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Exchange Biasing: Domains and AE Structure Ami Berkowitz, Chairman

Exploring the microscopic origin of exchange bias with photoelectron
emission microscopy „invited …
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J. Lüning
Stanford Synchrotron Radiation Laboratory, P.O. Box 20450, Stanford, California 94309

J. W. Seo,c) J.-P. Locquet, and J. Fompeyrine
International Business Machines Research Division, Zu¨rich Research Laboratory, CH-8803, Ru¨schlikon,
Switzerland

S. Anders,d) H. Ohldag,e) and H. A. Padmore
Advanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley,
California 94720

It is well known that magnetic exchange coupling across the ferromagnet–antiferromagnet interface
results in an unidirectional magnetic anisotropy of the ferromagnetic layer, called exchange bias.
Despite large experimental and theoretical efforts, the origin of exchange bias is still controversial,
mainly because detection of the interfacial magnetic structure is difficult. We have applied
photoelectron emission microscopy~PEEM! on several ferromagnet–antiferromagnet thin-film
structures and microscopically imaged the ferromagnetic and the antiferromagnetic structure with
high spatial resolution. Taking advantage of the surface sensitivity and elemental specificity of
PEEM, the magnetic configuration and critical properties such as the Ne´el temperature were
determined on LaFeO3 and NiO thin films and single crystals. On samples coated with a
ferromagnetic layer, we microscopically observe exchange coupling across the interface, causing a
clear correspondence of the domain structures in the adjacent ferromagnet and antiferromagnet.
Field dependent measurements reveal a strong uniaxial anisotropy in individual ferromagnetic
domains. A local exchange bias was observed even in not explicitly field-annealed samples, caused
by interfacial uncompensated magnetic spins. These experiments provide highly desired information
on the relative orientation of electron spins at the interface between ferromagnets and
antiferromagnets. ©2001 American Institute of Physics.@DOI: 10.1063/1.1358828#
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Atomically engineered magnetic thin-film structures a
used in a great variety of devices, such as magnetic
storage media in computer hard drives, magnetic sensor
in future applications, such as nonvolatile magnetic rand
access memory.1 Antiferromagnetic layers are an importa
and scientifically challenging component in these devic
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The antiferromagnet magnetically pins or ‘‘exchange
ases’’ the magnetization of a ferromagnetic layer to serve
a magnetic reference, resulting in a uniaxial magne
anisotropy.2 Due to its compensated magnetic structure a
ferromagnets are insensitive to applied magnetic fields.
the other hand, the lack of a macroscopic moment impe
the investigation of the magnetic properties of antiferrom
netic thin films, explaining the ongoing controversies on t
origin of exchange bias. Knowledge of the interfacial ma
netic structure in the ferromagnet and the antiferromagne
essential for a correct microscopic description, in particu
for an evaluation of the validity of recently developed mo
els, which describe exchange bias either as an effect of
canting in the antiferromagnetic~spin–flop! or as a result of
uncompensated surface spins, originating from surface
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perfections such as steps, grain boundaries, or dom
walls.2–4 The nanometer to micrometer sized domains in
tiferromagnetic~AFM! thin films require the application o
high-resolution techniques for domain imaging, because
the limited sensitivity and spatial resolution of tradition
techniques such as neutron diffraction, x-ray diffraction,
optical microscopy.

The photoelectron emission microscope~PEEM2! lo-
cated at beam line 7.3.1.1 of the Advanced Light Sou
~ALS! offers high spatial resolution~typically down to 50
nm! in conjunction with magnetic contrast for the investig
tion of ferro- and antiferromagnetic thin film structures5

Photoelectrons emitted from the sample, which is illum
nated by monochromatic x-rays from an ALS bending m
net, are imaged by an electron microscope. Magnetic c
trast arises from the dependence of the absorption coeffic
and thereby the intensity of electron emission on the rela
orientation of the x-ray polarization, which can be vari
from linear to left and right circular, and the orientation
the magnetic axis. This effect is called x-ray magnetic
chroism. X-ray magnetic linear dichroism~XMLD ! contrast,

FIG. 1. Antiferromagnetic domain structure in LaFeO3 thin films. The
PEEM images were acquired atA5721.5 eV andB5723.2 eV at the FeL2

edge using linearly polarized x rays. Areas of different brightness in
divided XMLD imagesB/A correspond to antiferromagnetic domains wi
different projection of the antiferromagnetic axis on the x-ray polarizat
vectorE. The measurement geometry is shown top right. Local absorp
spectra acquired in single domains show the origin of the image contra
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using linearly polarized x rays, has been applied in the
vestigation of two thin film systems, LaFeO3 and NiO.

