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Study of Ferromagnet-Antiferromagnet Interfaces
Using X-Ray PEEM

A. Scholl, H. Ohldag, F. Nolting, S. Anders, and J. Stöhr

This chapter discusses polarization dependent X-ray photoemission electron mi-
croscopy (X-PEEM) and its application to coupled magnetic layers, in particular
ferromagnet-antiferromagnet structures.

2.1 Introduction

Over the last decades, magnetism has evolved into one of the cornerstones of in-
formation storage technology, providing the foundation of a $50 billion dollar per
year worldwide storage business. Today’s high-tech magnetic devices are based
on thin films, often patterned into sub-micron sized cells, and rely on the exis-
tence of magnetically well-defined states. Over the last ten years, our understand-
ing of the structure and properties of magnetic thin films and multilayers has pro-
gressed remarkably, yet one key problem in our understanding has remained, namely,
the characterization and understanding of interfaces, omnipresent in modern mag-
netic structures. Many of today’s forefront areas in magnetism require a better un-
derstanding of the spin structure at interfaces [1, 2]. Examples are giant magne-
toresistance structures and spin tunnel junctions [3], as well as “spintronics” de-
vices based on spin injection into a semiconductor [4, 5]. In these structures, spin
transport across metal-metal, metal-oxide, metal-semiconductor, and semiconductor-
semiconductor interfaces is believed to strongly depend on the magnetic properties
of the interfaces.

Today’s magneto-electronic devices typically contain ferro-, ferri-, and antifer-
romagnetic layers, and the characterization of their complex structure requires new
experimental tools that are sensitive to all three flavors of magnetic order. While
there are numerous techniques sensitive to ferromagnetic order in thin-film systems
ranging from magnetic force microscopy, over the magneto-optical Kerr effect, to
photoemission techniques, there is clearly a need for methods that are also sensitive to
antiferromagnetic order. The determination of the electronic, chemical, or magnetic
structure of interfaces is especially challenging, since the weak signal originating
from the interface has to be detected and isolated from the large background of the
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bulk. For lack of better capabilities scientists have tried to circumvent this problem
by studying the early stages of interface formation with surface science techniques,
by investigating ultrathin model systems, or by studying simply the “bulk” materials
forming the interface. Unsubstantiated assumptions are often made in the interpreta-
tion of experimental data or for model calculations about the existence of bulk-like
structures all the way to the interface or about the existence of atomically abrupt
interfaces without chemical intermixing or roughness. In this article, we shall show
that in reality interfaces are quite different.

Here, we present the investigation of a specific interface problem that is of con-
siderable scientific interest and technological importance: the unsolved origin of
exchange bias in antiferromagnet-ferromagnet sandwiches [6,7]. Discovered in 1956
by Meiklejohn and Bean [8], exchange bias refers to the unidirectional pinning of
a ferromagnetic layer by an adjacent antiferromagnet. Ferromagnetic films typically
have a preferred magnetization axis, “easy axis,” and the spins prefer to align along
this axis. There are two equally stable easy spin directions (rotated by 180◦) along
this axis, and it costs the same energy and requires the same external field to align
the spins along either easy direction. When a ferromagnet (FM) is grown on an an-
tiferromagnet (AFM), the exchange coupling between the two systems leads to an
increased coercivity of the ferromagnet. This is usually attributed to an increased
interface anisotropy, resulting from the coupling of “interface moments” to the an-
tiferromagnet. The ferromagnetic hysteresis loop is still symmetric, indicating two
equivalent easy directions. If, on the other hand, the AFM-FM system is grown in
a magnetic field or after growth annealed in a magnetic field to temperatures above
the AFM Néel temperature, the hysteresis loop becomes asymmetric and is shifted
from zero by a field HB. This unidirectional shift is called exchange bias and reflects
the fact that there is now a preferred easy magnetization direction for the FM. The
ferromagnet is pinned by the antiferromagnet into this easy direction, which is oppo-
site to the bias field direction HB. The fact that the origin of the exchange bias effect
is still hotly debated after more than forty years of research is due to the difficulty as-
sociated with determining the magnetic interfacial structure mentioned above. While
there is little doubt about the crucial importance of the interfacial spin structure, and
more specifically about the existence of uncompensated “interfacial spins” that give
rise to the exchange bias phenomenon [9], two fundamental problems have prevented
a solution of the puzzle.

The first is the difficulty of imaging the microscopic antiferromagnetic structure
in thin films with conventional techniques. While the AFM domain structure in bulk
single crystals has been studied since the late 1950s [10–12], little is known about the
domain structure in thin films. For example, in well-annealed bulk NiO, the typical
domain size is in the 0.1–1 mm range [10, 13] whereas in epitaxial NiO films, the
domain size has been estimated to be less than 50 nm [14]. This size is below the
spatial resolution of neutron diffraction topography (about 70 µm), X-ray diffraction
topography (1–2 µm) [10], and of conventional [10,13] and nonlinear [15,16] optical
techniques, which are limited by diffraction (about 0.2 µm). On a microscopic level,
the exchange coupling across the AFM-FM interface is expected to proceed domain by
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domain, leading to a correlation of the AFM with the FM domain structure. Therefore,
measurement of the antiferromagnetic domain structure is of crucial importance.

The second problem is the determination of the interfacial spin structure and its
relationship with the magnetic structure in the AFM and FM films. Still little is known
about the origin of uncompensated interfacial spins and their role in the observed
coercivity increase and the exchange bias effect. Previous models have invoked sta-
tistical arguments for the existence of uncompensated interfacial spins. These models
take into account one or more of the following aspects: uncompensated termination of
bulk antiferromagnetic domains [9], spin-flop canting of antiferromagnetic spins [17],
and interface and bulk defects [18, 19]. It has also been proposed that coercivity and
bias arise from different mechanisms like canting and defects, respectively [18].

