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Abstract

The use of X-ray magnetic circular dichroism in the absorption of soft X-rays
for the layer-resolved imaging of magnetic domains is introduced. A
photoelectron emission microscope, used as position-sensitive detector for
electron yield detection of resonant absorption of circularly polarized X-rays at
elemental absorption edges, enables the imaging of the magnetic microstruc-
tures at surfaces and buried magnetic layers. Extended to full-image local X-
ray magnetic circular dichroism microspectroscopy, this combination of
techniques allows the local microscopic determination of element-resolved
spin and orbital magnetic moments.

1. Introduction

After its first experimental verification in 1987 [1], X-ray
magnetic circular dichroism (XMCD) in the absorption of
soft X-rays has evolved into a widely used experimental
tool for the element-specific characterization of magnetic
properties. Several reasons can be cited for XMCD
becoming so popular. The increasing number of synchro-
tron radiation sources all over the world facilitates the
access to high-brilliance tunable X-rays. The experimental
effort for XMCD experiments is moderate: For total yield
detection of the absorption, simply the sample drain
current is measured using a standard electrometer. The
magnetic signal arises at atomic core level absorption
edges, and is therefore element-specific, which allows the
discrimination of magnetic properties of different atomic
species in compounds or alloys, or the separate determina-
tion of contributions from different layers in multilayered
magnetic structures. Finally, the so-called sum rules,
proposed in 1992 and 1993 [2,3], allow the quantitative
evaluation of magnetic moments, separated into spin and
orbital contributions, from integrals over XMCD spectra.

It was also about a decade ago when it was realized that
XMCD provided a very convenient contrast mechanism
for magnetic imaging [4]. Since then quite a number of
studies have been performed by either electron-optic
imaging of the photoemitted electrons in a photoelectron
emission microscope (PEEM) [5-23] or by X-ray imaging
in an X-ray microscope [24-28]. Taking advantage of the
element-selectivity, magnetic imaging using XMCD as
contrast mechanism offers the unique possibility to obtain
layer-resolved domain images of magnetic multilayered
samples, if different elements are used in different magnetic
layers. This allows to identify micromagnetic contributions
to the coupling between magnetic layers that are separated
by a non-magnetic spacer layer, a field receiving highest
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attention due to prospects of technological applications
using magnetoresistive effects in such systems.

For the imaging of magnetic domains, the full spectro-
scopic information of XMCD is not necessary so that it is
sufficient to tune the photon energy to a value where the
magnetic contrast becomes maximum. Going one step
further, it is also possible to combine spectroscopic and
microscopic information in a more complete sense by
performing full image microspectroscopic measurements to
obtain the complete spectroscopic information of XMCD
with microscopic lateral resolution [29-34].

In the present contribution, some of the unique features
of XMCD are reviewed. Emphasis will then be laid on
XMCD microscopy and microspectroscopy using PEEM.
The following section provides an introduction into the
basics of XMCD. It presents the sum rules in a simple and
illustrative way, and discusses the role of orbital magnetic
moments. In Section 3, some experimental results of layer-
resolved magnetic domain imaging by XMCD-PEEM are
presented. In Section 4, the use of XMCD-PEEM for the
microscopic determination of magnetic moments is demon-
strated. Section 5 provides an outlook.

2. Basics

2.1. X-ray absorption spectroscopy

The X-ray absorption spectra of transition metal ferro-
magnets are governed by resonances that occur if core
electrons are excited into unoccupied 3d valence states just
above the Fermi level. In the following, the discussion will
be limited to the absorption at the L, 3 lines of 3d transition
metals. A more general comprehensive treatment of X-ray
absorption spectroscopy can be found in Ref. [35]. Figure 1
illustrates the structure of an absorption spectrum of the
L, 3 absorption edge, i.e., the transition of 2p core electrons
into unoccupied states above the Fermi level. The left
upper panel shows a schematic representation of the
occupied density of states of the 2p core levels. The
important point here is the splitting of the 2p states into
separate 2p;, and 2py,, levels by the spin-orbit interac-
tion. The different height of the bars represents the
different occupation numbers of the 2p, , and 2ps, levels,
namely 2 and 4, respectively. The shape of the absorption
spectrum is further determined by the unoccupied density
of states available for transitions of electrons from these
core states. The density of states around the Fermi energy
is schematically shown in the upper right panel, where the
shaded area represents the unoccupied states. The con-
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Fig. 1. Schematic illustration of X-ray absorption spectroscopy. The
example shows absorption at the L, ;3 edges of a 3d transition metal. The
absorption spectrum shown in the bottom panel results from the
convolution of the occupied density of states of the 2p core levels
(upper left) and the unoccupied density of states g(E) of the valence states
(upper right, shaded area). The contribution from s, p states is usually
approximated and subtracted in the form of a step function (bottom
panel).

