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The unique properties of synchrotron radiation, such as broad energy spectrum, variable light polarization, and flexible time struc-
ture, have made it an enormously powerful tool in the study of magnetic phenomena and materials. The refinement of experimental
techniques has led to many new research opportunities, keeping up with the challenges put up by modern magnetism research. In this
contribution, we review some of the recent developments in the application of synchrotron radiation and particularly soft X-rays to
current problems in magnetism, and we discuss future perspectives.
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I. INTRODUCTION

T HE interaction between polarized light and magnetically
ordered systems was first noted more than 150 years ago

by Michael Faraday (1846) [1]. In terms of their magnitude, the
magneto-optical Faraday and Kerr rotations observed in the vis-
ible range of the electromagnetic spectrum may be examples
for relatively subtle effects. Nevertheless, these magneto-optical
phenomena are widely employed nowadays, often using laser il-
lumination. On the one hand, magneto-optical spectroscopy and
microscopy have become invaluable tools in the study of both
magnetostatic and magnetodynamic issues [2], [3]. On the other
hand, they also form the physical basis for the magneto-optical
branch in high-density digital storage and audio recording tech-
nology [4].

The light generated in synchrotron radiation facilities has a
very broad energy spectrum ranging from the infrared up to
hard X-rays. This opens many opportunities to study magnetism
with excitation energies beyond the visible range. Following up
spin-polarized photoemission studies with laboratory sources
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in the 1970s [5], probably the first spin- and momentum-re-
solved photoemission studies using synchrotron radiation were
carried out on nickel [6], initiating a development that tremen-
dously progressed our understanding of the electronic origin
of magnetism. In this type of experiment, photoelectrons from
the valence electronic states are excited by photons of about
50–100 eV energy, their spin-polarization revealing clear in-
formation about the majority and minority spin states and the
magnitude of the exchange splitting of these states. Involving
sophisticated electron spin detection schemes, however, these
spin-polarized approaches still remain a topic for a specialist
community only.

A major breakthrough in the application of synchrotron ra-
diation to magnetism was achieved at the end of the 1980s by
the theoretical prediction and experimental discovery of mag-
netic linear (XMLD) and circular dichroism (XMCD) in X-ray
absorption [7]–[10]. This discovery marks a transition in a two-
fold sense. First, the magnetic state from a sample could now
be deduced on the basis of simple measurements of an inten-
sity signal, rather than an elaborate spin polarization analysis.
Second, the resonant character of the X-ray excitation linked the
magnetism to individual elements or specific chemical states.
In a way, XMCD and XMLD may be seen as the high-energy
counterparts to the original magneto-optical effects discovered
by Faraday and Kerr.

In the wake of the discovery of X-ray magnetic dichroism,
soon a wealth of refined and novel experimental and theoretical
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approaches unfolded. Milestones mark magnetic dichroism
in the angular distribution of photoelectrons (MDAD) in the
soft X-ray and vacuum ultraviolet region [11]–[13], magne-
todichroic electron and X-ray microscopies [14]–[16], X-ray
resonant magnetic scattering (XRMS) [17], nuclear resonant
magnetic scattering (NRS) [18]–[20], and magnetodichroic
X-ray holography [21]. Most of these techniques have already
become “work horses” in the current experimental investi-
gations of modern magnetic materials and magnetism on the
nanoscale.

In the following, we will review some recent developments in
this field, which have become possible by the improvement in
quality and availability of synchrotron radiation. The remainder
of this paper is organized as follows. In the second section, we
will briefly comment on the challenges in magnetism, which
motivate the use of synchrotron radiation in studies of magnetic
systems. The third part reviews the general principles of the gen-
eration and the salient features of synchrotron radiation. In the
fourth section, we discuss applications of synchrotron radiation
to recent problems in magnetism. As a full account of these ap-
plications will go beyond the scope of this review, we limit our-
selves to a selection of the most prominent applications and ef-
fects. The final section is devoted to some future perspectives.

II. CHALLENGES IN MAGNETISM

In order to work out the application potential of synchrotron
radiation in the study of magnetic systems, it is useful to briefly
sketch the current challenges in magnetism. Magnetism is char-
acterized by an interplay of interactions on very different length
scales. This interaction also gives rise to magnetic structures
on different length scales ranging from magnetic domains in
the 100 regime down to noncollinear spin structures on the
nanometer scale such as vortex cores. Recent years have seen
a trend towards smaller and smaller magnetic structures stimu-
lating the interest in the magnetic properties of quantum wires
and quantum dots, clusters, molecules, or even single atoms ar-
ranged on a template. Major issues are, for example, the role
of the dimensionality in the existence and type of long-range
magnetic order and the impact of geometrical boundary condi-
tions on the formation of specific spin structures. With respect
to the electronic structure, the interplay of exchange interac-
tions—particularly in chemically diverse systems—and the re-
sulting spin and orbital magnetic moments as well as the mag-
netic anisotropies are of very fundamental interest for our mi-
croscopic understanding of magnetism.

The second major topic in magnetism concerns the time scale,
which may range from data retention times of 10 years down
to exchange dominated excitation processes in the femtosecond
regime. At present, great interest is devoted to dynamic pro-
cesses taking place on short and ultrashort time scales. They are
intimately connected to the question how fast a given magnetic
system can be reversed. In order to explore this limit it is manda-
tory to understand the microscopic processes governing energy
and angular momentum transfer. Presently, a magnetization re-
versal can be achieved by external (Oersted) fields, by spin-po-
larized currents, and also by illumination with ultrashort laser
pulses. Each mechanism creates specific excitations in the mag-
netic system. These range from precessional motion and spin
waves on the fast (picosecond) scale to electron-hole pairs and
Stoner excitations in the ultrafast (femtosecond) regime.

A third driving force in magnetism is the field of spintronics,
i.e., the understanding and exploitation of spin-dependent trans-
port processes. In addition to the aspects of short length and
time scales, spintronics introduces also the issue of chemical
complexity, caused by an extremely broad materials basis. The
systems explored in the search for new spin-dependent func-
tionalities range from simple ferromagnets to ternary metallic
compounds, from silicon to dilute magnetic semiconductors,
and from binary transition metal oxides to perovskites. Disen-
tangling the complicated interplay of electronic interactions in
these materials is a first step towards understanding their mag-
netic behavior and the role of the individual constituents for
spin-dependent coupling and transport effects. On the one hand,
spintronics is also considered to pave a way to solid-state based
quantum information processing. Therefore, molecular systems,
such as endohedral fullerenes or molecular magnets, are also ex-
tensively investigated. On the other hand, spintronics and mag-
netism may find soon applications in biology and medicine for
diagnostic and therapeutic purposes, which also brings biolog-
ical and magnetic systems closer together.

Addressing the various challenges associated with small
length scales, short time scales, and chemical diversity in mag-
netism asks for a refined set of experimental approaches, which
must be able to yield detailed information on the interactions,
magnetic moments, or excitations. The use of synchrotron
radiation is conveniently providing these approaches, as we
will discuss in the remainder of this review.

III. SYNCHROTRON RADIATION

A. General Properties

An electrically charged particle in motion which undergoes
an acceleration will dissipate energy via electromagnetic waves,
according to the fundamental laws of electrodynamics. As long
as the motion takes place at a velocity significantly lower
than the speed of light , the radiation pattern follows a dipolar
characteristics (“doughnut”-shape) with the maximum power
emitted perpendicular to the direction of acceleration. This an-
gular dependence changes significantly, when the charge moves
at relativistic speed, i.e., . The Lorentz transformation be-
tween the moving reference frame of the charge and the rest of
the system changes the emission characteristics from a dipole
into a very narrow emission cone perpendicular to the accel-
eration vector and along the velocity vector. In a synchrotron
the electron or positron is revolving on a circular orbit, i.e., the
charge is subject to a radial acceleration and the emission of
the (synchrotron) radiation is confined to the forward tangential
direction.

The properties of this radiation can be quantitatively calcu-
lated on the basis of the Lippmann-Schwinger equation. The
light is emitted as a continuous spectrum up to a so-called “cut-
off” frequency , which is determined by the maximum ki-
netic energy of the orbiting charge. If one assumes the elec-
tron moving on a circular orbit due to a magnetic field in a
so-called bending magnet, the “cut-off” or critical frequency be-
comes [22]

(1)
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with . This means for some realistic value of the
magnetic field in a bending magnet and a kinetic
energy of the cut-off energy takes a value of

. Thus, the photon energies provided by this bending
magnet radiation reach already far into the X-ray regime.

Due to the relativistic motion of the electron, the photons
are emitted into a narrow angle in the forward direc-
tion. For the conditions chosen above, the emission angle is less
than 1 mrad. As a consequence, the photon flux emitted from
a bending or dipole magnet into this cone is very high, typi-
cally more than for an energy interval or bandpass of

.
A quantity which is very useful to compare the properties of

different synchrotron sources is the brightness , which denotes
the photon flux from a unit source area into a unit solid
angle , i.e.,

(2)

If is taken only for a limited bandwidth of the radiation
(usually is set to 0.1%), one obtains the spectral bright-
ness or brilliance . Note that with these definitions both and

increase when reducing and , which becomes impor-
tant when discussing insertion devices (see Section III-B).

As a further feature the radiation has a well-defined polariza-
tion characteristics. The light emitted within the orbital plane
is fully linearly polarized, with the electric field vector ori-
ented parallel to the orbital plane. The light emitted off-plane,
however, has in general an elliptical polarization. By choosing
the appropriate emission angle, a degree of circularity may be
achieved as high as 90%. By accepting the radiation above or
below the orbital plane, one may conveniently switch the direc-
tion of the circularity [23].

The acceleration of the electrons and the compensation of
the radiative energy loss in the storage ring is achieved by mi-
crowaves. The coupling of the electrons with the microwaves
naturally leads to a temporal pattering into electron “bunches.”
As a consequence, synchrotron radiation has a well-defined time
structure, consisting of sharp light pulses with typical widths of
a few picoseconds to several 10 ps, depending on the operation
mode of the synchrotron. The separation of the individual
pulses can be very conveniently chosen by the filling pattern of
the storage ring and ranges from a few nanoseconds up to al-
most a microsecond.

The quantity coherence measures the phase alignment of the
light’s electric field vectors. Transverse or spatial coherence de-
scribes the degree to which the waves are in phase across a light
beam at any instant. If one considers a source of extension
which emits light into an angle , the transverse coherence de-
pends on the wavelength as [24]

(3)

Therefore, with a proper collimation and energy filtering even an
incoherent source can supply partially coherent radiation, which
is well-known in conventional light optics. The longitudinal or
temporal coherence describes the degree to which the phase re-
lations between the waves are preserved as the light propagates.

The transverse coherence length of a synchrotron radiation
beam is given by the wavelength and the bandwidth as [24]

(4)

with the coherent spectral flux

(5)

being directly proportional to the brilliance. In other words, a re-
duction of source size and emittance angle increases the coher-
ence of the radiation. These relationships are the keys to under-
stand the coherence characteristics of the various synchrotron
sources.

In summary, synchrotron radiation provides a unique combi-
nation of

i) wide-range tunability,
ii) high brightness,

iii) variable polarization,
iv) well-defined time structure,
v) high degree of coherence.

B. Synchrotron Light Sources

In the beginning, synchrotron radiation was provided as a par-
asitic effect in high-energy experiments. The first dedicated syn-
chrotron light sources—the so-called second generation—be-
came available at the beginning of the 1970s. In these sources,
the light was mostly generated in bending magnets, as described
above.

A much higher brilliance of the radiation can be achieved by
means of magnetic insertion devices of the wiggler or undulator
type, which are placed in a straight section of the storage ring in
between the bending magnets. These insertion devices are pe-
riodic magnetic structures, in which the electrons are forced on
trajectories with multiple bends. The emission of the light at the
individual bends may superimpose along the forward direction
incoherently (wiggler) or coherently (undulator), causing a very
high photon flux in a narrow energy window (harmonic)
in the latter case. In addition, also the opening of the emission
cone shrinks to with being the number of
periods in the undulator. The first 3rd generation light sources,
making extensive use of these insertion devices went into oper-
ation in the middle of the 1990s and represent the current stan-
dard. A simple planar undulator, in which the electrons undu-
late only in one plane produces linearly polarized light, with the
electric field vector lying in this plane. With more sophisti-
cated magnet designs as realized, for example, in elliptical un-
dulators the light polarization can be almost continuously varied
between orthogonal linear and opposite circular states

and (Fig. 1). The efficient use of undulators requires a
very narrow (typically of the order of 10 ) and stable electron
beam. As an added value, the source spot of the light emission
becomes very small, too. In combination with the small angular
spread of the radiation also the transverse and longitudinal de-
gree of coherence increases, as can be easily derived on the basis
of (4), (5). With some additional spatial filtering through pin-
holes, the degree of coherence becomes large enough to allow
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Fig. 1. Functional principle of an elliptical undulator. By shifting the magnet
benches with respect to each other, the electrons are forced on different undu-
lating trajectories, thereby providing synchrotron radiation of linear (a), (c) and
circular (b) polarization states.

for first experiments making use of this property, even for appli-
cations in magnetism [21].

A further increase of the peak brilliance and the coherence
of the synchrotron radiation is expected from the free-electron
lasers (FEL) sources. In contrast to the storage ring concept,
a free-electron laser comprises in most cases a linear accel-
erator, which feeds the electron beam into a dedicated undu-
lator. During the passage of the electrons through the undu-
lator, the electrons emit radiation, which travels together with
the electron bunches and strongly interacts with them. This in-
teraction leads to a further substructuring of the bunches into
“micro-bunches” with a well-defined phase relation. As a result,
these micro-bunches emit intense radiation of less than 100 fs
pulse width [25], [26]. Taking into account the different time
structure of storage ring and FEL radiation, the peak brilliance
(brilliance normalized to the photon pulse width) increases be-
tween four and eight orders of magnitude in the latter device
(Fig. 2). In addition, the phase relation leads to a high coherence
of the radiation. The stochastic nature of the emission process
can be partially avoided by additionally coupling a strong ultra-
short laser pulse into the undulator (“seeding”), which interacts
with the electrons, thereby stimulating the light emission. First

Fig. 2. Calculated peak brilliance of the synchrotron radiation provided by
different insertion devices at the 3rd generation storage ring facilities ALS
(Berkeley), APS (Argonne), BESSY-II (Berlin), ESRF (Grenoble), SPring-8
(Tsukuba), PETRA-III (Hamburg). For comparison, also the expected values
for the existing and future free-electron laser sources FLASH and XFEL (both
Hamburg), and LCLS (Stanford) are given. Experimental values for FLASH
for the first, third and fifth harmonic are indicated by squares.

experiments at FEL’s are now becoming possible, and will soon
also be addressing problems in magnetism.

IV. SPECTROSCOPY OF MAGNETIC SYSTEMS

The electronic structure and particularly the interaction of
electronic states in a material system is at the very heart of
magnetism. In order to characterize the relation between the
electronic structure and magnetism—specifically in modern
magnetic materials—various spectroscopic approaches are
involved. By addressing the valence electronic states much can
be learned about the electronic bonds and interactions between
neighboring atoms. Investigating the more localized core levels
with soft X-rays yields information about the magnitude and
orientation of the magnetic moments on an element-selective
basis. On the other hand, the detection scheme provides con-
venient access to the surface or bulk aspects of magnetism.
Whereas the detection of photoelectrons or the total electron
yield is usually quite surface sensitive, a photon-in/photon-out
scheme as in absorption or reflection experiments allows for a
higher bulk sensitivity.

A. Spin-Resolved Valence Electronic States

The electronic and magnetic functionality of a layer stack in
spintronics is mostly determined by the interfaces. This is par-
ticularly true in spin-dependent tunneling through an insulating
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barrier, as the spin-polarization and symmetry of the electronic
states at the ferromagnet/insulator interface have a crucial influ-
ence on the spin scattering during the transport process. In this
context, the valence band structure at the interface of the single
crystalline system MgO(001)/Fe(001) has moved into the focus
of current research in spintronics, because it evidently dictates
the performance of state-of-the-art magnetic tunneling junctions
(MTJs). Today, MTJs based on single crystalline Fe/MgO or
Co/MgO systems provide the highest achievable tunneling mag-
neto-resistance (TMR) ratios [27], [28]. The progress compared
to amorphous MTJs is related to a symmetry-related attenuation
of the electronic wave functions contributing to the tunneling
process. For the Fe(001)/MgO(001)/Fe(001) system along the

-direction, wave functions with spatial symmetry suffer
the lowest attenuation, compared to the wave functions with

, and spatial symmetry. Due to the particular band
matching at the Fermi level in these MTJ structures, this sym-
metry dependence can be converted into a spin-controlled func-
tionality. When iron is utilized as an electrode, a spin-dependent
conductivity can be established, because only the majority spin
character for wave functions with symmetry is accessible
at the Fermi level. Thus, for an antiparallel magnetic alignment
of the two iron electrodes, tunneling electrons linked to the
wave functions will be reflected at the counter iron electrode, re-
sulting in a much higher resistance than the one obtained in the
parallel orientation of the two magnetic electrodes. These find-
ings were theoretically predicted by Butler and Mathon [29],
[30] who assumed an idealistic situation of a chemical non-in-
teracting Fe/MgO interface that is atomically sharp and well-or-
dered. Obviously, in a realistic system the interface properties
will deviate from this assumptions, evoked e.g. by structural
disorder or electronic interaction at the interface. It is thus not
surprising, that the first experimental studies showed drastically
reduced TMR ratios compared to theory [31]–[33], and the re-
sults achieved initiated vivid discussions about the influence of
the interfacial morphology and bonding conditions.

Valence band photoelectron spectroscopy is a powerful tool
to study the electronic structure in a symmetry- and wave
vector-resolved manner. In a spin-resolved version, it is ide-
ally suited to address the electronic and magnetic states at
heteromagnetic interfaces. Recently, detailed spin-polarized
valence band photoemission spectroscopy experiments were
performed to clarify the modifications in the electronic band
structure of MgO/Fe(001) introduced by different interfacial
stoichiometries [34]. For this purpose, three different samples
classes were prepared representing a stoichiometric, under-ox-
idized and over-oxidized interface. Special emphasis was laid
onto the chemical characterization of the MgO/Fe interface.
Besides Auger electron spectroscopy, the degree of Mg and
Fe oxidation was supervised by probing the chemical induced
shifts of the Mg 2p and Fe 3p core levels, thereby using a low
photon energy of 88.3 eV to ensure high surface sensitivity. A
detailed description of the preparation procedure and experi-
mental geometry is given in [34].

A comparison with the spin-resolved photoemission spectra
taken from a clean Fe(001) film reveals the modifications
evoked by the different interfacial bonding conditions (Fig. 3).
The chosen photon energy of 34.2 eV and the experimental
geometry allowed one to address the two initial electronic states
( and ) near the Fermi level, which are the most relevant

Fig. 3. Spin-resolved photoemission spectra for normal emission
from (a) Fe(001), (b) Fe(001)/MgO, (c) Fe/Mg/MgO and (d) Fe/FeO/MgO.
denotes majority spin electrons , denotes minority spin electrons .
After [34].

