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Preface

Scientific investigations to understand the fascinating behavior of thin magnetic
films originating from fundamental quantum mechanical properties and particular
spin coupling phenomena already started in the 1970s. The exploitation of magnetic
films in technologies such as magnetic storage and sensor devices has received
enormous boost with the discovery of the giant magnetoresistance effect in 1988.
This discovery marks the beginning of the era of spintronics in which, beyond the
charge used so far exclusively for conventional electronics, the spin of the electrons
plays a dominating role. It also enabled to a large part the tremendous miniaturi-
zation of magnetic devices which became requisite for the plethora of magnetic
applications, ranging from supercomputers to simulate, for example, climate
changes to the zillions of entertainment gadgets allowing, for example, to watch
almost anywhere high-quality movies.

In view of the ongoing race to increase the speed and, at the same time, decrease
the energy demand for spin-based devices, unconventional spin textures, such as
skyrmions, which require broken inversion symmetry such as naturally present in
layered thin film systems, have recently attracted enormous attention, indicating
that even after nearly 40 years thin film magnetism is still among the most vivid and
controversial topics in magnetism.

The success of magnetic thin films particularly in the realm of nanomagnetism
was based on major advances in three areas. The first is related to major techno-
logical progress in the synthesis of such systems. Thin-film fabrication capabilities
have tremendously matured and are widely available, ranging from molecular beam
epitaxy with atomic precision to sputter deposition techniques, which enable large-
scale production of high quality thin film structures. Beyond the stacking of layered
thin films, reaching out into superlattices, where the vertical coupling can be tai-
lored to highest degree, the investigation and the use of effects of confinement and
proximity, i.e., reflecting the lateral coupling phenomena, became possible due to
advances in nanopatterning capabilities, such as electron-beam lithography, focused
ion beam milling, or even the self-assembled rearrangement of structures.

The second is the significant progress in the theoretical description of the magnetic
properties of thin films, heterostructures and nanostructures. State-of-the-art
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density functional theory approaches, again harnessing the computing power of
supercomputers, have helped not only to achieve a much deeper understanding, but
have also increased the predictive power of theories to guide the experimentalist in the
search for better materials. The prediction of a large spin polarization in an Fe/MgO
layered system by Butler and Mahon is just one of those hallmarks.

Whereas the synthesis and the theory set the framework, it is the advances in
characterization which have ultimately unveiled the properties of thin magnetic
films and layered structures. There, an enormous progress has been made over the
last two decades, triggered by the need to look deeper and more detailed into those
systems, but also enabled by the advent of new instrumentation technologies har-
nessing the interaction of photons with magnetic thin film materials.

Writing a book on the capabilities of advanced magnetic imaging techniques for
thin-film systems, where new developments and achievements are reported almost
daily, is not an easy task, but we think worth the effort and hopefully appreciated by
our communities. The focus of our book is on those imaging techniques that allow
to “see” the magnetic domains or spin textures in different layers separately. The
techniques which are laid out in this monograph rely on the interaction of photons
with magnetic materials, both of optical photons and of soft X rays. We tried to
collect the current state-of-the-art in imaging layered magnetic heterostructures, but
also to present the interested reader an up-to-date overview of the research field
based on sufficient background information to provide guidance on the choice of
the technique that is inherently best suited to solve a certain problem.

In the course of writing the book we were saddened with the passing away of our
dear colleague Ulrich Hillebrecht. He has made seminal contributions specifically to
the imaging of layered structures containing antiferromagnetic materials, which
undoubtedly constitutes an integral part of this endeavor. By adding Uli to the list of
coauthors we want to honor him and his contributions posthumously.

Berlin Wolfgang Kuch
Dresden Rudolf Schifer
Berkeley Peter Fischer
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Chapter 1
Introduction

1.1 Layered Magnetic Structures

Not many fields in modern solid state physics have had such a dramatic impact on
science and technology as thin film magnetism. More than 40 years ago, the coupling
phenomena in multilayers were already predicted and described [1]. Ever since, a lot
of effort has been dedicated on understanding the properties of magnetic films with
thicknesses down to the few atom limit [2, 3]. The deposition of such films on top of
supporting substrates bears the possibility to stabilize new materials by influencing
their structure [4-8] and to study in detail the interaction between structural and
magnetic properties [9, 10]. The latter were quite often found to deviate substantially
from the properties known from the corresponding bulk magnetic materials. Finite
size effects and the different coordination and environment of the atoms at the film’s
interfaces lead to deviating thermodynamic behavior [11-14], different spin [15-17]
and orbital [18-21] magnetic moments, and different magnetic anisotropy energies
[22-26]. More recently, novel ways to control spins, via pure spin currents, take into
account non-collinear spin arrangements [27, 28], which are often amplified due to
spin—orbit-driven interactions at such interfaces. Spin—orbit-driven interactions in
layered systems of ferromagnetic and high-Z materials allow for an efficient electric
current-induced domain wall motion [29]. Understanding the entanglement of the
magnetic, electronic, and structural properties had, and still has, the attraction of
finding ways to tailor magnetic properties in thin films by influencing parameters
such as stress, strain, and electronic hybridization by the choice of the film and
neighboring materials with respect to chemical composition and thickness.

1.1.1 Magnetoresistive Devices

Soon the focus in magnetic thin film research shifted from the investigation of single
magnetic films to hybrid structures involving multilayered stacks of two or more
magnetic layers, separated by non-magnetic spacer layers [30, 31]. The discov-
ery of antiparallel coupling [32] and oscillatory interlayer coupling [33] in such
multilayered systems paved the way for the controlled manipulation of the relative
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magnetization direction of different ferromagnetic layers. Ignited by the discov-
ery of giant magnetoresistance (GMR) in magnetic multilayers at the end of the
eighties [34, 35],! and the realization of its giant potential for applications [36, 37],
systematic investigations of the effect were launched [33, 38, 39]. They were accom-
panied by fundamental studies of the magnetic properties of multilayered structures
[40-42], which are important if one wants to provide suitable operating conditions
for devices based on giant magnetoresistance. It took less than a decade from dis-
covery to commercial exploitation of the effect. At the end of 1997 the first hard disk
drives equipped with a read head of the new technology were sold to the customer.
Nowadays, essentially the entire hard disk head production has been switched to
multilayered magneto-resistive devices.

Figure 1.1 sketches the principle of such magnetic read head sensors, and some
of the developments and visions that followed. Panel (a) presents a schematics of
a current-in-plane GMR sensor, as it was used in hard disk read heads for a while.
The electric conductivity of a stack of at least two ferromagnetic (FM) layers that
are separated by non-magnetic but electrically conductive spacer layers can change
significantly if the magnetization directions of the two magnetic layers are aligned
more parallel or more antiparallel to each other. Technically, one of the magnetic
layers is usually designed as a hard magnetic layer, which is only little affected by
usual external magnetic fields, while the other layer, called the soft magnetic layer,
is made to respond easily on changes in the applied magnetic field. The giant size of
the effect allowed to detect small changes in magnetic stray fields from the hard disk
as small deviations in the magnetic alignment of the soft layer, which in turn enabled
disk manufacturers to decrease the amount of stray field above the disk needed to
detect a single bit of information, and correspondingly to decrease its size. This has
led to a change in the annual growth rate of storage density of magnetic hard disks,
which before 1997 followed a rapid annual increase of 60 %, and since then has sped
up to increase by an astonishing 100 % each year for a while.

A related effect, the tunnel magnetoresistance (TMR), is sketched in Fig. 1.1b.
Although discovered before the GMR effect [43], it experienced a renaissance in
the nineties, when it was discussed with respect to possible applications in magnetic
data storage [44, 45]. The effect relies on the spin-polarized tunneling of electrons
between two ferromagnetic layers [46—48] across a thin insulating barrier, typically
an ultrathin oxide spacer layer. If one considers spin conservation in the tunnel
process, the tunneling occurs between majority and majority states as well as between
minority and minority states of the two FM layers, if their magnetization directions
are parallel. If they are antiparallel, majority electrons from one FM layer tunnel
into minority states of the other layer, and vice versa. In general, the density of
the involved states and the tunnel probability will be different in these two cases,
leading to tunnel magnetoresistance. Systematic fundamental investigations [49-54]
eventually helped to push the tunnel magnetoresistance ratio at room temperature up
to 220 % [55].

! The Nobel Prize in Physics 2007 was awarded to Albert Fert and Peter Griinberg for the discovery
of Giant Magnetoresistance.
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Fig. 1.1 Some modern concepts for devices based on thin film magnetism. a Giant magnetore-
sistance: Dependence of metallic conductivity in a stack of two or more ferromagnetic layers on
the relative orientation of their magnetization directions. Soon after its discovery, this effect was
applied in devices, for example, in read heads of hard disk drives. b Tunnel magnetoresistance:
Dependence of tunnel current between two ferromagnetic layers across an insulating barrier layer
on the relative orientation of the magnetization directions in the magnetic layers. This effect is, for
example, currently applied in read heads of digital magnetic recording and will be used in future
magnetic random access memories that are currently under development. ¢ Spin torque transfer:
Current-induced switching of the magnetization of a ferromagnetic layer in a nanostructured stack of
two ferromagnetic layers by the torque exerted by the spin-polarized electrons on the magnetization
of one of the layers. This is proposed as a means to switch the magnetization in magnetoresistive
devices, and currently under intensive investigation. d Spin transistor: Three-terminal device in
which the current between emitter (E) and collector (C) depends on the current between emitter
and base (B) and, in addition, on the relative orientation of the two ferromagnetic layers. e Spin
transistor with tunnel barrier: Three-terminal device like (d), in which in addition the emitter bias
voltage can be used to tune the energy of electrons that are injected into the collector. The last two
devices represent only two out of many approaches to the so-called field of spintronics, in which in
future devices both the charge and spin of electrons are used for information processing

TMR elements have a higher resistance compared to GMR, which is desirable for
certain applications, but the use of TMR requires the current to be run perpendicularly
through the stack. In 2005, TMR-based spin valves have replaced GMR read elements
in recording heads due to their higher magnetoresistance ratios and are in use up to
now. Further downscaling, however, might enforce the use of current-perpendicular-
to-plane GMR sensors in the near future as the high absolute resistance of TMR
elements is a critical obstacle to downsizing such sensors [56]. Another possible
application that is discussed in connection with the TMR effect is a magnetic ran-
dom access memory (MRAM) (see Fig. 1.2). The idea is to have an array of small
TMR elements like the one shown in Fig. 1.1b, which constitute the bits of the stored
information, where “magnetization parallel” represents, for example, “0”, and “mag-
netization antiparallel” stands for “1”. The working principle is actually quite similar
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Fig. 1.2 Scheme of an MRAM device. a Simplified sketch of the arrangement of memory cells in
an MRAM device. Reading of the information stored in the individual memory cells is achieved
by measuring their electrical resistivity using the program lines and underlying diodes (not shown).
b Detail of a memory cell. The tunnel magnetoresistance is determined by the relative orientation
of the magnetizations in the sense layer and the pinned ferromagnetic layer (small arrows in a). The
purpose of the pinning layer is to make the pinned ferromagnet insensitive to magnetic fields. The
top and coupling layers are needed for a certain scheme for magnetization reversal in the so-called
“toggle MRAM” [57]

to the magnetic core memories of the early days of computing. The most remarkable
difference is obviously the size. MRAMs are being advertised as making the boot
process of computers obsolete’> when replacing conventional random access mem-
ory chips, because the magnetic information is retained after the power is shut off
[58, 59]. First prototype MRAMSs are commercially available for niche applications.

Reading the information in a TMR-MRAM means measuring the resistance
through the stack. Addressing the resistance of a certain element in an array of
trilayered stacks requires an integrated scheme of crossing word and bit lines with
additional diodes underneath each stack in order to read the tunneling resistance of
a particular element. The “0” and “1” states are then to be distinguished by some
readout electronics. Technically even more demanding is the write process. It requires
a very local and quite high magnetic field at the place of the element that is to be
switched from “0” to “1” or vice versa, which means reversing the magnetization
direction of the soft layer. Proposed writing schemes include a crossed arrangement
of writing word and bit lines, through which relatively high currents can be run. The
element to be switched is then the one at the crossing of the two lines under current,
because only there the Oersted fields of the two lines add up to reach and exceed the
critical field for magnetic switching. It is obvious that for the realization of a highly
integrated MRAM device severe requirements with respect to the switching field
distribution of the elements and the need to avoid cross talk between neighboring
elements have to be met. Analytical tools to characterize the switching characteristics
of these elements are mandatory for this.

2 Note that the development of MRAM devices for applications in personal computers has to
compete with the rapid progress in the development of semiconducting flash memories. It remains
to be seen whether the use of MRAM will be restricted to niche applications, for instance where an
insensitivity to strong radiation is required.
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Another possibility of writing, i.e., of switching the magnetization in small
elements, has been suggested after the discovery of current-induced effects on the
magnetization. If a high current is vertically run through a multilayered stack as
sketched in Fig. 1.1c, the electric current will be partially spin polarized after tra-
versing the first magnetic layer. This spin polarized current exerts a torque on the
magnetization of the other layer, and vice versa [60]. This can be used to reverse
the magnetization of the soft layer, provided the current density is sufficiently high
[61-66]. Typically 107108 A/cm? are needed; this can be accomplished only if the
area of the element is small enough.

1.1.2 Spintronics

Magnetoresistive effects and the generation of spin-polarized currents by ultrathin
ferromagnetic layers have led to the vision of using not only the charge of the electrons
for information processing, as in today’s electronic circuits, but in addition also their
spin [67-69]. This has been termed “spintronics”. General fundamental questions
regarding the efficiency of injecting spins into the FM layer (spin injection), the
propagation of spin-polarized electrons (spin transport), the efficiency of detecting
the spins (spin detection), and, generally, the inherent length scales of these processes
(spin coherence length) are currently addressed in intensive fundamental studies.
Recent reviews on spintronics can be found in [70] and [71]. A further emerging
field of research, termed “spin caloritronics” [72], concentrates on the interplay
between temperature and spin transport. This would allow to generate spin currents
by temperature gradients, or use spin currents for heat transport.

Two possible logical elements that could be used as spin-sensitive logic devices
are sketched in Fig. 1.1d, e. They are both three-terminal devices and have been
termed ““spin transistor” to emphasize the analogy to charge-based “conventional”
electronics. Their working principle is as follows: A base current is run between
emitter (E) and base (B). Due to the Schottky barrier formed at the semiconductor—
metal interface, this leads to the injection of hot electrons into the metallic trilayer that
forms the base [73]. These electrons are spin-polarized by the upper FM layer. Hot
electrons travelling to the collector (C) are then spin-analyzed by the lower FM layer,
so that the collector current changes its magnitude significantly if the magnetization
configuration of the FM layers is switched from parallel to antiparallel. More than
300 % current enhancement at room temperature have been achieved [74]. Integrating
an insulating barrier layer in such a three-terminal device, as shown in Fig. 1.1e, gives
the experimenter the flexibility to operate the same device at different bias voltages,
and thus to inject hot electrons at variable energy [75]. Optimization of a similar
structure as the one depicted in Fig. 1.1e has led to a magnetoresistance effect of
3,400 % at room temperature [76]. The transfer ratio, that is the ratio between base
and collector currents of such devices, is presently smaller than unity (between 10~°
and 10™* [75, 77]), so that no amplification like in a real transistor is obtained.
Still, the idea of programming or controlling logical operations by magnetism is
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compelling and large efforts are dedicated to the development of more efficient spin
injection into semiconductors [69, 78-86].

Another approach that is currently emerging involves the manipulation of
magnetization in multiferroic systems by electrical fields. Multiferroic materials have
coupled electric, magnetic, and structural order parameters that result in simultaneous
ferroelectricity, ferromagnetism, and ferroelasticity [87-94]. With this coexistence,
the magnetization can be influenced by an electric field and electrical polarization by
amagnetic field, a property which is termed the “magnetoelectric effect”. Aside from
its fundamental importance, the mutual control of electric and magnetic properties
is of significant interest for applications in magnetic storage media and spintronics,
since the local application of electric fields to switch magnetic properties in nano-
scale devices can be accomplished with much lower power dissipation than the
application of magnetic fields. On a microscopic length scale it is expected that in
ferroelectromagnets the coupled electric and magnetic ordering is accompanied by
the formation of domains and domain walls, such that imaging techniques can con-
tribute to the fundamental understanding of the interconnection of different order
parameters.