tribution from states of predominantly s, p character is
represented by a flat energy dependence, whereas d states
show up as sharp peaks close to Ep. The resulting
absorption spectrum is obtained from the convolution of
the occupied density of states of the upper left panel and
the unoccupied density of states of the upper right panel.
Finite experimental photon energy resolution and lifetime
broadening have to be taken into account by an additional
convolution with a Gaussian energy distribution. A typical
resulting L, 3 absorption spectrum is shown in the bottom
panel of Fig. 1 (continuous line). It is seen that the
absorption signal related to transitions into empty 3d states
shows up as two peaks at the energetic positions of the
2p;), and 2p;), states, whereas the unoccupied s, p states
give rise to a step-like background. Since the magnetic
moment of the 3d transition metals is mainly governed by
3d valence electrons, the latter is usually subtracted as a
step-function with relative step heights of 2:1 [36],
according to the occupation of the 2p;,, and 2p,,, core
states, as shown in the bottom panel of Fig. 1 (dashed line).

2.2. Magnetic circular dichroism

In Fig. 1 no distinction of the direction of electron spin was
done. The density of the valence states of a ferromagnet
exhibits different density of states for electrons of majority
and minority spin. The exchange interaction in the valence
states leads to an energetic shift between these two partial
densities of states and hence to a spin polarization of the
unoccupied states. In the 3d transition metal ferromagnets
these are mainly the 3d states which gives rise to a spin
magnetic moment defined by the difference in occupation.

If 2p — 3d transitions are excited by circularly polarized
radiation, these transitions exhibit a spin polarization
because of transition selection rules [37,38]. For a certain
light helicity, more electrons of one spin direction with
respect to the direction of the incoming light are excited
into the unoccupied 3d states than of the other spin
direction with the quantization axis along the direction of
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the light helicity vector. This spin polarization exhibits
opposite sign for 2p;, —3d and for 2p;,, —3d transi-
tions. In a paramagnet this does not lead to a change in
absorption intensity, since the number of unoccupied states
is equal for both spin directions. In a ferromagnet,
however, the absorption in the range of 2p — 3d
transitions will depend on the relative orientation of the
spin polarization of the empty valence states and the spin
polarization of the electronic transitions. If they are aligned
and both spin polarizations coincide in sign, the transition
probability, and hence, the X-ray absorption will be higher
than for opposite sign. In a dichroism spectrum calculated
as the difference between absorption spectra for opposite
helicity, a non-zero difference will show up at the energy
positions of the peaks related to transitions from the 2p;,
and 2p;,, levels into the empty 3d-like states. Figure 2
shows as an example the magnetic circular dichroism
spectrum of an ultrathin Co film. In the upper panel, Fig.
2(a), the absorption spectra in the photon energy range of
the Co 2p — 3d transitions are shown for right and left
circularly polarized light. For a fixed sample magnetization
the absorption at the L3 peak (corresponding to 2p;,, — 3d
transitions) is higher for right circular polarization (con-
tinuous line) compared to left circular polarization (dashed
line), while the situation is opposite at the L, peak
(2p;» —3d transitions). The bottom panel, Fig. 2(b),
shows the difference between the two curves of panel (a). It
displays the dichroism, which shows up with different sign
at the two Co absorption edges.