Fig. 4. Spin polarization spectra for the systems (a) Fe(001), (b) Fe(001)/MgO,
(c) Fe/Mg/MgO and (d) Fe/FeO/MgO. The dashed lines serve as a guide for the
eye. The respective photoemission spectra are displayed in Fig. 3. After [34].

ones for the electronic transport process in Fe/MgO based
TMR junctions. In addition, due to the small escape depth
of the photoelectrons, the experimental parameters ensured a
high surface/interface sensitivity. The photoemission spectra
of the uncovered iron electrode are dominated by two peaks,
one located at and the other at
below the Fermi level. They are related to direct transitions
from initial Fe(001) bulk states, originating from and

symmetry bands. For uncovered Fe films, a positive spin
polarization of about 40% to 50% in an energy interval from

2 eV to was observed (Fig. 4).
Upon deposition of an ultrathin stoichiometric MgO layer,

spectral contributions in the range of about 3.5 to 8.5 eV
binding energy manifest in the photoemission spectra, origi-
nating from the oxygen levels. The excited photoelectrons
assigned to this direct transition are unpolarized and thus re-
duce the total spin polarization measured in this energy region
[Fig. 4(b)]. Due to the band gap of MgO (7.6 eV for bulk MgO),
it is still possible to observe the direct transitions originating
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from iron and symmetry bands at the Fermi level, pro-
vided that the photo-excited electrons can still penetrate the
MgO layer. For the calculation of the electronic transport prop-
erties in MTJ’s an electronically non-interacting Fe/MgO inter-
face is assumed [30], so the Fe interface layer behaves virtually
the same as a free Fe surface layer. The photoemission spectra
support the theoretical finding at least for the and bands.
The photoemission data [Figs. 3(a) and (b)] display no peak shift
in binding energy and the spin polarization change at the Fermi
level [Figs. 4(a) and (b)] remains unaffected.

For the under-oxidized interface, however, the experiments
reveal a strong change. The spin polarization close to the Fermi
level increased to a value of 70% [Fig. 4(c)]. This strong en-
hancement can be ascribed to a relative change of the spectral
contributions originating from the state and the Fe 3d

initial states [Fig. 3(c)]. In the corresponding samples an
excess of Mg atoms with two unbound valence band electrons
exists at the interface. To discuss the possible origin of this
strong electronic modification, the situation may be compared
to point defects in bulk crystalline MgO, keeping in mind
that the actual excess of Mg in our samples is much higher

. These point defects are called oxygen
vacancy states or F-centers and are known to generate highly
localized defects states in the band gap [35]. Scanning tun-
neling spectroscopy and microscopy (STS/STM) experiments
on ultrathin MgO(001) films determined the ground state of
these localized defect states just about 1 eV below the Fermi
level [36]. Theoretical studies by Gibson and Klein [37], [38]
predicted that these localized oxygen vacancy states have a

like symmetry character. Based on these results in bulk
crystalline MgO, the argumentation may be now expanded
to the much higher oxygen vacancy concentration existing
at the interface of the under-oxidized samples in such a way,
that the oxygen vacancy states may interact with each other
and form a defect band of -like symmetry. The observed
enhancement of spin polarization close to may be explained
by a hybridization of the defect band and the Fe 3d valence
band. A theoretical treatment of the Fe/MgO interface with a
high density of oxygen vacancies would be needed to confirm
this interpretation.

The opposite behavior is found at the over-oxidized interface.
Here, the spectral weight of direct transitions originating from
the Fe state is suppressed compared to the Fe 3d state
[Fig. 3(d)]. As a result the spin polarization is reduced to about
30% [Fig. 4(d)]. This experimental finding can be explained by a
partial oxidation of Fe atoms at the interface. The over-oxidized
Fe/MgO interface was theoretically treated by Zhang et al. [39]
who predicted a strong decrease of majority density of states
within the interface. The suppression was ascribed to an aug-
mented redistribution of electrons into in-plane bonds between
interfacial iron and oxygen atoms, positioning the oxygen atoms
in the bcc hollow-sites of the interfacial iron layer. An additional
experimental evidence for the modified chemical bonding be-
tween Fe and O can be derived from the spin-resolved photoe-
mission spectra, which depicted a distinct spin-splitting in the
O spectral features of about 0.4 0.1 eV [Fig. 3(d)]. The
spin-splitting is a result of a spin-dependent hybridization of Fe

wave functions with the O states.
These results demonstrate that spin-polarized valence band

photoemission spectroscopy experiment allows a sensitive mon-

itoring of the electronic modifications evoked by the altered
chemical interface conditions. The spin-sensitive approach is
a valuable tool to compare experimental data of the interfacial
electronic structure and theoretical modeling. In the future, a
closer cross correlation between theoretical photocurrent calcu-
lations and spin-resolved photoemission spectroscopy may even
offer a possibility to design the electronic interface conditions
to further improve spin-dependent electronic transport proper-
ties in spintronic devices.

In addition to explicit spin-resolution, magnetic sensitivity in
photoemission can also be achieved by exploiting various mag-
netic dichroism effects. These can be utilized in a conventional
photoemission experiment, in particular, when the experimental
setup offers the possibility of controlling the polarization of the
synchrotron light. Dichroic effects can be observed both in core
levels and valence bands, with the initially discovered magnetic
circular dichroism in photoemission [11] followed by a similar
effect using linearly polarized [40] and even unpolarized [41]
light.

Magnetic linear dichroism (MLD) at the Fe 3p levels provides
a particularly strong signal. It was therefore employed as a com-
plementary evidence in another recent spin-polarized study of
the MgO/Fe(001) system [42]. These results can serve as an ex-
ample on how dichroic effects can be used in the future studies
of novel thin film structures. MLD data are typically obtained by
measuring angle-resolved photoemission spectra of core levels
for the sample magnetized into opposite directions. However,
the effect can be also observed in valence bands [13].

We refer to [42] for experimental details, but in short the
experiments were performed with p-polarized light, at normal
emission geometry using a hemispherical photoemission an-
alyzer in angle-resolved mode with angular acceptance.
The sample preparation was done in situ, with the Fe films
being deposited onto Mo(001) by electron beam evaporation,
and the MgO overlayers being grown from pieces of stoichio-
metric MgO single crystals put into a tungsten crucible and
heated by electron beam bombardment. The goal of the study
was to establish whether an interfacial FeO layer is present in
stoichiometric MgO/Fe(001) films prepared in this way.

At a photon energy of 128 eV, one can simultaneously excite
both, the Fe , and the Mg levels. These core levels are
located at binding energies of 53 eV and 51 eV, respectively
and, although quite close, they still offer the possibility of
monitoring the two different materials during the formation of
the interface. The core level data are displayed in Fig. 5, where
results concerning the growth and annealing of MgO layers
on top of Fe(001) surface are shown. The left panel presents
mostly dichroic averaged spectra (continuous lines), while the
right panel shows the corresponding dichroism spectra (open
and closed circles), in an expanded view emphasizing the
smaller region around the Fe levels.

Comparing the spectra from the clean Fe(100) surface
[Fig. 5(a)] to the ones exposed to 1 Langmuir of molecular
oxygen [Fig. 5(b)], the appearance of a shoulder on the high
binding energy side of the spectrum is evident. This shoulder
feature, best seen in the right panel of Fig. 5, is typical of the
reaction of oxygen with Fe and indicates the formation of Fe
oxide [43]. In agreement with the valence band observations,
this shoulder does not display any dichroism, indicating the
formation of an unpolarized surface oxide after only 1 L of
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Fig. 5. Fe and Mg core level normal emission energy distribution curves
at ; (a) clean Fe(001), (b) Fe(001) exposed to 1 Langmuir of
molecular oxygen, (c) 0.5 ML MgO/Fe(001) deposited on clean Fe(001), (d) 1
ML MgO/Fe(001), (e) previous films annealed to 400 for 5 min. In the left
panel the sum of spectra from the sample magnetized in opposite directions are
plotted. The right panel shows the same spectra as on the left, but renormal-
ized to magnify the Fe contribution. Open and filled circles represent spectra
from the sample magnetized in opposite directions. All spectra were measured
at room temperature.

oxygen exposure to the clean Fe surface. Most importantly,
when MgO is deposited on clean Fe(001) instead [Fig. 5(c)],
there is no indication of this feature in the spectra. On the
contrary, the curvature of the relevant part of the core level
spectrum remains clearly positive for 1 ML MgO coverage,
which is an evidence that no FeO layer is present at the stoi-
chiometric MgO(100)/Fe(100) interface.

At higher MgO deposition, the Fe emission becomes
rapidly obscured by the much more intense Mg levels
[Figs. 5(c), (d)] but the Fe dichroism remains strong, which in-
dicates a highly polarized Fe substrate in contact with the MgO
overlayer. It is also useful to note that while the Fe dichroism is
very strong, no sign of any dichroism is detected under the Mg
peak (the full dichroic spectra are shown in the left panel for the
case 0.5 ML MgO, as an example). This again tends to confirm
the weak interaction between Fe and MgO at the interface.

For the thicker films where no Fe signal remains, there is
no additional Mg line related to metallic Mg. According to
one study ([44]) such a metallic feature would be expected to
appear at 2 eV lower binding energy from the main line
of MgO and its complete absence is therefore a further con-
firmation of the good stoichiometry of these films. In agree-
ment to what was found in the valence band study, when an-
nealing MgO/Fe(100) interface to 400 [Fig. 5(e)] there is
little change in the core level with only the shape of the Mg

spectra becoming slightly more symmetrical. Additionally,
upon annealing the 1 ML MgO/Fe(001), a new small feature,
which is barely visible in the room temperature-deposited MgO,
clearly appears at 10.7 eV above the Mg binding energy but,
quite independently of the precise interpretation, the observed
sharpening of the features indicates a structural reordering of
the MgO layer induced by annealing.

B. Element-Selective Studies of Magnetic Moments

The investigation of element-specific magnetic properties is
an essential task for the understanding of magnetic interactions,

which in turn is crucial for the development of modern mag-
netic and spintronic devices. The bestowal of the Nobel prize
in Physics in 2007 to P. Grünberg and A. Fert [45] for the dis-
covery of the giant magnetoresistance (GMR) effect stresses this
point very clearly. The GMR effect was discovered in layered
magnetic structures of Fe and Cr [46], [47], which exhibit a
particular magnetic coupling—the interlayer exchange coupling
[48] leading to a magnetic ground state with antiparallel orienta-
tion of the magnetization in neighboring layers. These prototype
systems can be studied element- and shell-specifically utilizing
the X-ray magnetic circular dichroism (XMCD) technique and
much has been learned about magnetic coupling and proximity
effects in layered systems in this way.

1) XMCD Sum Rules: After the theoretical prediction of the
XMCD effect by Erskine and Stern [49] in 1975 it took more
than a decade for the first experimental realization [9]. The theo-
retical development of the so-called XMCD sum rules [50], [51]
boosted its use enormously. The reason is that by means of these
sum rules the spin and orbital magnetic moments can be deter-
mined from the integrated XMCD signal. Nowadays, scientists
in various fields like physics, chemistry and biology apply the
XMCD technique as a standard tool for the analysis of mag-
netic properties (see e.g. [60], [65]). However, this standard use
also carries some danger: In the original works on the derivation
of the analysis procedures, i.e., the sum rules [50], [51] or the
multipole-moment analysis [66] various assumptions and con-
sequently the limits of these analysis procedures are stated. If
these limits are ignored, the analysis yields erroneous results as
will be discussed below.

Within these limits the spin moment and orbital moment
are determined by the sum rule procedure (for details see

also e.g. [52]–[60]) at the edges by the following integrals:

(6)

(7)

where is the XMCD difference of the
X-ray absorption coefficients for right and left circularly polar-
ized X-rays at the edge. Additionally the integrated spectrum
for the unpolarized radiation
and the number of unoccupied states enter into the equa-
tions given above. By the expectation value of the magnetic
dipole operator the asphericity of the spin magnetization
is considered. The influence of this term on the XMCD can
be identified for instance by angular dependent measurements
[61]. Interestingly, the sum rules work astonishingly well as it
is demonstrated e.g. for the ferromagnets Fe, Co and Ni [55],
[59], [62] which indicates that the assumptions made in the sum
rule derivation are justified—at least for these elements.

The application of the integral sum rules is exemplified for
the -edge XMCD signal of a bulk like Ni-film as shown in
Fig. 6. To determine the orbital moment the entire XMCD
signal has to be integrated (marked area) as described by (6).
The integral is depicted by the dashed line and the constant value
indicated by the arrow is used to calculate . To analyze the
spin moment the edge contribution has to be subtracted
from the edge one. Hence, these two contributions have to
be separated. The resulting integral is given by the solid line and
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Fig. 6. XMCD difference for a bulk-like Ni film and the XMCD integrals which
are necessary for the application of the integral sum rules (figure taken from
[65]).

from the value marked with the larger arrow the spin moment
is calculated. An advantage of this analysis procedure is that
from these integrals an investigation of the relative orientation
of the spin to the orbital moment is directly possible: Since both
values of the integrals exhibit the same sign a parallel align-
ment of to is revealed from Fig. 6. From this relative
orientation an estimation of the -factor is possible by the re-
lation as discussed in [63], [64]. For the
Ni-case discussed here can be concluded because of the
parallel alignment of and . This is in agreement with the
expectation according to the third Hund’s rule since a parallel
alignment of the orbital and the spin moment is expected for
more than half-filled shells. Strictly speaking the application of
Hund’s rules are only valid for atoms, however, the prediction
of the relative orientation of to by the third Hund’s rule is
correct for various solids (see e.g. [65]). An antiparallel align-
ment is expected for the lighter elements of the transition
metals as for example V. In this case the integral of the entire
XMCD signal would cross the zero line as depicted schemati-
cally by the hypothetical dot-dashed line which corresponds to

.
2) XMCD From Magnetic Biomolecules: The power of the

XMCD technique is now illustrated for the analysis of the mag-
netic coupling of magnetic bio-molecules (Fe-porphyrins) to a
ferromagnetic film. To realize the vision of molecular nanoelec-
tronics a fundamental understanding of the interaction of the
molecules with surfaces is essential and this holds, of course,
also for the molecular spintronics counterpart. Fe-octaethylpor-
phyrin (OEP) molecules with monolayer (ML) coverage on epi-
taxially grown Ni and Co films on Cu(100) were chosen to serve
as a prototype system [67], [68]. Since 1 ML Fe-OEP corre-
sponds to an effective Fe coverage of 1/100 ML a highly sen-
sitive technique like XMCD is required to pick up the magnetic
signature.

The monolayer of the Fe-OEP molecules is prepared in-situ
by sublimating Fe-OEP-chloride (Fig. 7) at 485 K. The sub-
strate is a 15 ML Ni film, which was epitaxially grown on
a Cu(100) single crystal. Further experimental details can be
found in [67]. The X-ray absorption spectra (XAS) for right and
left circularly polarized X-rays and the corresponding XMCD
spectra are presented in Fig. 7. Here, the advantages of the
XMCD technique become obvious: since the absorption edges
of the different elements are well separated, the magnetic prop-
erties of the Fe atoms in the molecule can be studied separately

Fig. 7. Top left: schematic illustration of the Fe-OEP-chloride molecule. Top
right: element-specific hysteresis curves of the Fe atom (filled squares) and Ni
(full line) obtained by the edge XMCD maxima of Fe OEP on Ni/Cu(100)
at 300 K. Bottom: normalized X-ray absorption coefficients for right and left
circularly polarized X-rays (red) and (blue) and XMCD (green)
at the -edges of the central Fe atom of the OEP molecule and the Ni film
(300 K, 10 mT). The inset depicts the orientation of the sample to the incident
X-rays. The arrows for Fe and the Ni film show the alignment of the spins. After
[67].

from the underlying Ni film by investigating the respective
edges. The edge jumps (signal to background ratios) are

scaled to unity. Therefore, the Fe edge jump had to be scaled
up by about three orders of magnitude relative to the Ni edge
jump. This is because of the dramatically different coverages

.
This is the reason for the larger noise for the Fe spectra. But
because of the use of an undulator setup even fine structures
can be resolved in the dichroic spectra. Thereby, the magnetic
polarization of the individual Fe orbitals can be investigated.
Additionally, the X-ray absorption spectra at the N and C

-edges (not shown) were measured versus the X-ray inci-
dence angle, which showed the molecules to lie flat on the
surface. This allows for a magnetic coupling of the paramag-
netic molecules to the ferromagnetic Ni film. Such a coupling is
indeed revealed by the XMCD spectra: The existence of a clear
Fe XMCD signal at 300 K in a small applied field of 10 mT
demonstrates that the Fe moments in the molecule are ordered
by the Ni film. This coupling is of ferromagnetic nature as can
be seen by the same sign of the XMCD signals at the Fe and Ni

-edges and the identical element specific hysteresis loops.
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Fig. 8. Normalized isotropic spectra (solid lines) and corresponding XMCD spectra (dotted lines) for the light transition metals in the upper panel in comparison
to the heavy ferromagnetic transition metals Fe, Co and Ni in the lower panel at the edges. The XMCD spectra for the light transition metals are obtained
for Fe/light trilayers, whereas the Fe, Co and Ni spectra are recorded for bulk-like films on Cu(100). The direction of the magnetization for the light

metals is defined with respect to the one of Fe in the trilayer. For a clearer presentation of the systematics, the sign of the Ti, V and Cr XMCD spectra was
changed (please note the negative enlargement factors). Taken from [70].

Interestingly, density functional theory calculations demon-
strate that this coupling is due to an indirect 90 exchange
mechanism via the N atoms [67]. From the sum rule analysis
we determine an effective Fe spin moment (including the
magnetic dipole term ) from experimental XMCD data at
70 K (not shown) of [68]. The
XAS at the Fe -edges indicates that Fe is in a divalent state.
This yields an effective Fe spin moment of
which is consistent with an intermediate spin state [68].

3) Limits of the Sum Rule Analysis: The second example ad-
dresses the limits of the standard analysis procedures for XMCD
spectra in the case of layered magnetic structures in order to
illustrate the danger of misinterpretation. In the ultrathin limit
magnetic moments in light transition metal (TM) elements
(Ti, V, Cr) can be measured, but the standard analysis proce-
dures fail to yield reliable quantitative values [65], [69]–[71].
Only by the help of ab initio calculations the spin and orbital
moments can be determined reliably. An instructive case study
is provided by Fe/[light TM]/Fe trilayers, where the Fe layers
have bulk-like properties, whereas the spacer layers (Ti, V, Cr)
have thicknesses in the ultrathin limit, i.e., 1–3 atomic layers.
Often these spacer layers are treated as nonmagnetic in the lit-
erature. For the ultrathin limit, however, this is not correct—the
proximity to Fe leads to finite magnetic moments, which should
show up as a sizable -edge XMCD. To achieve a systematic
understanding the results for Ti, V, and Cr interlayers are com-
pared to the XMCD spectra of bulk-like films of the ferromag-
nets Fe, Co and Ni in Fig. 8. The clear XMCD signals reveal that
indeed spin moments (aligned antiparallel to the Fe moments)
can be determined for the light elements. These originate
from induced moments due to hybridization (Ti,V) or from un-
compensated moments in the layer-wise antiferromagnet Cr.