LaFeO3 is an insulating antiferromagnet, which is of in
terest because properties like its Ne´el temperature can be
easily adapted to the demands of an application by, e.g.
doping.6 Thin LaFeO3 films ~40 nm! were grown by oxide
molecular beam epitaxy~MBE! by means of a block-by-
block growth method on a SrTiO3 single crystal substrate
This method has been shown to yield high-quality epitax
films.7 In Fig. 1 PEEM images using linearly polarized
rays acquired at two photon energies (A5721.5 eV andB
5723.2 eV! are shown. The electric field vector lies in th
sample plane. At these energies the absorption spec
shows a strong magnetic linear dichroism at the FeL3 and
L2 resonances~Fig. 1 bottom!. Dividing the images taken a
the L2 resonance produces the XMLD image. Differe
brightness in this image corresponds to different angles
tween the antiferromagnetic axis, which is defined by
direction of the magnetic moments in the antiferromag
and the x-ray polarization vector. The angular dependenc
the XMLD intensity is given by 3 cos2 u-1, with u the angle
between x-ray polarization and the AFM axis.8 The strong
magnetic contrast in the XMLD image arises from magne
domains with an in-plane projection of the AFM axis paral
~white! and perpendicular~black! to the horizontal x-ray po-
larization. Temperature dependent experiments have c
firmed the magnetic origin of the image contrast, which va
ishes approaching the Ne´el temperature of the
antiferromagnet.8 Furthermore, on Co/LaFeO3 bilayers,
which have been grown by MBE on SrTiO3~100!, magnetic
exchange coupling across the ferromagnet–antiferroma
interface causes a clear alignment of the ferromagnetic
the antiferromagnetic domain structures~not shown!.9 These
results demonstrate that photoelectron emission microsc
~PEEM! experiments using synchrotron radiation are capa
of determining the magnetic domain structure in thin antif
romagnetic films, within the limits of the spatial resolution
these instruments.
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FIG. 2. XMLD image of NiO~100! thin film obtained by dividing two
PEEM images acquired at the NiL2 edge. The white lines are regions o
reduced out-of-plane magnetization.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The next example, thin NiO films grown by MBE on
MgO~100! substrate, will demonstrate that although the s
tial resolution of the PEEM2 instrument is not sufficient
resolve single antiferromagnetic domains in this sample, u
ful information can be obtained by magnetic x-ra
spectromicroscopy.10 NiO thin films are of technological im-
portance as antiferromagnetic layers in exchange biasing
plications and can be considered a model system to st
Figure 2 shows a magnetic XMLD image of the surface o
80 nm thick NiO~100! film. The XMLD image was obtained
by dividing images acquired at the NiL2 resonance atA
5870.3 eV andB5871.5 eV. This procedure eliminates t

FIG. 3. Comparison of local absorption spectra acquired in a white line
in the surrounding dark matrix as function of temperature. The photon
ergies at which the PEEM images were acquired are marked by ar
~A,B!. The ratio of the peak intensitiesA/B in bright and dark areas is show
below for a subset of temperatures. At low temperature~295 K!, the peak
ratio A/B.1.05 indicates a predominantly out-of-plane magnetization. A
proaching the Ne´el temperature the ratio approaches the peak ratio for n
magnetic NiO, which is near 1.
Downloaded 23 Aug 2006 to 134.79.32.244. Redistribution subject to AIP
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pographical contrast and enhances the antiferromagn
contrast. The image exhibits straight bright lines, betwe
400 and 2000 nm wide on a darker background. Sim
structures were found at other locations and on other sam
with different NiO thickness in the 10–80 nm range. T
temperature dependence of the magnetic dichroism effe
apparent in local absorption spectra shown in Fig. 3~top!.
One series of spectra was acquired in one of the br
stripes, the second in the surrounding darker area. Black
rows mark the photon energy at which PEEM images w
obtained. The relatively higher intensity atA compared toB
~at 295 K! signifies a predominantly out-of-plane orientatio
of the antiferromagnetic axis in both regions at room te
perature. The effect is more pronounced in the dark a
However, since rotation of the sample around the surf
normal does not reverse this effect~not shown!, we deduce
that the smaller intensity ratio in the lines is not caused by
in-plane rotation of the antiferromagnetic axis~which would
break the rotational isotropy! but results from a reduced ou
of-plane moment averaged over the spatial resolution of
microscope. Approaching the Ne´el temperature of NiO~523
K!, the intensity ratio of peak A and B approaches the sa
value in both areas~Fig. 3, bottom!, a value which is char-
acteristic for paramagnetic NiO above the Ne´el temperature,
demonstrating the magnetic origin of the image contrast.
analysis of the image intensities at energyA andB within a
white line compared with the intensities in the surroundi
area as a function of temperature furthermore~not shown!
allows a local determination of the Ne´el temperature, which
appears to be reduced in the white lines which a
exhibit—as explained above—a reduced out-of-plane m
netic moment. Similar line-like structures, consisting
raised bars, arranged in a crisscross pattern were observ
atomic force microscopy images~not shown!. Atomic force
microscopy is only sensitive to the topography of the samp

These results convincingly show the usefulness of x-
spectromicroscopy and PEEM for the determination of
magnetic structure of antiferromagnetic surface and t
films. These techniques in combination with ferromagne
imaging exploiting x-ray magnetic circular dichroism11 pro-
vide valuable information for an improved understanding
the exchange bias phenomenon. Our inability to resolve
domain pattern in NiO highlights the need for improved i
struments with higher spatial resolution for the investigat
of polycrystalline films and technologically important mat
rials.
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10J. Stöhr et al., Phys. Rev. Lett.83, 1862~1999!.
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