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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 microscogPEEM) 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 fted tdenperature were
determined on LaFeQand 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. €001 American Institute of Physic§DOI: 10.1063/1.1358828

Atomically engineered magnetic thin-film structures areThe antiferromagnet magnetically pins or “exchange bi-
used in a great variety of devices, such as magnetic dat@ses” the magnetization of a ferromagnetic layer to serve as
storage media in computer hard drives, magnetic sensors, ar magnetic reference, resulting in a uniaxial magnetic
in future applications, such as nonvolatile magnetic randonanisotropy? Due to its compensated magnetic structure anti-
access memory Antiferromagnetic layers are an important ferromagnets are insensitive to applied magnetic fields. On
and scientifically challenging component in these devicesthe other hand, the lack of a macroscopic moment impedes

the investigation of the magnetic properties of antiferromag-
9Electronic mail: a_scholl@1bl.gov netic thin films, explaining the ongoing controversies on the
bAlso at: Stanford Synchrotron Radiation Lab., P.O. Box 20450, StanfordOrigin of exchange bias. Knowledge of the interfacial mag-
[ CA 94309, _ o . netic structure in the ferromagnet and the antiferromagnet is
Also at: Institute de Physique, University of NelitdlaCH-2000 Neucha . . . i . .
tel, Switzerland. essential for a correct microscopic description, in particular
9Also at: IBM Research Div., Almaden Research Ctr., 650 Harry Rd., Sarfor an evaluation of the validity of recently developed mod-

Jose, CA 95120. o els, which describe exchange bias either as an effect of spin
9Also at: Stanford Synchrotron Radiation Lab., P.O. Box 20450, Stanford,

CA and Institute of Applied Physics, University of Bseldorf, Universi- canting in the ant'ferromagn_et(Sp'r?__ﬂOQ or as a result Of_
tatsstr. 1, 40225 Dsseldorf, Germany. uncompensated surface spins, originating from surface im-
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FIG. 2. XMLD image of Nig100 thin film obtained by dividing two
PEEM images acquired at the N, edge. The white lines are regions of
reduced out-of-plane magnetization.

using linearly polarized x rays, has been applied in the in-
vestigation of two thin film systems, LaFe@nd NiO.

‘ A B LaFeG; is an insulating antiferromagnet, which is of in-
/\ ‘ l terest because properties like its élgemperature can be
f L3 \ i easily adapted to the demands of an application by, e.g., Sr
/ S— /\i‘”‘*\ doping® Thin LaFeQ films (40 nm were grown by oxide
— " Photon energy (eV) I - molecular beam epitaxyMBE) by means of a block-by-

705 710 715 720 725

block growth method on a SrTiOsingle crystal substrate.

FIG. 1. Antiferromagnetic domain structure in Lake@in films. The This method has been shown to yield high-quality epitaxial

. 7 . . . . .
PEEM images were acquired At-721.5 eV an®B=723.2 eV atthe Fe,  11MS.” In F'g- 1 PEEM images using linearly polarized x
edge using linearly polarized x rays. Areas of different brightness in therays acquired at two photon energies=721.5 eV andB

divided XMLD imagesB/A correspond to antiferromagnetic domains with =723 2 e\j are shown. The electric field vector lies in the

different projection of the antlferromag_netlc axis on t'he X-ray polanzatlc_)n sample plane. At these energies the absorption spectrum
vector E. The measurement geometry is shown top right. Local absorption

spectra acquired in single domains show the origin of the image contrast. SNOWS a strong _magnetic Iineqr .di.ChI’OiSI’T? at the lkeand
L, resonance¢Fig. 1 bottonm. Dividing the images taken at

the L, resonance produces the XMLD image. Different
brightness in this image corresponds to different angles be-

perfections such as steps, grain boundaries, or domaitween the antiferromagnetic axis, which is defined by the
walls2~* The nanometer to micrometer sized domains in andirection of the magnetic moments in the antiferromagnet
tiferromagnetic(AFM) thin films require the application of and the x-ray polarization vector. The angular dependence of
high-resolution techniques for domain imaging, because ofhe XMLD intensity is given by 3 cds-1, with ¢ the angle
the limited sensitivity and spatial resolution of traditional between x-ray polarization and the AFM afihe strong
techniques such as neutron diffraction, x-ray diffraction, ormagnetic contrast in the XMLD image arises from magnetic
optical microscopy. domains with an in-plane projection of the AFM axis parallel