Although the XMCD spectra are nearly free of noise the ap-
plication of the standard analysis procedures by means of the
sum rules and the multipole-moment analysis yield erroneous
quantitative results. By comparison to ab initio calculations and
neutron scattering experiments the induced spin moment in V,
for example, is wrong by a factor 5 ([65]). The reason is the

change of the to intensity ratio along the series as it is
obvious in Fig. 8. Since these intensities enter into the moment
determination, difficulties in the sum rule analysis can be ex-
pected. For the light elements Ti, V and Cr this ratio is in the
regime of 1:1, whereas the ratio becomes about 2:1 (statistical
branching ratio) for the ferromagnets Fe, Co and Ni.

A recent work by Scherz et al. showed that the core hole
couples the two excitations ( and edges) [72]. Within a
double-pole approximation the matrix elements of the unknown
exchange-correlation kernel could be extracted from the exper-
imental branching ratios [72]. These results illustrates how the
standard procedures for the XMCD analysis can fail and that
they should not be applied without careful consideration. In the
above case, the ground state properties of these systems could
only be determined by the help of ab initio calculations. An ad-
ditional problem occurs when analyzing the moments in rare
earths at the edges. For these systems the transition matrix
elements are spin-dependent—a fact, which is ignored in the
standard analysis procedures. This may even lead to a wrong
sign for the moments when the sum rule analysis is applied.
Therefore, a generalized form of the sum rules is needed, which
takes into account the spin dependence of the transition matrix
elements [58].

C. Thin Film Heusler Phases

The element-selectivity of XMCD spectroscopy is not only
a virtue in the study of thin film systems. It has also enabled
a much better understanding of the specific properties of
complex magnetic alloys and compounds. This can be very
nicely demonstrated by investigations of ferromagnetic Heusler
phases, which more than 100 years after their discovery [73]
have recently experienced a renewed interest. The potential
applications of these materials has stimulated increasing scien-
tific work in this field. Ferromagnetic half-metallic properties
of Heusler alloys of the type as predicted by ab-initio
calculations [74], [75] make them promising materials for next
generation spin electronics [76]. Recent experimental progress
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confirms the large potential of these alloys [77]–[82]. An ad-
ditional technical application of Heusler alloys arises from the
shape memory effect found for alloys derived from
revealing a huge magnetically induced length change of up to
10% [83], [84]. Potential applications for shape memory alloys
include actuators and magnetocaloric devices on a nanoscale
[85], [86].

Heusler alloys are compounds with the stoichiometric com-
position ordered in a -type structure. A Heusler alloy
consists of two different transition metals X and Y and a main
group (nonmagnetic) element Z. For tuning material properties
the sublattices are in general occupied by a random distribution
of two different transition metals, e.g. , thus
forming quaternary compounds. The magnetic moments of
Heusler alloys are distributed among the various constituents.
For a thorough understanding of the magnetic properties of
Heusler alloys an element-specific spectroscopic experiment
capable to measure individual elemental properties is essential
and XMCD is ideally suited for this task. In addition to the
determination of element-specific magnetic spin and orbital
moments using the sum rule evaluation one can exploit the
spectroscopic information offering a view on the local unoccu-
pied density-of-states (LDOS) function.

The tailoring of the magnetic and electronic properties of
Heusler alloys for individual applications provides the main fu-
ture challenge. In this field XMCD will play a major role as a
bridging method between theory and experiment. Beyond the
characterization of bulk properties of Heusler alloys their mag-
netization variation at interfaces becomes increasingly impor-
tant when Heusler alloys are implemented in nanoscopic de-
vices. Using different detection techniques for the X-ray ab-
sorption, bulk, and interface properties can be determined sep-
arately.

For half-metallic Heusler alloy films deviations of interface
properties from their bulk properties are a severe obstacle for
their implementation in magnetic sensor devices, e.g., the prepa-
ration of the barrier of a TMR device requires the deposi-
tion of a metallic Al layer on the Heusler alloy surface of a thin
film as a crucial first preparation step [78], [79], [82]. Previous
experiments already revealed decreased magnetization values at
the interface of Heusler alloys [87]–[89]. In order to explain
the deviating interface properties, a simultaneous XAS detec-
tion via the total electron yield (TEY) providing an information
depth of 0.8 nm–2.5 nm and via the bulk-sensitive XAS trans-
mission (TM) can be employed. A direct comparison of these
signals will then sensitively reveal discrepancies between elec-
tronic properties at the interface and in the core of the films.

Fig. 9 shows TEY and TM XAS obtained simultaneously
for two differently prepared films [90]. The

film on (sample I) reveals a
poor atomic order as it was deposited at low temperature on
the bare substrate. The poor order is reflected by the compar-
atively small extra peak A at about 3.8 eV above the edge.
Peak A stems from a Co —Al hybridized state occur-
ring exclusively in fully ordered unit cells [92]. The im-
plementation of a buffer layer on the MgO substrate and an ad-
ditional annealing step leads to an increased atomic order of the

film (sample II) [93] indicated by an
increase of peak A [Fig. 9(a)].

Fig. 9. (a) XAS measured at 300 K by total electron yield (TEY) and transmis-
sion (TM) for two film samples. Sample I is a 110-nm-
thick film capped by 6 nm Al at 480 K.
Sample II is a 100-nm-thick film capped
by 4 nm Al at 320 K. XAS spectra shifted for clarity. The difference spectra

are indicated by the dashed (red, sample I) and dotted (pink,
sample II) line. (b) Corresponding XMCD spectra. (c) Sketch of the experi-
mental set-up. See also Ref. [90].

Any difference between Co TM and TEY XAS indi-
cates structural deviations at the interface. The difference of the
TEY- and TM spectra of sample I reveals an additional peak B
at 2.5 eV above the maximum [dashed red line in Fig. 9(a)].
This peak is characteristic for the formation of a stoichiometric
CoAl compound [94], [95]. The higher Al coordination for Co in
CoAl in comparison to shifts the hybridiza-
tion state to lower energies. Because CoAl is paramagnetic, this
solid state reaction leads to a decreased XMCD signal at the
interface. This explains the observed decrease of 20% of the in-
terface magnetization [88]. The comparison of TEY and TM
XAS for sample II signalizes that low-temperature deposition
of Al avoids the formation of CoAl. The almost equal XMCD
signals for sample II indicate that the Co magnetic moment at
the interface and in the core of the film are similar. An inter-
esting pronounced difference between TEY and TM XAS sig-
nals of sample II remains at the onset of the absorption max-
imum. This difference reflects a shift of the unoccupied den-
sity-of-states maximum at the Al-interface closer to the Fermi
edge [90].

The phase transition from the cubic structure to a tetrago-
nally distorted martensitic (MS) phase below is a precondi-
tion for the occurrence of the magnetic shape memory effect in

[83], [84], [96], [97]. The understanding of the origin
of this phase transition is of utmost importance for the develop-
ment of electronic devices exploiting the shape memory effect.
Ab-initio calculations [98]–[100] show a change of the elec-
tronic structure at , essentially involving Ni-derived minority

-states. States with Ni and symmetry, that are de-
generate in the cubic state, split up in the tetragonal phase. An
experimental test of ab-initio calculations is difficult, because
these changes are usually very tiny. According to the compara-
tively large structural change in Ayuela et al. [100]
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Fig. 10. Absorption coefficient times thickness, , of X-ray light trans-
mitted through a 83 nm (110) film on at the Mn (a) and
Ni (b) edge. The inset in (b) emphasizes the difference of feature A above
and below . XMCD signals, for Mn (c) and Ni (d). The inset in
(c) shows the maximum revealing the temperature induced decrease of the
Mn XMCD signal. Taken from Ref. [91].

predicted that the subtle band structure modification at the MST
should lead to experimentally observable changes of the X-ray
absorption (XAS) spectra.

XAS spectra of the Mn and Ni -edges are shown
in Fig. 10 for [91].
Figs. 10(c) and (d) show the corresponding XMCD signals. The
intensity of the feature A in the Ni absorption signal [indicated
in Fig. 10(b)] clearly depends on the structural phase. While
this peak is well pronounced for it is nearly
suppressed for . The observed increase of A at is
in full agreement with the theoretical prediction by Ayuela et
al. [100]. Changes at in the Mn spectra are hardly
measurable. This is expected in the case of where
the Fermi level lies in a position at which there is almost an
equal LDOS of majority and minority states. In the case
of larger changes of the LDOS would be caused by
hybridization because the atoms become closer in the -plane.
Thus the XAS result is in favor of [91].

The second important ingredient of the magnetic shape
memory effect is the presence of a strong uniaxial magnetic
anisotropy exceeding the energy density needed to drive the
twin boundaries in the MS phase. The magnetic anisotropy is
caused by the spin-orbit interaction and thus directly related to
the orbital magnetic moment [101]–[103].

The orbital to spin moment ratio for Ni amounts to
in the MS phase and decreases to 0.05 at

room temperature [91]. An increased Ni orbital moment in the
MS state is expected because of the lower symmetry of the
corresponding crystal field. The observed value is significantly
larger than the value of bulk Ni (0.1). The Mn orbital moment
is negligibly small ( 0.01) for both phases. Therefore, the
magnetic anisotropy is exclusively caused by electronic states
located at the Ni atom.

Fig. 11. Schematic illustration of magnetic silica spheres coated with an outer
shell of gold.

The Ni and Mn spin moments do not vary significantly at
with values of for Ni and

for Mn [91]. Considering the different values for
for Ni (1.3) and Mn (4.3) and also a correction factor for Mn
of 1.5 because of the mixing, the ratio between Mn and Ni
moment is roughly a factor of 10, in agreement with ab-initio
theory [98], [100].

These examples show that the careful analysis of interface-re-
lated and bulk-sensitive XAS signals will provide considerable
progress in the understanding and tailoring of the electronic
structure of Heusler alloys with respect to dedicated applica-
tions.

D. Magnetic Nanoparticles and Clusters

The power of the XMCD spectroscopy approach to the
study of magnetic molecules has been already discussed in
Section IV-B. The technique has also been successfully em-
ployed in the investigation of single molecule magnet crystals
[104]–[107]. However, two other interesting classes of nano-
magnetic structures, where XMCD has contributed much to
our current understanding of magnetic properties, comprise
core-shell nanoparticles and clusters. In both cases the sur-
face-to-volume ratio is very high and a significant modification
of the average magnetic properties must be expected. The main
challenge lies in separating the surface or core-shell interface
magnetic contributions from the bulk response.

1) Magnetic Core-Shell Particles: Magnetic core-shell
nanoparticles may be defined as particles which contain a core
of material A with a diameter of 3 to 50 nm and a shell of
material B with a thickness of 1 to 25 nm (Fig. 11). Materials
A and B may consist of one or more elements and at least
one of both materials should be ferro-, ferri-, or antiferro-
magnetic, while the other one may be para- or diamagnetic.
Examples are that is at (or around) a Fe
core [108], CoO@Co [109], CoO@Ag [110], [111],

[112], among others [113]–[120]. The
core may even be free of material, i.e., the particle can be hollow
[121], [122]. Particles may have the shape of rods, spheres,
platonic solids (e.g. icosahedra) or cubes [123], where at least
one dimension is limited to below 100 nm [114], [123]–[128].
Many types of hybrid particles with different bi- [112], [120],
[129] and multifunctionalities have been synthesized this way
and can be regarded as tailored building blocks for macroscopic
materials combining specially designed optical, dielectric, me-
chanical, and magnetic properties. Examples include magnetic
and luminescent functionality as well as magnetic and catalytic
activity.

Unfortunately, the word “nanoparticle” has been used in dif-
ferent contexts in the literature like, for example, for particles,
capsules, tubes or rods with sub-micron or micron dimensions.
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The realm of magnetic nanoparticle physics is on the 3 to 100
nm length scale, which is above the size of cluster physics
where one observes quantum phenomena, and below the size
range where effects of surface layers become negligible. Such
particles can be prepared by different wet-chemical approaches
[130]–[132] and gas-phase condensation techniques with
well-defined sizes and shapes. Colloidal core-shell particles
always are covered by an additional layer of usually organic
molecules to stabilize them in the solvent. The role of theses
ligands has often been neglected in the interpretation of mag-
netic data of colloidal particles. They effectively constitute an
additional shell yielding this way a multishell nanoparticle.

Measurements of magnetic properties of nanoparticles
require size-fractionized, i.e., monodisperse, ensembles. An
ensemble of usually billions of particles has been defined
as monodisperse when a statistically relevant size and shape
distribution analysis yields a size or volume variation of less
than 20% meaning that an ensemble of monodisperse 6 nm
particles contains particles with 7.2 and 4.8 nm particles. This
in turn means that the total number of atoms in ideal spherical
particles with fcc structure varies between 6000 and 18 000
atoms and the percentage of surface atoms varies between 32
and 24%. This can be compared to the behavior of a mag-
netic thin film, where it is well-known that an 8 monolayer
film with 2 surface and 6 core layers (25% surface atoms)
shows a very different magnetic response than a 6 monolayer
film (33% surface atoms) [133]. An additional even bigger
inhomogeneity lies in the temperature dependent temporal
response of nanoparticles. Due to the small magnetostatic
energy of the nanomagnet the direction of the magnetization
is thermally unstable and fluctuates in time. This behavior
depends in an exponential fashion on the particle’s magnetic
anisotropy , volume and the temperature . It is char-
acterized by a “blocking temperature” below which the
magnetization is thermally stable over the duration of the
magnetic measurement [134]. In an ensemble measurement the
magnetization of smaller particles may fluctuate so quickly that
over the time window of the measurement only bigger particles
dominate the effectively measured magnetization and magnetic
anisotropy while the signal of the small particles is negligible.
Consequently, monodispersity in shape and size is not suffi-
cient for magnetic particles. “Magnetic monodispersity” of an
ensemble of “monodisperse” particles requires truly uniform
sizes and shapes of all particles, or at least a much narrower
size distribution than given by the definition of the geometrical
or mass “monodispersity.” This problem is even enhanced for
core-shell type particles.

Measurements which integrate over billions of particles
yield an averaged magnetic response which in the worst case
may be dominated by very few “large” (micrometer sized)
particles which may have escaped the attention of the structural
X-ray or electron microscopist. Hence, to interpret magnetic
measurements of nanoparticle ensembles in a reliable way a
“magnetically monodisperse” particle ensemble must [65] be
synthesized, and its size and shape distribution must be well
defined. Consequently, the initial challenge is to synthesize
“magnetically monodisperse” core-shell particles. Such a
goal is extremely difficult—maybe impossible—to achieve.
Nevertheless, by innovative chemical and physical synthesis

techniques the monodispersity in nanoparticle production has
been continuously improved.

Synchrotron-based element-specific techniques like X-ray
absorption spectroscopy (XAS) [65] including near edge and
extended energy regions (NEXAFS, EXFAS) and X-ray mag-
netic circular dichroism (XMCD) have proven extremely valu-
able to identify the inhomogeneous distributions of magnetic
moments in bimetallic nanoparticles and core-shell particles.
To investigate the intrinsic magnetism the organic ligand shell
and residual oxide layers which influence the magnetic re-
sponse must be removed, and the technical aspect of saturation
correction and sampling depth in electron yield for spherical
particles must be properly taken into account [135], [136].
An illustrative example has been given for Co nanoparticles.
Here, the combination of high resolution transmission electron
microscopy (HR-TEM) with nm resolved elemental specificity
and XAS confirmed the existence of an polycrystalline oxide
layer despite the “protective” oleic acid ligand layer [109],
[110]. The controlled removal of the ligand and oxide layer
by an in-situ plasma process showed that the extremely high
ratio of orbital-to-spin magnetic moment initially measured
for the untreated “Co” particles [137] was due to the presence
of uncompensated ions in an oxidic environment [109],
[138]. Combining Ferromagnetic Resonance with XMCD in
the electron yield mode and the high-resolution structural anal-
ysis by HR-TEM it was even possible to arrive at a quantitative
model for the number of interface magnetic moments at the
inner Co/CoO and outer CoO/vacuum interface.

Similarly, inhomogeneities in bimetallic particles complicate
the analysis. Taking the case of the chemically well-ordered
crystal structure of FePt [139] it is evident that the different
facets of an icosahedra [140] may consist of pure Fe, pure Pt
or mixed Fe/Pt surfaces. Similarly, particles can be
regarded (Fig. 12). Where is the iron atom located which is in
contact with oxygen? It may be present at the surface or in the in-
terior. Element-specific analysis by XAFS and XMCD using the
surface sensitive electron yield or the bulk sensitive fluorescence
yield detection can help to identify surfaces enriched by one or
the other element, if the particle is bigger than 10 nm [141],
[142]. Such studies represent the state of the art, since they are
based on an extremely careful preparation of the organometalli-
cally or gas-phase synthesized particles involving the following
steps:

a) synthesis and multiple centrifugation of colloidal
nanoparticles to reduce the size-distribution well below
5%

b) the controlled deposition of a two-dimensional layer on
an area of at least the diameter of the synchrotron beam

c) the imaging of the size and shape of the two-dimensional
island by scanning or transmission electron microscopy

d) the in-situ removal of oxides and organic ligands before
the synchrotron measurement in a low energy hydrogen
plasma

e) in-situ chemical analysis by XAFS
f) magnetic or structural investigations by XMCD or

EXAFS as a function of temperature, magnetic field,
orientation of the sample with respect to the synchrotron
beam and the magnetic field and the magnetic history of
the sample, i.e., zero-field cooled and field-cooled state
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Fig. 12. Bright field transmission electron microscopy image of a single Fe
oxide@Fe core-shell nanocube [108]. The outer cube edge is 10 nm and the
brighter oxide shell thickness is around 2.5 nm thick.

One should note that steps a) to d) are crucial steps to
remove unwanted surface contamination and to assure that
magnetic dipolar interactions can be properly accounted for
by determining the distribution of mean distances between
particles. It has been shown that the shape of hysteresis loops
of a Co nanoparticle sub-monolayer (coverage 80%) depends
on the shape and size of the two-dimensional island shapes
and separations [143]. Furthermore, the soft plasma treatment
developed by H.G. Boyen et al. [141], [142] has the advantage
to reduce oxide layers while keeping the number of metal
atoms constant. This must be distinguished from a cleaning
procedure using high energy ( 100 eV) ion etching by Ar ions.
In Fig. 13 the X-ray magnetic dichroic spectra are shown for the
CoO@Co shell@core structure of the as prepared Co particles
and of the ones after in-situ online rf-plasma cleaning. The
change of the intrinsic magnetic properties is evident in form
of the strong reduction of the ratio of orbital-to-spin magnetic
moment when the oxide is removed, or, in other words, the

ions in the CoO shell are reduced to the metallic state.
Similar behavior has been reported for colloidal FePt particles
[144]. After the in situ plasma treatment residual hydrogen in
the nanoparticles can be identified by certain features in the
near edge region of absorption edges of transition metals
and removed by moderate annealing.

Summarizing this part one can state that preparation tech-
niques have become available that allow the investigation of
well-defined colloidal core-shell particle ensembles in the
ligand-covered, surface oxidized state and in the clean metallic
state free of unwanted surface modifications by element-spe-
cific synchrotron techniques [144].