2.3. The sum rules

The known spin polarization of the 2p — 3d transitions
resulting from selection rules can be used as a probe to
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Fig. 2. Example of an experimental XMCD spectrum of a thin Co film on
Cu(001). (a): Absorption spectra at the Co L, 3 edge for right circular
(continuous line) and left circular polarization (dotted line) of the exciting
X-rays. (b): Difference between the two spectra of (a).
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quantitatively measure the spin polarization of the
unoccupied valence density of states, which is directly
connected with the spin magnetic moment. In addition to
the spin polarization, 2p — 3d transitions excited by
circularly polarized light also exhibit a polarization with
respect to the orbital electron momentum. This is a direct
consequence of the absorption of a circularly polarized
photon with angular momentum Am = £1 [38,39]. Both,
the 2p, , — 3d and 2p;,, — 3d transitions, show the same
sign and same magnitude of orbital polarization, while the
spin polarization of the 2p,,, — 3d transitions is opposite
and twice the spin polarization of the 2p;, — 3d
transitions. Because of the different behavior of the sign
at the L3 and the L, edge, the contributions from spin and
orbital magnetic moments define an orthonormal basis for
a measured XMCD spectrum. It can be used to decompose
a signal into its spin and orbital components, which is
exactly what is described by the sum rules. An illustrative
explanation is given in Fig. 3. In a first step, the
(hypothetical) cases of samples with either only an orbital
magnetic moment or only a spin magnetic moment should
be considered. The XMCD spectra that would result from
such samples are schematically depicted in panels (a) and
(b), respectively. Panel (a) shows the difference spectrum
upon light helicity reversal of a sample with an orbital, but
no spin magnetic moment. If a sample possesses a non-zero
orbital magnetic moment this means that the unoccupied
states (and also the occupied states) have a non-zero net
angular momentum. Since the orbital polarization of the
electronic transitions into these states is equal at the two
edges, the difference curve exhibits two peaks in the same
direction, the peak at L3 being twice as high as the one at
L, because of the higher intensity related to the different
occupation of the 2p core states. Panel (b) shows the
schematic XMCD difference spectrum for a sample with
only a spin magnetic moment, and no orbital moment. In
this case, peaks of opposite sign are encountered at the two
edges. The higher spin polarization of transitions from the
L, edge compensates its lower intensity, so that both peaks
exhibit equal height.

A spectrum of a real sample with both, spin and orbital
magnetic moments, would be a linear superposition of both
spectra, as shown schematically in panel (¢). Any such
experimental spectrum can be decomposed unambiguously
into its spin and orbital basis functions to obtain the spin
and orbital moments. This is quantitatively described by
the sum rules. If we denote the areas of the difference peaks
by 4 and B, as indicated in Fig. 3(c), the orbital and spin
moments y; and jis.; can be obtained by

2
Hrp = _E(A + B)us, (1)

1
Hsef =~ & (A —2B)usp. 2

These equations are often called the first and second sum
rule. They assume complete circular polarization of the
exciting X-rays and full alignment between helicity vector
and sample magnetization; the numbers that are obtained
have, therefore, to be corrected for incomplete circular
polarization and for the angle between light propagation
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Fig. 3. Schematic illustration of the separation of spin and orbital
magnetic moments from XMCD spectra. (a) XMCD difference spectrum
of a sample with only an orbital magnetic moment, (b) XMCD difference
spectrum of a sample with only a spin magnetic moment, (¢) XMCD
difference spectrum of a sample with both spin and orbital magnetic
moments.

and sample magnetization. The constant C can be in
general determined from a reference measurement of a
sample with known moments. It is more common,
however, to use the relation between the helicity-averaged
integrated intensity under the absorption curves and the
number of holes in the 3d valence band n;, in order to
determine C:

= G U() + I(L5)) 3)

Here, I(L,) and I(L3) denote the integrals of the L, and L;
peaks in the absorption spectrum, after subtraction of the
s, p background as sketched in Fig. 1. If reasonable
assumptions for the number of valence band holes can be
made, it is thus possible to obtain spin and orbital
moments from a single XMCD experiment without any
reference measurements.

It has to be mentioned that the “spin moment’ extracted
from the sum rules is an effective spin moment pg .z [3],
which includes the actual spin magnetic moment ug plus a
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contribution from the magnetic dipole term 74,
ws.er = ms +(7/2)Tz. The latter is zero in the bulk of
cubic crystals, but can be of the same order as the orbital
moment in ultrathin films [40].