The photoelectron emission microscofREEM2 lo-  (white) and perpendiculafblack) to the horizontal x-ray po-
cated at beam line 7.3.1.1 of the Advanced Light Sourcdarization. Temperature dependent experiments have con-
(ALS) offers high spatial resolutioftypically down to 50 firmed the magnetic origin of the image contrast, which van-
nm) in conjunction with magnetic contrast for the investiga-ishes approaching the ‘B temperature of the
tion of ferro- and antiferromagnetic thin film structures. antiferromagnef. Furthermore, on Co/LaFeQ bilayers,
Photoelectrons emitted from the sample, which is illumi-which have been grown by MBE on SrTj00, magnetic
nated by monochromatic x-rays from an ALS bending mag-exchange coupling across the ferromagnet—antiferromagnet
net, are imaged by an electron microscope. Magnetic coninterface causes a clear alignment of the ferromagnetic and
trast arises from the dependence of the absorption coefficiettie antiferromagnetic domain structut@®t shown.® These
and thereby the intensity of electron emission on the relativeesults demonstrate that photoelectron emission microscopy
orientation of the x-ray polarization, which can be varied (PEEM) experiments using synchrotron radiation are capable
from linear to left and right circular, and the orientation of of determining the magnetic domain structure in thin antifer-
the magnetic axis. This effect is called x-ray magnetic di-romagnetic films, within the limits of the spatial resolution of
chroism. X-ray magnetic linear dichroistXMLD) contrast, these instruments.
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pographical contrast and enhances the antiferromagnetic
contrast. The image exhibits straight bright lines, between
400 and 2000 nm wide on a darker background. Similar
structures were found at other locations and on other samples
with different NiO thickness in the 10—-80 nm range. The
temperature dependence of the magnetic dichroism effect is
305 apparent in local absorption spectra shown in Figtdp).
465@ One series of spectra was acquired in one of the bright
3:553 stripes, the second in the surrounding darker area. Black ar-
39 S rows mark the photon energy at which PEEM images were
S obtained. The relatively higher intensity Atcompared tdB
ggs (at 295 K signifies a predominantly out-of-plane orientation
of the antiferromagnetic axis in both regions at room tem-
perature. The effect is more pronounced in the dark area.
However, since rotation of the sample around the surface
S0s normal does not reverse this effgaiot shown, we deduce
965 that the smaller intensity ratio in the lines is not caused by an
ha in-plane rotation of the antiferromagnetic axighich would
395 é" break the rotational isotropyut results from a reduced out-
g of-plane moment averaged over the spatial resolution of the
Py & R 2o, A.f microscope. Approaching the Mletemperature of Ni@523
86 88 870 872 874 K), the intensity ratio of peak A and B approaches the same
~ Photon energy (eV) value in both areaFig. 3, botton), a valug which is char-
acteristic for paramagnetic NiO above theeNeemperature,
130 O bright area demonstrating the magnetic origin of the image contrast. An
125 [ 5 W darkarea . analysis of the image intensities at enefyyndB within a
I white line compared with the intensities in the surrounding
120 F } u] area as a function of temperature furtherm@met shown

—

Intensity (a.u.)

(=]

p—

Intensity (a.u.)

allows a local determination of the Kletemperature, which
= appears to be reduced in the white lines which also
ik g exh_ibit—as explai_ne_d abpve_—a reduced out—of—pl_ang mag-
) netic moment. Similar line-like structures, consisting of
1.05L ") raised bars, arranged in a crisscross pattern were observed in
L L S atomic force microscopy imagéaot shown. Atomic force
300 350 400 450 500 microscopy is only sensitive to the topography of the sample.
Temperature (K) These results convincingly show the usefulness of x-ray
spectromicroscopy and PEEM for the determination of the
FIG. 3. Comparison of local absorption spectra acquired in a white line andnagnetic structure of antiferromagnetic surface and thin
in the surrounding dark matrix as function of temperature. The photon enfijms. These techniques in combination with ferromagnetic

ergies at which the PEEM images were acquired are marked by arrow: . i 3 . . . . )
(A,B). The ratio of the peak intensiti@gB in bright and dark areas is shown ﬁnagmg eXPIOItlng X-ray magnetic circular dIChI’OIEerrO

below for a subset of temperatures. At low temperat@@s K), the peak  Vide valuable information for an improved understanding of
ratio A/B>1.05 indicates a predominantly out-of-plane magnetization. Ap-the exchange bias phenomenon. Our inability to resolve the
proaching the Nel temperature the ratio approaches the peak ratio for nondomain pattern in NiO highlights the need for improved in-
magnetic NiO, which is near 1. . . . . . . .

struments with higher spatial resolution for the investigation
of polycrystalline films and technologically important mate-
rials.

L15}

peak ratio A/B

The next example, thin NiO films grown by MBE on a
MgO(100) substrate, will demonstrate that although the spa-
tial resolution of the PEEM2 instrument is not sufficient to
resolve single antiferromagnetic domains in this sample, usetj. B. Kortrightet al, J. Magn. Magn. Mater207, 7 (1999.
ful information can be obtained by magnetic x-ray zJ- Nogus and J. K. Schuller, J. Mag?- M%gn. Mat@B2, 203(1999.

; ; i fi ; [ N. C. Koon, Phys. Rev. Let#8, 4865(1997).
spectromlcroscc_)p}}? NiO thin _fllms are_of technologlc_al im- L E Berkowitz and K. Takano, J. Magn, Magn. Mat2a0, 552 (1999,
portance as antlferromagnepc layers in exchange biasing aprs_ anderset al, Rev. Sci. Instrum70, 3973(1999.
plications and can be considered a model system to studytu. Simoni and J. M. Kundsen, Phys. Révi4, 361 (1966.

Figure 2 shows a magnetic XMLD image of the surface of a;i--l;- EOEQUG? asl-,_NatzzrggLigiir(?zggg 453 (1998.

H H . H H . Scholl et al, Scienci f .

80 nr.'n.tr_nck .N|C1100) f|Im._The XMLD image was obtained 9F. Nolting et al, Nature(Londor) 405 767 (2000,
by dividing images acquired at the Nli, resonance ah 105 sigy et al, Phys. Rev. Lett83, 1862(1999.

=870.3 eV andB=871.5 eV. This procedure eliminates to- J. Sidr et al, Science259, 658 (1993.
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