The future challenge in magnetic core-shell particle charac-
terization, however, is the observation of an element-specific
magnetic response with nanometer spatial and nanosecond
temporal resolution. Ideally, the spectroscopic and magnetic
response of a single particle should be addressed. Several tech-
nical developments have been started in this direction which are
covered in other sections of this review. Such studies have been

Fig. 13. XMCD spectra at the edges of Co nanoparticles before (parallel
shading) and after plasma removal of the CoO shell. Spectra were normalized to
the edge. As discussed in [109] the ions at the surface and the interface
between the Co core and the 2 nm thick antiferromagnetic CoO shell are the
origin of the measured strongly enhanced ratio of the orbital-to-spin momentum

. After reduction of the oxide the ratio of fcc
Co with an enhanced metallic surface contribution is measured.

partially successful on isolated Co nanoparticles where locally
resolved absorption spectra have been recorded which qualita-
tively allow the distinction of different chemical spectroscopic
responses of different particles [145]. However, a quantitative
analysis has not been demonstrated yet. Even more difficult is
the quantitative analysis of the magnetic moments in individual
particles which still remains a goal out of reach today. A very
interesting perspective arises by teaming up the synchrotron ap-
proach with analytical transmission electron microscopy, where
already a number of interesting “proof-of-principle” studies
have been performed on individual nanoparticles. Exit wave
reconstruction techniques have been demonstrated allowing the
determination of the separation of individual atomic columns
with sub-angstrom resolution [146]–[148] and element speci-
ficity, which could allow the three-dimensional tomographic
imagery of individual atoms in binary metal nanoparticles.
Phase contrast techniques have been demonstrated which yield
a magnetic contrast [149], [150] on the nm length scale and
may be applicable to individual particles.

The dynamic magnetic properties of nanoparticle ensembles
have been studied by ferromagnetic resonance (FMR) in the
Gigahertz regime [134], and FMR techniques approaching
30 nm lateral resolution using a scanning tunnelling mi-
croscopy approach have been described [151]. With respect
to synchrotron radiation first results on element-specific FMR
detection [152]–[156] have been published and one may real-
istically hope that future developments will allow the imagery
and element-specific investigation of dynamic and static mag-
netic properties of individual and dipolar coupled core-shell
nanoparticles in the frequency and time domain with a spatial
resolution on the 10 nm scale.

2) Magnetic Clusters: The second interesting class of mag-
netic nanoparticles comprises transition metal clusters. Small
clusters are ideal systems to study emergent physical properties
from atoms to solids. Experimentally they can be prepared with
a precise number of constituents and consequently their phys-
ical properties can in principle be determined as a function of
size. Furthermore, they present tractable systems for high-level
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theoretical treatment which allows for in detail comparison of
experimental results and theoretical predictions.

Typically one can identify two size regimes where the size-
dependence of physical properties shows a rather different be-
havior. For “large” clusters physical properties evolve more or
less monotonically towards their respective bulk values. This
behavior is a consequence of the size dependence of the av-
erage coordination of the constituents and hence is closely re-
lated to the size dependence of the “surface-to-bulk” ratio of
the clusters. In contrast, for “smaller” clusters one often ob-
serves non-monotonic changes of physical properties. This size
regime which is the regime of so-called quantum-size effects is
entered when the cluster size is comparable to the dimensions of
the quantum mechanical wave functions relevant for a specific
physical property. Consequently the transition between the two
regimes depends on the material as well as the specific physical
property.

While studies on isolated clusters are most interesting from
a fundamental point of view, in view of possible applications
studies of the size dependence of physical properties such as
magnetism of clusters embedded in matrices or supported on a
substrate are extremely important. Of course for these systems
the interaction of the clusters with the surrounding environment
has to be taken into consideration as an important parameter.

In the following we are going to discuss magnetic properties,
i.e., magnetic moments, of small transition metal clusters (iron,
chromium, cobalt) in a size regime below 20 atoms supported
on ferromagnetic substrates (iron and nickel). These properties
have been studied using X-ray absorption spectroscopy close to
the transition metal -edges with circularly polarized X-rays.
The element specific magnetic moments have been determined
exploiting sum rules in X-ray magnetic circular dichroism, i.e.,
the difference in X-ray absorption for right- and left-circularly
polarized X-rays [157].

The mass selected transition metal clusters were generated
using a UHV-cluster source [158] and deposited in-situ onto ul-
trathin ferromagnetic iron and nickel layers epitaxially grown
on a Cu(100) surface. The ultrathin ferromagnetic films multi-
layers were prepared by evaporating the metals from a high pu-
rity sheet onto the clean copper crystal. The cleanliness and the
quality of the films was checked with X-ray photoelectron spec-
troscopy (XPS) and low energy electron diffraction (LEED), re-
spectively. Subsequently the ultrathin metal films in the thick-
ness range of 3–5 monolayers (ML) for iron and 20 ML for
nickel were magnetized perpendicular to the surface plane using
a small coil. The magnetization of the metal films was monitored
by recording Fe or Ni XMCD spectra.

Before cluster deposition argon multilayers were frozen onto
the metal surfaces at temperatures below 30 K. A layer thick-
ness of 10 ML of Argon was used to ensure soft landing con-
ditions [159] and the kinetic energy of the clusters was below
1 eV/atom. After depositing the clusters into the argon buffer
layers, the remaining Argon was desorbed by flash heating the
crystal to 80 K. It has been shown [159] that this procedure
leads to deposition without fragmentation of the clusters. Low
sample temperatures in the range of 30 K and low coverages
of 3% of a monolayer were used to prevent cluster-cluster in-
teraction. Every step of the preparation has been checked using
X-ray Photoelectron Spectroscopy (XPS) and/or X-ray Absorp-
tion Spectroscopy (XAS). The measurements have been carried

out at a base pressure . The X-ray absorp-
tion signal has been measured using the Total Electron Yield
(TEY), i.e., the sample current.

For small iron clusters ( –9) in contact with a nickel
substrate ferromagnetic coupling of the clusters to the substrate
has been observed [161], [162]. Theory predicts two-dimen-
sional structures for these small supported clusters [163]. The
analysis of the XMCD results reveals that the spin magnetic
moments and the orbital magnetic moments of the iron clusters
are enhanced compared to the respective values for iron bulk
and surface. While the spin moments decrease nearly monoton-
ically from the iron dimer to the -cluster and depend linearly
on the average coordination of the iron atoms [163], the orbital
moments show strong fluctuations as a function of size. Further-
more, the relative enhancement compared to bulk for the orbital
moments is much stronger than for the spin moments. A detailed
understanding of the behavior of the orbital moments requires
explicit inclusion of correlation effects in electronic structure
calculations [164].

Chromium on iron is a prototypical case for coupling between
an anti-ferromagnet and a ferromagnet. Experimental studies
on chromium atoms and clusters in the size range from 2 to 13
atoms supported on iron addressed the early stages of the mag-
netic coupling between chromium and iron [165]. Fig. 14 gives
an example of the XMCD signals observed at the Cr edges.
Theory shows that due to the competing intra-cluster and
cluster-substrate exchange interactions which favor anti-fer-
romagnetic coupling within the cluster as well as between
cluster atoms and substrate atoms complex noncollinear spin
structures become important. For the chromium dimers the
cluster-substrate coupling surprisingly leads to ferromagnetic
chromium clusters which are anti-ferromagnetically coupled
to the iron substrate. Addition of a third chromium atom leads
to stabilization of an anti-ferromagnetically coupled collinear
state for the trimer. Already for tetramers and pentamers the
competing exchange interactions favor non-collinear spin
structures where also the spin arrangement of the substrate
atoms close to the clusters is affected. For even larger clusters
experimentally a strong decrease of the average spin moment
per chromium atom is observed indicating the increasing im-
portance of anti-ferromagnetic coupling within the clusters.

It has been found experimentally that cobalt clusters sup-
ported on platinum show particularly high orbital moments and
a very high magnetic anisotropy [166] which makes them in-
teresting candidates for nanomagnetic applications. Therefore,
several recent studies focus on pure cobalt clusters and cobalt-
platinum alloy clusters supported on ferromagnetic substrates
in an effort to disentangle the influence of substrate interaction
and platinum coordination. The pure cobalt clusters supported
on iron show an increase of the orbital moments from the single
atom to the cobalt trimer. This behavior which is in contrast to
the observations for cobalt on platinum is also found in the cal-
culations for the same system and indicates the importance of
cluster-substrate interaction [167]. In addition, the successive
addition of platinum atoms to cobalt clusters is found to lead to
very interesting non-monotonic changes in the orbital moments
as a function of platinum coordination of the cobalt atoms [168].

In the short discussion above we have tried to exemplify the
very intriguing magnetic properties of small deposited transi-
tion metal clusters. It is important to stress that to understand
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Fig. 14. X-ray absorption spectra of -clusters on an iron substrate taken
with two different helicities of the incoming X-rays (red and blue) together with
the sum (black) and difference (green) spectra. The total Cr amount on the sur-
face corresponds to only 3% of a monolayer coverage.

magnetic properties of size selected clusters in contact with sur-
faces in detail, experiments are required which determine spin-
and orbital moments independently such as X-ray magnetic cir-
cular dichroism since quite often the size dependence of spin
and orbital moments is very different. For small clusters every
atom counts therefore mono-sized clusters have to be investi-
gated. For the understanding of the evolution of the magnetic
properties and especially the complex spin structures involved
strong theoretical support is absolutely mandatory.

V. X-RAY MAGNETIC SCATTERING FROM MAGNETIC THIN

FILMS, MULTILAYERS, AND LATERAL STRUCTURES

X-ray magnetic circular dichroism, in particular, it’s
photon-in/photon-out variant belongs to a whole group of
phenomena, the entirety of which is termed X-ray magneto-op-
tics. It includes dichroic effects with circularly and linearly
polarized light, and more exotic effects, such as magnetic
birefringence and the Voigt effect (see Section V-B).

A. Resonant Magnetic Scattering

An X-ray magneto-optical approach, which is ideally suited
to study layer stacks and multilayered samples is X-ray res-
onant magnetic scattering (XRMS). It combines the depth-re-
solving power of conventional X-ray reflectivity with the ele-
ment-sensitivity and magnetic response of X-ray circular mag-
netic dichroism (XMCD). By observing the difference in the
specular reflectivity for the two magnetization directions par-
allel and antiparallel to the photon helicity of circularly polar-
ized X-rays in energy scans across the or -edges of or

magnetic elements, respectively, one can derive the magne-
tization profile of a ferromagnetic thin film. This was explored
by Kao and coworkers in the early nineties [17], [169] and has
since been demonstrated convincingly for a number of single
thin films and multilayers [170]–[173]. Applications to spin-
tronic materials are discussed in [174]–[176].

1) Theoretical Background: An appropriate theoretical for-
malism to quantitatively treat XRMS is given by scattering ap-
proaches. Phenomenologically the X-ray scattering amplitude
of an atom can be written in the form

(8)

where is the atomic form factor, i.e., the Fourier trans-
form of the charge distribution, , are the real and imaginary
parts of the dispersion corrections, and is
the scattering vector. The dispersion corrections are energy de-
pendent and take their extremal values at the absorption edges.
If only dipole transitions are considered, the total elastic X-ray
scattering amplitude can be written as [281]:

(9)
with

(10)

(11)

(12)

(13)

The unit vector is oriented along the direction of the local
magnetic moment, which defines the quantization axis of the
system, and designate the initial and final polarization
vectors. The functions are strongly energy dependent
resonant strengths for the dipole transitions. The first term in
(9) refers to nonresonant and resonant charge scattering. The
second term is first order in the magnetization and yields a
circular dichroic signal, whereas the third term is second order
in the magnetization causing linear dichroism.

In XRMS experiments with circularly polarized light usu-
ally the so-called L-MOKE geometry is employed, where the
sensitivity is to the in-plane magnetization projected parallel to
the scattering plane. The leading magnetic contribution to scat-
tering arises from the interference term between reso-
nant charge and magnetic scattering.

For determining the reflectivity with left and right circularly
polarized light the refractive index is required, which is related
to the scattering amplitude through

(14)

Here is the number density of species in the sample and
is the corresponding scattering amplitude in the

forward direction . The refractive index is commonly
split into real and imaginary parts according to

(15)
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Fig. 15. Soft X-ray reflectivity from a multilayer recorded
with right circular polarized X-rays tuned to the absorption edges of Co
and Mn. The top panel shows for comparison a reflectivity curve measured with
nonresonant hard X-rays of 8 keV. (From Ref. [87]).

where and are the dispersive and absorptive contributions,
respectively, and and are the corresponding magnetic
contributions to the refractive index. According to the optical
theorem, the imaginary part of the complex refractive index
is directly proportional to the absorption coefficient

. Here is the photon wave-vector and the index refers
to right or left circular polarization. If the energy depen-
dence of is known, modified Kramers-Kronig relations can be
employed, yielding the dispersive contribution to the refrac-
tive index.

Having the refractive index, XRMS allows for the determina-
tion of element-specific chemical and magnetic depth profiles
of layered structures [172], [173], [178]. These profiles can be
obtained by a quantitative analysis of specular reflectivity mea-
surements, usually performed by numerical simulation. The cal-
culation of the reflectivity needs a dynamical approach, as total
and multiple reflection effects cannot be neglected in well de-
fined films and multilayers. A matrix based formalism for mag-
neto-optics with arbitrary magnetization direction has been de-
veloped by Zak et al. [179]–[181]. It offers the possibility to
calculate the specular reflectivity without any restrictions to the
geometry, assuming perfectly smooth interfaces. This theory
was extended to allow for magnetic scattering from rough in-
terfaces within the distorted-wave Born approximation by Lee
et al. [182], [183].

For emphasizing the charge and magnetic contributions to the
reflectivity, it is common practice is to plot the average sum

and the difference as a func-
tion of the scattering vector or as a function of the energy, where

are the reflected intensities for right and left circularly
polarized light. Assuming Born approximation, which is only
justified for non-perfect multilayers and for scattering vectors
far away from total reflection, these quantities have a straight-
forward physical interpretation, as pointed out by Kortright et
al. [206]. The charge and magnetic complex atomic scattering
factors may be written as . Then the inten-

sities in Born approximation can be expressed in the following
form:

(16)

where are the charge-charge, mag-
netic-magnetic, and charge-magnetic correlation functions,
respectively. In this expression the polarization factors in (9)
are implicitly taken into account in the correlation functions.
Thus the difference contains
only the cross term with charge-magnetic cross-correlation
and the sum features the squared
charge and magnetic amplitudes modified by their conjugated
correlation functions. Furthermore, the intensity sum using
circular polarization is essentially the same as what one obtains
for scattering with linear polarization [206].

In the following the XRMS method is exemplified by the dis-
cussion of recent work, including multilayers with Heusler al-
loys, dilute magnetic semiconductor films, and exchange biased
magnetic heterostructures. Furthermore, in-plane correlations
have been investigated by XRMS either for the investigation of
magnetic domain structures and for the analysis of artificial lat-
eral magnetic patterns.

2) Heusler Multilayers: As has been pointed out already in
Section IV-C Heusler alloy films are presently of immense in-
terest. The ferromagnetic order and the spin polarization relies
on the ordered structure with little tolerance for site disorder
[186]. In spintronic devices, very thin films of Heusler alloys are
used, bordering with nonmagnetic metals or with oxides for spin
transport through quantum well potentials or through tunneling
barriers, respectively. Thus, an important question to ask is to
what extent the spin polarization in the Heusler alloy films is
maintained up to the interface. To explore this question Grabis
et al. [87] have grown multilayers. They have
recorded reflectivity curves using the ALICE system at BESSY
II [187] with incident circularly polarized X-rays tuned to the
corresponding and absorption edges of Co and Mn. The
results are shown in Fig. 15 and are compared to nonresonant
hard X-ray reflectivity data.

In the next step the scattering angles are fixed to one of
the multilayer Bragg peaks and the incident photon energy is
scanned across the region of the and absorption edges.
These energy scans reveal the element-specific magnetic mo-
ment density profiles within the layers [87], [188].

Fig. 16 compiles the intensity sum and the mag-
netically sensitive difference normalized by the sum, which is
sometimes referred to as asymmetry, ,
for the first three Bragg peaks at the Co absorption edges.
These spectra are very rich in structure due to convolution of
charge and magnetic intensity and therefore not easy to analyze.
However, from the sign dependence of the asymmetry some
straightforward conclusions can be drawn about the non-fer-
romagnetic layer thickness, as shown by model calculations in
[87]. According to the asymmetry at the photon energy of 775
eV, which is for the first, second, and third order
Bragg peak, respectively, one can conclude by comparison with
model calculations that the non-ferromagnetic interlayer must
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Fig. 16. Charge scattering and magnetically induced asymmetry for the first three Bragg peaks (BP) of the multilayer measured close to the
and resonances (From [87]).

have a thickness of about 1 nm. For a more refined estimate
the energy-dependent intensities and asymmetries need to be
modeled within a magneto-optical matrix formalism, as done
for in [87]. From this analysis Grabis et al. have
found that the magnetic moment density profiles determined for
Co and Mn are definitely different. Moreover, the magnetic pro-
files are more narrow than the chemical density profiles, indica-
tive of reduced moments at the interfaces. For
multilayers at room temperature a non-ferromagnetic interface
layer exists with a thickness of about 0.6 nm at the bottom and
0.45 nm at the top of the layers. Similar thicknesses
of reduced magnetic moments have also been found in other
Heusler multilayers with V spacer layers [177] and with
and MgO tunnel barriers [189].

Magnetic multilayers have been studied in the past with
XRMS methods for a number of reasons, the magnetization
profile is one of them. Other issues are the interlayer exchange
coupling and in particular the antiferromagnetic (AF) coupling
across spacer layers. Tonnerre et al. [178] have studied a Ni/Ag
multilayer, which shows antiferromagnetic coupling for a Ag
spacer thickness of 11 . Tuning the circularly polarized inci-
dent beam to the edge, they observed in the diffraction
pattern a Bragg peak at a -value half that for the first Bragg
peak from charge scattering. This is a clear sign for a doubling
of the magnetic period compared to the chemical period.
Doubling of the magnetic period due to antiferromagnetic
order in magnetic multilayers has been seen before in neutron
reflectivity experiments [190], [191], but this was the first time
for XRMS. Subsequently a number or authors have studied
AF coupled Co/Cu [171], [192], [193] and Fe/Cr multilayers
[194], [195]. They have investigated, in particular, the field
dependence of the half order and full order peaks using circular
and linear polarized light tuned the respective L-edges of the
magnetic layers. At the first Bragg peak a magnetic hysteresis
is measured with circular polarization, which has the shape
expected for a antiferromagnetically or biquadratically coupled

multilayer and which corresponds exactly to the hysteresis
measured by SQUID magnetometry. In contrast, at the half
order position the hysteresis measured with circular or linear
polarization has the shape of a GMR resistance [194]. This is
typical for AF coupled superlattices, which cannot be deter-
mined with usual magnetometry measurements.