1.1.3 Ferromagnetic—Antiferromagnetic Heterostructures

The coupling between an antiferromagnet and a ferromagnet at their interface is an
issue that is important for the technical realization of magnetoresistive applications
[38]. At the interface between ferro- and antiferromagnet the magnetic moments of
both materials interact by exchange coupling. Studies of interfaces between a ferro-
magnet and non-magnetic adlayers have shown that the interaction with the ferro-
magnetic substrate may induce long-range ferromagnetic order in the adlayer, which
by itself does not show ferromagnetic order [95-100]. The induced magnetization
may be parallel or antiparallel to the magnetization of the ferromagnet, depending on
the sign of the exchange interaction. This may lead to a ferromagnetic adlayer even
for a material that in its bulk form is antiferromagnetic, as observed, e.g., for ultrathin
Cr films on Fe [101-103]. In this case the long range order in the adlayer—be it an
antiferromagnet or a non-magnetic metal in the bulk—is governed by the interaction
with the ferromagnetic substrate and it may be expected to show the same tempera-
ture dependence. The temperature dependence of this induced magnetic order was in
fact investigated for Mn on Ni and was found to be identical to that of the substrate
[104]. Of course, as the antiferromagnetic layer thickness increases, the bulk antifer-
romagnetic state will prevail and each layer will show its own ordering temperature,
approaching the bulk ordering temperatures for thick layers. It has been shown that
the ordering temperature of the antiferromagnet may be influenced significantly by
the presence of the ferromagnetic layer, as well as by its magnetization direction
[105]. In addition, the exchange interaction at the interface can modify the magnetic
behavior of the layered system in a characteristic way, which is known under the
term “exchange bias”.



1.1 Layered Magnetic Structures 7

Exchange bias was first observed in the 1950s on small Co particles covered
with a Co oxide layer [106]. The hysteresis loop of these particles was shifted from
being (inversion-) symmetric with respect to the magnetic field; instead, the inversion
center of the hysteresis loop occurred at finite field, such as though some bias field was
present in the sample, hence the term “exchange bias”. The occurrence and magnitude
of such a bias field depends on the history of the sample. To generate the bias field,
the sample has to be cooled from above the Néel temperature—which has to be
lower than the Curie temperature of the ferromagnet—in an external magnetic field.
Obviously, this phenomenon is connected to the occurrence of magnetic moments
in the antiferromagnet, which interact with those of the ferromagnet via exchange.

Exchange bias plays an important role for devices utilizing magnetoresistance
effects or spin-dependent transport like the ones shown in Fig. 1.1. In such devices,
one of the magnetic layers is required to have an increased coercive field for magne-
tization in a certain direction, which can be accomplished by exchange bias. Another
example, the coupling of ferromagnetic nanoparticles to an antiferromagnetic mater-
ial, was even suggested as a means of stabilizing the magnetic order at finite tempera-
tures [107]. To take the full advantage of including antiferromagnetic/ferromagnetic
interfaces into device structures, one needs to understand the underlying mechanisms
governing the magnetic interaction at these interfaces.

Describing the exchange bias in terms of the magnetic moments of the antiferro-
magnet at the interface, which interact with the ferromagnetic moments by a typical
exchange coupling [108], yields bias fields that are one to two orders of magnitude
higher than observed experimentally. In the most simple model one assumes so-
called uncompensated antiferromagnetic surfaces, i.e., surface orientations in which
the atomic moments of the surface plane of the antiferromagnet add up to a non-
vanishing net moment. The finite magnetization in the surface layer of the antifer-
romagnet interacts with that of the ferromagnet deposited on such a surface. The
ferromagnet would then show a magnetization either parallel or opposite to the sur-
face magnetization of the antiferromagnet, depending on the sign of the exchange
interaction. However, it is not difficult to see why this simple picture is inadequate,
because it does not take into account that any single-atomic step on the surface of
the antiferromagnet will change the direction of the surface magnetization, which
would enforce the formation of domains in the ferromagnet, or favor some other
non-uniform state. Furthermore, exchange bias is also observed for interface ori-
entations for which the antiferromagnet is not expected to have a net moment, the
so-called compensated interfaces. This can not be accounted for by such a simple
picture.

These aspects illustrate that the interaction between antiferromagnet and ferro-
magnet is rather complex. Therefore, the study of magnetic domains in such het-
erosystems [109, 110] provides an important input for modelling their behavior.
By combining linear and circular magnetic dichroism in soft X-ray absorption,
as will be explained in Sects. 2.7.1 and 2.7.3, layer-resolved magnetic imaging
of both the magnetic domains in the ferromagnetic and in the antiferromagnetic
layers is possible. Some examples will be presented in Sect. 4.4. The type of
contrast—antiferromagnetic or ferromagnetic domains—is determined by the choice


http://dx.doi.org/10.1007/978-3-662-44532-7_2
http://dx.doi.org/10.1007/978-3-662-44532-7_2
http://dx.doi.org/10.1007/978-3-662-44532-7_4

8 1 Introduction

of light polarization and by the choice of the absorption edges or the spectroscopic
features used for imaging. The layer-resolved information allows one to corre-
late the occurrence of antiferromagnetic and ferromagnetic domains in the layered
anti—/ferromagnetic system and to draw conclusions about the interaction between
the layers.

1.1.4 Need for Layer-Resolved Information

Although some of the principles explained in Fig. 1.1 as well as the exchange bias
effect are already employed in devices or are under development for applications,
fundamental knowledge about the processes and the physics behind the important
effects is still highly demanded. This is true for the static magnetic properties, for
which the interplay with structural, electronic, and chemical properties can greatly
help to achieve desirable behavior for the operation of devices, and this is also true
for the dynamic magnetic behavior. The ever increasing need for data storage space
driven by the ever progressing digitalization of all kind of media goes hand in hand
with the demand for faster access to the stored information.’

All of the effects sketched in Fig. 1.1 have in common that the structures in
which they are observed contain two or more magnetic layers within a multi-layered
thin film structure, and that the magnetization of these layers has to be controlled
independently. Furthermore, since these samples are often laterally structured or con-
fined, nanoscale magnetic effects are becoming increasingly important. Apart from
electronic transport properties, the understanding and the control of the magnetic
coupling between different magnetic layers, also considering micromagnetic effects,
is thus a major issue. To address the different layers separately and to obtain micro-
scopic magnetic information about each layer in a simple way is thus crucial for the
investigation of such structures.

Imaging of magnetic domains has essentially contributed at all stages to our
present level of understanding of micromagnetic phenomena [111-114] in bulk mate-
rials as well as in magnetic films. Magnetic imaging techniques allow the most direct
view on magnetic properties on a microscopic scale. The local magnetization direc-
tion as a function of geometric and material properties can be studied immediately
in a straightforward way. Imaging the magnetic domain structures of multilayered
magnetic systems separately for each layer with high spatial resolution, and to study
the dynamics of the spin structure with high temporal resolution is therefore the out-
standing challenge to any magnetic microscopy technique applied to all the systems
described above.

A number of layer-resolving magnetic imaging techniques have evolved in recent
years, which can be used to address the different magnetic layers in layered mag-
netic structures separately. They consequently offer substantial advantages for the

3 While the length scales in devices approach the fundamental magnetic exchange length, the current
time scales in magnetic applications are far from a fundamental limit (see Sect. 1.1.5).
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microscopic investigation of layered magnetic structures compared to laterally or
vertically averaging techniques. A review of these techniques is the objective of the
present book, which intends to provide a comprehensive overview on the state-of-
the-art imaging of magnetic domains in layered magnetic structures. It explains the
fundamentals of the techniques and provides directions for potential users. Data and
examples presented for each technique are (mostly) drawn from recent research,
and are selected to illustrate the power for investigating complex multicomponent
samples, such as ultrathin multilayers and nanostructures.

1.1.5 Need for Time Resolution

Beyond the static magnetic properties in nanoscale magnetic systems, the ultrafast
spin dynamics in such systems is attracting more and more scientific and technolog-
ical interest. The scientific goal is to understand magnetization dynamics on a fun-
damental time scale. Technologically the dramatic process of miniaturizing devices,
e.g. in storage and sensor application, that has taken place over the last decade was by
no means accompanied by a similar increase in speed of these devices. New concepts
how to change the magnetization on a fast time scale need to be explored and are
already being discussed, like the all-optical control of magnetization [115-117].

The general challenge to magnetic microscopies for studies of relevant layered
systems is to reach simultaneously (i) nanometer length scales, (ii) ultrafast time
scales, and (iii) depth or layer resolution. The time scales of interest in nanomag-
netism cover several orders of magnitude from the micro- to nanosecond regime,
where thermal processes and domain wall motion take place, to the nanosecond to
picosecond regime, where precessional and relaxation processes occur, and down to
the femtosecond regime, which is the fundamental time scale of exchange interaction,
the strongest magnetic interaction.

The magnetization in a magnetic system can be changed, e.g., upon applying
an external magnetic field. Since for the system this leads to a torque acting on the
equilibrium magnetization, it will start a precessional motion that in turn relaxes after
some time into the direction of the applied magnetic field. The same is true if a short
current pulse exerts a spin transfer torque on the magnetization or if the effective
magnetic field is temporarily changed by a short laser pulse. A phenomenological
approach to describe the temporal development of the magnetization is provided by
the Landau-Lifshitz-Gilbert equation

dJ N oG dJ
a v [J X Hegr] — VA |:J X Ei| (1.1)

accounting for both the precession of the magnetization in an effective magnetic field
H.gr with y being the gyromagnetic ratio and J the vector of magnetic polarization,
as well as for the relaxation and damping of the system. The latter is described by a
phenomenological parameter «g depending on the local geometry, anisotropy, and
morphology. So far a complete microscopic understanding of relaxation processes
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is lacking although it is of paramount importance for understanding microscopic
dynamic properties of magnetization.

Spin dynamics can be imaged by time-resolved high-speed microscopy [118]. In
such pump—probe experiments, the sample is excited by a continuously changing
or pulsed periodic magnetic field, a current pulse, or a laser pulse. At certain time
delays relative to the excitation, the magnetization is microscopically probed in a
finite time window. Shifting the time delay of the probing window yields a series of
time-resolved images of the magnetization process. Time resolution is either obtained
by a gated high-speed video camera using a constant light source for illumination
or by a pulsed light source and continuous detection. An ideal dynamic experiment
should deliver a time-delayed series of single-shot images, each of them representing
the momentary magnetic state of the sample during the evolution of the magnetiza-
tion process within the same excitation cycle. Single-shot imaging, however, requires
a sufficient amount of signal to be accumulated in the detector during the probing
time in order to obtain a sufficient signal-to-noise ratio. Very bright light sources
and highly sensitive image detectors are therefore necessary. Also, the repetition
rate of the experiment has to be fast enough to provide adequately short time delays
for in-cycle imaging. Both conditions are increasingly difficult to meet with rising
excitation frequency or if the magnetization response is too fast after pulse-field exci-
tation. If both, detector sensitivity and repetition rate of the experiment are limited,
time-resolved microscopy has to be performed in a different way, known as strobo-
scopic imaging. In a strobed system, image acquisition is precisely synchronized to a
periodic excitation, so that images are captured in the same time period of successive
cycles and accumulated over many cycles until a sufficient signal-to-noise ratio is
achieved. The time delay is then periodically shifted to temporarily scan along the
magnetization process. This accumulation technique, however, requires repetitive
magnetization processes during successive cycles.

Stroboscopic magnetic microscopy on magnetic films and multilayers can be real-
ized in two ways: (i) By imaging techniques using visible light in laboratory-based
wide-field or laser-scanning Kerr microscopes [118] (see Sect. 3.1). Time-resolution
can reach the femtosecond range by applying corresponding lasers as light source.
The lateral resolution in such systems is limited, though, to some 100nm owing to
the wavelength of visible light and so far time-resolved Kerr microscopy has never

328 ns

<70 ps

Time

Fig. 1.3 Schematic of the time structure in two-bunch mode operation at the Advanced Light
Source, Berkeley. The bunches are separated by 328 ns, while the width of each bunch determining
the obtainable time resolution is & 70 ps
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been applied in a layer-resolved way although this would in principle be possible.
(ii) By using X-ray illumination provided by a synchrotron radiation source. Here
the lateral resolution is one or two orders of magnitude better, making synchrotron-
based microscopy well suited for the investigation of micro- and nanostructures, and
layer-resolved dynamic imaging has been realized already as will be demonstrated
in Chaps. 4 and 5.

In recent years, the development of lab-based soft X-ray sources based on plasma
sources and high harmonic generation has advanced significantly [119]. While these
sources still can not compete with current synchrotron radiation facilities with respect
to brightness, tunability to high photon energies, and polarization, their potential for
the generation of femtosecond X-ray pulses with low jitter makes them very appeal-
ing for the study of dynamic processes [120, 121]. Although in principle imaginable,
so far lab-based soft X-ray sources have not yet been used for layer-resolved magnetic
imaging.

The X rays in a synchrotron radiation source are generated from electrons circulat-
ing the storage ring in short bunches at highly relativistic energies. At third generation
synchrotron radiation sources the corresponding length of the X-ray pulses is in the
sub-100-ps regime providing a time structure that is suitable for time-resolved stud-
ies of magnetism in layered structures. Since the intensity per bunch, however, is
very low, such time-resolved studies have to be performed in a stroboscopic pump—
probe scheme limiting them to fully reproducible processes. Synchrotron radiation
facilities serving a large variety of user experiments at the same time can be operated
in many different modes. Generally, there are hundreds of relatively small electron
bunches stored in the ring and the ring cavities are running at typical RF frequencies,
e.g. 500 MHz, therefore each bunch is separated by 2 ns. However, most synchrotron
radiation sources offer few-bunch operation modes, where only one (single-bunch
mode) or two (two-bunch mode) bunches are injected into the storage ring. These are
very convenient for time-resolved studies if, e.g., the detected signal cannot be sep-
arated from other X-ray pulses by a gated detector or if studies require a longer gap
between subsequent X-ray pulses, such as time-of-flight experiments. To illustrate
this, the time structure of the two-bunch mode of operation of the ALS is sketched in
Fig. 1.3.In this mode, there are only two bunches stored in the ring separated by 328 ns
with a bunch width of about 70 ps. The single bunch mode of BESSY II offers 70 ps
long bunches every 800ns. In a dedicated operation mode with compressed bunch
lengths, the so-called low-alpha mode, pulse widths below 5 ps are achieved [122].

At many synchrotron radiation sources also a hybrid mode is available in which
one bunch that is different from all others, a so-called camshaft bunch, is injected
from the accelerator into the storage ring. It has a higher intensity and is normally
set into the ring pattern so that there is a large gap before and after this bunch. At the
ALS, a 70ps bunch is surrounded by breaks of 80ns, while during the other 640ns
bunches appear every 2 ns. The camshaft can be used for time-resolved experiments
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in which the other pulses can be blanked out,* serve as a marker, or can be used
for special operations, such as the slicing mode offered at BESSY II in Berlin.
In this slicing mode, femtosecond pulses are generated by modulating this bunch
with a femtosecond laser pulse. This is an attempt to enable femtosecond dynamics
experiments already with current synchrotron radiation sources. The drawback here
is that the increased time resolution has to be paid with an enormous loss in intensity.

Next-generation sources using X-ray free electron laser systems will provide fem-
tosecond pulses at very high intensity and therefore will enable studies of magnetism
at femtosecond time scales that will not be restricted to pump—probe experiments,
but will allow for single-shot experiments. Soft X-ray microscopies at such facilities
hold the promise and the unique potential to cover both, fundamental length and
time scales of magnetism, and provide elemental sensitivity, which is of paramount
importance for studies of multicomponent systems.

There are several activities to combine X-ray-based layer-resolved magnetic imag-
ing techniques with time resolution to study magnetization processes in multilayered
magnetic systems on a microscopic length scale. This can be done by photoelec-
tron emission microscopy (PEEM) or magnetic transmission X-ray microscopy in
full-field (TXM) or scanning (STXM) mode by utilizing the time structure of syn-
chrotron radiation sources as described above for soft X-ray pump—probe schemes.
The results obtained so far are very encouraging since these time-resolved variants
of the layer-resolved microscopic techniques overcome the limited spatial resolution
of optical magnetic microscopy. Layer-resolved magnetic imaging by interference
MOKE, on the other hand, has the prospect of combining the ultrafast laser pulses in
the low femtosecond regime that are current state-of-the-art in the field of ultrafast
laser technology with layer-resolved magnetic imaging. Some examples of time- and
layer-resolved magnetic imaging using the three different techniques are presented
in this book.

Chapters 4 and 5 close with some examples of time- and layer-resolved magnetic
domain imaging. Using layer-resolved magnetic imaging for the investigation of fast
magnetization reversal processes in multilayered or magnetically coupled systems
is attracting more and more interest. One of the challenges for the further develop-
ment of all kinds of magnetoresistive and spintronic devices will be to understand
magnetization dynamics on a fundamental time scale in order to match the required
increase in operation speed of applications.