The present chapter takes a new look at an old problem, utilizing X-ray spec-
troscopy and microscopy methods that have only recently been developed. The spec-
tromicroscopy approach, utilized here, combines two well-established concepts, po-
larized X-ray absorption spectroscopy (XAS) and electron microscopy [20, 21]. It
has many key strengths needed ultimately to solve the exchange bias puzzle. Be-
cause of the elemental and chemical specificity of XAS, one can tune into specific
layers by tuning the photon energy. X-ray polarization control opens the door for
magnetic studies by using X-ray magnetic linear dichroism (XMLD) [22–26] on
antiferromagnets, and X-ray magnetic circular dichroism (XMCD) [27–29] on ferro-
and ferrimagnets. Electron yield detection provides limited sampling depth [20, 30],
and for thin film sandwiches, the signal contains a sizeable interface contribution.
An electron microscope, in our case detecting the secondary photoelectrons that are
emitted after X-ray absorption, offers high spatial resolution.

This chapter first reviews the concepts of XMLD and XMCD spectroscopies and
photoemission electron microscopy (PEEM). It then gives experimental details on po-
larization control and the present PEEM-2 microscope at the Advanced Light Source
(ALS) in Berkeley, U.S.A. Experimental results are discussed next for the struc-
ture of selected antiferromagnetic surfaces and for their coupling to ferromagnetic
overlayers. Finally, a summary and outlook are given.

2.2 Photoemission Electron Microscopy

X-ray magnetic circular dichroism, which was first observed at the Fe K edge in
1987 [27], is today a standard method for the study of magnetic thin films and
surfaces [1]. The availability of polarized and tunable X-rays from today’s brilliant
synchrotron sources has played an important role in the success of X-ray dichroism
techniques. The last ten years have seen great progress following the first XMCD
spectroscopy measurements at the important transition metal L edges [28] and the
first XMCD microscopy experiments [31]. Although called “photoemission electron
microscopy”, PEEM is actually an X-ray absorption technique, since contrast is
generated by lateral variations in the X-ray absorption crosssection. Since PEEM is
based on the absorption of X-rays in matter, we will first discuss X-ray absorption
spectroscopy in general. We will furthermore only discuss the near edge structure
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within a few eV of the absorption edge, because it contains the information about the
chemical and magnetic properties of the sample in which we are interested. A general
overview of near edge X-ray absorption techniques can be found in [32], and XMCD
spectroscopy has been reviewed in [29, 33]. We will only briefly discuss X-ray
absorption measurements in ferromagnets, and we refer the reader to the contribution
by W. Kuch for detailed description of the PEEM technique applied to ferromagnets
(Chap. 1 of this book).

2.2.1 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) utilizes the energy-dependent absorption of
X-rays to obtain information about the elemental composition of the sample, the
chemical environment of its constituents, and its magnetic structure. Core electrons
are excited in the absorption process into empty states above the Fermi energy and
thereby probe the electronic and magnetic properties of the empty valence levels.
X-ray transmission detection and electron yield detection are the most commonly
used methods for measuring the absorption coefficient µ as a function of the photon
energy E, and can both be used in X-ray microscopes. Transmission microscopes
provide direct quantitative access to the spatial distribution of µ(E), but require
samples sufficiently thin to be penetrated by X-rays [34]. The absorption length in
3d transition metals in the soft X-ray region is typically about 20–100 nm [30, 35].
An advantage of X-ray detection techniques is their insensitivity to external magnetic
fields.

Electron yield detection techniques like PEEM measure the absorption coefficient
indirectly, collecting the emitted secondary electrons generated in the electron cascade
that follows the creation of the primary core hole in the absorption process. The
total electron yield is proportional to the number of absorbed photons in a near
surface region of the sample whose depth is given by the mean free path of the low
energy secondary electrons. The probing depth of electron yield detection is typically
a few nanometers [30]. This is much smaller than the X-ray penetration length,
which explains the surface sensitivity of PEEM [36]. After correction of saturation
effects caused by the finite X-ray penetration depth, and the application of suitable
normalization and background subtraction procedures, the absorption coefficient can
be extracted from the yield spectrum [37, 38]. The difficulty of imaging magnetic
structures in external applied fields can be overcome by using very localized fields
generated by micro-coils.

The L(2p) X-ray absorption spectrum of transition metal oxides such as NiO,
CoO, and LaFeO3 is dominated by the large spin-orbit splitting of the core level
electronic 2p3/2 and 2p1/2 states, which is on the order of 15 eV. An example of
an XAS spectrum at the Fe edge of a LaFeO3 sample measured by electron yield
detection is shown in Fig. 2.1. Dipole selection rules only permit transitions from the
2p states into 4s or 3d valence states, and the excitation into the narrow 3d states is
responsible for the strong resonances. The fine structure of the resonance is caused by
two effects, (i) the electron correlation due to the electron-electron interaction in the
initial and final states of the absorption process and (ii) the crystal field interaction.
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Fig. 2.1. X-ray absorption spectra of antiferromagnetic LaFeO3 (001) measured with the linear
X-ray polarization parallel to the sample (black) and perpendicular to the sample (gray). The
spectra are corrected for electron yield saturation effects and for the finite linear polarization
(80%) of the original spectra. The spectrum for �E perpendicular to the surface, corresponding
to an unphysical grazing X-ray incidence of 0◦, has been derived from angle-dependent spectra.
The spectra were measured with no spatial resolution on a large sample area. Strong X-ray
magnetic linear dichroism (XMLD) appears at the multiplet split L3 and L2 edges. The X-ray
absorption process is described on the right

Both effects are of comparable size (∼ 1 eV), causing the complex structure of oxide
spectra. These effects split the absorption resonances into multiplets.