It should be noted that the sum rules are based on
several simplifications. Transitions are considered to take
place between electronic states of free atoms. A complete
energetic separation of 2p; , and 2ps, states is necessary to
obtain the integrals 4 and B correctly. This is particularly
difficult for the less than half filled 3d transition metals.
Furthermore, many-particle effects are neglected. A
number of studies has thus been devoted to explore the
validity of the sum rules. Although there has been some
dispute [36,41-45], they seem to yield reasonable results for
spin and orbital moments, at least for the more than half
filled 3d transition metals [36,41,46-48]. The interested
reader is referred to Refs. [38,39,41,49-51] for more
comprehensive reviews.

2.4. Orbital magnetic moments

After the proposal of the XMCD sum rules not only the
spin or total magnetic moment, but also the orbital
magnetic moment became easily accessible to experiment.
As a consequence the interest has also focussed on the
latter. Although comparably small in solids, the orbital
moment is linked to interesting physical properties. It had
been first discussed by Bruno in 1989 that the magneto-
crystalline anisotropy, that is the variation of total energy
with the angle of magnetization in a crystalline lattice, is
related to the anisotropy of the orbital magnetic moment
[52]. The orbital moment should be higher for an
energetically preferred direction of magnetization [53-55].
This relation had been experimentally confirmed by several
groups by measurements on Co/Au(l11) [40], Co/Pt
multilayers [56], Co/Ni/Cu(001) [30,57] and Ni/Pt multi-
layers [58]. It opened the possibility of determining the
angular dependence of the magnetic anisotropy energy in
an element-selective way by measuring the orbital magnetic
moment by XMCD.

Another aspect of the orbital moment is its sensitivity to
the dimensionality of the system. Increased orbital
moments have been observed for decreasing thickness of
a ferromagnetic film using ultrathin Co overlayers on
Cu(001) [59], Co/Pd multilayers [60,61], Co/Pt multilayers
[60], Fe/Pd multilayers [47] and in artificially ordered FeCu
compounds [62,63]. Going one step further from two
dimensions to one or zero dimensions, even more drastic
enhancements of the orbital moment have been observed
recently [64,65].

It is obvious from these examples that the quantitative
determination not only of the spin magnetic moment, but
also of the orbital moment of ultrathin films and magnetic
nanostructures is one of the most valuable features of
XMCD. However, the analysis of the experiments has to be
carried out very carefully in order to extract meaningful
numbers. While the result from the sum rules for the spin
moment is more robust against experimental artifacts, the
value of the orbital moment is quite sensitive to small data
distortions. One example is saturation effects in the total
electron yield mode of detection, which arise if the intensity
of the X-ray wave is not constant within the volume probed
by the electron escape depth [66,67]. They become more
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serious for thicker films or semi-infinite samples, and for
more grazing angles of incidence. The error induced by
saturation effects is much higher in the orbital moment
than in the spin moment [67]. If this is kept in mind, the
determination of orbital moments by XMCD can be used
as a powerful tool for the investigation of magnetic
properties in ultrathin magnetic films and at surfaces.

3. Layer-resolved magnetic domain imaging by XMCD-
PEEM

Several advantages can be listed for using XMCD as
contrast mechanism for magnetic imaging, the most
important one, however, is the intrinsic element sensitivity
of XMCD for investigations of systems relevant for
magnetoresistive applications. A common feature of all
systems for which giant magnetoresistive effects are
observed, is that they contain two or more magnetic layers
within a multi-layered thin film structure, and that the
magnetization of these layers has to be controlled
independently. XMCD-based imaging techniques provide
the unique opportunity to image each magnetic layer in
such multilayered magnetic systems separately provided
they contain different elements. The principle and an
example of layer-resolved magnetic imaging by XMCD-
PEEM will be presented in this section.

Figure 4 explains schematically the principle of layer-
resolved magnetic imaging by XMCD-PEEM. A multi-
layered sample containing two different magnetic layers,
here a Ni and a Co layer, is illuminated by circularly
polarized X-rays. If the photon energy is tuned to the
maximum of the elemental absorption edge of one of the
two layers, the X-ray absorption within that layer exhibits
a non-vanishing difference upon helicity reversal which
reflects the magnetic domain structure of that layer.