4 Current developments aim to kick the camshaft into a different orbit, which would allow single-
bunch experiments in multibunch mode operation of the storage ring (pseudo single bunch). The
user would be thus enabled to turn time resolution on and off for his (imaging) experiment.
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1.2 Approaches to Layer-Resolved Magnetic Imaging

The approaches to layer-resolved magnetic imaging presented in this book are based
on various magneto-optical microscopies, and thus make use of the interaction of light
with the local magnetization of the specimen. There are, in principle, two interaction
mechanisms that can be employed to achieve layer-selectivity:

e In the first, interference effects in layered structures are utilized to enhance or
diminish the response from a certain depth of the structure.

e In the second, the different electronic properties of the different layers are utilized
in order to selectively address a particular layer and probe its magnetic properties.

1.2.1 Interference-Based Approach

The interference-based approach to layer-resolved magnetic imaging uses conven-
tional magneto-optical microscopy. Here the magnetic microstructure is visualized
by polarized light in the visible frequency range in an optical polarization microscope.
To be suited for microscopy, a magneto-optical effect must change the polarization
state of light. This applies to four effects: the Faraday and Kerr effects (also known
as circular birefringence effects), the Voigt effect (linear birefringence), and the gra-
dient effect (a birefringence that depends on magnetization gradients). Common
to all these effects is the generation of a magnetization-dependent magneto-optical
light amplitude by illumination with plane polarized light. The phenomenology of
the effects is introduced in Chap. 2, followed by a description of the microscopic
techniques required to transfer them into a domain contrast in Sect. 3.1.

All the aforementioned effects have a certain depth sensitivity. This is trivial for
the transmission effects (Faraday and transmission-Voigt effect), which are anyway
applied on optically transparent materials such as magnetic garnet films. But also
the reflection effects (Kerr, reflection-Voigt, and gradient effect) are depth-sensitive,
providing information on the magnetization in a depth range of the order of the pen-
etration depth of light. In case of metallic materials the information depth is about
20 nm. Compared to microscopy techniques using electrons or electron tunneling
for imaging [like SEMPA (scanning electron microscopy with polarization analysis),
SPLEEM (spin polarized low energy electron microscopy), SP-STM (spin-polarized
scanning tunneling microscopy), or PEEM (photo-emission electron microscopy)],
which exhibit depth sensitivities between one and a dozen atomic layers at the sur-
face, conventional magneto-optical microscopy has in fact to be considered as a
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depth-sensitive technique.> Within the penetration depth of light, phase differences
between the magneto-optical contributions generated in different depths play a deci-
sive role for the magneto-optical image. Usually these phase differences restrict the
magneto-optical information depth to a stronger degree than absorption. In multi-
layer systems, however, the phase differences can be used to provide information
on the magnetization of several ferromagnetic layers within the mentioned thickness
range. Based on this “phase contrast”, magneto-optical microscopy (notably Kerr
microscopy) provides the possibility to image individual layers of a multilayer stack,
even if the ferromagnetic layers are made of the same material. This is a fundamental
difference to the second, electronic properties-based approach that relies on X-ray
dichroism!

The physical basics of this information depth are described in Sect. 3.2, mainly
for microscopy based on the Kerr effect, as this case has been most thoroughly
investigated in the literature. Section 3.3 explains how the information depth of
Kerr microscopy can be applied to obtain depth-selective information on magnetic
domains in multilayer systems. Depth selectivity is achieved either by the phase
adjustment of the different, interfering components of the reflected light wave by
means of a rotatable compensator (like a quarter wave plate) or by tuning the photon
energy or the angle of incidence of light. In this way the total Kerr signal from specific
layers in a multilayer stack can be cancelled or enhanced, respectively, leading to
images that represent the magnetic domain pattern at different depths of the sample or
of different layers. Examples include the domain ground states of differently coupled
epitaxial iron films that are interspaced by nonmagnetic layers as well as the switching
of magnetic films which is dominated by stray-field interaction with domain walls in
neighboring films of sandwich systems. Besides the Kerr effect, also the information
depth of the magneto-optical Voigt and Gradient effects can be favorably applied to
analyze coupling effects, especially in monocrystalline multilayers as reviewed in
Sect. 3.4.

The interference-based technique thus represents a lab-based approach to layer-
resolved magnetic microscopy without the need for polarized soft X rays that are
generally only available at large-scale facilities such as synchrotron radiation labora-
tories.® In addition, the time resolution of conventional magneto-optical microscopy,
if performed with laser illumination, exceeds that of present synchrotron radiation
sources by about two orders of magnitude.

5 On the other hand, compared to integral techniques for the measurement of magnetization curves
[like VSM (vibrating sample magnetometry) or SQUID (superconducting quantum interferometer
device) magnetometry] the magneto-optical effects may be considered as surface-sensitive. As the
Kerr effect is routinely used as a magnetization measuring tool particularly for ultrathin films,
the acronym “SMOKE” [123-125] for “Surface magneto-optical Kerr effect” has been (somewhat
misleadingly) invented for optical magnetometry based on the Kerr effect.

6 There are current developments for lab-based soft X-ray sources, e.g., based on plasma sources and
high harmonic generation. However, for the time being, they are not competitive to the brightness,
tunability to high photon energies, and polarization of current synchrotron facilities.
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An interesting, but different interference-based approach to depth-resolved
imaging that is recently being explored relies on the interference of soft X rays.
It has been demonstrated that by using a multilayer substrate as a mirror for soft
X rays, a vertical X-ray standing wave can be created in a sample deposited on top
[126-128]. By tuning the wavelength, the intensity maxima (or nodes) can be moved
to different depths of the sample, which may be used for depth-resolved imaging
[129, 130]. So far, layer-resolved magnetic imaging using that technique has not yet
been realized.

1.2.2 Electronic Properties-Based Approach

For the electronic properties-based approach to layer-resolved magnetic information,
the magnetic effects in resonant X-ray absorption spectroscopy are most convenient
to use. These effects, termed magnetic dichroisms, occur for polarized X rays and
are dominantly located in the vicinity of elemental absorption lines. Hence, any
technique based on these effects exhibits an inherent elemental specificity. These
lines correspond to the resonant excitation of core electrons by X rays into unoccupied
electronic states. Particularly in the soft X-ray regime (200 eV-2 keV), i.e., for the
L edges of transition metals and the M edges of rare-earth elements, the XMCD
effects are very large (up to tens of percent), whereas in the hard X-ray regime
(>2keV) the XMCD effect is typically weak, generally in the sub-percent range. The
use of these effects requires the possibility for tuning the X-ray photon energy. With
the increasing availability of high-quality synchrotron radiation sources worldwide,
however, this demand nowadays is not too difficult to be satisfied. The element
selectivity of this spectroscopic contrast mechanism can be directly turned into layer
selectivity provided that different magnetic layers contain different elements.

Magnetic dichroism techniques require polarized X rays, which, however, are
easily available at synchrotron sources by either using the radiation emitted off-
orbit at a bending magnet or by utilizing special insertion devices such as helical
undulators. With regard to spatial resolution, X-ray based microscopies are advanta-
geous. Compared to visible light microscopes, their shorter wavelength’ pushes the
diffraction-limited spatial resolution deep into the sub-10-nm regime. State-of-the-
art X-ray microscopies have demonstrated spatial resolutions approaching the range
of 10 nm and below [131].

There are two ways for detecting the X-ray absorption. One can either detect X-ray
absorption by measuring the amount of emitted electrons at the sample surface, or
by measuring the transmitted intensity of X rays after transfer through the sample. In
laterally integrating experiments the former is usually termed “total electron yield”
detection of X-ray absorption. The latter is a more direct way of measuring the
absorption. The limited penetration depth of soft X rays of about 100-200 nm requires
sufficiently thin specimens, but also matches the maximum thickness of interest in

7 With A[nm] ~ 1.24/E[keV] soft X rays have wavelengths of a few nanometers.
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layered systems. Although the penetration depth for hard X rays reaches into the
micrometer regime, the fact that the XMCD effects are very weak has so far prevented
any significant utilization of hard X rays for magnetic X-ray microscopies.

In imaging experiments these two approaches are realized by combining resonant
excitation by polarized X rays and existing X-ray microscopy techniques. A photo-
electron emission microscope (PEEM) can be used to create a magnified image of
the sample from the emitted electrons at the surface after photon absorption. Com-
plementary to that, in transmission X-ray microscopy (TXM),® an image of the bulk
properties of the sample is obtained from the different local transmission of X rays.
This information is integrated along the photon beam, but laterally depends on the
local sample magnetization direction if circularly polarized X rays are used and tuned
to element specific absorption edges. These two basic approaches are explained and
described in Chaps. 4 and 5.

Chapter 4 first describes the use of a photoelectron emission microscope for the
imaging of magnetic domains in layered systems by using X-ray magnetic circular
dichroism (XMCD). Presented examples include the study of magnetic interlayer
exchange coupling in trilayered systems in which two ferromagnetic layers are sepa-
rated by a non-magnetic spacer layer, the observation of transitions between collinear
and non-collinear magnetic configurations in such trilayers, and the identification
and quantification of micromagnetic coupling mechanisms mediated by the local
magnetostatic stray fields from domain walls. A separate section describes layer-
resolved imaging of antiferromagnetic materials in contact with ferromagnetic films
by PEEM. The use of linear magnetic dichroism, as explained in Sect. 2.7.1, as amag-
netic contrast mechanism for the imaging of domains in antiferromagnetic materials
is explained. Examples of studies of the antiferromagnetic domain structure using
linearly polarized synchrotron radiation are presented. By combining linear and cir-
cular dichroism, the correlation between the domain structure in the ferromagnet
and in the antiferromagnet can be directly imaged and the coupling in combined
ferromagnetic/antiferromagnetic systems can be studied.

In Chap. 5 the imaging of magnetic domains by magnetic transmission soft
X-ray microscopy (M-TXM), which in contrast to the surface sensitivity of PEEM
probes the volume magnetization in layered structures, is presented and reviewed.
The strength of this technique is the high lateral resolution provided by Fresnel zone
plates used as X-ray optical elements and the applicability of external magnetic fields
during the image recording process, which allows detailed studies of magnetization
reversal processes in layered systems. Layer sensitivity can be obtained both by the
element-specific magnetic XMCD contrast mechanism and the different response
of the magnetic domains to applied external fields. Presented examples include the
layer-resolved imaging of magnetic domains in technologically relevant magnetically
coupled systems and laterally patterned magnetic multilayers.

8 The acronym TXM was chosen in analogy to TEM (transmission electron microscopy) to empha-
size the fundamental difference of these two high-resolution microscopy techniques, i.e., electron
versus X rays.
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Before we turn to the different variants for layer-resolved magnetic imaging,
Chap. 2 first introduces the basics of magneto-optic effects which affect the trans-
mission and reflection in the regime of visible light as well as the absorption of soft
X rays in the vicinity of elemental absorption edges. Magneto-optic effects in both
these wavelength regimes constitute the basics of all the magnetic imaging techniques
suitable for layer-resolved magnetic imaging discussed in this book.”

9 A further technique, also capable of depth-selective imaging, is not treated in this book: By
analyzing the backscattered electrons in a scanning electron microscope, a domain contrast (so-
called Type II contrast) from depths of the order of 10 um can be obtained, depending on the energy
of the incident electrons. By tuning the electron energy, domain structures can be scanned at various
depths [132, 133].
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Chapter 2
Magneto-Optical Effects

In this chapter the magneto-optical effects that are relevant for magnetic microscopy
on layered structures are reviewed. This includes the conventional effects which
occur at visible light frequencies as well as the X-ray-based effects. Before the
phenomenology and physical origin of the different effects is presented, we firstly
collect some optical and electromagnetic basics that are relevant for an understanding
of the magneto-optical effects.

2.1 Overview

Magneto-optics describes the influence of magnetic fields or of a spontaneous magne-
tization on the emission or propagation of light in matter. The first magneto-optical
phenomenon, now known as Faraday effect, was discovered in 1845 by Michael
Faraday [134]. He found that the plane of linearly polarized light is rotated after
passing through a glass rod in the presence of a magnetic field applied along the light
propagation direction. This discovery was the first experimental evidence of the elec-
tromagnetic nature of light and played an important role in the development of the
electromagnetic light theory. Some thirty years later Kerr [135, 136] discovered the
corresponding effect in reflection (magneto-optical Kerr effect) by demonstrating
light rotation upon reflection from the surface of iron. Two geometries have been
investigated by Kerr: (i) the magnetization being perpendicular to the iron surface
(polar Kerr effect [135]) and (ii) the magnetization being parallel to the surface and
along the plane of incident light (longitudinal Kerr effect [136]). In 1896, Zeeman
[137] proved the existence of a third variant in which the magnetization is in-plane
but orthogonal to the plane of incidence (transverse Kerr effect). At that time Zeeman
also discovered the splitting of emitted spectral lines of atoms in magnetic fields,
now known as the Zeeman effect [138]. This effect has become a very valuable means
for determining the structure of atoms, molecules and crystals. An early theoretical
understanding of the Faraday and Kerr effect was proposed by Lorentz [139] in
1884, based on the idea that right- and left-circularly polarized light couples differ-
ently to classical electron oscillators in the material. For this reason the Kerr- and
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Faraday effects are also known as circular birefringence effect (i.e. a birefringence
of circularly polarized light—note that a plane polarized wave may be seen as being
composed of two circularly polarized waves of opposite rotation sense). Further
relevant discoveries were the occurrence of magnetic double refraction in vapor by
Voigt [140] in 1898 and in paramagnetic liquids by Cotton and Mouton [141] in
1907. These effects are known as linear magnetic birefringence (i.e. a birefringence
of linearly polarized light).

Magneto-optical imaging for the visualization of magnetic domains has first been
applied in the 1950s by Williams et al. [142] and by Fowler and Fryer [143], all based
on the Kerr effect. Since these earliest applications of Kerr microscopy, continuous
methodical developments have greatly enhanced the capabilities of the traditional
Kerr technique. Significant contrast enhancement was achieved by the application
of interference layers [144], but the breakthrough of Kerr microscopy came with
the introduction of video microscopy and digital image processing in the 1980s
[145, 146]. For Faraday microscopy, which was also applied since the 1950s for
transmission experiments mainly on magnetic garnet films [147] and orthoferrites
[148], electronic contrast enhancement was not required as the Faraday effect is
much stronger than the Kerr effect. The same was true for transmission microscopy
based on the Voigt effect that was used for the observation of in-plane domains in
garnets [149]. Later the Voigt effect was also discovered in reflection experiments
on metals, together with the magneto-optical gradient effect [150] that shows up
under similar experimental conditions. The gradient effect is a birefringence effect,
which depends linearly on magnetization gradients. Both effects (in combination
with the Kerr effect) are helpful in the analysis of domains in epitaxial multilayer
systems with cubic magnetic anisotropy by considering the contrast laws and depth
sensitivities of the effects [151]. The gradient effect can also favorably be applied to
image fine transitions and domain modulations.

The phenomenological differences between Kerr, Voigt and gradient effects are
compared in Fig.2.1, in which a typical domain pattern of an iron-silicon crystal
with two orthogonal easy axes of magnetization in the surface was imaged in an
optical polarization microscope under different conditions as indicated. In each case
a contrast was generated by choosing appropriate incidence of light and by properly
setting the polarizer, analyser, and compensator in the microscope. The Kerr effect
is linear in the magnetization vector, so the four domain phases in Fig.2.1 show up
in different colors. The same pattern imaged in the Voigt effect displays only two
colors, one for each magnetization axis. This contrast is independent of the magne-
tization direction since the Voigt effect depends quadratically on the magnetization
vector. The gradient effect is sensitive to changes in magnetization. Therefore domain
boundaries show up in this effect with a contrast depending on the relative magne-
tization directions of the neighboring domains. Both, Voigt and gradient effects are
strongest at perpendicular incidence of light (where a Faraday or Kerr contrast of
in-plane domains is not possible), and they require a compensator (e.g. a rotatable
quarter wave plate) for contrast adjustment.