2.2.2 X-Ray Magnetic Linear Dichroism (XMLD)

Magnetic effects become apparent in the absorption spectrum when linearly polarized
X-rays are used [22–26]. A change in the X-ray polarization causes a change in the
line strength of multiplet lines depending on the angular momentum character of the
corresponding initial and final states. Since usually many multiplet lines are super-
imposed in an absorption spectrum, only a net effect is observable, which depends
on the angle between the direction of the X-ray polarization vector and the axis of
the magnetization. Thus, the ingredients for a strong magnetic linear dichroism in
XAS are a strong spin-orbit interaction of the core level and a well resolved multi-
plet structure in the absorption resonance. In transition metal oxides, both conditions
are fulfilled, leading to a significant polarization-dependent magnetic contribution
to the intensity of multiplet lines in XAS. This effect is called X-ray magnetic lin-
ear dichroism (XMLD). Linearly polarized X-rays probe the angle α between the
linear X-ray polarization vector �E and the orientation of the magnetization axis

�

�A.
The angle and magnetization dependence of the XMLD intensity is then given by:
IXLMD ∼ (1 − 3 cos2 α)〈M2〉T . Here 〈M2〉T is the statistical average of the squared
local magnetization at the temperature T . Contributions linear in M vanish because of
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the compensated magnetic structure and the zero macroscopic magnetic moment of
antiferromagnets. Antiferromagnets, therefore, do not show X-ray magnetic circular
dichroism.

The two polarization-dependent absorption spectra in Fig. 2.1 were measured
on an antiferromagnetically ordered LaFeO3 thin film, grown on SrTiO3(001), with
the linear X-ray polarization lying parallel to (black) and perpendicular to (gray)
the sample surface. The spectra were acquired without spatial resolution and, thus,
average over a large sample area. Analysis of the polarization and angular dependence
of the XMLD effect in absorption spectra allows the determination of the average
direction of the magnetic axis. It is known from multiplet calculations that a higher
2nd peak at the L3 and the L2 resonances indicates a more parallel orientation of
the magnetic axis

�

�A and the X-ray polarization �E in the three antiferromagnetic
oxides α-Fe2O3 [25], NiO [26], and CoO. The magnetic Fe atom in LaFeO3 sits
in an identical local crystallographic environment as in α-Fe2O3 and, therefore, has
the same multiplet absorption structure and a similar XMLD signature. The spectra
show that

�

�A is closer, on average, to the out-of-plane polarization direction than to
the in-plane polarization direction, because the second peak is higher in the out-of-
plane spectrum (gray line). By rotating the sample around the surface normal, we can
furthermore determine the macroscopic in-plane symmetry of the system, which is
fourfold in LaFeO3(001) [38, 39].

2.2.3 X-Ray Magnetic Circular Dichroism (XMCD)

The interaction of circularly polarized X-rays with a ferromagnetically ordered sam-
ple, and its application for quantitative magnetization mapping with X-ray PEEM,
are discussed in detail by W. Kuch (Chap. 1 of this book). Circularly polarized X-rays
probe the direction of the atomic magnetic moment in a ferromagnet. The angle and
magnetization dependence of X-ray magnetic circular dichroism in the total absorp-
tion signal is given by IXMCD ∼ cos α〈M〉T , with α denoting the angle between the
X-ray helicity vector �σ (parallel to the X-ray propagation direction) and the magne-
tization �M. Strong XMCD effects of opposite sign appear at the L3 and L2 2p → 3d
resonances of the transition metal ferromagnets Fe, Co, and Ni.

2.2.4 Temperature Dependence of X-Ray Magnetic Dichroism

In contrast to ferromagnets, the spin direction in an antiferromagnet cannot be easily
switched or rotated. The characteristic temperature dependence of the XMLD signal is
therefore the most direct experimental proof that a feature in the absorption spectrum
is of magnetic origin. Let us first consider the simpler case of XMCD. As a first
order effect, the contribution of XMCD to the total absorption is directly proportional
to the macroscopic magnetization 〈M〉T . In mean field approximation the statistical
average of the magnetization per atom in units of the electron moment gµB is given by
〈M〉T = JBJ (x), with J the spin moment of the magnetic d-shell and x = H(M)/kT .
We have neglected the contribution of the orbital moment, which is usually strongly
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quenched in solids due to the crystal field. H(M) is the molecular field, or Weiss field,
generated by the magnetization M, and BJ (x) = 2J+1

2J coth
( 2J+1

2J x
) − 1

2J coth
( 1

2J x
)

is the Brillouin function. This implicit equation can be numerically evaluated as
a function of T . The temperature dependence of XMLD is slightly more complex,
because 〈M2〉T has to be evaluated [22, 26, 39]. A numerical solution for a given J
is possible using the identity 〈M2〉 = J(J + 1) − 〈M〉 coth(x/2). This formula can
again be numerically evaluated using the mean field expression for 〈M〉T and x =
H(M)/kT . We will later use this expression to describe the temperature dependence
of the XMLD contrast in the antiferromagnet LaFeO3.