The imaging process is indicated in Fig. 4 by the long
vertical arrows. The photoelectron emission microscope
uses the photoemitted low energy secondary electrons to
create a magnified image of the sample. The magnetic
dichroism will thus directly show up in the image intensity

fluorescent
screen

1cm

1cm

Ni L3 Co L3

sample Co

20 pm 20 um
Fig. 4. Schematic working principle of layer-resolved magnetic domain
imaging using XMCD as magnetic contrast mechanism. Each layer of a
multilayered magnetic sample which contains different elements can be
viewed separately by imaging the X-ray absorption distribution in the
sample and tuning the photon energy to the respective absorption edges.
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recorded on a fluorescent screen, as schematically indicated
in Fig. 4.

Photoelectron emission microscopy actually belongs to
the oldest electron microscopes that have been realized
[68,69]. The word ‘“‘photoelectron” in the name is of
historic nature and a bit confusing for synchrotron
radiation usage of PEEM, since here mainly inelastic
secondary electrons are detected. A recent review about
photoelectron emission microscopy can be found in Ref.
[16]. When PEEM is used for the imaging of XMCD, the
intensity of absorption is detected by the intensity of
photoexcited electrons. Electrons from buried layers are
thereby detected after attenuation upon transversing the
overlayers. A typical attenuation length for 3d ferro-
magnets is about 2nm [67]. Electrons emitted in overlayers
of different elements do not contribute to the dichroism,
since their intensity stays constant upon helicity reversal.

The sample schematically indicated in Fig. 4 contains Co
and Ni magnetic layers. If these layers are epitaxially
stabilized in a tetragonally distorted fcc structure with the
lateral lattice constant of Cu(001), the preferred magneti-
zation direction of Ni is along the film normal [70-72],
whereas Co is magnetized in the film plane along (110)
crystallographic directions [73,74]. For oblique incidence of
the circularly polarized X-rays, as indicated by arrows in
Fig. 4, both, in-plane and out-of-plane magnetization
domain patterns exhibit a non-vanishing projection on the
light incidence direction and thus a magnetic circular
dichroism. A magnified image of the lateral absorption
distribution at the respective elemental absorption edges
will display the magnetic domain pattern as intensity
distribution according to the projection of the local
magnetization vector in the domains onto the light
incidence direction. If it is possible to rotate the sample
about its surface normal, the behavior of the magnetic
contrast upon such an azimuthal rotation of the sample can
be used for a vectorial determination of the local
magnetization directions [17,18].

Practically, the absorption difference upon helicity
reversal is presented as domain image in order to cancel
all non-magnetic contributions. An example of an XMCD-
PEEM image of a Co/Cu/Ni trilayer on Cu(001) is shown
in Fig. 5. The images were taken after depositing the films
in zero magnetic field. A sketch of the sample indicating the
thickness of the different layers in atomic monolayers (ML)
is given at the bottom. At the present thickness of the non-
magnetic Cu spacer layer, the two magnetic layers are only
weakly coupled by indirect exchange interaction [75,76].
The magnetization directions of the Co and Ni layers will
thus take on a non-collinear configuration in which each
layer is magnetized along its preferred direction, as
indicated in the sketch. The Ni domain image as obtained
from the XMCD at the maximum of the Ni L3 absorption
is shown on the left. It displays a stripe-like domain of
opposite perpendicular magnetization, as indicated. The
right image shows the Co domain pattern at the same
sample position. A higher number of smaller domains
compared to the Ni image is observed here, in which the
local magnetization direction is pointing along the four in-
plane (110) directions, indicated by arrows in some
domains. For the mutual perpendicular arrangement of
the magnetization directions in the two magnetic layers in
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Fig. 5. Example of layer-resolved magnetic domain images by XMCD-
PEEM. Presented are images of a 3 ML Co/6.5 ML Cu/15ML Ni trilayer
on a Cu(001) single crystal surface (ML = atomic monolayer). Left:
domain image of the Ni layer, acquired at the Ni Lj edge, right: domain
image of the Co layer, acquired at the Co L; edge. The magnetization
directions in the two layers are orthogonal to each other because of
magnetic anisotropies, as indicated in the sketch. In spite of these mutually
perpendicular magnetization directions some correlation in the two
domain images is recognized. Small black lines outside the images
indicating identical positions aid to recognize this.

that sample one would not necessarily expect a correlation
of the domain patterns. By looking at the two images in
Fig. 5 carefully, one realizes that at about 50% of the
domain boundaries of the Ni image, indicated by small
black lines outside the images, also domain boundaries of
the Co layer are located. This is an indication of the
influence of local magnetic stray fields emanating from
domain walls, which lead to a local coupling between the
two layers [23]. The detailed analysis of such measurements
is expected to significantly further our understanding of the
micromagnetic coupling mechanisms between ultrathin
magnetic films, a subject that is at the leading edge of
current magnetic thin film research.