All magneto-optical phenomena described so far are based on the interaction
of light with magnetization in the visible frequency range. We therefore call the
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Fig. 2.1 Domains on a (100) surface of silicon-iron (Fe 3 wt% Si, a sheet of 500 um thickness used
as electrical steel), imaged using a the magneto-optical Kerr effect, b the Voigt and gradient effects,
c the gradient effect [150]. Indicated is the polarizer setting, defining the polarization direction of
the illuminating light, and the plane of incidence in case of the (longitudinal) Kerr effect. The local
magnetization direction of each domain is represented by arrows. Images (a) and (c¢) show identical
domain patterns, whereas a similar domain state was imaged in (b)

Kerr-, Voigt- and gradient effects conventional magneto-optic effects in the following.
Effects analogous to the conventional effects also exist at shorter, X-ray wavelengths.
The exploration of X-ray magneto-optical effects is a much younger field of science.
While the effects can be much larger in the soft X-ray range [152] due to the resonant
enhancement occurring close to absorption edges, the detection of the polarization
state of reflected or transmitted X rays is more involved. Polarization analysis of the
X rays after interaction with the sample for the detection of the X-ray Faraday effect
[153-155], the longitudinal Kerr effect [156], the Voigt effect in transmission [157]
or reflection [158] requires a sophisticated reflectometer set [159, 160]. This is the
reason that in connection with X rays mostly intensity measurements are performed
rather than polarization analysis, i.e., the absorption coefficient or the intensity of
reflection are measured. Close to elemental absorption edges, the magneto-optical
effects are large enough to lead to sizable changes in the absorption and reflection.
In particular the lateral modulation of the local X-ray absorption can be applied for
magnetic microscopy, as will be described in Chaps. 4 and 5. Layer resolution in soft
X-ray absorption is achieved simply by the element-specificity of the binding ener-
gies of the electronic core levels. The magneto-optical effects in X-ray absorption
are the X-ray magnetic linear dichroism (XMLD) and the X-ray magnetic circu-
lar dichroism (XMCD), categorized according to the polarization of the incoming
X rays. They will be explained in Sects. 2.7.1 and 2.7.3, respectively, before some
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Fig. 2.2 Domains on a thin metallic Co film on the (001) surface of Cu, imaged by using a the
X-ray magnetic circular dichroism and b the X-ray magnetic linear dichroism in the absorption of
soft X rays at the Co L3 absorption edge in a photoelectron emission microscope (PEEM). The
arrow labelled “hv” indicates the azimuthal direction of the incoming X rays, the arrow labelled
“[110]” shows the crystallographic orientation of the Cu(001) substrate, while arrows in the images
show the local magnetization directions in the domains. From [114]

quantitative considerations concerning the size of the respective magnetic contrast in
different types of layered samples are discussed. It will be shown for which samples
the two complementary methods of utilizing these magnetic contrast mechanisms in
soft X-ray absorption, the yield of electrons emitted from the sample surface on the
one hand and the intensity of transmitted X rays on the other hand, are suited best.

Figure 2.2 shows, in analogy to Fig. 2.1, the example of a magnetic domain pattern
imaged by the two effects using the resonant absorption at the Co L3 absorption
edge [161]. Here the sample was a thin cobalt film on copper. In panel (a), circularly
polarized X rays were used, while panel (b) shows the result of the absorption of
linearly polarized X rays at the same position of the sample. Like in Fig. 2.1a, b, the
circular dichroism in panel (a) results in a contrast depending linearly on the cosine
of the angle between the incident photons and the local magnetization direction,
while the linear dichroism in panel (b) delivers a contrast proportional to the square
of the cosine.

In the remainder of this book we will concentrate on the effects of a sample
magnetization on the polarization of transmitted or reflected photons in the regime
of visible light (called conventional magneto-optical effects), and on the effect of
the absorption of photons in the regime of soft X rays (called magnetic dichroisms
in the absorption of soft X rays), since these are the two classes of magneto-optical
effects relevant for magnetic imaging. We will first discuss the basics of conventional
magneto-optics, and come back to the X-ray dichroism effects in Sect.2.7.
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2.2 Optical Basics of Conventional Effects

To apply the conventional magneto-optical effects that are relevant for microscopy,
linearly polarized light is used for illumination, which is then (in general) transformed
to elliptically polarized light due to the magneto-optical interaction in the magnetic
specimen. For a phenomenological description of the effects we therefore need an
adequate description of different polarization states of light and how they change
upon transmission or reflection. The coordinate systems used in this chapter for the
definition of reflected and transmitted polarized light are introduced in Fig.2.3a,
together with an illustration of the sign convention in magneto-optics in Fig.2.3b.
This convention was proposed by Atkinson and Lissberger [162], and we will follow
it throughout the chapter when discussing magneto-optics.

In this section some basics of optical phenomena are collected that are relevant
for an understanding of the magneto-optical effects. Like many other optical prop-
erties of solids (e.g. selective absorption, double refraction, dispersion etc.), they
can be treated within the framework of electrodynamic theory. We therefore start by
briefly reviewing Maxwell’s equations together with the relevant material equations
and applying them to the propagation of light through solids. Following is a review
on polarization optics, including the effects of birefringence, dichroism and optical
activity. Magneto-optical effects represent special cases of optical activity, and they
can be interpreted as birefringence or dichroism. Also the basic optical tool in depth-
selective (conventional) magneto-optical microscopy, the compensator, is based on
birefringence. We will furthermore recapitulate some basics of reflection and refrac-
tion, introducing Snell’s law and Fresnel’s formulas, which describe the behavior of
light when it propagates between media of differing refractive indices. These equa-
tions will later be needed in the discussion of depth sensitivity in multilayers. For
details we refer to textbooks on optics, e.g. [163-166].

2.2.1 Wave Equation

Conventional magneto-optical microscopy is applied to both, insulating materials like
garnet films or ferrite samples as well as to metallic samples. In thin film systems,
dielectric and metallic films may be stacked together. We therefore have to develop an
understanding of the propagation of light in both types of media. Light propagation
in matter, including the processes of transmission, reflection, and refraction, can be
classically interpreted by scattering events on a submicroscopic level, in particular by
the absorption and prompt re-emission of electromagnetic radiation by the electrons
associated with atoms and molecules. In nonconducting, dielectric media (like glass)
apolarization is constituted by the displacement of elastically bound electrons, which
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Fig. 2.3 a Definition of the coordinate systems used for the description of polarized light. The
sample is defined by the right-handed cartesian (x, y, z)-system, in which the z-direction is the
normal to the sample surface. Incident, reflected and transmitted light is defined by the right-
handed (s, p, k)- or (x, y, z)-cartesian systems, where the direction of the light propagation is given
by the wave vector direction k, z. The p-direction is in the plane of incidence (defined by the
sample normal and the wave vector of obliquely incident light), the s-direction is perpendicular
to the plane of incidence along x. b Illustration of the senses of rotation and ellipticity for both,
Faraday and Kerr effect, according to Atkinson and Lissberger’s sign convention (after [162]).
Polar magnetization along the z-axis is assumed and the time-dependent part of the wave function
is expressed by exp(—iwt) in this scheme. The rotation senses of the propagating circularly polarized
modes are defined with respect to their associated refractive indices: n (n_) represents clockwise
(anticlockwise) rotation of the E-vector looking along the sample’s positive z-direction and the
direction of magnetization m. The Faraday- and Kerr rotations are positive for a clockwise rotation
of the polarization ellipse viewed along the positive z-direction. Likewise, the sign of the Faraday
and Kerr ellipticity is positive for a clockwise rotation of the E-vector viewed along the positive
z-direction. Note in advance: In the traditional convention on polarization that is used in general
optics and which is based on the (x, y, z)-coordinate systems of incident, transmitted and reflected
waves of (a), the illustrated Faraday ellipses would have a positive rotation but negative ellipticity,
whereas the illustrated Kerr ellipse would have a negative rotation and positive ellipticity (compare
Fig.2.4)

are driven into oscillations by the oscillating electromagnetic field E of the light.
Since the field within the material has been altered by the created dipoles, it is defined
by anew field quantity, the displacement D. We will see below that in isotropic media
D and E are related by a scalar quantity, i.e. they are always parallel. In anisotropic
materials, however, they are related by a tensor so that their directions may deviate.!

! In the classical oscillator model, this deviation can be readily understood: due to the anisotropy of
the binding forces, the charge will be displaced in the direction of the weakest restraint for a given
force component and not in the direction of E which drives the charge. The field, induced in the
material, will thus be oriented differently from E [166].
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By treating the bound electrons as classical damped harmonic oscillators, phenomena
like dispersion (the frequency dependence of the refraction index) can be derived
(see, e.g., [163, 166]). Metals, on the other hand, are characterized by the presence
of ‘unbound‘ electrons, which are able to circulate within the material. The electron
motion, driven by the electrical field E of the light, constitutes a circulating current,
the density of which, j, is related to the electrical conductivity o of the medium by
Ohm’s law (j = o E). In a “perfect” conductor with an assumed infinite conductivity,
the electron oscillations would simply follow the field’s alternations. There would be
no restoring force and no absorption, the incoming light would be totally re-emitted
by the vibrating oscillators. Real metals, however, are resistive and light will be
converted to thermal energy, i.e it suffers a progressive attenuation (absorption) as
it propagates through the medium with the strength of absorption depending on the
electrical conductivity. Strong absorption is accompanied by high reflectivity, so that
metallic surfaces act as excellent mirrors at the same time. We will see below that
absorption can be treated by the introduction of a complex index of refraction.

A powerful approach to the propagation of electromagnetic fields in continua,
which provides a far more complete description than scattering theory, is provided
by electrodynamic theory. In this phenomenological theory, the fields, current and
charge densities are macroscopically averaged to avoid the drastic changes of these
quantities that occur on an atomistic scale. Starting point are the Maxwell equations:

divD=V-D=p (2.1a)
divB=V-B=0 (2.1b)
totE=V x E=—-B (2.1¢)
rotH=V x H=j+ D, (2.1d)

which connect the macroscopic electric and magnetic fields with each other. In these
equations, E and H are the electric and magnetic field vector, respectively, and B is
the vector of magnetic flux density or induction. The quantities p andj are the electric
charge and current density, respectively, which may be considered as the sources of
the fields D and H. Non-zero solutions of Maxwell’s equations also do exist if p
and j are set zero. Electromagnetic radiation can thus propagate also in regions of
space where charges and currents are absent. Such electromagnetic fields are called
electromagnetic wave. With the identity div(rotH) = 0, the continuity equation

. 9
divj + divD = diyj + o (divD) = diyj + § = 0 (2.22)

can be derived from (2.1a) and (2.1d). It describes the conservation of charge. In the
following discussion we will exclude currents and external charges, we thus assume
electrically neutral media. Then only the fields of the light wave can generate currents
and charge-density fluctuations.
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The field equations (2.1a-2.1d) are linked by material-specific relations between
D and E, H and B, and between j and E. In the range of optical frequencies and
conventional light intensities, local linear relations do apply, which are described by
locally- and time-independent tensors €, ft, and o':

D =cyeE=¢cE+ P (2.3a)
B = popH = po(H + M) (2.3b)
j=0E. (2.3¢)

Here P is the dipolar polarization per unit volume that is produced by the perturbation
of the electron motion due to the presence of the electromagnetic field in matter, and
M is the magnetization. The dielectric constant and permeability of vacuum, ¢y and
o respectively, are connected to the speed of light in vacuum, cg, by

co = 1//€opo. (2.4)

The €, ., and o tensors are of rank two and known as dielectric- (or permittivity-),
permeability- and conductivity tensors, respectively. While the dielectric tensor, €,
is strongly frequency dependent in the visible light range, one may assume g = 1 at
optical and near infrared frequencies® [167, 168]. All material-specific properties like
absorption, dispersion, optical anisotropy, or optical activity, and also the magneto-
optical effects are therefore incorporated in the e-tensor. According to (2.3a), it
connects the electric vector E of the illuminating plane light wave with the induced
dielectric displacement vector D. We will present this tensor for the magneto-optical
Faraday, Kerr, and Voigt effects in Sect.2.3.1. In isotropic media all tensors reduce
to scalars.

With the material and Maxwell equations a general wave equation for the E field is
obtained by taking the curl of (2.1c), the time derivative of (2.1d) and by eliminating
H [163, 166, 169]:

Vx(VxE)=Vx(—B)=—pop(V x H)

G+ D) ¢ E e LE) s
= - — =— 0— + €0€ —5). .
ROl HOR(O — = + €0€ —

In the case of dielectric media the term proportional to € is of importance, whereas
for conducting materials the term proportional to ¢ becomes significant. The vector
triple product in (2.5) can be simplified by using the operator identity V x (VX E) =
V(V - E)— (V-V)E, arriving at the wave equation:

) IE ’E
V(V-E)—-V’E + Mo[L(O’E + €p€ W) =0. (2.6)

2 The reason is that the Larmor-precession (<100 GHz) of the atomic moments cannot follow the
high frequencies of the magnetic light vector, i.e. at optical frequencies the spins are too ‘slow* to
follow the alternating magnetic field of the electromagnetic wave.
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The wave equation can be solved by assuming a (homogeneous) plane wave> solution
for the electromagnetic wave, which is harmonic both in time, ¢, and position, 7:

E = Elexplitk - r — wt)]. (2.7)

The frequency of light and the amplitude of the electric field are represented by w
and EV, respectively. The propagation vector k defines the direction of the planes of
constant phase for the light wave. The phase notation (k - r — wt) with positive spatial-
dependent and negative time-dependent parts represents a wave that propagates in
the direction of the wave vector with a positive phase velocity. Due to the relations
given above, also the fields D and B are described by plane waves.

The magnitude |k|, the wave propagation number, is connected to the index of
refraction n by

k| = nko (2.8)
with
ko = w/co = 21/ Ag. (2.9)

Here kg is the wave propagation number in vacuum with 1 being the vacuum wave-
length of the (assumed) monochromatic, illuminating light. Analogous to (2.9), the
wave propagation number in any material is described by |k| = w/v where v is the
speed of the light in the medium, which in general is different from that in vacuum.
With (2.8) the wave velocity v is given by

1
v = —cp. (2.10)
n

The refraction index obviously describes the fact that the apparent wave velocity of
light is different in different materials.

Absorption in conductive media is, as mentioned, formally expressed by con-
sidering a complex index of refraction in the electrodynamics theory. To recognize
the relevance of complex quantities for the wave propagation, it is advantageous to
rewrite the wave equation. With the ansatz (2.7) the differential operators can be
replaced by algebraic functions: V- = ik-, Vx = ikx and % = —iw, so that the
Maxwell equations are simplified to a set of algebraic amplitude equations:

3 For linearly- (or plane-) polarized light the orientation of the electric field is constant, while its
magnitude and sign vary in time.
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k-D=—ip (2.11a)

k-B=0 (2.11b)

k x E = wB @.11¢)

kx H=—ij — oD = —we(e + —)E. (2.11d)
0w

With Ohm’s law (2.3c¢) and the continuity equation (2.2a), now writtenas k -j —wp =
0, (2.11a) can be transformed to

k-cole+ -2 VE=k-eeE=k-D=0. (2.12)
(S014%

The term
€ +io/(egw) = € (2.13)

represents an effective complex permittivity that consists of the true permittivity €
and the conductivity o . The imaginary part of € corresponds to the real part of o. By
the algebraic connections also the other quantities (like the dielectric displacement
D and propagation vector k) become complex in case of absorbing (i.e. electrically
conductive) materials. Thus

k=K +ik’, (2.14)

where k" and k" are real vectors.
With the algebraic functions, the wave equation (2.6) can be re-written as

(k- EYk —KE + pocop o €E = 0. (2.15)
Here k> = k -k is a dyadic product, i.e. a tensor with the components kik;j. By
setting 4 = 1, which is justified as mentioned, and with (2.9), (2.15) can then be

further simplified and written as a system of three linear equations for the three vector
components E; of the E-field amplitude:

3
kk-E)—CE+ > k& E=0. (2.16)
j=1
With the now complex index of refraction [see (2.8)]
i = [k|/ko = Vk - k/ko. 2.17)

(2.16) becomes [170, 171]
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~ 7 3

kk-E) _ _

IT — 2 Ei+ Y & Ej=0. (2.18)
j=1

The non-trivial solutions for E to this system of linear equations, the so-called
eigenmodes, describe the propagable light waves in the medium. In order to find
them, the determinant of the corresponding coefficient matrix must vanish. Under
this condition a characteristic equation for the components k; of the wave vector k as
a function of the elements of the dielectric tensor is obtained. Once these k;, and with
them the “allowed” propagation directions are determined, the electrical amplitudes
of the propagable waves are obtained as solutions of (2.18). The directional depen-
dence of the refractive index on the real and imaginary parts of the wave vector leads
to rather annoying algebraic problems when one considers light incidence obliquely
on the surface of the medium. For perpendicular incidence, however, solutions of
the wave equation can be easily obtained. We will present them in Sect. 2.3 for the
examples of the polar Faraday effect and the Voigt effect by considering the proper
magneto-optical dielectric tensors. When the electrical amplitudes of the propagable
waves are known, their magnetic amplitudes are readily given by

wpo H = (k x E). (2.19)

Now back to the complex refractive index and its connection to absorption. In
complex notation the index is written as

i=n+in’, (2.20)

where n’ and n” are real numbers. The real part of the refractive index is the true
refractive index and the imaginary part is the so-called extinction coefficient. This
can be seen by entering (2.20) into the plane wave equation (2.7). With (2.9) and
(2.17) the plane wave (2.7) is expressed by

E — E()ei[%(n +in")z—wt] _ Eoe—ﬁn zei[%n z—wt]. 2.21)

The wave advances in the z-direction with a speed co/n’, precisely as if n’ were
the usual index of refraction. As the wave progresses into the conductor, its ampli-
tude, E%exp(—wn”z/cp), is exponentially attenuated, i.e. the energy of the wave is
absorbed by the medium. Remember that the damping is physically related to the
electrical currents that are caused by the E-vector of the light in conducting media.
The irradiance, i.e. the power of electromagnetic radiation per unit area (radiative
flux), which is proportional to the square of the amplitude, is then given by

1(r) = e ™ (2.22)
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where I is the irradiance at the surface of the metal and
a =2wn"/cg (2.23)

is called the absorption or attenuation coefficient that describes an exponential damp-
ing of the propagating wave. The flux density thus drops by a factor of e~ & 1/3
after the wave has propagated a distance of 1/«. This distance is known as the skin
or penetration depth. To be transparent, a material has to be thinner than the pen-
etration depth. For metals, the penetration depth is exceedingly small. Copper, for
example, has a skin depth that varies between 0.6nm and 6 nm for ultraviolet and
infrared wavelengths, respectively. This accounts for the generally observed opacity
of metals. The familiar metallic sheen corresponds to a high reflectance, which exists
because the incident wave cannot effectively penetrate the material. The limited pen-
etration depth in metals is nonetheless sufficient to obtain depth-sensitive magnetic
information in metallic thin film systems as elaborated in detail in Sect.3.2.