2.2.5 Experiment

Photoemission electron microscopy utilizes local variations in electron emission,
and, therefore, the local X-ray absorption, in order to generate image contrast. The
electrons emitted from the sample are accelerated by a strong electric field (typically
15–20 kV) toward the electron optical column, which forms a magnified image of the
local electron yield. PEEM is a parallel imaging technique, and the spatial resolution
is solely determined by the resolution of the electron optics, while the intensity is
proportional to the X-ray flux density. The electron optical column contains typically
two or more electrostatic or magnetic electron lenses, corrector elements such as
a stigmator and deflector, an angle-limiting aperture in the backfocal plane of one of
the lenses, and a detector (a fluorescent screen or a multichannel plate detector that
is imaged by a CCD camera). A schematic drawing of the PEEM-2 facility, located
at the Advanced Light Source, is shown in Fig. 2.2.

Fig. 2.2. Layout of beamline 7.3.1.1 at the Advanced Light Source and PEEM-2 endstation
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An X-ray source providing radiation with tunable energy and variable polariza-
tion from left and right circular to linear is essential for the investigation of magnetic
materials [29]. The PEEM-2 instrument uses bending magnet radiation. The polar-
ization is selected by moving a mask vertically in the beam. Radiation in the plane of
the storage ring is linearly polarized, while above and below the plane the radiation is
right and left circularly polarized. The radiation is monochromatized using a spherical
grating monochromator and focused onto the sample using an elliptical refocusing
mirror. The sample is at high negative potential for this design, and electrons emit-
ted from the sample are imaged using an all-electrostatic four-lens electron optical
system [36]. A stigmator-deflector assembly in the backfocal plane of the objective
lens and an additional deflector behind the intermediate lens correct for machining
and for alignment errors of the lenses. The angle-defining aperture is located in the
backfocal plane of the transfer lens.

The best spatial resolution with PEEM instruments is achieved using UV radiation
with an excitation energy that just exceeds the work function. The narrow energy
distribution of the threshold photoelectrons of 0.1–1 eV minimizes chromatic image
errors. A resolution of below 10 nm, close to the theoretical limit of 5 nm, has been
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Fig. 2.3. PEEM contrast mechanisms. (a) Topographic contrast caused by surface features.
(b) Work function contrast caused by work function changes that affect the electron yield
intensity from different regions. (c) Examples for chemical and elemental contrast. The PEEM
image in the middle, which was acquired at 280 eV (contrast is mostly topographical), shows
a wear track on a computer hard disk lubricated with fluorocarbon [21]. To the left and right,
local absorption spectra are shown. The additional peak in the carbon spectrum (288.5 eV) in
the wear track indicates oxidation of the carbon. The fluorine spectra show removal of fluorine
in the wear track. Both are signatures of lubricant degradation
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achieved [40]. If X-rays are used as the excitation source, the emitted electrons are
mainly secondary electrons with a substantially wider energy distribution of about
5 eV [41] that leads to a strong increase in chromatic aberrations and a deterioration
of the spatial resolution. The highest spatial resolution obtained with X-rays today
is in the 20 nm range [36, 42, 43], and for magnetic imaging more typically in the
50–100 nm range.

PEEM relies on several mechanisms for image contrast. Topographic contrast is
caused by distortions of the accelerating electric field at topographic surface features.
Local changes in work function, for example, caused by different materials, result in
changes in the electron yield and, therefore, lead to image contrast. Work function
contrast is particularly strong for excitation with UV, depending on whether the UV
energy is above or below the work function of the illuminated sample area. These two
contrast mechanisms are illustrated in Fig. 2.3a and b. The combination of PEEM
and tunable synchrotron radiation adds elemental and chemical contrast by utilizing
the sensitivity of the near edge absorption structure to the chemical environment of
an atom. Elemental and chemical contrast are explained in Fig. 2.3c. Through the use
of XMCD and XMLD magnetic dichroism techniques, it is possible to obtain ferro-
and antiferromagnetic contrast, respectively.

2.3 Antiferromagnetic Structure of LaFeO3 Thin Films

We will start our discussion of domain imaging of antiferromagnets with measure-
ments on LaFeO3(001) thin films [39, 44]. These are, to our knowledge, the first
measurements showing the magnetic microstructure of an antiferromagnetic thin
film. The thin LaFeO3 films were grown by molecular beam epitaxy (MBE) on
SrTiO3(001) substrates and were characterized by X-ray diffraction and transmission
electron microscopy (TEM). The orthorhombic LaFeO3 layer forms ∼ 100-nm-
sized crystallographic twins with orthogonal, in-plane c-axes along the cubic [100]
and [010] axes of the substrate. The sample geometry is sketched in Fig. 2.4. PEEM
images acquired at energies close to the Fe L3 edge show a variation in image con-
trast, which is a result of the magnetic domain structure of the film. The images
were acquired with the linear X-ray polarization vector �E in the sample plane and
parallel to the [100] direction of the cubic SrTiO3 substrate. In this geometry, PEEM
is sensitive to the angle between the in-plane projection of the magnetic axis

�

�A and
the polarization �E.

The depicted images represent a subset of a series of images, an image stack,
acquired at consecutive X-ray energies. An image stack contains data for a pixel-
by-pixel calculation of local X-ray absorption spectra. Exemplary spectra from two
regions are shown at the bottom of Fig. 2.4. Two representative regions of reversed
contrast are marked in the images by gray and black bordering. The spectra were
generated by plotting the local image intensity as a function of the energy of the
incident X-rays. A comparison with the spatially averaged, angular resolved spectra
in Fig. 2.1 reveals the magnetic origin of the intensity variation in the local PEEM
spectra. The higher intensity of the higher-energy L2 and L3 multiplet lines in the
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dotted-line spectrum indicates a more parallel alignment of

�

�A and �E in the gray-
bordered area than in the black-bordered area. The PEEM images at energy positions 1
and 7 show no image contrast, demonstrating the chemical homogeneity (no elemental
contrast above edge) and smoothness (no topographic contrast below edge) of the
sample. However, at three particular energies, corresponding to the main Fe multiplet
lines, an image contrast of alternating sign appears that is of magnetic origin (images 2,
4, and 6).