4. XMCD microspectroscopy

In order to make the full spectroscopic information
inherent to XMCD available for microscopy, images of
the absorption distribution have to be acquired at each step
during a scan of the photon energy for both helicities. In
such a three-dimensional stack of images, each image pixel
can be treated and analyzed as a complete XMCD
spectrum. Certain details have to be taken into account
for a quantitative analysis of such microspectroscopic data
sets, as outlined in Refs. [32,34]. One example is the
normalization of the local photon flux by an integral beam
intensity monitor. If this is done carefully, such XMCD
microspectroscopic measurements can provide valuable
information about spin and orbital magnetic moments on a
microscopic scale after pixel-by-pixel sum rule analysis. An
example is given in Fig. 6 for a Ni/Fe/Co trilayer on
Cu(001). Ultrathin Fe films grown with the lateral lattice
constants of Cu(001) acquire the magnetically interesting
fce structural phase [77-80]. The 6 ML Co bottom layer
was introduced to make sure that the ordering temperature
of the Fe layer was high enough, and to force the
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Fig. 6. Example of XMCD microspectroscopy data yield from XMCD-
PEEM. (a): Map of orbital to effective spin moment ratio in a Ni/Fe
crossed double wedge on 6 ML Co/Cu(001). Fe and Ni thicknesses are
given at the upper and right axes, respectively. (b): Ratio of orbital to
effective spin moment measured with a line scan along the white rectangle
shown in (a).

magnetization direction into the film plane. Fe and Ni were
deposited as crossed micro-wedges as explained in Ref. [31]
to facilitate the study of thickness dependent properties.
For the analysis of the many thousand single pixel XMCD
spectra, an automatic fitting procedure was used as
described in Refs. [32,34]. It compares the local XMCD
spectra to a reference XMCD spectrum obtained from an
average within a certain region of the image.

Figure 6(a) shows a map of the ratio of orbital to
effective spin moment of Fe after correcting saturation
effects. The Fe thickness increases from right to left, as
indicated at the top axis. The start of the Ni wedge and the
Ni top layer thickness are indicated at the right axis, but
are of minor importance here. A more detailed discussion is
found in Ref. [31]. A discontinuous variation of the orbital
to spin moment ratio is observed as a function of Fe layer
thickness. Figure 6(b) shows a line scan of this ratio along
the length of the white rectangle in panel (a), averaging
over its width. The general trend in this data is that thinner
Fe layers show a decreased orbital moment, contrary to the
simple argument of reduced dimensionality. In the present
example, also the element-resolved magnetic anisotropy of
ultrathin fcc Fe layers has to be considered, which favors
an out-of-plane magnetization direction. The Fe layer in
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the present example is thus magnetized in a less preferred
direction by the proximity of the Co layer, which may
explain the reduced orbital moment at low Fe thicknesses
[31].

5. Outlook

The data presented above show that the combination of
XMCD and microscopy represents a very powerful method
for studying quantitative magnetic properties of most of
the relevant and interesting systems in current magnetism
research. Future improvements concerning the brightness
of the illumination and the efficiency of the detection
system should reduce the noise level of the microspectra
and allow to probe magnetic anisotropy at the microscopic
level, e.g., in domain walls, or in technologically relevant
magnetic microstructures. The development of new PEEM
instruments with aberration-correcting optics [§1] can push
the limit for the attainable maximum resolution. Layer
selective magnetic imaging and microspectroscopy with
spatial resolution down to 2 nm can be foreseen in the near
future. The inclusion of time-resolved stroboscopic pump-
probe experiments which exploit the pulsed time structure
of synchrotron radiation [82] into XMCD-PEEM micro-
spectroscopy will open the way for the quantitative
investigation of magnetization dynamics on microscopic
lengthscales. Snapshots of the spatial spin and orbital
magnetic moments’ distribution in the course of reversible
dynamic magnetization processes may be obtained in that
way.
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