3) Magnetic Heterostructures and Spintronic Materials:
The capability to analyze the magnetization profile into the
depth of a layered heterostructure and to distinguish at the
same time between different elements is of tremendous benefit
for the analysis of exchange bias (EB) systems. EB systems
consist of a ferromagnetic and antiferromagnetic layer, which
share a common interface. After field cooling below the block
temperature of the antiferromagnet, the magnetic hysteresis of
the ferromagnetic layer becomes shifted by an exchange bias
field, which is proportional to the F-AF interlayer exchange
coupling and inversely proportional to the thickness and mag-
netization of the AF and F layer, respectively [255]. For reviews
of the EB effect we refer to [197], [253], [254]. One important
issue is the spin structure at the F/AF interface and the residual
magnetization from uncompensated spins in the AF layer. Roy
et al. have combined polarized neutron and resonant soft X-ray
reflectivity to measure the depth profile of magnetization across
the F-AF interface and inside the AF film of the
system [198]. In particular they have determined the profile
of the pinned and unpinned magnetization within both layers.
Close to the interface the unpinned moments in the AF layer
are oriented antiparallel to the F layer and rotate antiparallel
to the Co moments upon magnetization reversal. However,
further away from the interface, all moments in the AF layer
are pinned, which is required for providing an exchange bias
effect. Using again XRMS methods and tuning to the Fe and Co
edges of the Fe/CoO exchange bias system, Radu et al. [199]
found in contrast to Roy et al. [198] that the uncompensated
spins in the AF CoO layer have an orientation parallel to the Fe
magnetization, but with a hysteresis that has a slightly higher
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positive coercive field value at low temperatures than that
of the Fe layer. These authors argue that the uncompensated
spins are situated at the Fe/CoO interface and that they are
responsible for the enhancement of the coercivity observed in
the Fe layer with decreasing temperature. Without the uncom-
pensated and rotatable spins at the interface the hysteresis of
the Fe layer should be as narrow as for the unbiased Fe film.
Most recently the magnetization profile of a perpendicular
exchange coupled system was studied by Tonnerre et al. using
soft X-ray resonant magnetic reflectivity [200]. The EB system
investigated was a combination of an AF NiO/CoO multilayer
with a ferromagnetic Pt-Co/Pt film on top. The sensitivity to
the out-of-plane component of the magnetization vector arises
from an off-diagonal term in the atomic scattering factor, which
has a dependence, where is the glancing incident angle
to the film, indicating that sensitivity increases at higher
values. Using this method the magnetization profile of Co from
Co in the Co-Pt film and to Co in the oxide multilayer has
been determined in the unbiased state and the magnetization
profile has been determined. The complexity of the analysis is
enhanced because of Co in this system being in a metallic and
in a ionic state [200].

Another important class of spintronic materials are dilute
magnetic semiconductors where a small fraction of host cations
are substitutionally replaced by magnetic transition metals
[201]. Doped is one of the promising candidates for room
temperature ferromagnetism. The element specific magnetic
properties of Co-doped have recently been studied by
Nefedov et al. [196]. The sample has the rutile structure and
the doping was achieved by ion implantation with a dose of

. The magnetic state of the implanted Co
ions was investigated using X-ray resonant magnetic scattering
at room temperature. Fig. 17 shows the energy dependence of
the scattered intensity at the Co edges for a fixed reflection
angle of . A clear difference in the energy scan
between the right and left circular polarized X-rays can be
recognized, indicative for ferromagnetism at room temperature.
In the lower panel of Fig. 17 is shown the asymmetry ratio. As
the X-ray reflectivity from this sample has little structure, the
asymmetry ratio is practically identical to the XMCD signal.
It is well known that in the case of metallic films the resonant
scattering peak consists of a single component. However, in
Fig. 17 a fine structure of the Co peak at can
be recognized. This fine structure is similar to that observed
before for CoO films and is indicative of Co being in a
ionic state on substitutional lattice sites in the host. The
asymmetry can be used to record the magnetic hysteresis of
the sample. This is shown in Fig. 18. The Co dopant exhibits
the same square hysteresis as has been observed previously
using magneto-optic Kerr effect. In addition it was observed
that oxygen becomes polarized after Co implantation expressed
by an albeit weak XMCD signal and a magnetic hysteresis
that matches the Co hysteresis in shape and coercive fields.
Thus it appears that the oxygen polarization is essential for the
formation of a long range ordered ferromagnetic ground state
in .

4) Lateral Magnetic Structures: In addition to the sensitivity
of chemical and magnetic profiles normal to the film planes

Fig. 17. (a) Energy dependence of scattering intensities at the Co doped
by ion implantation in a host matrix of rutile ; (b) corresponding asym-
metry ratio (XMCD signal) (from Ref. [196]).

Fig. 18. Hysteresis curves measured at Co (closed symbols) and O (open
symbols) edges at . The intensity of the oxygen signal has been
multiplied by a factor of 50 for clarity. (From Ref. [196]).

and parallel to the scattering vector , there is also much in-
terest in gaining information on in-plane ordering and correla-
tion lengths. There are two routes to this information: either the
off-specular intensity is scanned in reflection mode, or the small
angle scattering intensity is collected in transmission mode. In
either case it is important that some component of the scattering
vector points parallel the in-plane direction, . In a transmis-
sion setup, as shown in Fig. 19, it is possible to obtain detailed
information about the lateral heterogeneity of thin film systems,
such as for example chemical and magnetic grain sizes and grain
size distributions [202], [203], chemical segregation processes
[204], nanoparticle arrays [206], magnetic domain structures
[207], [209], [275], [283] and otherwise laterally nanostructured
systems. The different scattering terms allow probing both, elec-
tron density variations as well as variations in the magnetic mo-
ment density. The resolution of the scattering studies is only
limited by the wavelength, such that in the soft X-ray range het-
erogeneity on the length scale of a few nanometers up to one mi-
crometer can be investigated [206]. However, this approach usu-
ally requires sample deposition onto membrane sub-
strates that are commercially available today, but do not allow
easily the deposition of single crystalline thin films. Fig. 19
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Fig. 19. Left: geometry for small angle resonant X-ray scattering in transmis-
sion geometry. The thin film sample (dark grey) has been deposited onto a

membrane substrate (light blue). The soft X-ray beam is coming in
from the left and is scattered by the lateral heterogeneous nanostructures of the
thin film. Notice that the scattering vector q lies within the film plane rather than
perpendicular to it as common in reflection geometry. Right: small angle scat-
tering data at the absorption edge from perpendicular magnetic stripe
domains. The lower inset shows a 5 MFM image of the domain structure
that was investigated by scattering. Upper inset: corresponding 2-D SAS inten-
sity as detected with a CCD camera. The solid symbols in the plot are a one
dimensional radial scan through the diffraction ring at remanence as indicated
by the black line in the CCD image. Open circles show the diffraction pattern
In saturation. (From [208]).

shows in the left panel the schematics for small angle resonant
magnetic X-ray scattering (SAS) in transmission geometry. In
the present case this set-up was used for the analysis of Co/Pt
nanostructures with perpendicular anisotropy, which develops
in the remanent state a laterally periodic stripe domain struc-
ture. The upper right inset exhibits the two dimensional SAS
intensity as detected with a CCD camera that was positioned
behind the membrane sample. In the center the transmitted di-
rect beam is visible, while the diffraction ring originates from
the regular domain spacing. Here the radius of the ring is in-
versely proportional to the domain periodicity and the width of
the ring is a measure for deviations from this periodicity (the
sharper the ring the more well defined is the periodicity). The
solid symbols in the intensity versus scattering vector plot are
a one dimensional radial scan through the diffraction ring at re-
manence as indicated by the black line in the CCD image. The
-range limit that has been probed by the CCD image is marked

by a dashed line in the plot. However, the photo diode detector
on a rotation arm provides access to radial profiles up to much
higher values and reveals 1st and 3rd order reflections from
the domains. In saturation the diffraction ring vanishes, since
all domains are annihilated and the sample becomes magneti-
cally uniform with no SAS [202], [209].

Artificial lateral magnetic patterns have been studied by a
number of authors using soft X-ray resonant magnetic scat-
tering. In scans Bragg reflections occur due to the in-plane
periodicity. If the in-plane elements interact by magnetostatic
stray fields, antiparallel alignment may occur, which is recog-
nized by half order lateral Bragg peaks. Magnetic coupling in
Co/Pt nanolines together with their AF coupling and evolution
in a magnetic field was investigated by Chesnel et al. [211],
magnetic multilayer reflection gratings were investigated by
Michez et al. [210], and Remhof et al. studied periodic arrays
of magnetic dipoles on a square grid, measuring
Bragg peaks up to high orders and measuring the magnetic
hysteresis at their diffraction orders [212]. The X-ray scan
is shown in Fig. 20. Van Kampen et al. have investigated

Fig. 20. In-plane scan from a lateral periodic array of rectan-
gular bars. The intensity modulation is due to the shape factor convoluted with
the Yoneda wings [212].

multilayers shaped into an array of cir-
cular nanopillars [213]. The diameter and thickness of the
magnetic islands and the spacer layer were chosen
such that an antiferromagnetic coupling occurs in remanence.
Nevertheless, half order peaks could not be discerned in
scans, most likely due to a randomness in the staking sequence
among the pillars.

Lateral periodic structures are just a special case of a highly
ordered in-plane correlation function. The more general case
are films and multilayers with an in-plane interfacial roughness
with a less well specified and ordered height-height correla-
tion. The distinction of structural roughness from magnetic
roughness has been of much interest over the past years, and
soft X-ray resonant magnetic scattering is a favorable method
for the analysis of the magnetic roughness. This is mainly due
to the fact that with soft X-rays the scattering angle is rather
high and the —range is large before it becomes obscured by
the sample horizon. However, in contrast to spin flip neutron
reflectivity, soft X-ray resonant magnetic scattering is never
purely magnetic, the difference always contains
the charge-magnetic cross correlation. Nevertheless, detailed
studies of the magnetic roughness have been performed in a
number of works [87], [214]–[217], and it has in general been
concluded that the charge-magnetic roughness is ‘smaller’
than the charge (or structural) roughness, meaning that the
former has a longer in-plane correlation length. From a quan-
titative point of view this can be easily understood because
the magnetic correlation of structural grains is enhanced by
exchange coupling and demagnetization fields. While the
charge-magnetic roughness is analyzed, in general, within the
Born approximation, which may in most cases be sufficient for
a qualitative analysis, Lee et al. have provided a description for
the in- and out-of-plane correlation from magnetically rough
interfaces based on the distorted wave Born approximation
[182], [183].

Concluding, X-ray resonant magnetic scattering is a pow-
erful method for the investigation of magnetic films and mul-
tilayers. Aside from the combination of depth dependence with
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element-selective magnetic information, XRMS has some fur-
ther important advantages. Its information depth is consider-
ably larger than for XMCD, the latter one usually restricted to
the top 2 nm, depending on the recording method, and it has a
much higher spatial resolution into the depth of the layer and
in the lateral direction, which is on the order of the wavelength
used. Thus the spatial resolution reached by scattering is con-
siderably higher than the one obtainable by X-ray microscopy
or PEEM. Furthermore, as XRMS is a photon-in—photon-out
scattering method, it is less surface sensitive than XMCD and
can also be studied under non-UHV conditions. Moreover, the
samples of interest can be measured at remanence as well as
at high magnetic fields and magnetic hysteresis curves can be
recorded without problems.

B. X-Ray Magneto-Optical Polarization Spectroscopy

The XRMS approach discussed above is just a special type
of a variety of magnetically sensitive photon-in/photon-out
spectroscopies, which may be grouped under the label of mag-
neto-optical polarization spectroscopy. As already pointed out
in the introduction, these magneto-optical (MO) phenomena
have a long scientific history, starting with the discoveries
of Michael Faraday. In 1845 he observed the rotation of the
polarization plane of linearly polarized light upon transmission
through a magnetic material, an effect which since has become
known as the Faraday effect. Subsequent observations of var-
ious other MO phenomena using polarization detection, such
as the Kerr and Voigt effects, were reported in the nineteenth
century (see e.g. [218]). Building on this broad base of knowl-
edge, MO polarization spectroscopy in the soft X-ray regime
has emerged as a successful and complementary tool for the
element-selective study of magnetic materials during the last
few years, [219]–[221].

In the sequel of the early discoveries, the experimental pro-
cedure which was adopted mostly for MO measurements in the
optical regime, did not simply measure the intensity—as in the
example of XRMS—but rather involved a polarization analysis
of the light after its interaction with a magnetic material. For
a complete polarization analysis two optical elements, the po-
larizer and the analyzer, have to be rotated about the light axis,
while the light intensity is recorded [222], [223]. Such an anal-
ysis provides the two defining quantities for the light’s polariza-
tion state, namely, the intensity of the light and its phase. This
information can be expressed by the four Stokes parameters
(intensity), , (degree of linear polarization with respect
to planes which are rotated by 45 to each other) and (de-
gree of circular polarization). The total degree of polarization
is . If the light is completely polarized

the polarization analysis can be performed by using
only one optical element, the analyzer (see Fig. 21).

The Stokes parameters can be re-expressed as two angles,
defining the tilt of the light’s polarization ellipse and the
degree of its ellipticity (see Fig. 21). From this data set the
complex optical constants of the investigated material can be de-
duced directly and completely. Access to only one of these two
MO quantities can be obtained by the widely used and techni-
cally simpler intensity measurement. The magnetic circular and

Fig. 21. Schematic set-up for soft X-ray polarimetry. The polarization state
of the radiation after its interaction with the sample is determined through a
rotatable analyzer element.

linear dichroism (MCD and MLD) and their X-ray equivalents
XMCD and XMLD are representatives of this approach.

While MO effects are usually small in the visible energy
range, larger effects are observed in the X-ray range. In partic-
ular in the soft X-ray regime huge effects are found due to the
resonant enhancement occurring at the edges of -transition
metals [10] and at the edges of rare-earth elements [224].
Thus, the development of polarization sensitive techniques in
the X-ray range opens up new avenues for element-selective
investigation of magnetic materials, but it has turned out that
this is not an easy task. In the hard X-ray range above 2.5 keV,
diffraction from Si, diamond or graphite single crystals in Bragg
or Laue-geometry is applied [225], [226]. But for the scientifi-
cally interesting soft X-ray regime the production of suitable op-
tical elements is still a technological challenge. Presently, artifi-
cial multilayer (ML) systems with extremely small periods are
used as polarization analyzers. These are working at the Bragg
angle, which must be close to the Brewster angle near 45 . Ac-
cording to the Bragg equation the period thickness has to be
matched to a small energy range of interest. This means that dif-
ferent MLs with appropriate period thicknesses have to be pro-
duced to cover the complete soft X-ray range. State-of-the-art
systems comprise multilayers with a period thickness of about
1.1 nm [219], [223]. These are optimized for the Fe edge,
but can be operated even at higher energies up to about 850 eV,
however, with a reduced performance. For energies around the

shells of rare earth elements MLs with an extremely small
period around 0.7 nm have still to be developed.

Exploiting the X-ray Faraday effect the complete sets of MO
constants of Fe, Co, and Ni have been determined experimen-
tally across the and the edges [221], [227] and where
found to confirm theoretical calculations [228]. Whereas the
Faraday effect commonly refers to a transmission geometry, an
analogous polarization effect observed in reflection is the longi-
tudinal Kerr effect (L-MOKE) [229]. In this case, linearly -po-
larized light interactions with the magnetization oriented within
the scattering plane (Fig. 21). Upon reflection the changes of
the polarization state are quantified and . If only the mag-
netically induced intensity changes of the reflected light are of
interest, however, we recover the XRMS approach discussed in
the previous section.
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Fig. 22. Calculated and measured X-ray Voigt effect at the Co -edge [220].
Top: experimental Voigt rotation and calculated Voigt rotation (lines).
The blue curve gives the Voigt rotation computed with core exchange splitting of
the core states, while the green curve shows the Voigt rotation obtained
without core polarization. Bottom: likewise, but for the Voigt ellipticity .
After [220].

A novel MO effect in the soft X-ray regime, which was dis-
covered by means of the full polarization analysis, is the Voigt
effect [220]. In the optical range, the Voigt effect is a only tiny
effect which is proportional to , where is the sample mag-
netization. It is detected using linearly polarized light, which is
at normal incidence to the surface, while the light’s polarization
plane is at 45 with respect to the in-plane magnetization direc-
tion. Upon transmission, the polarization plane rotates by the
Voigt angle and the light acquires an ellipticity (Fig. 22).
It can be shown that for cubic materials the Voigt effect is related
to the magnetic birefringence in the index of refraction [230]

(17)

where is the thickness of the film, and are two refrac-
tive indices corresponding to the propagation of electric field
modes which have or , respectively. Ab initio
calculations of the X-ray MO Voigt spectra revealed its inter-
esting physical origin [220]. The Voigt effect appears primarily
because of the core exchange splitting (CEX) of the core
levels, which is indeed a small splitting of the sublevels by
about 0.27 eV in Co. Calculations of the Voigt effect without the
CEX yield a vanishing result. A second quantity, which largely
determines the shape of the Voigt spectrum is the crystal field
[231]. Interestingly, both quantities can be safely ignored for
X-ray MO effects that are linear in , such as the XMCD [231].

It should be noted, however, that polarization effects do not al-
ways have a magnetic origin. As an example, we have employed
soft X-ray polarimetry to investigate nonmagnetic, grazing in-
cidence scattering from graphite planes at the carbon -edge

Fig. 23. Reflectivity (top) and measured Stokes parameters , , and
(bottom) of the radiation reflected from graphite at the C -edge [229]. The
X-ray birefringence (or anisotropic scattering) is shown by the dramatic change
of the Stokes parameters between 270 and 290 eV (From [232]).

[232]. The experiments revealed an unexpectedly large change
in the Stokes parameters measured at the -edge (see Fig. 23).
The dramatic changes in the Stokes parameters imply that the
X-ray radiation changes, upon reflection from graphite, from
linear to circular polarization. The observed changes are un-
usually large and due to X-ray birefringence, which in turn is
caused by the layered structure of graphite. It is noteworthy, first,
that a similarly large effect does not exist in the optical regime,
even though there optical birefringence is also present. Second,
a plain detection of the intensity of the scattered radiation would
not be capable of providing the same information as the Stokes
polarimetry [232].

From the various examples it is obvious that among the avail-
able spectroscopies resonant magnetic reflectometry with circu-
larly and linearly polarized X-rays on single layers as well as
on MLs is a very promising spectroscopy, since the resonantly
enhanced cross sections at absorption edges lead to large mag-
netic responses in the intensity (XRMS) and/or the polarization
(polarization spectroscopies), which can easily exceed those ob-
served in conventional XMCD absorption experiments [233].
The large dichroic effects observable in reflection over a wide
range of incident angles as well as their structural sensitivity to
layer thickness and interface roughness, designates these spec-
troscopies to be ideally suited for the study of magnetic depth
profiles of magnetic films or MLs. It would be advantageous
to combine resonant magnetic reflectometry with polarization
analysis, because it permits the complete determination of the
real and imaginary parts of the MO constants, something which
is not possible by simple intensity measurements. In all reflec-
tion measurements, however, one always measures a combina-
tion of MO constants, therefore a polarization analysis is needed
for the entanglement of the different contributions of the MO
constants. A next practical step would thus be to establish X-ray
Kerr effect measurements in longitudinal and polar geometry,
which in addition could be combined to an X-ray vector mag-
netometry.
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While the Kerr effect enables the investigation of ferromag-
netic samples, the Voigt effect is a powerful tool to investigate
antiferromagnetic samples, since it is quadratic in the magneti-
zation. This has been shown for thin films in transmission [220].
Because most samples like industrial relevant antiferromagnetic
devices cannot be investigated in transmission, however, the
Voigt effect in reflection would be a promising technique with
the strength of all above mentioned features of reflection spec-
troscopy. It has already been shown that buried antiferromag-
netic layers could be successfully studied with resonant mag-
netic reflectometry [234], but this has not yet been combined
with polarimetry.