We usually apply a normalization procedure in order to suppress nonmagnetic
contrast, such as elemental or topographical contrast, and to correct for the inhomo-
geneity in the sample illumination. We start with two PEEM images that exhibit strong
but opposite XMLD contrast, e.g., images 2 and 4 in Fig. 2.4 or alternatively images
A and B in Fig. 2.5, acquired at energies EA = 721.5 eV and EB = 723.2 eV. The
approximately equal intensity of the multiplet lines A and B at the Fe L2 edge usually
improves the suppression of nonmagnetic contrast. An image exhibiting enhanced
magnetic contrast is derived by calculating the ratio image B/A or the asymmetry
image (B − A)/(B + A). If the magnetic contribution is significantly smaller than the
total image intensity, then ratio and asymmetry images are equivalent except for a lin-
ear transformation. This condition is usually fulfilled (see Fig. 2.4). We refer to the
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Fig. 2.4. PEEM images (top) and local XMLD spectra (bottom) of a thin LaFeO3(001) film.
The measurement geometry is shown in the inset. The photon energies at which PEEM images
were acquired are marked by short vertical lines. Circles mark magnetic domains, which appear
with opposite contrast in the images
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A B B/2A (B-A)/(B+A)

2 µm
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Fig. 2.5. PEEM images for LaFeO3(001) acquired at the Fe L2 edge at EA = 721.5 eV and
EB = 723.2 eV. The magnetic contrast is enhanced in the ratio (B/A) and the asymmetry
image (B − A)/(B + A)

ratio image as the XMLD image. Its contrast is a measure for the spatial variation of
〈M2〉T and for the local angle α between the magnetic axis and the X-ray polarization
vector. On LaFeO3 a higher intensity in the XMLD image indicates a more parallel
alignment of

�

�A and �E and a lower intensity a more perpendicular alignment. The
regions of different brightness, therefore, represent magnetic domains with different
orientations of the antiferromagnetic axis, assuming a constant moment.

The magnetic origin of the contrast can be verified by studying its temperature
dependence (see above). A selection of images acquired at increasing temperatures
is shown in Fig. 2.6. Approaching the Néel temperature of the film, which is 740 K
in bulk LaFeO3, the image contrast starts to disappear and, as expected for a mag-
netic effect, fully reappears after cooling down to room temperature. In Fig. 2.6, the
decreasing XMLD contrast, referenced to 0 K, is displayed as a function of tem-
perature. The match between the two temperature cycles and the preserved XMLD
signal after the return to room temperature demonstrate the chemical stability of the
sample upon heating. The continuous curve in Fig. 2.6 shows the mean field fit for
〈M2〉T using J = 5/2, appropriately shifted and scaled to fit the data. The curve
apparently describes the data accurately, giving further evidence for the magnetic
origin of the image contrast. Extrapolation of the curve to zero XMLD signal yields
a magnetic transition temperature of 670 K, well below the bulk Néel temperature of
740 K, which is marked by an arrow in the plot. We attribute this reduced transition
temperature to epitaxial strain in the film modifying the bonding angles and bonding
distances, thereby affecting the strength of the Fe-O-Fe superexchange responsible
for the magnetic interaction in the system. The absolute error in the temperature
measurement is approximately 10 K, as checked by referencing two thermocouple
pairs to each other.

The question arises why domains form in an antiferromagnet. Domain formation
in antiferromagnets, as in ferromagnets, is expected to result from a process of energy
minimization. The main contributors to the magnetic energy of a magnetic system
are the exchange energy (which aligns neighboring moments), the dipolar energy
(which favors flux closure), the spin-orbit energy, which gives rise to the magneto-
crystalline anisotropy (and favors a spin orientation along an “easy” crystallographic
axis), and a magneto-elastic term (which favors a certain spin orientation relative to
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Fig. 2.6. Temperature dependence of XMLD contrast for LaFeO3(001). The contrast disappears
approaching the Néel temperature of LaFeO3 (bulk: 740 K). The XMLD intensity measured
in two temperature cycles is plotted as a function of temperature and fitted with the expression
of in mean field theory using a reduced TN = 670 K
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Fig. 2.7. Crystallographic and magnetic structure of LaFeO3(001), in comparison. The contrast
in the TEM image (left) results from crystallographic twin domains with a horizontal (white
domains) and vertical (black domains) c-axis. The XMLD contrast originates from antiferro-
magnetic domains with horizontal (white) and vertical (black) in-plane projection of A. Both
images were obtained from the same sample, but from different regions, so no one-to-one
correspondence exists. The directions of A in relation to the c-axes of the twin domains are
shown on the right

the strain axis). Unlike in ferromagnets, dipolar effects play a negligible role in bulk
antiferromagnets, because of their vanishing macroscopic magnetization. However,
in two-dimensional antiferromagnets, one may have a competition between dipole-
dipole and magnetic anisotropy energies, with the former favoring spin alignment
perpendicular to the plane [45].
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In practice, the antiferromagnetic domain configuration and the local orientation
of the antiferromagnetic axis are typically determined by the local crystallographic
structure, including defects, and the local crystal strain. Some domain configurations,
while not representing global free-energy minima, may still be meta-stable [46].
A four-wall (four T domains) configuration in NiO is such a configuration [47].
Finally, in a perfect crystal, the lowering of the free energy accompanying an increase
in entropy can lead to an equilibrium multidomain structure. An example are S-
domain walls in NiO, where a multidomain configuration is thermodynamically
favored [48] over a large temperature range [49].