The particularly attractive feature of the electromagnetic theory is that all the
derived formulae are valid for both, transparent (dielectric) media as well as absorbing
(conductive) materials. The existence of conductivity is taken into account simply by
introducing a complex dielectric constant and refraction index, instead of real ones.
By the connecting relations presented above, also the wave vector and the field terms
then become complex. If the conductivity tensor is set zero and if no external charges
p and currents j are admitted, then no imaginary parts appear in the equations and
all terms are real. This is the case for non-absorbing media. In the following we will
always assume the general case of complex variables and we will not explicitly print
the tilde for €, k and n.

2.2.2 Polarized Light

In the previous section we have seen that light may be treated as a transverse electro-
magnetic wave, which is described by an electrical field E and a magnetic field H.
Both vectors are related by Maxwell equations (2.1a-2.1d), they are mutually per-
pendicular to each other and also perpendicular to the direction of the wave’s motion
which is represented by the propagation vector k. As the electrical field acts much
stronger with matter than the magnetic field, the polarization direction of the light
wave is conventionally described by its E-vector (or—in anisotropic media—by the
vector of dielectric displacement D). Due to the transverse nature of the wave, the
variation of the electric field vector is confined in a plane perpendicular to k. It can
thus be expressed in a 2D-basis with the x- and y-directions (defined in Fig. 2.3a) as
unit vectors. If we assume that the light is propagating in z-direction, the E-vector
will thus lie on the xy-plane. In complex function representation, the time and spa-
tial dependences of the x- and y-components of this wave’s E-vector are generally
expressed by
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Ej(z.1) = Re(¢; E} expli(k, z — wi)])., (2.24)
with E) = E™*explig;] and j = {x, y}.

In (2.24) the real part of the complex function (2.7) is taken, which describes the
measurable component of the electric field, where e, and e, are the unit vectors
along the positive x- and y-axes, respectively. The maximum amplitudes of the
electric field components in x- and y-directions, E]max, have phase retardations §;
(defined for ¢, z = 0).

As illustrated in Fig.2.4a, the wave described by (2.24) consists of two linearly
polarized partial waves, the vibration directions of which are along the x- and
y-directions and which are shifted in phase in the most general case. The end point
of the E-vector describes an elliptic trajectory as time evolves. In the xy-plane
this trajectory traces out the so-called polarization ellipse which fully specifies the

max
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time

y

max
Ex

[
E rotation in \
time at fixed [/
position

Right hand

(a)

Fig. 2.4 a Visualization of (right-handed) elliptically polarized light as being generated by the
phase-shifted superposition of two partial waves polarized in the (x, z)- and (y, z)-planes. Shown
is the spatial and time evolution of the electric field vector E. The presented polarization ellipse has
a negative azimuth 0 and a positive ellipticity & according to traditional convention in optics (note
that the ellipse would have a positive azimuth in the Atkinson and Lissberger convention because
there it would be related to the (x, y, z)-coordinate system of the sample, compare Fig.2.3b). b
Plane-polarized light can be seen as being composed of two orthogonally polarized waves which
are in-phase (or phase-shifted by 180°, not shown). ¢ A phase shift of 90° between the partial waves
generates a circularly polarized wave, which is a special case of elliptically polarized light. The
case of right-circularly polarized light is shown and, like in (a), the polarization circle represents
the rotation of the E-vector in time at a fixed spatial position
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polarization state of the light. Elliptic polarization is characterized by the following
quantities:

e The ratio between the maximal values of the electric field in y- and x-directions,
/| ER|.

expressed by tan 2 = ‘E;nax

The phase shift (or phase angle) between the x and y modal amplitudes:
8 =8y — ox. (2.25)

The phase angle is defined in the range —7 < § < 4.

The azimuth 6, which is the rotation angle between the major axis of the polariza-
tion ellipse and the x-direction, defines the orientation of the ellipse in its plane. By
traditional convention, a positive azimuth is characterized by a clockwise rotation
of the polarization ellipse when looking along the light beam.

The ellipticity & relates the minor and major axes of the ellipse by
tané = b/a. (2.26)
For small ellipticity, & ~ b/a. By traditional convention, a positive ellipticity

corresponds to a anticlockwise rotation of the E-vector when looking along the
light beam.

Related to the ellipticity is the amplitude (or ‘size’) of an elliptical vibration that
is defined as

A =(a? +b?). (2.27)

The “handedness" of the ellipse determines the sense in which the ellipse is
described. Close inspection of Fig. 2.4a reveals that the rotation sense of the wave
is opposite in space and time. The handedness can be determined by applying the
right and left hand rule to the spatial motion of E: When the thumb of the right
hand points in the direction of the wave vector k, the E-vector rotates in space
according to the right hand rule for a right-handed wave (i.e. positive ellipticity).
Similarly, the rotation sense in space for a left-handed wave (negative ellipticity) is
determined by the left hand rule. Note that this definition of handedness is typically
used in the optics community, for further definitions see [172].

The variables &, 6, £2 and § are connected by the following independent relations
[164, 173]:
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tan 260 = (tan2£2) cos §, (2.28a)
sin 2§ = —(sin24£2) sin §, (2.28b)

. E tanf — it
an Qe = Ly _ @nf-itand (2.28¢)

Ey l+4itanftané’

Two special cases are of significant importance: If the two orthogonal partial waves
are in-phase (6 = mm, withm = 0, l and —7 < § < ), the ratio of the strengths of
the two components is constant and so the direction of the electric vector (the vector
sum of these two components) is constant. The polarization ellipse then degenerates
into a straight line and the resulting wave is linearly polarized with its vibration
direction rotated depending on the relative amplitudes of the two components. For
partial waves with equal amplitudes, the polarization plane is rotated by 45° against
the x- and y-axes as illustrated in Fig. 2.4b. Here the two partial waves are in-phase,
whereas a phase shift of 180° would result in a linearly polarized wave that is rotated
by 90° compared to the shown case.

The other special case is that of circularly polarized light: the ellipse reduces to
a circle if the partial waves have equal amplitudes (E® = EM* = EJ™) and are
shifted in phase by § = £ /2. In this case one component is zero when the other is
at maximum or minimum amplitude. There are two possible phase relationships that
satisfy this requirement: the y-component can be ninety degrees ahead (§ = —m/2)
or ninety degrees behind (8§ = +/2) the x-component.* The case of § = —x/2,
which corresponds to right-handed circularly polarized light according to traditional
convention, is illustrated in Fig. 2.4c. The electric field of a circularly polarized wave,
propagating along the positive z-direction, can be written in complex form as

1 . .
Ei (Z, t) — E [exEO el(kzz—wt) + eyEO el(kzz—wt :|:7Z/2)]’ (229)
or, by employing the identity e/ = i, as
1 .
Ei(z,1) = EE%X + jey)elkzi=on, (2.30)

The normalization factor 1/+/2 is explained below. If the wave is traveling along
the positive z-direction, then right- (left-) circularly polarized light corresponds to
E_ (E;) in (2.29) and (2.30). Under time inversion left-circularly polarized light
becomes right-circularly polarized, and vice versa. Also, upon reflection, an incident
left- (right-) circularly polarized wave becomes reflected as right- (left-) circularly
polarized wave. A device that introduces a relative phase shift of /2 between two
orthogonal components of linearly polarized light is known as quarter wave plate
(see Sect.2.2.4).

4 It may appear somewhat counterintuitive that a phase lead is described by a negative phase angle.
This is owed to the fact that we use the notation (k - z — wt) for the phase [see (2.7)]. Had we used
(wt — k - 2), the signs for the phase angles would have been interchanged.
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(b)

Fig.2.5 aRepresentation of a general elliptically polarized wave as superposition of right- and left-
handed circularly polarized waves with different amplitudes and different phase. Like in Fig. 2.4a,
the angle 6 defines the azimuth between the (x, z)-plane and the major axis of the polarization
ellipse. Along the minor axis the field vectors of the two circular waves are antiparallel, along the
major axis they are parallel. The left-polarized wave then has the phase 40, the right-polarized wave
—0. As both waves have the same rotational frequency, the major axis is the angle bisector between
the left- and right-circularly polarized components of the momentary field vectors at any time. b A
non-rotated ellipse is created if the two circular modes are in-phase (for a 90° phase shift the ellipse
would be aligned along the y axis). ¢ If also the amplitudes of the two circular waves are equal,
a linearly polarized wave emerges by superposition. This is shown in ¢ and d to demonstrate the
effect of circular birefringence. In ¢ the superposition of right- and left-handed circularly polarized
waves of equal phase leads to a linearly polarized wave along the x-axis, which shall represent the
wave at z = 0 at the surface of the birefringent material. In traversing the optically active medium,
the two circular waves get out-of-phase and the resultant linear wave at a depth 7z’ appears rotated
(d). (After [166, 169])

The “Cartesian” decomposition of the electric field into x and y components,
which was applied so far, is arbitrary though. Plane waves of any polarization can
as well be described by combining waves of opposite circular polarization as basis
[173]. If the two circular waves have different amplitudes, elliptically polarized light
will result (Fig.2.5a, b), whereas for equal amplitudes linearly polarized light is
created (Fig.2.5¢c, d). A phase shift between the two circular modes leads to rotation
(compare Fig.2.5a, d)

An efficient way to describe the polarization state of light is the Jones formalism
[166, 173]. In this representation, the electrical field vector of the light wave is
expressed in terms of its complex amplitudes in a two-element column vector, the
Jones vector:

i
E, E}r(nax eldx
J= (Ey) =\ |z e ) (2.31)

The spatial and temporal phase, ei(kﬂ_“”), is common to both components and is

therefore omitted. The Jones vector contains complete information about the phases
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and amplitudes of the E-field vector components. As we are only interested in the
polarization state of the wave rather than in its exact amplitudes and phases, it is
convenient to normalize the irradiance to unity. The Jones vector then has to satisfy the
condition J - J* = 1, meaning that the sum of the squares of the vector components is
one—the asterix (*) denotes the complex conjugate. A linearly polarized wave whose
E-vector vibrates along a given axis can then be represented by the normalized Jones
vector

Jiin = (098 aPOl) . (2.32)

Here o) is the azimuth angle of the electric field vector oscillation, defined by the
polarizer setting with respect to the x-axis (see Fig.2.7b below). When a1 = 0
represents a linearly polarized wave with its E-vector oscillating along the x-axis,
the normalized Jones vectors for waves polarized along the coordinate axes and in
diagonal direction are given by

I = 1 Jo = 0 4 Jus = 1 1 2.33)
x = 0] y = 1 an 450_% E (

The Jones vector for general elliptic polarization can be derived by rewriting
(2.31):

. 1 . 1
Jelp — E)r(naxeléx ( E;/nax ei(SySX)) — E)r(naxeléx ( sin 2 eiB) . (234)
E cos £2

Multiplication with cos §2/(E™*ei®x) leads to the normalized Jones vector

cos §2
Jep = (sin el ) (2.35)
that satisfies Jeip - Jep® = 1 and which describes a vibration like in Fig.2.4a. For
right-circular light, § = —x/2 and 2 = arctan (E;naX JEP®™) = arctan1 = m /4,
yielding the normalized Jones vector
k= 1 1 1 1 (2.36)
R — \/z e—i% - ﬁ _1 ° N

For left-circular light, with § = /2 and 2 = 7 /4, we get

J _L(.l)_L(l) (2.37)
Fma\dt) T\ '
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As Jr™ - JL = 0, these two circular polarizations are mutually orthogonal. The basic
linear polarizations Jx and Jy can be resolved into circular polarizations Jgr and Jy.,
and vice versa:

1 1
V2 V2
1 i
d Jy = — D Jy = — Ok —J0). 238
and J ﬁ(JR +Ju), Jy ﬂ(JR Ju) (2.38)

As mentioned before already, circular polarizations obviously consist of linear vibra-
tions along the x- and y-axes with equal amplitudes 1/+/2 and a phase difference of
4 /2. Similarly, a linear polarization can be seen as a superposition of two oppositely
sensed circular polarizations (Fig.2.5c¢).

JR = (Jx - in)y JL = (Jx + in)v

2.2.3 Birefringence, Dichroism, and Optical Activity

Many crystalline substances like calcite or quartz are optically anisotropic, i.e. their
optical properties are not the same in all directions within the crystal. One of the
consequences is that the propagation speed of a light wave in the crystal is a function
of the direction of propagation and the polarization of the light. In a classical picture
this can be ascribed to an anisotropy in the atomic binding forces: In a transparent
substance, light propagates by exciting the atoms within the medium. The electrons
are driven by the electrical field of the light wave, they then reradiate secondary
wavelets which, following Huygen’s principle, recombine in a resultant refracted
wave that continues propagation. The speed of the wave, and with it the refraction
index,’ are determined by the difference between the frequency of light and the
natural electronic frequency. An anisotropy in the electronic binding forces, which
depends on the symmetry of the atomic crystal lattice, will thus cause an anisotropy
in the index of refraction. Substances with hexagonal, tetragonal, and trigonal crystal
structure are typical examples for optically anisotropic materials. They are known
as uniaxial with the optical axis corresponding to a direction about which the atoms
are arranged symmetrically. Due to the anisotropic refraction index, a ray of natural
light entering the crystal at a nonzero acute angle to the optical axis is decomposed
into two rays, called ordinary and extraordinary ray, when it passes through the
material. The two rays are mutually perpendicularly polarized (the ordinary wave is
polarized perpendicular to the optic axis, the extraordinary wave has both, parallel
and perpendicular components to the axis) and they propagate in different directions.
On leaving the medium, the two partial rays are spatially separated so that an object
observed through the medium appears doubled. This effect is therefore known as
double refraction.

5 The absolute index of refraction n = co/v is defined by the ratio of the speed ¢ of an electro-
magnetic wave in vacuum to the speed v in matter, see (2.10).
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In general, a material that displays two different indices of refraction is said to
be birefringent. For the mentioned uniaxial materials the birefringence magnitude
is defined by An = (ne — no), where no = co/vy and ne = cp/v)| are the two
principal refractive indices for the ordinary and extraordinary wave, which propagate
with velocities v and vy}, respectively, according to their polarization direction with
respect to the optic axis. In calcite, forinstance, An is negative, meaning thatv| > v .
The wave whose electrical field vibrates parallel to the optic axis travels fastest, so that
the optic axis is referred to as the fast axis in this case, and the direction perpendicular
to it is the slow axis. For quartz An is positive and the slow axis corresponds to the
optic axis. A birefringent material that absorbs the orthogonally polarized waves
with different strengths is dichroic. In its broadest sense, the term dichroism refers to
the phenomenon of anisotropic optical absorption, which means that one of the two
orthogonal polarization state components is more strongly absorbed than the other.®
Orthorhombic, monocline, and triclinic systems have two optic axes and are said
to be biaxial. A typical example is mica [KHAl3(SiO4)3]. Such substances have
three different principal refraction indices and the birefringence is measured as the
numerical difference between the largest and smallest index. The magneto-optical
Kerr-, Faraday-, and Voigt effects can also be interpreted as birefringence effects as
explained below.

Also optical activity can be interpreted as birefringence effect. Any material that
causes the electrical field of an incident linearly polarized wave to be rotated on pass-
ing through is said to be optically active. A dextrorotatory or right-handed substance
causes a clockwise rotation of the polarization plane while looking in the direction
of the source, and vice versa for a levorotatory or left-handed material. Crystalline
quartz, for instance, can be either right- or left-handed depending on its crystal struc-
ture. A simple phenomenological description of optical activity was proposed by
Fresnel: Since the incident linear wave can be represented by the superposition of
right- and left-circularly polarized partial waves (see Fig.2.5c), Fresnel suggested
that these two circular waves propagate in the active medium at different speeds.
An optically active material thus shows circular birefringence, i.e., it possesses two
indices of refraction, one for right (n_) and one for left (n4) circularly polarized
light. When propagating through an optically active specimen, the two circular waves
get out-of-phase and the resultant linear wave appears rotated (Fig.2.5d). The rota-
tion angle is proportional to the length of the traversed path and to the difference
(n4 — n_) of the two refractive indices. An analytical derivation of light rotation in
optically active media is presented in Sect.2.4.1 using the example of the Faraday
effect.

