
Spectra were taken in the bright~middle left! and dark~upper
right! regions of Fig. 2~a!. The spectra and the normalize
difference ~asymmetry! are shown in Figs. 3~a! and 3~b!,
respectively. One can clearly see a difference at the h
energy flank of the Ni 3p photoemission peak. In addition

FIG. 2. Photoemission images taken with different portions
the Ni 3p photoemission spectrum excited by 497 eV linearly p
larized photons:~a! binding energyEB567.2 eV;~b! EB569.5 eV.
The scale bar represents a length of 15mm. Circles show areas use
for photoelectron intensity determination for various kinetic en
gies ~see Fig. 3!.
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Fig. 3~b! shows a difference spectrum extracted from a se
of images~filled circles! taken with different binding ener
gies over the 3p spectrum by integrating over areas at t
middle left and upper right. This spectrum is similar to t
dichroism spectrum derived from the full spectra, ev
though the magnitude of the dichroism is smaller in the d
derived from the series of images. This is consistent with
better energy resolution achieved in the spectra compare
the imaging.

Additional evidence for the presence of AF domains
derived from absorption spectra~measured by total yield!
from different 150 nm spots on the sample which are p
sented in Fig. 4. The area analyzed here cannot be relate
the area of the photoemission micrographs in Fig. 2, si
the sample had to be removed from the beam for focusin
870 eV photon energy. Figure 4 shows that spectra fr
different spots have a different intensity ratio of the low
the high photon energy absorption features at 871 and 8
eV. This difference is qualitatively similar to the dichrois
expected for the light polarization being either parallel
perpendicular to the magnetic moments.9 The magnitude of
the dichroism, however, appears to be smaller than that
served by Alderset al.9 The presence of differentT domains
within the spot of 150 nm appears unlikely since this size
of the order of domain wall thickness which is expected to
larger than for ferromagnets.20 The reduced dichroism ma
be caused by the finite film thickness of 16 monolayers21 of
our sample which lowers the Ne´el temperature, and therefor
leads to a reduced magnetic moment at room temperatu

The experimental results show that different regions

f
-

-

FIG. 3. Ni 3p photoemission spectra from different regions
the micrograph of Fig. 2~marked with circles!. Spectra shown in
full and dashed were taken on the middle left and right region of
sample, respectively.~b! Asymmetry derived from spectra in~a!
~small dots and full line representing a spline fit!, and from inten-
sities of the two regions in a series of images obtained with diff
ent kinetic energy photoelectrons~large dots and dashed line!.



th
th
le
n-
O
in

ct
ac
th

th
r

the

red
ri-
as
ec-
e
n
ere
oth
ion
er-

os-
pic
rved
al

a-
l is
opy
Lin-
ho-
in-
to

of

rk
7

haft

f

5204 PRB 58BRIEF REPORTS
the sample are different with respect to the magnitude of
projection of the magnetic moments on the direction of
electric field vector. As the electric field vector was paral
to the in-plane@011# direction, the observed contrast is co
sistent with the subset of domains suggested for NiO/Mg
One type of spectrum would then correspond to doma
with spin directions@62,1,1#/@62,21,21#, the other to@62,
21,1#/@62,1,21#. Our experiment does not provide dire
evidence on the magnitude of the projection on the surf
normal, i.e., we cannot rule out that the moments lie in
sample plane, corresponding to directions@0,1,1#, etc. In
principle this could be determined from the magnitude of
dichroism, or more directly from angle-dependent measu

FIG. 4. Detail of the Ni 2p1/2 absorption at two different spots o
;150 nm diameter on the sample.
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ments which are not possible in the microscope due to
short distance from the zone plate optics to the sample.

The orientation of the magnetic moments can be infer
from the fact that a dichroism is seen in this particular o
entation. The azimuthal orientation of the Ag crystal w
such that its 110 direction, and consequently the 110 dir
tion of the NiO film within the film plane was parallel to th
electric field of the incoming light. If the preferred directio
of the magnetic moments was the 100 direction, then th
would be no contrast between different domains, since b
differently oriented domains would have the same project
of the magnetic moments on the direction parallel and p
pendicular to the light polarization.

In summary, we have shown by photoemission micr
copy combined with highly spatially resolved spectrosco
experiments that antiferromagnetic domains can be obse
in thin ~100!-oriented NiO films. They have a preferenti
orientation of the magnetic moments along the@110# direc-
tions within the film plane. This deviation from the orient
tion of the magnetic moments observed in bulk materia
probably due the combined influence of surface anisotr
and the structural mismatch between substrate and film.
ear magnetic dichroism in photoemission as well as in p
toabsorption appears to be a very powerful tool for the
vestigation of antiferromagnetic thin films with respect
ordering temperature, anisotropy, and the dependence
these properties on film thickness and morphology.
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