The orthorhombic LaFeO3 film, grown on cubic SrTiO3(001), forms crystallo-
graphic twin domains exhibiting orthogonal, in-plane c-axes. These twins are re-
sponsible for the black and white contrast in the TEM image, shown on the left in
Fig. 2.7. Comparison of the crystallographic structure with XMLD images of the
magnetic structure obtained by PEEM (center) reveals a clear similarity in the pat-
terns, which show structures of comparable shape and size. The TEM and XMLD
images were acquired on the same sample, but at a different sample position. The
correspondence between the patterns demonstrates that the magnetic domain con-
figuration in LaFeO3is indeed dominated by crystallography. The directions of the
antiferromagnetic axes

�

�A and the crystallographic c-axes of the twin domains, deter-
mined from TEM and XMLD microscopy in conjunction with X-ray diffraction and
XMLD spectroscopy data, are shown on the right in Fig. 2.7.

2.4 Exchange Coupling at the Co/NiO(001) Interface

The magnetic structure at the interface of magnetic layers influences and controls
their magnetic interaction and, therefore, has to be known in order to understand
interface phenomena such as exchange bias. PEEM is capable of imaging the anti-
ferromagnetic domain structure, as shown above. Polarization-dependent measure-
ments, furthermore, allow us to quantify the local orientation of the spin directions
in ferromagnets and antiferromagnets in three dimensions. In the following, we shall
illustrate these capabilities by PEEM studies on 10–20 Å thick Co layers grown on
the (001) surface of NiO single crystals.

NiO is often used as the AFM in practical exchange bias structures and, over the
years, has served as a valuable model antiferromagnet. We have chosen it for the
following reasons:

• The antiferromagnetic bulk structure of NiO has been well established since the
1960s from extensive neutron and optical studies [10, 11, 13, 50].

• Recent studies on thin films have quantitatively established the angle and tem-
perature dependence of the NiO-XMLD effect [26].

• The AFM-ordered (001) surface can be easily prepared by cleaving single crystals.

NiO grows in a rocksalt structure. The Ni spins are ferromagnetically aligned within
{111} sheets that are then antiferromagnetically stacked parallel to a 〈111〉 axis,
creating a completely compensated bulk structure. Each area of the crystal, exhibiting
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one of the four possible 〈111〉 stacking directions – [111], [–111], [1–11], [11–1] – is
called a T(win)-domain. In each T-domain the easy spin axis can be one of three
different 〈11–2〉 directions in the ferromagnetically ordered plane. These domains
within a T-domain are called (S)pin-domains. We have studied the (001) surface,
which is a natural cleavage plane of NiO and corresponds to a plane of compensated
spins in the bulk.

2.4.1 Angular Dependence of Domain Contrast in NiO(001)

The angular dependence of the domain contrast provides information about the mag-
netic symmetry of the surface. Hillebrecht et al. studied the (001) surface of NiO
single crystals at about 1 µm spatial resolution using a commercial PEEM at the new
BESSY2 synchrotron facility [51]. The results are shown in Fig. 2.8. The XMLD
(asymmetry) image was derived from two PEEM images acquired at the main mul-
tiplet lines of the NiO L2 edge, with linear polarization parallel to the sample plane.
The black and white stripes in the XMLD image are several µm wide and several
100 µm long and represent two T-domains that are divided by domain walls along the
in-plane [100] direction. The image contrast disappears above the bulk Néel temper-
ature of NiO (525 K), confirming its magnetic origin. Several XMLD images were
acquired at different azimuthal sample orientations φ varying the angle between the
X-ray polarization and the in-plane [100] direction of the sample. The variation in the
intensity difference or contrast between the black and white domains in these images
shows a sin(2φ) dependence, which is easily explained by the cos2 φ dependence of
the XMLD intensity within each domain. From the symmetry of the curve with re-
spect to φ = 0, the authors deduced that the antiferromagnetic structure of the studied
NiO(001) surface is symmetric with respect to the (100) domain walls. Furthermore,
the amplitude of the curve is a measure of the angle between the magnetic axes.
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Fig. 2.8. Antiferromagnetic domain pattern on NiO(001) acquired with linear polarization.
Black and white areas represent different antiferromagnetic domains, separated by walls par-
allel to [100]. The intensity difference between black and white domains changes size and sign
while rotating the sample around its surface normal, showing a sin(2φ) dependence, where
φ is the angle between the electric field vector and the in-plane [100] direction [51]
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2.4.2 Polarization Dependence of Domain Contrast

In the following, we will describe a procedure for the quantitative determination of
the orientation of the antiferromagnetic axis within a single domain using spatially
resolved spectroscopy (image stacks). This procedure is applicable if the maximum
or minimum XMLD effect in an X-ray absorption spectrum of the studied system is
known. Since the XMLD effect is superimposed on an isotropic background, which
is not known a priori, the experimental spectra need to be compared to reference
measurements acquired at perpendicular and parallel alignments of the magnetic axis
and the X-ray polarization.

Since the crystallographic symmetry of NiO is known, it is sufficient to search
for optimum XMLD contrast with the linear polarization vector aligned with the
in-plane projection of the three main symmetry axes of NiO: [100], [110], and [121].
We acquired images and spectra of the same sample area in these three measurement
geometries by using linear and “plane” polarization. “Plane” polarization is used
synonymously with “circular polarization of either helicity”. At the ALS PEEM-2
facility, the degree of circular polarization is about 80%. For plane-polarized radiation,
one component of the electric field vector lies in the plane of the sample, and the
other lies in the plane of X-ray incidence, tilted by 30◦ from the surface normal.
The second component gives access to the out-of-plane spin component. Note that
plane-polarized light can be described by two independent orthogonal electric field
vector components. Their relative phase is of no importance in XMLD.