The electromagnetic description of crystal optics [163, 164, 168] starts from the
general wave equation (2.18). The solution of this system of linear equations leads to
an equation of second order for n2 and thus to two physically relevant solutions for n

6 The two attenuation coefficients may be frequency-dependent and vary in different ways with
the frequency. If white light enters the crystal, the crystal will in general appear colored with the
color depending on the vibrational direction of the incident light. For uniaxial crystals there are two
characteristic colors, leading to the term ‘dichroism’.
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Fig. 2.6 Relative orientations Ray

of the field- and propagation direction S
vectors for a transparent,
anisotropic material. While
the D-vector is perpendicular
to the propagation vector, the
E-vector strongly deviates
from this direction. (After
[1691)

(we will present such solution for special magneto-optical conditions in Sect.2.3.2).
For certain directions of k these two solutions can coincide; such directions are the
mentioned optical axes. The fact that in an optically anisotropic medium there exist,
in general, two different plane waves for every propagation direction is what we have
met as birefringence.

Atthis pointitis instructive to have a closer look at the electromagnetic description
of wave propagation in anisotropic media. The propagation vector k, which defines
the propagation direction of the planes of constant phase of the light wave, is generally
not in the same direction as the energy flow in the material. The energy flow, which
corresponds to the ray direction, is given by the Poynting vector § = E x H.
The connection between the different vectors is illustrated in Fig.2.6. According
to (2.11a) and (2.11b) and ignoring electrical charges p, the D- and B-vectors lie
in the plane perpendicular to the wave vector k. By (2.11c), E together with k are
aligned in the plane perpendicular to B, and by (2.11d) the vectors H and k are
aligned perpendicular to D (if external currents are zero). The Poynting vector S is
by definition perpendicular to E and H. If we further assume u = 1, the directions
of B and H coincide, the vectors E, D, S, and k lie in the plane perpendicular to B
and the vectors D, B, and k are forming a right-handed coordinate system. While
D is perpendicular to k, this is obviously not true for the E-vector, which is rather
perpendicular to S—the planes of constant phase are inclined to their direction of
motion as indicated in the inset of Fig.2.6. For anisotropic, transparent materials
the (transverse) D-vector is therefore used for description and not the E-vector as
usual. Only if the direction of propagation is along an optical axis of the crystal,
S and k have the same directions. Otherwise their directions deviate and double
refraction is observed. In optically isotropic or amorphous materials the directions
of D and E coincide (the connecting dielectric constant is a scalar quantity rather than
a tensor) and there is no birefringence. In materials with very strong absorption the
light within the material is in general elliptically polarized and the D-vector deviates
from orthogonal alignment with k [164]. We will come back to such phenomena at
the end of Sect.2.3.

There are a number of optical effects that are related to birefringence and optical
activity, but which are somehow externally induced [166]. By exerting an external
influence (e.g. a mechanical force, an electric or magnetic field) on an otherwise



2.2 Optical Basics of Conventional Effects 39

optically isotropic medium, the way in which the medium transits light may change.
If under mechanical compression or tension a substance takes on the properties of
an optically active crystal, the phenomenon of stress birefringence or photoelasticity
is observed. The stress creates an optical axis in the direction of stress and the
induced birefringence is proportional to the stress. Photoelasticity can be applied for
imaging the stress distribution in transparent and opaque mechanical structures. In
polarization microscopy, the optical elements have to be selected for stress freedom
to avoid the disturbing effects of photoelasticity.

Also in the presence of a magnetic field a (non-magnetic) isotropic dielectric like
glass may become optically active, a phenomenon that was discovered by Faraday in
1845. The amount of rotation 6 of the plane of polarization of the light is proportional
to the component of magnetic induction B in propagation direction and to the length
[ of traversed medium:

0r =V B, (2.39)

where the proportionality constant V is called Verdet constant. Although the Faraday
effect is reminiscent of optical activity, there is an important distinction: The Faraday
rotation is irreversible, i.e., the rotational sense of the polarization plane is opposite if
the light propagates parallel or antiparallel to the magnetic field direction. If the light
is reflected after having passed the material, the resulting rotation is thus doubled
compared to a single passage. The Faraday effect can be used to realize optical
insulators and modulators. In magneto-optical microscopy the Faraday effect plays
a role in two ways: (i) Optical elements in the microscope, like the objective lens,
can cause a Faraday rotation in the presence of magnetic fields that is superimposed
to any light rotation being caused by the magnetism of the specimen. In quantitative
Kerr microscopy [174], where saturated sample states of well defined directions are
created by external magnetic fields for calibration purpose, this disturbing Faraday
effect has to be considered. (ii) More important is the intrinsic Faraday effect created
by the magnetization of (optically transparent) ferro- or ferrimagnetic materials itself,
which can be applied for domain imaging as explained in Sect.2.4. As the intrinsic
Faraday effect of magnetically ordered material is associated with the magnetization
rather than with the applied magnetic field, the concept of a Verdet constant is not
applicable here. In Sect.2.4 we will show that the Faraday effect can be discussed as
circular birefringence in the same fashion as Fresnel’s treatment of optical activity.
This also applies to its analogue in reflection, the magneto-optical Kerr effect.

In a similar sense, the Cotton-Mouton effect arises when a constant magnetic
field is applied to a transparent medium (vapors or liquids) perpendicular to the
propagation of light. The medium then becomes birefringent and behaves like a
uniaxial crystal with its optic axis in the direction of the dc magnetic field, i.e.
normal to the light beam. One of the two refraction indices then corresponds to the
wave’s vibration plane normal to the magnetic field, the other one parallel. Their
difference An (i.e. the birefringence) is proportional to the square of the applied
magnetic field. The same effect can also be caused by the magnetization of ferro- or
ferrimagnets, where it is usually called Voigt effect (Sect.2.5).
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The Cotton-Mouton effect is the magnetic analogue to the electro-optic Kerr
effect. In 1875, John Kerr discovered that an isotropic transparent substance becomes
birefringent in the presence of an electric field. The medium takes over the charac-
teristics of a uniaxial crystal whose optic axis matches the direction of the applied
field. The birefringence An =nj —n; = A0 K E 2 is proportional to the square of
the electric field analogous to the magnetic field dependence of the Cotton-Mouton
and Voigt effect. The two refraction indices, n|| and n | , are associated with the two
vibration planes parallel and perpendicular to the applied electric field and K is the
Kerr constant. The electro-optic Kerr effect is utilized to produce a high-speed light
modulator known as Kerr cell.

2.2.4 The Compensator

In polarization microscopy, birefringent material may be used to modify elliptically
polarized light as it emerges from birefringent samples including magnetic samples.
For this purpose a transparent birefringent plate of suitable thickness and material
is placed in the ray path emerging from the specimen. The plate allows to change
the path difference between the two mutually orthogonal vibration directions of the
elliptical wave (see Fig. 2.4). Such a device is called a compensator, as its function is
to compensate phase differences. Compensators are commonly used for qualitative
applications, such as control of background illumination or to improve the contrast
and visibility in weakly birefringent specimens. For magneto-optical microscopy,
phase compensation can be essential as only linearly polarized light can be converted
into a contrast by means of an analyser. For many materials (notably Permalloy,
Fe,oNigg) a reasonable domain contrast can only be obtained if a compensator is used
in the reflection path, and the Voigt- and Gradient effects would not be detectable
without phase adjustment. A compensator is furthermore the basic element of layer-
selective Kerr microscopy! It is therefore worth to spend an extra chapter on this
important optical element. Of the many different types of compensators, we shall
consider only those two that are used most widely in magneto-optical experiments:
the Babinet and the Brace-Kohler compensator, which are applied in magneto-optical
magnetometry and wide-field magneto-optical microscopy, respectively.

The Babinet compensator is a device containing two opposed quartz (or calcite)
wedges of equal angle, one wedge being movable along its length by a micrometer
screw. The wedges are cut so that their optic axes are along and perpendicular to
the direction of motion, respectively (see Fig.2.7a). A ray that traverses vertically
through the device at any point will pass a thickness d; in the upper and a thickness
d> in the lower wedge. The o- and e-rays (see Sect.2.2.3) in the upper wedge become
the e- and o-rays, respectively, in the bottom wedge. The separation of the two rays
can be neglected as the compensator is thin. The retardance, i.e. the total phase
difference, is then [166]
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retardation plate)
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Fig. 2.7 a Babinet compensator, consisting of two quartz wedges whose optic axes are indicated
by lines and dots (after [166]). b A Brace-Kohler compensator contains a N A-retardation plate
as defined in the text, having the optical axis parallel to the plate plane (see Sect.2.2.3 for the
definition of the fast axis). For adjustment, the retardation plate is rotated around the propagation
axis (k-direction) of the light. The azimuth angles of polarizer, compensator and analyser are defined
relative to the x-axis. The sample is omitted in the drawing—in a magneto-optical experiment it is
placed between polarizer and compensator

2
Agp = A_Z(dl —d2)(Ino — nel). (2.40)

Atthe center of the device, where d| = d», the effect of one wedge is exactly canceled
by the other, and A¢ = 0. Otherwise the retardation varies from point to point over
the surface, being constant in narrow regions across the width of the compensator
along which the wedge thicknesses are themselves constant.

For wide-field microscopy, where the compensator is typically located in a
position of parallel light between specimen and analyser (see Fig. 3.1), Babinet com-
pensators cannot be used due to their line-characteristics. Here Brace-Kohler com-
pensators are better suited as they cause a homogeneous phase retardation across the
whole field of view. A Brace-Kohler compensator is a rotatable retardation plate,
that is a piece of birefringent, uniaxial (or uniaxial appearing) material like mica or
calcite.” As shown in Fig.2.7b, the crystal is cut so that the optic axis lies in the
plane of the plate. The o- and e-rays are retarded relative to each other and the path
difference between the two rays is given by N1y = d(|n, — ne|), where d is the
physical thickness of the plate. Variable N can be seen as retardation, expressed in
fractions of a wavelength. For example, a quarter wave (or Ao /4) plate is represented
by N = JT, a half wave (or 1¢/2) plate by % etc.. The phase difference between two
rays traveling through the retardation plate is 277 /Ao times the path difference, so

7 Today, retarders are also made of polyvinyl alcohol sheets that have been stretched so as to align
their long-chain organic molecules. A permanently birefringent substance is created in this way
even though the material is not crystalline. The foil is cemented between two glass plates by a filler
with suitable refraction index.
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that the phase retardation Ag is [175]
2w
Ap =2aN = )L—d(|nO — nel). (241
0

Thus, phase differences of 7 /2 and & are introduced between the o- and e-beams
in quarter-wave and half-wave plates, respectively. When the compensator is rotated
around the k-axis, the value of retardation R is given by

R = Agsin (2 |otpol — eomp)), (2.42)
where a01 and areomp are the rotation angles of polarizer and compensator according
to Fig.2.7b. Apparently, linear light incident parallel to either principal axis of the
compensator (the fastaxis, i.e. ¢comp = pol, OF the slow axis, i.e. dcomp = tpo1 +90°)
will be unaffected by the compensator—a relative phase difference always requires
two components. When linear light, polarized at 45° to either principal axis is incident
on a quarter-wave plate, its o- and e-components have equal amplitudes. Then a 90°
phase shift converts the wave into circular light and, vice versa, an incoming circular
wave front will emerge linearly polarized (see Fig.2.4c). For any other orientation of
the quarter-wave plate, linear light is converted to elliptical light with varying degrees
of ellipticity, depending upon the degree of relative phase retardation R. Vice versa,
any elliptically polarized wave can be converted into a linearly polarized wave by a
properly rotated compensator! Established retardation plates used as Brace-Kohler
compensators are A/10- or A/4-plates. In mica crystals, the birefringence shows
little dependence on the wavelength of light, so that a broadband application of
compensators made of such material is possible.

In a magneto-optical experiment, the compensator is part of a train of optical ele-
ments consisting of (in order) polarizer, sample, compensator and analyser, perhaps
extended by some electro-optical device. To achieve good sensitivity or contrast,
each of these optical elements is oriented at a certain azimuth angle as illustrated
for the polarizer, analyser, and compensator in Fig.2.7b. An efficient technique to
describe the polarization state of light along this train of optical elements is provided
by Jones matrix algebra [165, 166]. In Jones algebra, the electrical field vector of
the light wave is represented by the Jones vector (2.31), while each optical element
is represented by a 2 x 2 matrix,® the Jones matrix I'. If E = (Ex, Ey) is the Jones
vector of the incident light defined along the (x, y, z)-coordinate system of Fig.2.3a,
the light emerging from the optical element, E' = (E}, EY), is then given by [163]

E =T'E with r=(i2). (2.43)

8 In magneto-optical microscopy the light beams behind the objective lens emerge in parallel
bundles, so that the polarization vectors of each beam can be assumed to be co-planar to the
polarization elements on the observation side (compensator and analyser), as well as to the image
plane. All polarization aspects can therefore be treated two-dimensionally in a plane perpendicular
to the optical axis of the microscope.
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If the light is sent through a train of n optical elements, the result is obtained by
multiplication of all the matrices in sequence:

E; [ an by a by ay by Ex
(E;) - (Cn d, ¢y dy cy d; Ey )" (2.44)

For a Brace-Kohler compensator the transformation of light is written as [165]

E! E
( EZ) = Tcomp ( E;) , (2.45)

where the Jones matrix I' comp Of the rotatable retardation plate is given by

LA
e~2lde

Fcomp = Frot(_acomp) ( 0 e-‘r%iAlp ) Frot(acomp) (2.46)

. COS Weomp  SIN Ceom
with  T'yot (Olcomp) = . P P
— $in 0tcomp COS Aeomp

Here Ag is the phase retardation (2.41) and the angle acomp defines the azimuthal
rotation of the fast axis of the retardation plate with respect to the x-axis. The central
matrix in (2.46) is the Jones matrix of the retardation plate itself, the outer two are
rotation matrices: I o (Ctcomp) TEPresents a coordinate transformation from xy to eo,
i.e. the x- and y-components of the incoming light (Ex, Ey) are transformed to the
axes e and o of the normal modes of the retardation plate. As mentioned, the two
normal mode components will propagate with their own phase velocities and one
component is retarded relative to the other due to the difference in phase velocity. This
phase retardation changes the polarization state of the emerging light. The electric
field vector of the polarization state of the emerging beam in the xy coordinates
(E}, E;,) is obtained by transforming back from the crystal eo-coordinate system,
which is achieved by the rotation matrix I jot (—@comp) in (2.46).

In order to visualize the effect of the compensator, let us discuss the case of a
quarter-wave plate (A¢ = m/2). The previously discussed transformations of light
can be conveniently calculated by Jones algebra. Suppose that the azimuth angle
of the plate is acomp = 45° and the incident beam is vertically polarized along the
x-axis, Eip = (1, 0). According to (2.46) the Jones matrix for this arrangement is

1 (1-1\[e % 0 1 11 1 (1 —i
NI () EXRE RN s

The Jones vector E of the emerging beam is then obtained by

E=r n_1 ! 2.48
—qwo —ﬁ —il ()
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As expected, vertically (x-) polarized light is thus converted to right-handed circu-
larly polarized light [compare (2.36)] by a 45°-oriented quarter-wave plate. If the
incident beam is vertically polarized along the x-axis, the emerging beam will be
left-handed circularly polarized. These two transformations together with some oth-
ers are illustrated in Fig.2.8. In the figure also the effect of an (ideal) analyser is
indicated. Its Jones matrix is given by

r,, = (5% ~sindp 10 COS Qlap  SIN Cap (2.49)
Sin oy COS Aap 00 —sinagp cosagp /-’

with otap = opol + 90° + aan. Here it is assumed that the analyser is first crossed
relative to the polarizer and then opened by a small angle o, (relative to the x-axis
in Fig.2.7b) as usual in a magneto-optical experiment.

Also the change of the polarization state, caused by reflection or transmission on
a sample, can be described by corresponding Jones matrices:

E;Cﬂ ) (E)l(n) (E)t(rans) (Ein
refl | = R in and rans | =T )'(n s
( EY E}’ E)’ E;’

with R = (Vxx rxy) and T = (txx txy) . (2.50)

Tyx Tyy Tyx tyy

In the (s, p, k)-coordinate system (Fig.2.3) these equations are conventionally writ-

ten as
Ereﬂ ) ( Ein ) ( Etrans ) ( Ein )
P =R| P and p .)=T{ P
fl ans E ’
( E;e E;n E;rdns ;n

with R=("™") and T = ("rrs). (2.51)
Fsp Tss Isp Iss

Here R and T are the reflection and transmission matrices, respectively, and the
matrix elements r;; and #; are the reflection and transmission coefficients for the
electrical field amplitudes. The first index, i, describes the reflected or transmitted
component, the second index, j, is for the corresponding components of the incident
light. Expressions for the diagonal coefficients are given in the next section. The
transfer matrices contain the complete information about the optical properties of a
sample including the magneto-optical properties. We will return to such description
in Sect.2.4A.