Soft X-ray polarization spectroscopy may, furthermore, an-
swer important questions concerning the occurrence of ferro-
magnetism in carbon [235], graphite, or in other materials like

. As has been outlined above, soft X-ray polarimetry has
been applied already to nonmagnetic graphite and a certain care
has to be exercised when interpreting the results in terms of mag-
netic and nonmagnetic contrast mechanisms.

VI. MAGNETIC IMAGING

A ferromagnetic system is usually not homogeneously mag-
netized—except for very small particles below a critical size. It
can lower its total energy by the formation of a domain structure,
which may be strongly influenced by the shape of the sample,
by defects or by strain. As a consequence, in most samples we
will find a more or less complicated micromagnetic structure.
This situation holds not only for ferromagnets, but for all kinds
of magnetic systems. The formation and dynamic response of
this micromagnetic structure is still a topic of fundamental re-
search.

On the other hand, micromagnetism has an enormous
technological relevance. Reliable switching of magnetic nanos-
tructures from one remanent state to another is the basis of
nonvolatile data storage on magnetic hard drives. The contin-
uous push towards increased storage densities over the last fifty
years of hard disk drive development has led to smaller and
smaller magnetic bit sizes, which are now (in all three spatial
dimensions) clearly in the nanometer regime. New concepts
such as hard drive storage media with perpendicular anisotropy
including exchange spring media, [236] patterned media, [237],
[238] thermally assisted recording, [239], [240] and nonvolatile
magnetic memories such as magnetic RAM (MRAM) [241] or
solid state devices such as Racetrack Memory [242] promise
to further reduce bit size and/or to add new functionality.
The technological development is intimately coupled to ma-
terial science questions and to understanding basic scientific
questions on the magnetic interactions between individual
nanostructures and within them, e.g. at internal interfaces of
complex multilayer elements such as antiferromagnetically
coupled media or exchange spring structures [243]. In order to
improve the storage bit addressability, it is important to corre-
late the magnetic switching field of individual nanostructures
with structural parameters such as defects, heterogeneities and
overall bit geometry. Being able to “watch” nanomagnetic bits
switch by high resolution magnetic imaging is clearly important
in this context in order to address both fundamental and applied
scientific questions.

Fig. 24. Example of layer-resolved magnetic domain imaging by XMCD-
PEEM. (a) and (b) show the magnetic domain images of the FeNi and the
Co layer, respectively, of an FeNi/Cu/Co trilayer on FeMn/Cu(001) after
application of an external magnetic field of 340 Oe in the direction indicated
by “ ”.

Therefore, various magnetic imaging approaches employing
XMCD as a magnetic contrast mechanism have become widely
used during the last decade. Some of these can even be conve-
niently used to address the domain structure in antiferromag-
nets, which is otherwise accessible only by very few experi-
mental techniques. X-ray magnetic linear dichroism provides a
unique solution to this problem, as we will demonstrate below.

A. Magnetic Coupling in Layered Systems

Nearly all of the most exciting new discoveries in thin film
magnetism are observed in multilayered structures in which two
or more magnetic layers are separated by nonmagnetic or an-
tiferromagnetic spacer layers. To obtain microscopic magnetic
information about the different magnetic layers and their mutual
interaction separately and in a simple way is thus crucial for the
microscopic fundamental investigation of such structures. With
XMCD-based techniques this is possible by selecting the photon
energy corresponding to the elemental core-valence excitations.
Lateral resolution can be obtained if photoelectron emission mi-
croscopy (PEEM) is used for the electron yield detection of
X-ray absorption [14]. This allows the layer-resolved visualiza-
tion of magnetic domain patterns at surfaces and in buried layers
[244], [245].

An example of layer-resolved magnetic images, taken at an
FeNi/Cu/Co trilayer deposited on FeMn/Cu(001) [246] is given
in Fig. 24. The trilayers were grown by thermal evaporation
on a Cu(001) single crystal substrate in zero external magnetic
field. Domain images were acquired in-situ in the same ultrahigh
vacuum system using an electrostatic Focus IS PEEM, which
has been described in [244], [247], [248], and circularly polar-
ized undulator soft X-ray radiation from BESSY. The images
are presented as grayscale-coded absorption asymmetry for op-
posite helicities of the circularly polarized X-rays at the ab-
sorption maxima, i.e., the difference of absorption images ac-
quired with opposite helicities divided by their sum.

Fig. 24 shows the layer-resolved magnetic domain structure
after application of an external magnetic field of 340 Oe along
the direction indicated by “ ”. Image (a) was obtained by
tuning the photon energy to the Fe absorption edge, and thus
represents the domain image of the FeNi top ferromagnetic
layer, image (b) was acquired with the photon energy tuned to
the Co absorption edge and shows the domain image of the
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Co bottom ferromagnetic layer. The domains in the Co layer
are mainly oriented along two opposite directions as indi-
cated by arrows, namely along and , corresponding
to dark gray and lighter gray contrast, respectively. This pattern
in the Co layer was not changed by the application of the 340
Oe external field. The domain image of the FeNi layer (a) shows
a qualitatively similar pattern, but with different contrast. An
analysis reveals that here the magnetization directions in the
different domains are along the in-plane directions, as
indicated by arrows in some domains. The comparison with the
domain image of the Co layer (b) shows that in most places the
magnetization directions of the two magnetic layers include an
angle of 45 . This is explained by a different anisotropy energy
in the two layers, and a parallel interlayer coupling [246]. Be-
cause of the direction of the applied field , the magnetization
in the FeNi layer points mainly along [100] and [010].

The interesting point is that the positions of the domain
boundaries of the Co layer are still visible in the FeNi image,
where they are decorated by small domains with a darker
contrast. This is an indication of a locally enhanced interlayer
coupling at the domain walls of the Co layer. Such a local in-
terlayer coupling has also been observed by XMCD-PEEM in
Co/Cu/Ni trilayers, and is attributed to the interaction between
the layers by the magnetostatic stray field emanating from the
domain walls [249]. Such a micromagnetic coupling between
magnetic layers across nonmagnetic spacer layers competes
with the well-studied indirect oscillatory magnetic interlayer
exchange coupling [250]–[252], and may play a crucial role for
magnetoresistive applications of reduced lateral size.

The recent interest in the magnetic coupling between anti-
ferromagnetic (AF) and ferromagnetic (FM) materials is mo-
tivated by the quest for fundamental insight into the phenom-
enon of exchange bias [253], [254]. This effect, the discovery
of which dates back to the 1950s [255], manifests itself in a
shift of the magnetization curve along the field axis. Nowadays
the exchange bias effect is employed in a variety of devices,
such as sensors or hard disk read heads, based on magnetic thin
films [256], [257]. A detailed fundamental understanding of the
magnetic AF-FM interaction, however, is still elusive. This is
in part due to the insufficient characterization of the interface
structure in the polycrystalline materials that are typically used
to study exchange bias. In AF materials the direction of the
atomic magnetic moments varies on the length scale of atomic
distances, leading to zero net magnetization if averaged over a
few lattice constants. Atomic-scale control and characterization
of the AF/FM interface is thus essential for a fundamental under-
standing of the magnetic interaction between AF and FM mate-
rials.

Layer-resolved magnetic imaging of trilayers, in which two
ferromagnetic layers are coupled across an antiferromagnetic
layer, can deliver useful insight into the AF-FM coupling. Par-
ticularly useful for such studies are samples in which one or two
of the layers are deposited as small wedges, suitable for imaging
within the field of view of the microscope. This can be achieved
by placing a slit aperture at a certain distance in front of the
sample surface, and rocking the whole sample-mask assembly
around an axis in the surface plane during film deposition, as

described in [258]. In this way it is possible to access the thick-
ness dependence of the coupling in a two-dimensional param-
eter space.

Fig. 25 shows an example of a trilayer on a Cu(001) substrate
in which antiferromagnetic FeMn is sandwiched by two ferro-
magnetic layers, a Co layer at the bottom, and a Co/Ni hybrid
layer at the top. Panel (a) shows a sketch of the wedge geom-
etry. The thickness of the bottom Co layer increases from left
to right up to 8 atomic monolayers (ML), and then stays con-
stant. The thickness of the antiferromagnetic FeMn layer varies
from bottom to top. Panel (b) shows the magnetic domain image
of the as-grown Co bottom layer, panels (c) and (d) the domain
images obtained at the Co and Ni absorption resonances, respec-
tively, after deposition of the complete structure. Because both
the bottom and top ferromagnetic layers contain Co, image (c)
is a superposition of the magnetic domain patterns (b) and (d),
while panel (d) represents the top layer only. Alternating regions
of parallel and antiparallel coupling across the FeMn layer are
indicated by couples of parallel and antiparallel arrows in (c).
They alternate with a 2-ML period as a function of FeMn thick-
ness, but also exhibit an interesting saw-tooth-like behavior on
the thickness of the bottom Co layer. The latter represents the
dependence on the interface morphology. It is modulated by the
thickness, and hence the atomic layer filling, of the bottom Co
layer.

From these measurements and supporting magneto-optical
Kerr effect experiments, the following picture could be deduced
[259]: First, to have a significant magnetic interaction between
the ferromagnetic and the antiferromagnetic layers, steps of
single atom height at the interface are required. Perfectly flat
regions do not contribute. This follows from the absence of 90
coupling, which would otherwise be expected at FeMn thick-
nesses close to thicknesses with an integer number
[260]. Also the influence of the Co bottom layer thickness on
the sign of the coupling is not compatible with flat regions
being the dominant source of the antiferromagnet-ferromagnet
coupling. Second, the coupling is higher if these monatomic
steps are laterally confined at small islands. Larger islands
or elongated steps lead to a weaker coupling. The coupling
is mediated by uncompensated spins of the antiferromagnet
at monatomic step edges at the interface. Uncompensated
atomic moments at step edges are responsible for the magnetic
coupling to the ferromagnet.

These results indicate that, in general, the interface coupling
can be enhanced by the controlled incorporation of atomic-level
roughness features with small lateral size. With the forthcoming
advent of atomic-scale manipulation in nanotechnology, this
may be a feasible way to controllably modify the coupling
strength in ferromagnetic-antiferromagnetic systems.

B. Heteromagnetic Interfaces in Oxides

In the metallic interfaces discussed in the previous paragraph
the electronic structure has a strongly itinerant character with di-
rect exchange interactions. This situation changes, however, if
a metal and an insulator or two insulators are brought into con-
tact. In this context, oxides are particularly interesting, as this
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Fig. 25. (a): Geometry of a crossed double-wedge sample. Antiferromagnetic
FeMn of varying thickness is sandwiched between ferromagnetic layers con-
sisting of Co at the bottom and Co/Ni at the top. (b): Domain pattern of the
Co bottom layer. Bright and dark regions correspond to magnetization direction
down and up, respectively. (c): Element-selective domain image of the complete
sandwich structure, acquired at the Co edge. Bright and dark regions result
from a superposition of magnetization directions of Co in the bottom and top
layer, indicated by couples of arrows. (d): Element-selective domain image of
the top layer, acquired at the Ni edge. Bright and dark regions correspond to
magnetization direction down and up, respectively.

materials class provides a large number of compounds with anti-
ferromagnetic ordering and hence possible applications in spin-
tronics. The strongly directional bonds and indirect exchange
mechanisms in the oxides, however, give rise to an entirely dif-
ferent class of heteromagnetic interfaces with new and unex-
pected coupling behavior, which are only marginally explored
up to date. A major obstacle on the way to a better understanding
of these systems is in fact posed by the nature of an antiferro-
magnet, which—due to its vanishing net moment—is directly
accessible only by a few techniques. As has been shown re-
cently, XMLD is the method of choice for this purpose [8],
[261].

Oxide thin films and thin film stacks are often grown at ele-
vated temperatures. For this reason, fully oxidic interfaces are
generally considered to be sharp and very stable, in contrast to
metal-oxide interfaces, where redox reactions have to be taken
into account. The system , which we will discuss in
the following, combines a ferrimagnet (Magnetite) with an an-
tiferromagnet (Nickel oxide). Previous studies have shown this
combination to exhibit a sharp electronic transition [262], [263],
implying a sharp structural interface, too. In the latter, a gradual
disorder transition zone from oxide to metal may form [264],
[265] if the interface cannot be passivated prior to deposition

Fig. 26. Magnetic domain patterns in a 15 monolayer NiO film on top of a
single crystal template. (a) Domain structure in ob-

tained from XMCD at the Fe edge. (b) XMCD image at the Ni edge
(comparing opposite light helicities and ), reflecting the induced ferro-
magnetic moments at the NiO side of the interface. (c) Antiferromagnetic do-
main pattern in NiO obtained with XMLD contrast and p-polarized light (elec-
tric field vector indicated) at the Ni edge (comparing two photon energies
corresponding to a multiplet splitting). (d) as (c), but acquired with s-polarized
light. The similarity of the domain patterns in and NiO indicates
a strong exchange coupling across the interface (From [267]).

(see, e.g. [266]). In addition, this combination exhibits also a
low lattice mismatch.

The magnetic contributions from ferri- and antiferromagnet
can be conveniently separated by exploiting the XMCD and
XMLD contrast mechanisms. Fig. 26 gives an example for a
full set of data that can be acquired from such a system. The
experiments have been carried out by means of photoemission
microscopy, using a variable polarization undulator beamline
(UE-56-SGM) at BESSY (Berlin) [267]. The XMCD contrast
images taken at the Fe and Ni absorption edges, respectively,
reflect the domain pattern in the Magnetite single crystal in the
region close to the interface and a ferromagnetic contribution in
the NiO film. It is known that the proximity of the ferrimagnet
leads to a polarization in the antiferromagnet, which quickly de-
cays away from the interface. In both images the contrast ex-
hibits four distinct levels, which can be assigned to four in-plane
magnetization directions marked by the arrows. These direc-
tions are consistent with the in-plane easy axes for the (011)
surface of Magnetite.

The XMLD contrast from the NiO overlayer (15 monolayers
thick) is more subtle. It is obtained by comparing difference im-
ages recorded at two slightly different photon energies (872 and
873 eV) corresponding to two multiplet-split states [268]. The
resulting domain configuration is a replica of the XMCD pat-
tern, however, with only two distinct contrast levels. The XMLD
distinguishes only the alignment of the spins along a direction
in space, but not the orientation, indicated by the bidirectional
arrows in the figure. As a consequence opposite spin orienta-
tions will result in the same XMLD contrast level, even in a
ferromagnet. At the domain walls, however, the spin alignment
changes, giving rise to a line contrast between domains of the
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Fig. 27. Calculated XMLD contrast for all possible orientations of the spins
in the NiO overlayer as given by the angles for p- (top) and s-polarized
(bottom) light. The inset gives the experimental XMLD domain patterns on a
selected area of the sample surface, recorded with p- (top half picture) and s-po-
larized light (bottom half picture). The two types of domains (I and II) have
orthogonal spin orientations. In addition, we have indicated the positions of
high-symmetry crystalline axes. The contrast levels to be expected for collinear
and spin-flop coupling are marked by and , respectively (from [267]).

same alignment. This line contrast is clearly visible in Fig. 26(c)
and marks the position of the domain walls in the ferromagnet.

The ideal bulk-truncated (011) surface of NiO is spin-com-
pensated, i.e., there is no residual magnetic moment in the
lattice plane. For this situation theory predicts a 90 - or
spin-flop coupling between the two magnetic constituents
[269]. The situation depicted in Figs. 26(a) and (c), however,
describes a collinear coupling between the ferro- and antiferro-
magnet, i.e., the spin orientation axis in the ferromagnet aligns
parallel to the spin alignment directions in the antiferromagnet.
The reason for this behavior may be sought in a deviation of
the magnetic structure in NiO from the ideal bulk truncation.
The data in Fig. 26(b) clearly show that the interfacial region in
NiO has some residual ferromagnetic spin alignment caused by
the proximity effect. In addition, the epitaxial strain imposed
in the film by the nonzero lattice mismatch to the substrate
may also lead to an alteration of the NiO spin structure in the
interfacial region. In fact, the results of studies on the (001) and
(111) oriented interfaces in the same material system suggest
that magneto-elastic interactions in both the ferromagnet and
antiferromagnet may not be negligible [270].

In order to arrive at the conclusion of collinear coupling in
the case of particular care must be taken in

the interpretation of the XMLD contrast levels. From the im-
ages it can be seen that the contrast observed with p-polarized
[Fig. 26(c)] and s-polarized light [Fig. 26(d)] is not only dif-
ferent in magnitude, but also changes sign. The reason for this
strong variation of the XMLD contrast is the single-crystallinity
of the sample, which requires the crystalline directions to be
taken explicitly into account in the analysis. As a consequence,
the XMLD signal depends on the relative orientation of light
polarization, spin quantization axis in the antiferromagnet, and
symmetry axes in the crystal. As has been pointed out recently,
this situation asks for a detailed analysis of XMLD spectro-
scopic data recorded in different experimental geometries to un-
ambiguously deduce the spin alignment in the antiferromagnet
and a comparison to calculated spectra [271].

The result of such an analysis is depicted in Fig. 27, which
compiles the calculated XMLD contrast levels for the exper-
imental geometry (25 angle of incidence) and any arbitrary
orientation of the spins in NiO (given by the two angles )
for - and -polarized light. In order to arrive at this contrast
level map, in a first step two so-called fundamental spectra are
calculated from ab-initio multiplet theories for the geometries

and , with the electric field vector
, the spin axis , and two orthogonal cubic symmetry axes

and , respectively. From these fundamental spectra the
XMLD contrast map can be constructed using formalisms as
described, for instance, in [271]. It is instructive to compare
the two limiting cases of collinear and spin-flop coupling

, which are marked in the graph, in a qualitative manner.
If we take the contrast levels for the two orientations of the
antiferromagnetic domains (I and II) for s-polarized light, for
instance, spin-flop coupling should lead to type I (II) do-
mains appearing bright (dark). The experiment obviously yields
the opposite result, which provides a clear argument against
spin-flop coupling. The results obtained for s- and p-polariza-
tion are much more consistent with the collinear coupling ar-
rangement. This is confirmed by the quantitative analysis of the
contrast levels for all domain orientations on this surface.