High spatial resolution images for NiO(001), measured with the ALS PEEM-2,
are shown in Fig. 2.9. The two images were acquired with linearly (left image) and
with plane- (right image) polarized light. The XMLD image acquired with linear
polarization shows a distribution of in-plane AFM axes similar to Fig. 2.8, but with
improved spatial resolution. Using plane polarization, the out-of-plane component of
the spins is revealed. Each antiferromagnetic in-plane domain consists of two classes
of domains with different out-of-plane components separated by walls along 〈110〉
directions. Because the size of the local XMLD signal is more accurately determined
from spectra than from images obtained at a single energy, we acquired image stacks
with linear and plane polarization for three different azimuthal sample orientations
with the in-plane polarization component parallel to [100], [110], and [120]. The
angular dependence of the L2 XMLD effect then allows the determination of the in-
plane antiferromagnetic axis orientation in each domain. In addition, the relative size
of the XMLD effect measured with plane and linear polarization is a measure of the
inclination angle of the magnetic axis. By comparing these results with spectroscopic
measurements by Alders et al. [26] on NiO(001) thin films, we can determine the
orientation of the spin axis within each single domain with an accuracy of about
+/−7 degrees The in-plane component of the orientation of the antiferromagnetic
axes is indicated in Fig. 2.9. All four possible T-domains are present, forming a so-
called “4-wall” structure. Each T-domain consists of a single 〈121〉 S-domain in
a configuration that minimizes the magnetic energy of the system. The observed S-
domains have their antiferromagnetic axis canted by 35.3◦ relative to the (001) surface
plane. We do not observe any S-domains with a tilt angle of 65.9◦ from the (001) plane,
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Fig. 2.9. Images of antiferromagnetic domains on NiO(001) acquired with linear (left) and
plane (right) polarization. Using linearly polarized X-rays, two classes of antiferromagnetic
domains with different in-plane components of the magnetization are distinguished. Using
plane (circularly) polarized X-rays, PEEM becomes sensitive to the out-of-plane component
of the magnetic axis, distinguishing four antiferromagnetic T-domains that form a four-wall
structure. Arrows and cubic lattice vectors describe the local orientation of the antiferromag-
netic axis, derived from a detailed contrast analysis

as are present in the bulk. The breaking of symmetry at the surface, therefore, only
supports a subset of all possible bulk antiferromagnetic orientations [10, 11, 13, 50].
Our results demonstrate the capability of polarization and angular-dependent PEEM
to determine the orientation of the antiferromagnetic axis at the sample surface in all
three dimensions.

2.4.3 Coupling Between Co and NiO–AFM Reorientation

The domain structure of adjacent magnetic layers provides information about the
magnetic coupling effects occurring across the interface. We have, therefore, studied
the relation of the domain configurations of a 1.5-nm-thick ferromagnetic Co film
grown by e-beam evaporation on a NiO(001) substrate [52]. Here, we take advantage
of the elemental specificity of X-ray PEEM, which allows the separate investigation
of the magnetic properties of the NiO substrate and the Co layer. Taking a close look at
the XMLD domain image in Fig. 2.10 (bottom left), which was acquired using plane
polarization, we notice that only two AFM domains of the originally four T-domains
(top left, before deposition) remain after Co deposition. From this we can conclude
that the distribution of the out-of-plane component is now the same in at least two of
the four T-domains. A detailed analysis of polarization and angle-dependent images
and spectra reveals that the magnetic axis rotates by 35.3◦ in the (111) plane until it
is parallel to either the [110] or [1–10] axis in the (001) surface plane.

The ferromagnetic domain pattern of Co, shown on the right in Fig. 2.10, clearly
resembles the antiferromagnetic pattern at the NiO surface. However, we observe four
gray levels (black-dark gray-light gray-white), instead of two (darkgray-light gray),
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because XMCD distinguishes between ferromagnetic spins that have a projection
along (lighter) or opposite to (darker) the photon propagation direction (helicity).
The domains (gray) that are nearly perpendicular to the X-ray helicity can also be
distinguished in our slightly rotated measurement geometry. Arrows in Fig. 2.10
display the local orientations of the antiferromagnetic axes (double arrows) and the
ferromagnetic spin directions (arrows). We observe that the Co and NiO spins are
coupled parallel, domain by domain, indicating significant exchange coupling at the
interface. This coupling is responsible for a strong, induced in-plane anisotropy of
the ferromagnetic layer parallel to the 〈110〉 antiferromagnetic spin axes.

The importance of these results is twofold: The rotation of the antiferromag-
netic axis after Co deposition signifies that the interfacial Co/NiO structure strongly
deviates from the NiO bulk structure, emphasizing the need for surface- and interface-
sensitive techniques complementing bulk measurements in order to correctly model
the interfacial coupling between ferromagnets and antiferromagnets and to conclu-
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Fig. 2.10. The left column shows XMLD images of NiO(001) before and after Co deposition,
recorded with plane polarized X-rays. The original zig-zag pattern of the bare surface visible
with plane polarization completely disappears upon Co deposition. The spin axis in the anti-
ferromagnet rotates from [121] toward [110]. Ferromagnetic spins align parallel, domain by
domain, to the adjacent antiferromagnetic spins, as indicated in the right image acquired using
Co XMCD. Each antiferromagnetic stripe domain breaks up into two ferromagnetic domains
with opposite spin directions
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sively solve the problem of exchange bias. Furthermore, the measurement reveals that
the parallel configuration of ferromagnetic and antiferromagnetic spins is the lowest
energy state of the system Co/NiO (001). This information is crucial for exchange
bias models.