2.2.5 Reflection and Transmission of Polarized Light

In the previous sections we have seen that any polarization state of an electromag-
netic wave, propagating along the z-axis, can be treated by resolving its E-field
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Fig. 2.8 Transformation examples of a quarter-wave plate in combination with an analyser. Shown
are the traces of the light polarization by looking along the propagation direction according to
Fig.2.7b. The rotation sense according to traditional convention is indicated by arrows that show
the E-vector rotation in time at a fixed position like in Fig.2.4. a, b Transformation of linearly
polarized light into circular light. ¢ Rotated elliptical light (as it is principally generated by the
Kerr- or Faraday effect can be linearized by rotating the compensator by 90° + ™. The linear
wave is then rotated by 9°" = £" 4+ " d A wave of opposite rotation and ellipticity as in (c) is
transformed into a strongly elliptical wave under the same compensator setting. ¢ A 90° phase shift
between the x- and y-components leads to an upright ellipse (like in the Voigt effect) that can be
linearized by a transversely oriented compensator. f, g Opening of the compensator by leaving the
analyser crossed to the polarizer leads to a contrast behind the analyser. (Developed together with
L. Lokamani, Dresden)
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Fig. 2.9 a The two standard situations of s- and p-polarized plane waves incident on the boundary
between two homogenous and isotropic media. The waves are represented by their electrical field,
where E™, E™ and E"S are the incident, reflected and transmitted light amplitudes, respectively.
On the left, the E-field of the incoming wave is parallel to the plane of incidence (the yz plane), on
the right it is normal. The component of E normal to the plane of incidence undergoes a phase shift
of 180° upon reflection when the incident medium has a lower refraction index than the transmitting
medium. Under this condition no phase shift occurs for field components parallel to the incidence
plane (note that two fields in the incidence plane are in-phase if their z components are parallel).
b Real and imaginary parts of the wave vector in an absorbing material, illustrating the difference
between the directions of phase propagation and amplitude damping

into components along the x- and y-axes and by discussing these constituents sepa-
rately. In polarization microscopy with a chosen angle of incidence it is convenient
to switch to the (s, p, k)-coordinate system (Fig.2.3) and treat an electromagnetic
wave in terms of the components parallel (p) and perpendicular (s) to the plane of
incidence. Figure 2.9a illustrates the two cases.

In Sect.2.3 we will describe how the light propagates within a magnetic sample
and how it is influenced by the magnetization. This will finally lead to the magneto-
optical effects. Before the light can propagate within the sample, however, it has to
enter the material and, after some interaction, leave it again for detection. Although
the physical properties (characterized by the dielectric tensor € and the magnetic
permeability tensor u) may change abruptly across the interface, there do exist con-
tinuity relationships for some of the components of the field vectors at the boundary,
which can be directly derived from the Maxwell equations [164]. These boundary
conditions require that the tangential components of the electric field E are always
continuous across the interface. In other words, the total tangential component of
E on one side (consisting of the incident and reflected amplitudes E™™ and E™",
respectively—see Fig.2.9) must be equal to that on the other side (the transmit-
ted amplitude E"¥"). The same condition applies to the magnetic field H. For the
dielectric displacement vector D and for the magnetic flux density B the normal
components are continuous across the interface.

From the boundary conditions of electromagnetic theory, the reflection and trans-
mission coefficients for the two principal cases of p- and s-polarization can be derived
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[164, 166]. For optically isotropic media (i.e. ignoring magneto-optical effects or
other optical activity for the moment) only the diagonal terms, r, and rgs, appear in
the reflection and transmission matrices (2.51). Pure s- and pure p-waves therefore
remain linearly polarized on reflection with the plane of polarization being along the
same direction as that of the incident light. The reflection coefficients for the two
cases are given by

ij (Ereﬂ) n; cos ¥ — n; cos ¥;
P

" i - = |rpp| exp(id
pp Ein n; cos 19j + njcos g ’ Pp| p( rp)
(O iy T TRl L R (2.52)
ro = - = = |ry| exp(dys), )
: E" n; cos ¥; + n;cos vy ss| EXPUOrs

and the transmission coefficients by

y E 2n; cos v .
= (5) = il expis)
P

Ein n; cos ¥j + njcos v;
i E 2n; cos v
= ( ‘rans) - Ni CO8 Vi — |tss| exp(iSis). (2.53)
Ewn )¢ nicosd; +njcost;

These so-called Fresnel equations can be generally applied to dielectric as well as
absorbing materials (remember: for the latter the refraction index and refraction
angle of the absorbing medium have to be taken complex. A complex angle has no
simple physical meaning, though). Index i represents the layer from which the light
originates. This can be a ferromagnetic or dielectric layer in a multilayer system,
or an environment like air or immersion oil. The light then enters (and is reflected
from) from layer j that is in direct contact to layer i. Each layer is characterized by
its (in general complex) index of refraction, n; or n;. The constants rf)]p and r¢l are the
amplitude reflection coefficients from layer i to layer j for parallel and perpendicular
polarization, and tf)Jp and ¢} are the corresponding transmission coefficients from
layer i to layer j. These coefficients describe the fraction of wave amplitude that is
reflected and transmitted, respectively, by passing the interface between layer i and j.
The coefficient tll,jp, for instance, represents the wave fraction transmitted on entering

layer j from layer i, and r{,’p represents the fraction transmitted when a wave leaves
layer j again across the same interface. The angles of incidence in layer i and j, ¥
respectively ¥%;, are related to the refraction indices by Snell’s law:

n; sin 19,' = nj sin l?j. (2.54)

The absolutes of the reflection and transmission coefficients in (2.52, 2.53) spec-
ify the amplitude changes and the &’s the associated phase shifts on reflection or
transmission. For absorbing materials (metals), s- and p-polarized light experiences
different phase shifts on reflection (compare the two cases in Fig.2.9a). The light is
therefore reflected elliptically when the incident light has both, s- and p-components.
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Purely s- and p-light is only reflected if the incident wave is polarized perpendic-
ular or parallel, respectively, to the plane of incidence as mentioned. In absorbing
materials there is also a difference between the directions of phase propagation and
amplitude damping as illustrated in Fig.2.9b. This difference is a consequence of
the complex nature of the wave vector and refraction index in the metal together
with the boundary conditions at the interface. With (2.9), (2.17), and (2.21) we can
employ the following notations for the three plane waves in Fig. 2.9b (neglecting the
amplitudes) [163]:

glkinr —wr) (incident wave)

elkreir —ot) (reflected wave)
1" 3 /

e Ktrans” @1 KigansT —@1) (refracted wave)

where the complex propagation vector of the refracted wave in the absorbing medium
is given by Kkians = Kipyns + 1Kirans [s€€ (2.14)]. The continuity conditions require

constant ratios of the fields at the interface, leading to

kin - r =k - 7

/ syl
kin -1 =kyans - 7 = (ktrans + lktrans) r

at the boundary. The first equation leads to Snell’s law (2.54) and the second equation
yields
kin-r=k_ . -r (2.552)

trans

0=k T (2.55b)

trans

after equating real and imaginary parts. This result shows that, in general, ki, and
ki, have different directions—the wave is said to be inhomogenous. As shown in
Fig.2.9b, the direction of planes of constant amplitude, defined by ki, is always
normal to the boundary according to (2.55b), whereas the planes of constant phase,
defined by k., may have any direction. The wave thus moves in the direction of the
wave vector ki, but its amplitude is exponentially diminished with the distance
from the boundary plane as shown in the figure. The amplitude of an inhomogeneous
wave consequently varies over the wave front, whereas a homogenous wave is defined
as a wave whose amplitude is constant over the plane-wave front and varies in the
direction of propagation [176]. The reflection and transmission behavior of a thin
film or multilayer is more complicated as an incident light beam will interact not just
with the first boundary but rather with a number of boundaries. We will discuss this
situation in Sect.3.2.2.

So far we have collected some background on the polarization of light, thus provid-
ing the basis for the magneto-optical effects to be discussed in the following sections.
Two different approaches will be used: one is related to the propagation of light and its
interaction with matter, so it stresses more the physical aspects (Sect.2.3). The other

description is based on the permittivity tensor, which allows phenomenologically to
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derive the symmetry of the effects (Sect. 2.4). In any case, we will restrict ourselves
to a descriptive way of presentation. For a full mathematical derivation we refer to
the literature.

2.3 Electromagnetic Basics of Conventional Effects

In Sect.2.2.1 we have provided the electrodynamic basics for the propagation of
light in continua. From Maxwell’s and the material equations a general wave equa-
tion was derived, the solutions of which describe the propagable light waves in the
medium. All material-specific properties of light propagation (including absorption,
dispersion, optical anisotropy, and optical activity, as well as the magneto-optical
effects) are completely included in the complex dielectric e-tensor. We therefore
have a closer look at the magneto-optical tensor first before presenting solutions of
the wave equation for the magneto-optical tensors in Sect.2.3.2.

2.3.1 The Dielectric Permittivity Tensor

According to (2.3a), the dielectric permittivity tensor € connects the electric vector
E of the illuminating plane light wave with the induced dielectric displacement
vector D in the illuminated medium. The D-vector represents the direction of the
oscillatory electron motion and thus determines the vibration direction of the light
transmitted through or reflected from the medium. In case of non-magnetic materials,
the permittivity tensor is expressed as a sum of several contributions:

€iso, 0 0
€cryst = €+ €pr +€ca,  With €= 0 €5 0 |. (2.56)
0 0 €50

The first term, €2, is an isotropic tensor, followed by an arbitrary traceless matrix
€pr that describes conventional crystalline birefringence, and a tensor for optical
activity, €y, . Here €5, represents the dielectric constant of an isotropic, non-magnetic
material. If only the isotropic tensor € would be active, the displacement vector
would be along the same direction as the E-vector (under the assumption that no
further optical anisotropies are present, i.e. 8(1)1 = 8(2)2 = 823). The light would then
interact with the matter without rotation of its polarization plane. A rotation of the
vibrational plane or ellipticity in the out-coming light requires non-zero off-diagonal
elements in the tensor. They are contained in the €, tensor, for instance, but also in
the magneto-optical tensors shown below.

In analogy to (2.56), also the dielectric e-tensor of the magneto-optical effects
can be split into the magnetization-independent, isotropic part €” and a part that
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depends on magnetization. If we just consider ferro- and ferrimagnetic materials,
the magnetization-dependence can be seen as dependence on the magnetization
direction, because the magnitude of magnetization always corresponds to the satura-
tion magnetization. The magnetic parts to the dielectric tensor are relatively small, so
that the discussion can be restricted to contributions that depend linearly or quadrat-
ically on the unit vector of magnetization m [171]:

3 303
eij =€) + > Kikme+ > > Gijamim. (2.57)
k=1 k=1 1=1

The subscription represents the three cubic axes and m; are the components of
the magnetization vector m. The number of independent components of the linear
magneto-optic K -tensor and the quadratic G-tensor can be reduced to a few material
parameters by symmetry considerations [171]. For cubic crystals,” the magneto-optic
tensor then writes

1 —iQvm3z 1Qvmy
€ =c€jso | 10Qvm3 1 —iQvymy
—iQvmy 1Qvm 1
Blm% Bymimy Bomims
+ | Bymimy Blm% Bymoms | . (2.58)

Bymms Bomoms Blmg

Here Qv is the (Voigt) magneto-optical constant, a material parameter that describes
the strength of the linear magneto-optical effects, the Kerr- and Faraday effects. It is
roughly proportional to the saturation magnetization. B and B are the corresponding
constants for the (intrinsic) Voigt effect.!” For isotropic and amorphous materials,
By and B are identical. The constants Qv, By and B, are generally frequency-
dependent and complex numbers (i.e. Qv = Qf +iQy, etc.), for which the real part
is usually dominating. Exact numbers for the constants are insufficiently known—the
absolute values for Qv are of the order of 10~2 and for B around 104,

2.3.2 Solutions

The system of linear equations (2.16) or (2.18), derived from the general wave
equation (2.6), has non-trivial solutions if the determinant of its coefficient matrix
vanishes. This leads to a characteristic equation for the components of the wave
vector as a function of the elements of the dielectric tensor, which finally defines the

9 The term “cubic crystal” is used in the sense that the crystal symmetry is cubic neglecting
magnetization.

10 Another widely used convention [177] postulates a zero trace for the second matrix. This amounts
in a ferromagnet (because of |m| = 1) to adding an isotropic term, which is shifted into the first
matrix in (2.58).



2.3 Electromagnetic Basics of Conventional Effects 51

kin ke
Medium 0 \ /

(non-magnetic)
Medium 1 / /

(magnetic) / 5 f /:1
IR0}

klrarA

Fig. 2.10 Illustration of the eigenmodes of the light wave in a magnetized medium for a given wave
vector ki,. Four waves with different wave vectors add to the electric field at the boundary between
the non-magnetic and magnetic media. The two retrograde waves (3 and 4) would not occur in case
of a single boundary, but have to be considered in films and multilayers. (After [179])

“allowed” propagation directions (eigenmodes) of the light waves in the magnetic
medium. Due to the degree of freedom of a selectable light incidence, the characteris-
tic equation is initially not unique. For a selected direction of incidence, however, the
lateral components of the wave vector are defined by Snell’s refraction law (2.54).
For the remaining component of the wave vector an equation of fourth order is
obtained in the most general case. The associated four (complex) solutions describe
generalized elliptically polarized waves, for which the directions of phase propa-
gation and amplitude damping do not coincide in case of oblique incidence, i.e.
inhomogeneous waves (see Fig.2.9b). Always, however, two waves can be assigned
to forwardly propagating light and two to retrogradely advancing light (Fig.2.10).
For light incidence obliquely on the surface of the medium rather annoying alge-
braic equations are obtained due to the inhomogenous character of the waves (see
Sect.2.2.5). For simple geometries, however, the characteristic equations and asso-
ciated eigenmodes can be easily specified. This is presented here exemplarily for
the so-called “polar” (Faraday or Kerr) effect, where a homogeneous wave (real and
imaginary part of k parallel to each other) is propagating along the direction of M,
and for the quadratic effect (Voigt effect) occurring when a homogeneous wave prop-
agates at right angles to M. For a thorough review of such solutions, also for other
geometries, see ViStiovsky’s book [178].

For the polar effect, the light incidence, magnetization, and surface normal vector
are all parallel to the z-axis of the cubic coordinate system. Then we get m3 = m, =
|m| = 1 and k3 = k, = |k|. Inserting the magneto-optical tensor (2.58) into the wave
equation (2.16) yields a system of three equations for the cartesian components of
the vector field amplitude Eg’yq 4

(kGeiso — KD ES — K €isol OVEY +0 - EJ) = 0,

k(%eisoiQVEg + (k(%eiso — kg)E}(? +0- ES =0,
0-EY+0- EY + (keiso + BDEL = 0. (2.59)
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The characteristic equation, obtained from the determinant of the coefficient
matrix of (2.59), is biquadratic in k:

(€iso + B[ (€is0 — k2 /k§)* — (Qveiso)*] = 0, (2.60)

and leads to the solutions

k2 = k}eiso(1 £ Qv) or (2.61a)
k, ~ tko/€so(1 £ Qv /2). (2.61b)

For approximation (2.61b) it was assumed that the non-diagonal terms of the first
e-tensor in (2.58) are small with respect to the diagonal terms (] Qv| < 1). The first
plus and minus signs in (2.61b) correspond to waves propagating in forward and
retrograde directions according to Fig.2.10. In both cases we obtain

E) = +iE] (2.62)

by inserting (2.61b) in (2.59). The plus and minus signs in (2.62) correspond to those
in the bracket of (2.61b). From (2.62) we see that the amplitudes E,(() and E}(,) are equal
but 77 /2 apart. According to (2.37) and (2.36) these are left- and right-circularly polar-
ized waves corresponding to the plus and minus signs, respectively, in the bracket of
(2.61b) and in (2.62). With k, = nkq [see (2.8)] and under the assumption that the
wave propagates in the positive (4-k;) direction, (2.61b) is written as

ni = /€iso(l £ Qv/2). (2.63)

With these two refractive indices, the two forward and two retrograde circular waves
are explicitly given by [178]

1 .
Ei 4 = — (ex +iey) E el thomszmon,

V2

1 .
Es_ = — (ex — iey) E9 ei(thon-a=on),

V2

1 )
E3)+ = — (ex + iey) E(l) el(—kon+z—wt)’

2

1 .
Eyq_ = — (ex — iey) E9 el Thon=2=n, (2.64)

V2

using (2.30) and (2.8). Subscripts 1, 2 belong to the forward waves and 3, 4 to the
retrograde waves according to Fig.2.10.