Finally, we are returning to the proximity effect discussed
above. In Fig. 28, we show a compilation of XMCD mi-
crospectra from the system. These have been
extracted from image series taken as a function of photon
energy across the and edges, exploiting the
fact that opposite magnetization directions lead to an XMCD
contrast inversion. The fine structure of the spectrum
seen in Fig. 28(a) is well-known to be a consequence of an
atomic multiplet splitting. The difference in signal height be-
tween domain sets I and II arises from the different projection of
the magnetization vector onto the direction of light incidence.
In the same way, the XMCD from the NiO-overlayer can be
analyzed in order to locate the origin of the XMCD response.
The spectrum at the Ni edges is characterized by single lines
[Fig. 28(c)] and the signatures closely resemble the data of
van der Laan for [272]. Indeed, the formation of a

layer at the interface cannot be excluded, as the Ni
ions have the same octahedral oxygen coordination and this
phase can be obtained by a simple reconstruction of the sharp

interface [273]. Comparing different thicknesses
of NiO we find a strong signal at room temperature already
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Fig. 28. XMCD microspectra from the system for the (a) and edge (c) derived from the regions of interest 1–4 and
as indicated in (b) and (d). In order to improve the signal/noise, spectra from opposite magnetization directions have been combined appropriately ([1–2],

[3–4], ). In (c) also the XMCD spectra for two different NiO overlayer thicknesses of 0.5 ML and 35 ML are compared (From [267]).

at a coverage of 0.5 monolayers. Since the Néel temperature
of such a thin NiO overlayer is far below 300 K [274], this
ferromagnetic order must be entirely due to the proximity to
magnetite. For the 35 ML film the situation is different, as the
bulk of the film is antiferromagnetically ordered—confirmed
by the XMLD results. Therefore, the XMCD signal stems from
a residual ferromagnetic component at the interfaces (ferro-
magnetic defects in the bulk of the film can be ruled out as the
overlayers are stoichiometric). Further analysis reveals the size
of the Ni XMCD signal to be compatible with an interfacial
ferromagnetic NiO layer of about 1.7 ML thickness.

These results suggest that the oxidic heteromagnetic system
forms a sharp interface with an ultrathin magnetic

transition zone and can therefore be regarded as a model system
for FM-AFM coupling phenomena. This example illustrates the
wealth of information, that can be obtained from a heteromag-
netic system using the various kinds of dichroic phenomena with
circularly and linearly polarized light.

C. Nanomagnetic Structures

The photon-in/photon-out counterpart to photoemission
microscopy may be seen in transmission X-ray microscopy. Its
magnetically sensitive variant—magnetic transmission X-ray
microscopy (MTXM)—uses mainly X-ray magnetic circular
dichroism (XMCD) as a magnetic contrast mechanism. In the
following, we will discuss the current status of this technique
with a focus on magnetic imaging in the scanning mode.

High resolution MTXM, i.e., with a spatial resolution well
below 100 nm, started in 1996 at the full-field transmission
X-ray microscope (TXM) of the synchrotron source BESSY I in
Berlin. With this setup magnetization reversal processes in thin
out-of plane magnetized films [291]–[293] and magnetic nanos-
tructures [294], [295] have been investigated. Later the tech-
nique was successfully implemented at a bending magnet beam-
line [296] of the Advanced Light Source (ALS) [297]–[313],
including studies of in-plane magnetized samples [298], [302],
imaging of bits in magneto-optical media with 25 nm lateral
resolution [299], [301], and investigations of the magnetization
dynamics in microstructures [309]. Beyond these studies which

have been carried out in the full-field mode, also scanning trans-
mission X-ray microscopes (STXM) have been employed for
magnetic imaging. A first approach involved a linear undulator,
the light of which was passed through a magnetic film acting as
a Faraday circular polarizing filter [314]. Carrying out STXM at
an elliptical undulator beamline [315], however, unfolds many
new opportunities in MTXM [316]–[322], especially with re-
spect to magnetization dynamics [316]–[320], highly sensitive
detection schemes [317], [321], and XMCD spectromicroscopy
[321], [322].

The sensitivity of MTXM scales with the XMCD contrast,
which depends on the degree of circular polarization , and
the spectral resolution. Helical undulators provide intense,
highly coherent X-rays with ranging between 0.9 and 1 and
are thus ideal sources for magnetic STXM. In TXM, however,
the coherent undulator radiation causes disturbing interference
fringes, which can only be avoided by sophisticated designs
[323]. On the other hand, bending magnet radiation has a much
lower degree of spatial coherence and is thus more favorable
for TXM applications. As a limitation, the lower photon flux
prevents the use of a crystal monochromator, having a ten
times higher spectral resolution than the alternatively
used zone-plate monochromator, see Table I. In addition, the
necessary compromise between intensity and degree of circular
polarization limits to values between 0.6 and 0.8. Neverthe-
less, this is sufficient to resolve magnetic domains in films with
an effective thickness of 2 nm and below in TXM. Even higher
sensitivity can be reached in STXM, where , and
the photon flux are superior. This and the ability to normalize
images taken with left and right circularly polarized light
without artifacts due to changes in the spatial distribution of the
illumination allows a detection of very small magnetic signals.
An impressive demonstration has been given recently by a
study of proton irradiated carbon, where a magnetic moment
of less than Bohr magneton per atom was sufficient to
provide magnetic contrast in STXM [321].

The spatial resolution in transmission X-ray microscopy is
largely determined by the outermost width of the used micro-
zone plate (MZP). State-of-the-art nano-lithography has been
able to construct zone plates with a lateral resolution of better
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TABLE I
COMPARISON BETWEEN TXM AND STXM AS OPERATED AT THE ALS. THE PARAMETERS OF THE XM-1 BENDING

MAGNET BEAMLINE 6.1.2 AND THE STXM AT THE ELLIPTICAL UNDULATOR BEAMLINE 11.0.2 ARE LISTED.
THE ABBREVIATIONS: OP, IP AND STAND FOR OUT-OF-PLANE, IN-PLANE AND DIAMETER, RESPECTIVELY

than 15 nm [324]. Generally, it is easier to obtain nanometer spa-
tial resolution in TXM where the sample is fixed, than in STXM
where it has to be scanned. However, interferometric control of
the MZP and the sample stages [315] enables about equally high
lateral resolution in scanning and in full-field mode.

For time-resolved studies there is an important difference be-
tween the full-field and the scanning mode: TXM uses a two-
dimensional detector, i.e., a CCD camera that has a readout
time of about one second. In contrast, in STXM experiments a
fast point detector can be used. Avalanche photodiodes are fast
enough to detect single X-ray photons. Combined with high-
speed electronics this allows pump-probe experiments in the
normal (multi-bunch filling) mode of the ring even for samples
having longer relaxation times than the repetition rate of the syn-
chrotron pulses [325]. A large gain in available beamtime results
from this approach, since at the ALS the two-bunch filling mode,
which is necessary for pump-probe experiments in TXM [309],
is only provided two times a year. This and other advantages of
STXM, like the high sensitivity, recently boosted a number of
studies on the dynamics of vortex cores in patterned magnetic
systems [316], [318]–[320] and on current-induced switching of
magnetic nanostructures [317].

Since the XMCD contrast is proportional to the projection of
the magnetization on the X-ray propagation direction, out-of-
plane magnetization components are probed, if the sample plane
is perpendicular to the beam. By tilting the sample with respect
to the optical axis also in-plane components can be detected. At
the XM-1 beamline such a tilting is as easy as changing a sample
and takes only a few minutes. In the STXM of beamline 11.0.2
the whole scanning stage has to be tilted and aligned again,
which takes about one hour. An important feature of MTXM is
the ability to study magnetization reversal processes by imaging
in applied magnetic fields. This is possible, since MTXM is a
photon-in/photon-out based technique, where applied magnetic
fields do not disturb the magnetic imaging, in contrast to other
high resolution techniques that detect electrons, like Lorentz mi-
croscopy, photoemission electron microscopy (PEEM), or scan-
ning electron microscopy with polarization analysis (SEMPA).
The size of applicable magnetic fields in MTXM is only lim-
ited by the available space around the sample stage. Currently,
at the XM-1 magnetic fields with strengths of up to 5 kOe
and 1 kOe can be applied perpendicular and in the sample

plane, respectively. Since recently, magnetic fields of compa-
rable strength (see Table I) can also be applied at the STXM
of beamline 11.0.2. This enables measuring of element selec-
tive, local magnetization loops, as will be demonstrated in the
following.

A multilayered
system has been deposited on top of self-assembled silica
spheres with a diameter of 330 nm. Fig. 29(a) shows an STXM
image of the particles. A close-packed, hexagonal arrangement
is visible in the area marked by a square. This region has been
recorded both at the Fe absorption edge (707 eV) and at
the Gd absorption edge (1190 eV). Images taken with left
and right circularly polarized X-rays have been normalized in
the XMCD images of Figs. 29(b) and (c), presenting the Fe
and Gd magnetization, respectively. The reversal of the con-
trast is a sign for an antiparallel coupling between Fe and Gd
magnetic moments. To study the details of this coupling scans
along the line marked in 29(a) in were performed different
external magnetic fields. This was done both at the Fe and
at the Gd absorption edges and for both helicities of the
X-rays. The resulting series of line-field scans is presented in
30(a), (b), (d), and (e). The recording time for each scan is
less than two minutes. Figs. 30(c) and (f) show the respective
XMCD contrast [325] at the Fe and Gd edges, respectively. In
order to extract local magnetization loops of the nanocaps and
the flat substrate, the signals in the areas marked by rectangles
are averaged and plotted in Fig. 31. These loops reveal that
the film on the flat substrate shows a Gd aligned state with an
antiparallel coupling between Fe and Gd magnetic moments
[322]. In contrast, the nanocaps possess an Fe aligned state for
fields below 11 mT and above a canted state, where Fe and Gd
moments are under an angle with respect to the field.

To summarize, in the first decade after its invention MTXM
developed into a powerful tool for studying magnetization re-
versal processes and magnetization dynamics in thin films or
nanometer sized magnetic systems in an element selective and
quantitative way. In the soft X-ray regime the MTXM technique
is currently performed at the TXM (beamline 6.1.2) and the
STXM (beamline 11.0.2) of the ALS. Recently, first MTXM
images have also been reported from the Swiss Light Source
using the STXM at the PolLux bending magnet beamline [327].
The future of MTXM is bright, as a new STXM, dedicated for
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Fig. 29. Silica spheres with a diameter of 330 nm are covered with a Fe/Gd
multilayer. a) Overview image. XMCD images of the marked region show mag-
netic domains of the nanocaps taken at b) the Fe absorption edge and c) at
the Gd edge.

Fig. 30. A 2 long scan (ordinate) along the line marked in Fig. 29(a) is
repeated at different magnetic fields (abscissa), ranging from 55 mT to
55 mT and back again to 55 mT. The figures at the left (right) column have
been taken at the Fe (Gd ) absorption edge. Right circularly polarized
X-rays were used for (a) and (d), left circularly polarized light for (b) and (e).
The Fe and Gd XMCD contrasts are presented in (c) and (f), respectively.

magnetic imaging is currently being build at a helical undulator
beamline of the German synchrotron BESSY II in Berlin and
another one is planned at the French Synchrotron SOLEIL.

D. Lensless Imaging

In the application examples of synchrotron radiation so far,
the brightness and the variability of the light polarization have
played a major role. One has to keep in mind, however, that
the radiation generated in third generation sources is already
partially coherent. As is well-known from classical optics, co-
herent light enables a use of the phase information in an imaging
process, for example, in holography. Exploiting the coherence

Fig. 31. Element selective magnetization loops. For clarity only one branch,
measured from negative to positive magnetic field direction, is shown. The
curves reveal different spin configurations of the Fe and Gd moments. A tilted
state is observed at the nanocaps for magnetic fields above 11 mT [322].

of soft X-rays therefore opens up a pathway for novel experi-
ments.

It was indeed shown recently that holography with soft
X-rays is feasible and provides high resolution images of the
local sample magnetization [275], similar to X-ray micro-
scopies [276]. In this approach a coherent X-ray beam from
a synchrotron radiation source is used to record a Fourier
Transform Hologram (FTH), which leads to an image by means
of direct Fourier inversion. This is achieved by lithographically
defining a proximity X-ray mask structure directly on the
sample to be studied, thus defining an object area (= field of
view, FOV) and a suitable reference beam. A practical way to
produce such a structure is by focused ion beam milling [275].
In practice, many object areas with respective references can
be integrated in one sample and imaged during the same expo-
sure, allowing a multiplexed data acquisition of entire sample
arrays [279], [280]. So far, all soft X-ray FTH experiments are
carried out in transmission geometry, with samples supported
by thin membranes. Magnetic contrast is obtained by X-ray
magnetic circular dichroism (XMCD) or X-ray magnetic linear
dichroism (XMLD) by choosing a suitable X-ray polarization
and resonant scattering conditions at an absorption edge of
interest [281], e.g. by tuning the photon energy to the Co

resonance in the examples presented in Fig. 32. As in all
scattering-based imaging techniques, the spatial resolution
is limited by the wavelength and the maximum recordable
scattering angle (numerical aperture). With many suitable
resonances (e.g. 2p levels of 3d transition metals) providing
strong magnetic contrast in the 1 nm–2 nm wavelength regime,
the spatial resolution today is in practice limited by (i) the
coherent X-ray photon flux and (ii) the lateral size of the refer-
ence scatterer (which is directly proportional to the obtainable
spatial resolution unless its shape/transmission is known). The
holographic imaging approach using magnetic contrast via res-
onant X-ray scattering has the following characteristics, which
make the spectro-holography well suited for domain imaging
and magnetic switching studies on the sub 100 nm length scale.

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 4, 2009 at 07:24 from IEEE Xplore.  Restrictions apply.



DÜRR et al.: A CLOSER LOOK INTO MAGNETISM 43

i) Best lateral spatial resolution today: 30 nm–50 nm, [275],
[287]. limited by the reference size and the scattering
signal (which is in turn typically limited by the coherent
X-ray flux).

ii) Element specificity coupled with penetration depths on
the order of 1 , allowing to study buried structures.
The image is a projection through the sample [277].

iii) High imaging sensitivity due to vibration insensitivity
thus allowing long exposure/integration times (e.g. the
magnetic moment of 2 nm thick Co layers in a 250 nm
thick structure can be resolved).

iv) Ability to apply magnetic and electric fields during the
measurement.

v) Local magnetization and topography can be separated in
the images using the polarization/geometry dependence
of XMCD or XMLD.

vi) Flexible sample environment due to lack of technique dic-
tated space constraints around the sample; in particular
sufficient space to place/rotate bulky magnets around the
sample or to realize variable temperature conditions.

vii) Sample and reference multiplexing is possible allowing
to study entire sample series under identical conditions
[279], [280].

viii) The FOV has to be lithographically predefined, enabling
correlative microscopy with other techniques but pre-
venting to change the FOV during the measurement.

ix) The sample has to have sufficient soft X-ray transmis-
sion, i.e it has typically to be thinner than 1 and free
standing or on a (e.g. ) membrane.

x) Both amplitude and phase contrast is accessible simulta-
neously [282].

xi) The transmission geometry is particularly well suited to
study magnetic materials with perpendicular anisotropy
using circularly polarized X-rays.

Examples for magnetic domain images recorded by FTH at
BESSY are presented in Fig. 32. In panel (a), three images
out of a switching sequence of a mul-
tilayer are presented [283]. A series of images along a hys-
teresis loop allows to follow the domain evolution during mag-
netization reversal. The switching behavior of magnetic mul-
tilayers on a monolayer of polystyrol nanospheres of approx-
imately 110 nm diameter was studied in the images selected
for panel (b) [284], [285]. The magnetic multilayer composi-
tion is , i.e., the depth integrated Co thick-
ness amounts to 2.8 nm. Due to the existence of the mask, the
holographic images of the switching behavior can be unam-
biguously correlated with SEM images of the sample topog-
raphy. As a result, the structure-function relationship (e.g. in-
fluence of shape, size, or relative orientation of the nanostruc-
tures on their switching behavior) can be investigated in great
detail [286]. The images in panel (c) are part of a switching study
on prototype structures for lithographically patterned magnetic
data storage media, consisting of 50 nm 50 nm square mag-
netic multilayer structures on a 100 nm
pitch. The spatial resolution in the magnetic images obtained by
spectro-holography is 30 nm [287].

Fig. 32. Greyscale magnetization maps obtained by spectro-holographic
imaging. (a) Part of a switching sequence of a multi-
layer with perpendicular anisotropy, recorded in applied external fields (from
[283]). The circular FOV is 1.5 . (b) Magnetic multilayers on polystyrene
nanospheres are seen in SEM (left) and their magnetic
switching behavior is imaged holographically. The circular FOV is 910 nm
(from [286]). (c) Prototype patterned storage medium consisting of 50 nm
squares on a 100 nm pitch. Left: SEM, middle and right: spectro-holograph-
ically obtained switching patterns in remanence after the indicated field had
been applied (FOV diameter 910 nm) (from [287]). The overlays in panels (b)
and (c) are derived from the SEM images and allow a clear correlation between
the nanostructure topography as seen in SEM and the magnetization map as
seen in holography. The greyscale within the FOV of the holographic images
corresponds to the projection of the magnetization onto the sample normal.

While in the examples Fig. 32 “slow” dynamics driven by
external fields has been investigated (as is relevant for storage
applications), one should point out that the need to integrate
the sample with a micro- and nanostructured mask is compat-
ible with the definition of micro-strip lines, micro-coils etc. as
part of this mask. As a result, magnetic pump-probe experi-
ments can be realized to access picosecond dynamics of repeti-
tive magnetic relaxation processes with the probing characteris-
tics listed above, which may be an interesting complement to
PEEM studies (see below) as they would allow one to study
buried structures.

As an interference-based technique dependent on coherent
photon flux, X-ray holography will benefit tremendously from
the free electron laser based X-ray sources under construc-
tion worldwide today. Because the available coherent photon
flux will be increased many orders of magnitude over what
is available at storage ring based synchrotron sources today,
significantly improved spatial resolution and sensitivity can be
expected. Furthermore, the sub-100 fs pulsed nature of these
sources will make holographic snapshot imaging possible, as
a single pulse has sufficient coherent photons to generate an
image [278]. In this way, femtosecond dynamics will become
accessible, provided that the problems of sample damage due
to the intense FEL radiation can be overcome or circumvented,
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so as to allow for a repeated imaging of the same sample.1
The prospect of being able to take “femtosecond still pictures”
with possibly sub-10 nm resolution is particularly intriguing in
order to image the spontaneous magnetization in the absence
of external fields. In this way, it may e.g. become possible to
directly observe locally correlated areas of fluctuating spins,
such as “the dance” of spin blocks at magnetic phase transitions
[288]–[290].

VII. TIME-RESOLVED STUDIES OF MAGNETISM

The dynamic behavior of a magnetic system covers an
extremely broad range of more than 20 orders of magnitude.
A technically defined value for the data retention time in a
magnetic storage system is 10 years. On the other end of the
time scale we have microscopic processes dominated by the
exchange interaction on a time scale of femtoseconds. In be-
tween lies a wealth of different dynamical phenomena ranging
from magnetic creep, through domain nucleation and domain
wall motion to spin waves and precessional movements of the
magnetization.

The fundamental mechanisms governing the magnetization
dynamics on the nano- and picosecond timescales are still only
partially understood. An intense research activity in this field
is directed towards the ultimate speed limits of magnetization
reversal and alternative switching strategies, for example, by
employing spin-polarized currents or intense photon fields. The
knowledge on fast magnetic switching is also of enormous tech-
nological importance for applications in magnetic data storage
and spin electronics.

The intrinsic time structure of the synchrotron radiation, pro-
viding picosecond light pulses with several hundred MHz repe-
tition rate, recently enabled a unique element-selective approach
to magnetodynamics, which has been particularly exploited in
time-resolved magnetic imaging experiments. For reasons of
convenience, in the following we will distinguish between mag-
netodynamics and spin dynamics. Magnetodynamics relates to
the dynamic response of the magnetization in a continuum-type
picture and is very successfully described within the Landau-
Lifshitz-Gilbert framework. In this context also spin waves fall
into the regime of magnetodynamics. Spin dynamics, on the
other hand, rather denotes the excitation and response of indi-
vidual spins on an electronic time scale, i.e., in the femtosecond
regime.