2.4.4 Interfacial Spin Polarization in Co/NiO(001)

After observation of the domain-by-domain coupling across the NiO/Co antiferro-
magnet-ferromagnet interface, the question arises as to the origin of the coupling.
After all, the NiO is supposed to be magnetically neutral! In order to explain ex-
change coupling and bias, it has long been speculated that the antiferromagnetic
interface must contain “uncompensated spins”. As described in the Introduction,
previous models for their origin involved statistical arguments associated with the
termination of bulk antiferromagnetic domains [9], spin-flop canting of antiferromag-
netic spins [17], and various defect-based explanations [18,19]. Here we will discuss
PEEM experiments that suggest an altogether different origin of the interfacial spins,
namely, the formation of an interfacial layer through chemical reaction. The inter-
facial layer is shown to create uncompensated spins and to mediate the coupling
between the layers [53].

As pointed out in the introduction, the determination of an interface-specific sig-
nal is quite challenging, in general. One anticipates only a small concentration of
uncompensated interfacial spins of about one monolayer or less. Their signature is
superimposed on the large background of the bulk NiO and buried beneath the ferro-
magnetic Co layer. Our microscopy experiments are aided by recent X-ray absorption
experiments on ferromagnet/NiO systems, which revealed chemical oxidation and
reduction processes across the interface, leading to the formation of a thin, chemi-
cally reacted CoNiOx layer [37]. We can take advantage of the observed chemical
reduction of the NiO layer by tuning the X-ray energy to the maximum of the XMCD
effect of Ni metal, thus increasing the sensitivity of PEEM to the interface layer. The
moderate surface sensitivity of PEEM, detecting secondary electrons, enhances the
strength of the interface signal while retaining the ability to detect a signal from the
buried layer.

Our results for the Co/NiO(001) system are shown in Fig. 2.11. Here, the XMCD
PEEM image of the ferromagnetic Co film is compared to an XMCD image recorded
at the Ni edge. The Ni image was acquired at the metal resonance positions, which
are shifted by −0.4 eV compared with the oxide. The Ni XMCD image shows the
magnetic structure of uncompensated Ni spins that are created at the interface by
a chemical reaction of Co with NiO. The images demonstrate a clear correlation of
the spin structure of the Co film with that of the NiCoOx interface layer. This layer is
no longer antiferromagnetic, but instead is ferri- or ferromagnetic. The spin contrast
in the Ni XMCD image is superimposed on an antiferromagnetic background, caused
by the XMLD effect in the antiferromagnet. The thickness of the ferromagnetic layer
amounts to 0.5 Å for an as-grown film and increases up to 6 Å after annealing at 600 K,
giving rise to an XMCD contrast of 0.3 to 4%. These measurements demonstrate the
high sensitivity that can be reached with PEEM, making use of the unique chemical,
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Fig. 2.11. The ferromagnetic domain pattern of Co and the NiO interface are shown using
XMCD. Arrows indicate the local direction of the magnetization. The interfacial Ni spin
polarization is found to be an exact replica of the ferromagnetic Co domain pattern

elemental, and magnetic specificity of this technique in combination with the surface
sensitivity afforded by secondary electron detection. We learn that the chemical
reaction at the boundary between an antiferromagnetic oxide and a ferromagnetic
metal results in the coupling of the magnetic structures on both sides of the boundary.
This first microscopic observation of uncompensated interface spins proves that these
spins indeed play an important role in the development of exchange coupling and
exchange bias in ferromagnet-antiferromagnet systems.

2.5 Summary

We have demonstrated the power of PEEM to reveal the detailed spin structure near
antiferromagnet-ferromagnet interfaces. This capability arises from a unique combi-
nation of lateral resolution coupled with elemental, chemical, magnetic, and depth
sensitivity. Using this approach, we can pick apart complex magnetic multilayers,
one layer at a time, and obtain unprecedented new information on the spin structure
near interfaces. The solution of a nearly 50-year-old problem, the microscopic origin
of exchange anisotropy, has come within our reach.

The spatial resolution of the PEEM technique can be significantly improved by
compensation of the chromatic and spherical image aberrations introduced mostly
by the accelerating field and the objective lens. This can be achieved by the intro-
duction of an aberration-correcting electrostatic mirror. Theoretical estimates predict
a limit for the spatial resolution of about 1–2 nm [54, 55], which is sufficient for the
investigation of typical polycrystalline materials. Two groups, one in the U.S. and
one in Germany, are currently designing aberration-corrected instruments that have
a design resolution of about 2 nm. These new instruments will be located at BESSY2
(SMART) [54, 55] and the ALS (PEEM-3) [56].
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Complementary to the development of higher resolution instruments is the devel-
opment of higher brightness X-ray sources that provide higher flux and allow tighter
focusing of the X-rays. Helical undulators at modern synchrotron facilities are an op-
timal source for magnetic studies because of their high brightness and control from
circular to vertical and horizontal linear polarization. We envision that the combina-
tion of ultrahigh resolution PEEM with brilliant insertion device sources will allow
access to the full range of nanoscale science, allowing the study of single magnetic
grains, clusters, and ultrasmall magnetic patterns. Furthermore, the 50 picosecond
X-ray pulse width at modern synchrotron facilities will allow one to explore a time
regime in magnetic switching of nanostructures that is presently still a technological
dream.
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