A. Magnetization Dynamics in Small Elements

The investigation of magnetodynamic processes in thin films
has been pioneered by stroboscopic Kerr microscopy [3]. Based
on these experiences, recently a time-resolved version of soft
X-ray photoemission microscopy has been developed [328],
providing an element-selective approach to magnetization
dynamics. In the simplest case, time-resolved PEEM involves
an accumulated imaging of the magnetic structure, while the
system is “pumped” by magnetic field pulses synchronized with
the soft X-ray pulses from the synchrotron (“probe”). The time
resolution in this mode is mainly determined by the width of the

1The authors in [278] estimated the FEL pulse of 25 fs duration employed to
take the hologram to heat up the sample to a temperature of about 60,000 K.
This caused the sample to immediately vaporize after the data had been taken.

Fig. 33. Schematics of a time-resolved PEEM (TR-PEEM) experiment. The
synchronizing clock signal is derived from the high frequency power circuit
used to reaccelerate the electrons in the storage ring. A delay generator provides
a variable delay between pump (magnetic field) and probe (light) pulses.

synchrotron light pulse (of the order of 50 ps) and the temporal
development of the magnetodynamic process is followed by
changing the time delay between the magnetic pump and the
photon probe pulse (Fig. 33). More elaborate configurations
use image detectors with intrinsic time-resolution [329]. In
order to obtain a steep rise time of the magnetic field pulse,
the samples are placed onto coplanar waveguides or in the
center of a micro-coil. The current through the waveguide can
be conveniently controlled by electrical pulse generators or
by means of photoconductive switches (fast photodiodes or
“Auston switches”) triggered by laser pulses. In this way, a rise
time down to a few 10 picoseconds can be achieved [330]. A
variable delay between magnetic pump and optical probe is
realized either by an electrical delay generator or an optical
delay stage.

Combining the high lateral resolution provided by PEEM
with the short timescale defined by the synchrotron radiation
pulses give a unique access to magnetodynamics and the ex-
periments carried out so far have revealed a wealth of micro-
magnetic processes in the nano- and picosecond regime, ranging
from nontrivial vortex dynamics to entropy-driven domain wall
motion [331]–[337]. In the following, we will discuss only a few
selected examples.

The velocity of magnetic domain walls is an important issue,
as the nucleation of domains and the motion of domain walls
are at the core of most magnetization reversal processes. The
speed with which domain walls are moving depends strongly on
material, geometry, and the actual reversal process, and may be
a limiting factor in novel logic or storage devices based on do-
main walls [338], [339]. In Fig. 34, we display the example for a
Permalloy microstructure, which has been excited with bipolar
pulses of about 2 mT total amplitude and 300 ps FWHM at a
repetition frequency of 500 MHz. In response to this excitation,
the domain wall oscillates around an dynamic equilibrium posi-
tion. It may be noted that this equilibrium position is consider-
ably displaced from the center of the structure. The latter effect
is caused by an entropy-driven mechanism involving the fun-
damental precessional mode of the domain magnetization and
leading to a “self-trapping” of the domain wall [335]. Following
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Fig. 34. Domain wall motion in a rectangular Permalloy microstructure
( , 10 nm thick). Letters a to h refer to a sequence of individual
PEEM images with increasing time delay, from which the displacement of
the wall has been determined (see sketch). From [328].

the displacement of the wall from this equilibrium position
as a function of time, we find a characteristic behavior, which to
a good approximation can be described by a linear dependence.
From this linear dependence we can extract a value for the do-
main wall velocity . This is more than an order
of magnitude higher than values calculated for a quasi-static re-
versal process involving a solitary 180 Néel wall [340] in a
Permalloy film of similar thickness, but only a factor of 2–3
higher than in other experimental reports [341] and still below
the Walker limit [342]. In future experiments, the time-resolved
PEEM technique may also be used to determine the wall ve-
locity in other nanomagnetic structures, such as small magnetic
rings or nanowires.

Another issue of general importance in magnetodynamics is
the non-uniformity of the dynamic response. It is well-known
that in some cases this response follows a coherent precessional
motion of the magnetization, i.e., it can be described by a simple
macrospin model on the basis of the Landau-Lifshitz-Gilbert
(LLG) equation [343]. In particular, if microstructured elements
are considered, however, we have to take into account the forma-
tion of characteristic spin wave modes, the structure and eigen
frequencies of which depend on the size and shape of the ele-
ment [344]. Their quantitative description requires a full micro-
magnetic simulation of the magnetic system under investigation.
For a given sample the general question will thus be how large
the role of these modes is or in other words how strongly the
system deviates from the macrospin model.

In Fig. 35, we compile the results obtained on the magneto-
dynamics of the top Permalloy layer of a complex spin valve
system [345]. The sample consisting of microstructured ele-
ments ( and ) has been excited with unipolar
field pulses of 250 ps width at a repetition frequency of 500
MHz. The static ground state of the structure corresponded to a
“S” state.

The dynamic response reveals two distinctly different con-
tributions. The first contribution shows up as a homogeneous
change of the dichroic contrast in the images (center rows in
Fig. 35) as a function of time delay . The change from grey
to white up to is due to an almost coherent rota-
tion of the magnetization into the direction of the applied field.
Note that this maximum of the precessional motion is reached
long after the pulse field has been switched off. This tran-
sient state is followed by a damped oscillatory relaxation of the
system, which is responsible for the black contrast at around

Fig. 35. Time-resolved photoemission microscopy from the magnetodynamics
in a spin-valve system. The center part reproduces the temporal development of
the soft layer magnetization dynamics in steps of 200 ps responding to field
pulses at 500 MHz repetition frequency. Side panels compile line scans of the
magnetic contrast level across the diamond (a) and the ellipse (b) along the lines
marked in the top image. After [345].

, indicating the average magnetization to point
oppositely to the direction of the driving field . This be-
havior is consistent with the expectation from the macrospin
model.

In order to separate the second contribution resulting from
nonuniform motions of the magnetization, it is necessary to take
line scans across the structures along the white lines indicated in
Fig. 35. These line scans reveal that the diamond-shaped and el-
liptical particles behave quite differently. The magnetic contrast
in the elliptical particle is almost the same over the center part of
the element and decreases sharply at the edges. In the ideal case
of a uniform precessional mode the contrast level in the center
region of the element should be a plateau, i.e., constant. The
small deviations from a constant value leading to a broad max-
imum in the center of the ellipse may indicate the presence of
weak nonuniform precessional modes. These nonuniform exci-
tations show up much more pronounced in the diamond-shaped
particle, however, where they lead to clear maxima and minima
[indicated by the arrows in Fig. 35(a)] in the line scans. Further
analysis shows that these extrema correspond to well-defined
standing spin wave modes with two nodes along the direction
of . In the elliptical element this mode is apparently sup-
pressed. This behavior could be also qualitatively reproduced in
micromagnetic simulations [345].

This example highlights the complex interplay of uniform and
nonuniform motions of the magnetization in small magnetic ele-
ments, the understanding of which requires a magnetic imaging
technique with both high lateral and high time resolution. The
element selectivity will be mandatory, if the influence of mag-
netic coupling mechanisms on the magnetodynamics in layer
stacks is to be addressed.

B. Vortex Dynamics

Both X-ray photoemission and transmission microscopy have
been involved in dynamics studies of very fundamental micro-
magnetic structures in thin film systems. One of these funda-
mental structures is a so-called vortex. It forms, for example,
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in circular micro-and nanostructured magnetic elements of cer-
tain thickness and size. The investigations have shown a vortex
to have a unique dynamic behavior, which involves processes
on a time scale ranging from a several nanoseconds down to a
few picoseconds. The vortex core plays a pivotal role in the dy-
namic response of the entire magnetic system. The core is a pe-
culiar structure on a length scale of the order of 10 nm, in which
the magnetization turns perpendicular to the film plane [346],
[347]. The direction of the core magnetization—it’s polariza-
tion—can point up or down and is independent of the rotation
sense of the vortex magnetization. This very small perpendicu-
larly magnetized region affects the dynamics of the entire mag-
netic vortex on a much larger length scale. This becomes already
apparent when analyzing the fundamental excitation mode of a
magnetic vortex. This is a gyrotropic motion where the posi-
tion of the vortex core rotates with relatively large amplitude
(up to a few 100 nm), but low frequency (several 100 MHz)
around the equilibrium position in the center of the element. The
sense of the rotation is unanimously determined by the orienta-
tion of the core magnetization pointing up or down. This gy-
rotropic motion has been first theoretically predicted [348] and
later confirmed in time-resolved X-PEEM experiments [332].
In addition to this gyrotropic rotation, however, also symmetric
precessional modes in the GHz frequency regime have been ob-
served [349] in circular vortex structures. In this latter case, the
system has been excited by short magnetic field pulses perpen-
dicular to the film plane. Detailed experiments with time-re-
solved X-ray transmission microscopy [318] showed for the first
time that the core polarization can be switched between the up
and down configuration by means of a small oscillatory external
field, provided that the resonant excitation of the vortex is suffi-
ciently strong. This observation has been interpreted in terms of
a complicated sequence of vortex-antivortex creation and anni-
hilation steps [350]. Extensive micromagnetic simulations have
confirmed this microscopic origin of the core switching process
[351], [352]. They have also evaluated the time evolution of
the vortex core reversal. As a result, the reversal is found to be
driven mainly by the exchange interaction and is therefore pre-
dicted to take place on a time scale of only a few 10 ps. Further
simulations also predict that the same microscopic processes are
also involved if the core reversal is initiated by short pulses of a
spin-polarized current [353]. The extraordinary speed of the re-
versal stimulates considerations to use this ultrafast process in
vortex core memories (VRAM) [354].

C. Ultrafast Spindynamics

The rapidly increasing information density required of
modern magnetic data storage devices raises the question of the
fundamental limits in bit size and writing speed. Presently the
magnetization reversal of a bit can occur as quickly as 200 ps
which is governed by the reversal mechanism and the applied
magnetic field pulse shape [355]. A fundamental limit has been
explored by using intense magnetic field pulses of 2 ps duration
leading to a nondeterministic magnetization reversal [356]. For
this process dissipation of spin angular momentum to other
degrees of freedom on an ultrafast timescale is crucial [356].
An even faster regime can be reached by heating a magnetic bit
with an intense femtosecond (fs) laser pulse. If these processes

are understood and controlled this might pave the way for an
increase in the writing speed of magnetic data storage systems
by a factor of up to .

When energy is pumped into electronic excitations of a metal
via absorbing a fs optical laser pulse it takes time to reestablish
thermal equilibrium. This timescale is ultimately determined
by energy transfer from the electronic system to the lattice. If
for ferromagnetic metals laser excitation should also lead to
an ultrafast quenching of the ferromagnetic order [359], [360],
angular momentum conservation dictates that an exchange of
spin angular momentum with a reservoir such as the lattice has
to occur [358], [360]–[363]. However, there is considerable
disagreement about the timescale for such spin-lattice relax-
ation. It was established early that spin-lattice relaxation should
proceed on timescales 100 ps [360], [362]. Such values are
also obtained from the damping of magnetization precession
[355], [356], [358]. There is growing evidence, although no di-
rect observation, that on the fs timescale the magnetic moment
is affected by laser heating [359], [363]–[365]. Even on the fs
timescale total energy and angular momentum are conserved.
It is debated whether the reduction of the magnetic moment,
which corresponds mainly to spin angular momentum, occurs
via spin-orbit coupling during coherent laser excitation [357]
with an angular momentum transfer from the spins to the elec-
tron orbits or via a fs spin-lattice relaxation mechanism [358].

The first experiments in this field [366] aimed at addressing
these issues by using circularly polarized soft X-ray pulses of
100 fs duration to determine the temporal evolution of spin
and orbital angular momentum in ferromagnetic Ni after op-
tical fs laser excitation. As will be shown in more detail in the
following, using X-ray magnetic circular dichroism (XMCD)
one observes that the spin angular momentum is quenched on a
timescale of 120 70 fs and that electron orbits do not act as a
reservoir for angular momentum. These results demonstrate the
existence of a novel fs spin-lattice relaxation channel.

The laser-pump—X-ray probe experimental setup is sketched
in Fig. 36 [366]. A fs laser (wavelength 780 nm, repetition
rate 1 kHz, pulse energy 2.5 mJ) modulates the stored electron
bunches in the modulator which subsequently generate fs
X-ray pulses in the radiator. The sample is excited by part
of each laser pulse (15%) via a variable delay. Transmitted
X-rays are detected by an avalanche photodiode behind the
sample. The angle between laser and X-ray beams is 1 . During
time-resolved measurements a mechanical chopper in the pump
beam is used to alternate measuring the X-ray absorption of
the laser-excited sample and the sample in thermal equilib-
rium with a repetition rate of 500 Hz. Inherent pump-probe
synchronization is achieved since the same femtosecond laser
is used to generate fs X-ray pulses and to excite the sample.
Contrary to previous femtoslicing sources [369] a helical un-
dulator enables complete polarization control of X-ray pulses
[367], [368]. These are used to stroboscopically probe the
electronic and magnetic state by means of XAS and XMCD
[50], [370], [371], respectively. The X-ray spot size on the
sample is smaller that the pump laser spot
size . The sample consists of a 30 nm Ni film
evaporated in-situ under ultrahigh vacuum conditions onto a
500 nm thick Al foil of lateral size. This results in
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Fig. 36. Sketch of the pump-probe setup as described in the text.

Fig. 37. XAS spectra obtained with circularly polarized femtosecond X-rays
at 60 incidence relative to the sample surface. A static magnetic field of 0.24
Tesla was applied along the X-ray incidence direction, resulting in the dashed
red and solid blue curves, respectively. The difference between these curves
corresponds to the magnetic circular dichroism.

an uncontaminated, homogeneous, polycrystalline film which
can be magnetically saturated in the film plane by applying a
magnetic field of as checked with static XMCD
measurements.

Fig. 37 shows X-ray spectra of the absorption recorded
with circularly polarized fs X-rays for opposite magnetization
directions in thermal equilibrium (at negative time delays). The
XMCD (not shown) is the difference between the two spectra.
Fig. 38 displays time resolved measurements of the XMCD
signal with the photon energy fixed at the Ni absorption max-
imum. At this photon energy and with an X-ray bandwidth of 3
eV the XMCD signal essentially corresponds to the integral over
the absorption edge. The XMCD signal measures selectively
the Ni magnetic properties [50], [370], [371]. From the curve we
find that it takes 120 70 fs to quench the ferromagnetic order
as determined from fitting the data to a three-temperature model
of energy transfer between electron, spin and lattice reservoirs
(line in Fig. 38) [366].

In transition metals sum rules relate the integral XMCD
signal to a linear combination of spin, , and orbital, , an-
gular momentum components along the magnetization direction
as [50], [370], [371]. The temporal evolution of

in Fig. 38 represents the first direct demonstration
that is transferred to the lattice on a 300 fs timescale and not to

. This can be visualized for the following scenario, considering
that in thermal equilibrium (at negative time delays in Fig. 38)

is typically only about 20% of [50], [370], [371]. The 80%
decrease of during the first ps is then mainly due
to the reduction of . If this change in were to be completely
compensated by , the quantity would actually in-
crease by about 20% in contradiction to the measurements. At

Fig. 38. (Top) Schematic illustration of the laser induced ultrafast spin-lat-
tice relaxation mechanism in analogy to the static Einstein-de-Haas experiment
[361]. (Bottom) Time-resolved XMCD signal with circularly polarized X-rays
incident at 60 relative to the sample surface versus pump-probe time delay
(symbols) measured at the edge maximum. The photon energy resolution
was 3 eV. Lines are fits of the three-temperature mode [359] to the data. The
pump laser fluence was 8 . The XMCD data shown in this figure are
normalized to the corresponding data taken without laser pump pulses. Taken
from [366].

present we cannot rule out a partial angular momentum transfer
to cannot be ruled out, but its contribution would have to be
below 10% of to keep within the statistical un-
certainty in Fig. 38. One can therefore conclude that the data in
Fig. 38 are only compatible with a substantial femtosecond spin
angular momentum transfer to the lattice, i.e., a fs spin-lattice
relaxation.

These findings demonstrate that the absorption of an intense
fs laser pulse opens up a novel ultrafast spin-lattice relaxation
channel. This relaxation process was unambiguously estab-
lished to proceed on a 120 70 fs timescale by probing the
evolution of spin and orbital angular momentum with polarized
fs soft X-ray pulses.

VIII. CONCLUSION AND PERSPECTIVES

This contribution highlights the versatility of synchrotron
radiation to the study of contemporary problems in magnetism.
Using the unique properties of synchrotron radiation, it is
possible to extract very detailed information about a magnetic
system, ranging from the spin structure to the electronic states,
and extending from the static magnetization configuration up
to excitations on the femtosecond timescale. As a particular
feature of the synchrotron radiation approach to magnetism,
both ferromagnetic and antiferromagnetic spin orderings can
be studied on an equal footing by exploiting circular and
linear magnetodichroic phenomena in transmission and re-
flection, thus providing an unparalleled access to magnetic
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heterostructures and hybrid systems. Magnetic proximity ef-
fects at interfaces can be addressed nowadays in a very detailed
manner. The sensitivity to interfaces may be even increased
in future experiments by implementing X-ray standing wave
(XSW) techniques [372], [373].

The current microscopy approaches using synchrotron light
already offer a lateral resolution down to the 20 nm regime. Very
soon this limit may be pushed further down by the use of aberra-
tion-corrected electron optics [374], [375] and improved X-ray
optical systems [324]. Also alternative concepts are explored,
such as the detection of photoexcited electrons with a scanning
tunneling microscope [376]. We may therefore expect to be able
in the near future to obtain element-specific magnetic informa-
tion on much smaller length scales than accessible today.

The intrinsic time structure of the synchrotron radiation from
storage ring facilities has already enabled a variety of novel
spectroscopic and imaging approaches to the high-frequency
dynamics in magnetic systems. The current time-resolution for
most of the experiments lies in the 10 ps regime and is limited
mainly by the width of the probing synchrotron light pulse rather
than by other experimental constraints. These experiments usu-
ally probe the reversible dynamic processes in the ferromagnet,
because the accumulation of many repetitions of the
pump-probe cycle is needed to obtain a sufficient signal-to-noise
ratio.

A significant improvement of the situation is expected by the
use of shorter X-ray pulses, which may be provided by peculiar
timing schemes in storage ring facilities (“femtosecond slicing”
[377]) or may be generated in free-electron lasers [25]. Provided
that the high peak intensity of the pulses can be controlled to
avoid sample damage and appropriate detectors are available,
even a “one-shot imaging” of a dynamic process may come
within reach. This will open a completely new avenue to study
fluctuations and space-time correlations in a spin system and to
separate deterministic from stochastic processes. A recent ex-
periment on a patterned solid-state sample has demonstrated the
feasibility of ultrafast diffractive imaging. The image was suc-
cessfully captured within the first 25 fs of a single light pulse
from the source FLASH (Hamburg), before the sample started
to deteriorate due to the large amount of energy absorbed [278].
An additional property of the FEL radiation is the high degree of
coherence, which will also enable new concepts for holography
experiments.
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