The crucial point of this solution is that for light propagating along the magne-
tization the normal modes are two oppositely rotating, circularly polarized waves.
They are propagating as though the magnetic material has refractive indices ny =
J/€iso (1 4+ Qv /2) for left-circularly polarized radiation and n_ = ,/€jso(1 — Qv/2)
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for right-circularly polarized radiation. If Qv would be zero (which is true for
isotropic, non-magnetic media), n4+ and n_ would be identical and there would
be no restriction on E(y) relative to Eg—any polarization state could propagate in
the crystal, feeling an isotropic refractive index n = ,/€iso. As soon as Qv appears,
only the normal modes, right and left circularly polarized waves, propagate. If the
medium is absorptive, n4 and n_ are complex:

ny = n/i + inl, (2.65)

where n/y and n/, are real quantities. The absorption coefficient, which is the recip-
rocal of the distance in which the intensity of the light is reduced by a factor e ™!, is
ot = 4mn’l /Ao [compare (2.23)].

A different situation arises if the light propagates perpendicular to the magneti-
zation. Let us discuss the most important case of in-plane magnetization (here along
x) at perpendicular incidence, i.e. m; = mx = |m| = 1 and k3 = k, = |k| = nko.
These are conditions for the magneto-optical Voigt effect. For this geometry the wave
equation (2.18) yields

(€iso + B1 —nz)Eg+0-E}(,)+O~ES =0,
0 EY + (€iso — n)) Ey — €iso i QVE] =0,
0- E)(() + €iso 1 QVE}(/) + GisoES =0, (2.66)
with the characteristic equation

(€iso + B1 — n*)[€iso(1 — QF) —n*] = 0. (2.67)

Here both tensors in (2.58) have been considered because they can both lead to a
magneto-optical effect in the symmetry of the Voigt effect as elaborated in Sect.2.5.
The solution of (2.67) then yields

1
nﬁ:eiso—i—Bl, E=|0
0
and
0
n? =ew(l—03%), E= 1 . (2.68)
—iQv

for the index of refraction and the corresponding electric field. For the intrinsic Voigt
effect, which is purely based on the quadratic tensor in (2.58) (i.e. Qv = 0), the
solutions are obviously linearly polarized waves with polarization planes parallel
and perpendicular to the magnetization direction. These two waves see refraction
indices n) and n, respectively. For the Voigt effect derived from the gyroelectric
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tensor in (2.58) (i.e. Qv # 0), the E-vector in case of the perpendicular wave is not
strictly perpendicular to the direction of propagation though it is approximately so
(remember that |[iQv| < 1). This, however, does not apply for D, which is strictly
perpendicular to k (for non-absorbing media) as explained in Fig.2.6. In any case,
the two waves propagate parallel and antiparallel to the incident wave like for the
case of circular polarization. For the gyroelectric Voigt effect the four waves are
explicitly given by [178] [compare (2.64)]

E1,3,|| eXE‘(l)el(ikon”Z_wt),

Ez 41 = (ey + e,iQy)EY el Fhoniimon, (2.69)

2.4 Faraday and Kerr Effect

After having introduced the electromagnetic basics of the magneto-optical effects,
we will now have a closer look at the circular magneto-optical birefringence—the
Faraday effects in transmission and the Kerr effects in reflection. The Kerr effect
applies to any metallic or otherwise light-absorbing magnetic material, whereas the
Faraday effect occurs in optically transparent media. Nevertheless, both are rota-
tional effects that follow the same phenomenology. Therefore the two effects are
discussed together in this section with emphasis on the Kerr effects. Two approaches
of phenomenological description will be used: In Sect.2.4.1 the discussion is based
on circular polarization, leading finally to a derivation of the Kerr amplitude. In
Sect. 2.4.2 the Kerr amplitude is then used as one of the components of the electrical
field on a cartesian basis, which allows to derive the geometry of the Kerr effects in
a descriptive way.

2.4.1 Phenomenological Description

The Faraday rotation and Faraday ellipticity can be interpreted as circular birefrin-
gence and circular dichroismeffects, respectively, in the same sense as optical activ-
ity introduced in Sect.2.2.3. This can be directly derived from the electromagnetic
treatment presented at the end of Sect.2.3. From (2.62) we have seen that for light
propagating along the magnetization the normal modes are two oppositely rotating
circular polarizations. Linearly polarized light entering the medium is resolved into
these two modes which travel along without interaction. Each circular mode has its
own index of refraction n4 and n_ as given in (2.63). If the wave has a wavelength
of A¢ in vacuum, then the wave lengths of its circular components in the medium
are Ao/n+ according to (2.8) and (2.9). Since n4 and n_ may differ in both real
and imaginary parts [see (2.65)], the two partial waves will generally propagate with
different dispersion (i.e. with different velocities co/n4+ and co/n_) and different
absorption. Due to the difference in dispersion the two circular waves cover different
optical paths /n4 and In_ while propagating a distance /. The optical retardation of
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I(ny —n_) finally results in a rotation!! of the polarization vector by an angle 6 (see
Fig.2.5¢, d for illustration). The difference in absorption causes different amplitudes
of the two circular modes which leads to ellipticity (compare Fig.2.5a).

An analytical treatment is presented here for the polar Faraday effect. Consider a
plane electromagnetic wave propagating along the positive z-direction in a magnetic
medium with polar magnetization (k| = k3 and [m| = m3 = 1). At the point z = 0
at the surface the wave shall be linearly polarized along the x-axis, i.e.

Ex = E%®i=e g —0, E,=0. (2.70)

In the magnetic medium, the propagating wave can be written as the sum of right-
and left-circularly polarized waves. According to (2.64) the x- and y-components of
this wave are given by [170, 178]

E, = %EO(ei(kon_szt) 4 gitkonsz—ony — pOgitkonz—wr) cos(5),
(2.71)
Ey — %iEO(_ei(konfz—wt) + ei(konJrz—wt)) — EOei(koflz—wt) sin(_Tp).
Here the sum of the two circular modes was expressed with the help of the normalized
Jones vectors (2.36) and (2.37), i.e. the term (ex % iey) in (2.64) is replaced by the
vector % (1, %i), where the minus sign corresponds to right circular polarized light.
For the final notations in (2.71) we have used the average refraction index

1
n= §(n+ +n_) (2.72)
and the phase difference

p = koz(ny —n-) (2.73)

that has been introduced between Ex and Ey by the birefringence of the medium.
Let’s assume for the moment that n4 and n_ are real, i.e. there is no absorption.
From the notations on the right in (2.71) it is evident that at every depth z the
wave is linearly polarized with its direction of polarization turned through an angle
6 = —p(z)/2 from the positive x-axis to the negative y-axis'? if ny > n_. If the
medium is absorptive the refractive indices are complex. A wave that is linearly
polarized at z = 0 will, after propagating a distance / in the medium, be elliptically

1 As mentioned in Sect.2.2.2, the Faraday rotation is non-reciprocal: if the light passes the material
again in reversed direction, the rotation does not cancel but is rather doubled. This is different to
the circular birefringence of optically active media. The reason is that the Faraday rotation is tied
to the direction of the magnetization. In Sect.2.4.2 we will see that the magnitude of rotation is
proportional to the projection of M on the direction of propagation.

12 This is the situation illustrated in Fig.2.5d. The rotation angle 6 is defined by tan6 = % =
sin(—p(2)/2) _ p) _ _rR
@)D = —tan 5, so that 6 = 5=,
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polarized with its azimuth rotated by a complex angle

! kol
% =0 tite = _§ - _%[”; +iny —nl —in’]
wl , o, ,
= Tho e T i m el (2.74)

The major axis of the ellipse is thus rotated by the angle Re(6f), which can be written
as [170, 171]

Op/l = ——Re(ny —n_) = —— (n, —n') (2.75)
) )

per unit thickness. This situation is illustrated in Fig. 2.11a for two oppositely magne-
tized domains under the assumption of no absorption of the partial waves. The angle
Or/1 is called the specific Faraday rotation or magnetic circular birefringence—a
birefringence of circularly polarized light. The difference in absorption results in an
ellipticity of the polarization that is given by

g/l = ——Im(ny —n_) = —— (| —n" (2.76)
Ao Ao
in case of small ellipticity (for strong ellipticity the exact term would apply which
writes tan ég = — tanh(’;—é) Im(ny —n_) [170, 176]). The angle &r/! is known as
specific Faraday ellipticity or magnetic circular dichroism. With (2.9) and (2.23) it
can be expressed as

1
&/l =7, (@ —a)), (2.77)

showing that the Faraday ellipticity is simply defined as the difference of the absorp-
tion coefficients of the two circular modes. Figure2.11b illustrates the effect under
the assumption of pure dichroism (i.e. the two circularly polarized partial waves are
absorbed differently without retardation). In the general case both, circular birefrin-
gence and dichroism, will be relevant. The two partial waves will thus be out of
phase and unequal in amplitude on leaving the medium, producing rotated elliptical
waves as illustrated in Fig.2.11c (also compare Fig.2.5a). This is the same situation
as depicted in Fig. 2.4, where instead of a circular basis a cartesian decomposition
was chosen. Two phase-shifted, perpendicularly polarized partial waves of differ-
ent amplitude also produce a rotated ellipse. Below we will call the high-amplitude
wave the ‘normal’ component and the low-amplitude wave the ‘Faraday’ (or ‘Kerr”)
component. Note that in case of the Kerr effect the ellipses and rotations illustrated
in Figs.2.4 and 2.11 would be drawn strongly exaggerated—real Kerr rotations and
ellipticities are much weaker. For iron, for instance, rotation- and ellipticity angles
of —0.05° and +0.01°, respectively, are found at 450 nm wavelength [180].
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Fig. 2.11 Magnetically-induced circular birefringence (a), circular dichroism (b) and superim-
position of the two effects (c), illustrated for linearly polarized light incidence and transmission
(polar Faraday geometry). Shown is the trace of light polarization in the plane perpendicular to
the direction of propagation. The magnetization of the sample is subdivided into two out-of-plane
domains, which have different influences on the polarization state of the light as indicated by black
and gray arrows that correspond to the domain color. In the birefringent sample the linear polar-
ization is preserved (see Fig.2.5¢, d for illustration), though rotated in opposite directions (Faraday
rotation 6f) according to the corresponding magnetization direction. In case of a dichroic sample
the two domains generate elliptically polarized light of different handedness (Faraday ellipticity &,
compare Fig.2.5a, b for illustration). Here a compensator is required to obtain linear light that can
be converted into a contrast by means of an analyser. In ¢ an opening of the compensator’s fast axis
by |0r| leads to rotation of |6r + &r| if a quarter wave plate is used (compare Fig.2.8). For the sign
convention of the Faraday rotation and ellipticity see Fig.2.3b

With the approximation in (2.63), the average complex refraction index 7 is writ-
ten as

_ 1
n= B (ny +n-) = /€isos (2.78)

which corresponds to the “optical” index of refraction in the absence of magneti-
zation, i.e. in case of a ferromagnet to the state above the Curie temperature. The
specific Faraday rotation (2.75) and ellipticity (2.76) can then be expressed as

b/l = — Re(7 Qy) and &/l = —— Im(7 Qv) (2.79)
Ao AQ

by using (2.63). In a reasonably transparent material (i.e. only moderate absorption,
n’ > n), it is the real part of the Voigt parameter Qv that gives rise to circular
dichroism while it is the imaginary part of Qv that gives the circular birefringence
[note that the Voigt parameter was introduced as iQv in the off-diagonal elements
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of the e-tensor (2.58), so that its true real part becomes imaginary and vise versa].
On transmission through a specimen with a substantial circular dichroism only one
circular polarization will survive.

The two effects discussed so far, the magnetic circular birefringence and dichro-
ism, can be measured in transmission using the polar geometry mentioned above. For
arbitrary orientation of sample and magnetization the wave equation (2.18) becomes
fairly intractable because the two circular effects are mixed with the effects of mag-
netic linear dichroism and birefringence. A brief discussion of such mixed conditions
will be given at the end of Sect.2.5.

The magneto-optical Kerr effects, occurring when light is reflected on strongly
absorbing magnetic media (like metals), are much weaker than the transmission
effects as the light only interacts with the magnetization within a relatively thin sur-
face layer given by the penetration depth of light. By taking the reflection coefficients
into account, the Kerr rotation and ellipticity can—like the Faraday effect—be dis-
cussed as circular birefringence and dichroism effects. Like for the Faraday effect,
we restrict the discussion to the polar Kerr effect (k| = k3 and |m| = m3 = 1) for
the moment to keep it simple.'> Reviews on various ways to derive the Kerr effect on
the basis of circular light, also including the cases of oblique incidence and in-plane
magnetization, can be found in Sokolov’s [176] and Visiovsky’s [178] books.

For the polar conditions, we have already established that the normal modes of
propagation in the sample are right- and left-handed circular waves with refraction
indices n_ and n, respectively. Outside the sample these are also possible modes, so
that the reflection coefficients can be simply calculated by applying the usual Fresnel
relations (2.52) for normal light incidence to each of the circular components (and
assuming air as the incident medium, i.e. n; = 1 in the Fresnel formula) [171]:

1 - 1—n_
+ and r(n_) = " .
14+n4t 14+n_

r(ng) = (2.80)

Considering the complex nature of n4 [see (2.65)] and recalling notation (2.30) for
the electromagnetic amplitudes for circularly polarized light, the reflection coeffi-
cients (2.80) of circularly polarized light may as well be noted in terms of x- and
y-components

r(ny) =rx+iry and r(n-) =rx —iry, (2.81)

13 The analysis of the Kerr effect at oblique light incidence, which is generally required to obtain
a Kerr signal on in-plane domains (see Sect.2.4.2), is more complicated [170]: Here the wave in
the medium is a mixture of linearly and circularly polarized eigenmodes. For normal incidence,
however, and with the magnetization either parallel or perpendicular to the surface, the symmetry
is high enough so that these polarizations do give pure eigenmodes in the medium.
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From (2.81) we obtain

1
=3 [r(ny) +r(n-)] (2.82a)
1,
ry = 5 i[r(ny) —rn-)], (2.82b)
which can be written as
_l=n_y (2.83a)
rx = T +7 = .83a
—in Qv
=— ==K 2.83b
N U2 (2:53b)

by making use of (2.80) together with (2.63) and (2.78) and ignoring terms of higher
order in Qv. For an incident linearly polarized wave along the x-axis

Ein
E= ( 0 ) (2.84)

the reflected wave is, according to (2.50), given by

(5in) = () (5) = (o) - (i) = () oo
Ey" Fyx Tyy 0 ryyE KEM) = \Rg)
where ryx and ryy correspond to rx and ry in (2.82a, 2.82b) and (2.83a, 2.83b),
respectively.

The important point to note from this discussion is that an impinging linear
wave, polarized along the x-axis, will generate a reflected wave that has a (small)
y-component, and this is due to the different n and n_! Regularly reflected light is
polarized in the same plane as the incident light. We therefore call the x-component
of the reflected amplitude (2.85) the regular component Ry, which is defined by the
regular Fesnel reflectance N of demagnetized material, and the magneto-optically
induced y-component the Kerr component Rk that is defined by the Kerr coefficient
K. In Fig.2.12 the two coefficients are visualized in terms of the reflection of circu-
larly polarized light by making use of (2.82a, 2.82b). As both orthogonally polarized
components, Ry and Rk, are in general out of phase, the light reflected from a mag-
netic specimen will be elliptically polarized. This holds for the Kerr effect and to a
much stronger degree for the Voigt effect that will be described by the Voigt com-
ponent Ry and discussed in Sect.2.5. On basis of the two phase-shifted orthogonal
components an elliptical wave is described as sketched in Fig.2.4a. Making use of
(2.28¢),' the ratio of the Kerr- and regular light components can be expressed as a
function of ellipticity £k and azimuth 6 :

14 and considering the different sign conventions used in Fig.2.4a and in the representation of the
Kerr ellipses according to Fig.2.3b. The angles in both conventions are related as fx = —6 and

ék =§.
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Fig. 2.12 Representation of the polar magneto-optical Kerr effect in terms of the reflection of
circularly polarized light. The incident linear wave, polarized along x, is split into two counter-
rotating circularly polarized waves which then interact with the magnetic medium. According to
(2.82b) a Kerr component K is generated that is polarized along the y-axis and which interferes
with the regularly reflected component N (after [181])

Rk K —Ey  tanf —itan§  tan(fg) +itan(ég) (2.86)
RN N E,  1l+itanftané 1 —itan(fg)tan(ég) ’

with the azimuth being defined relative to the polarization plane of the regularly
reflected light. As the angles &k and 0k are very small (at least in bulk samples
where transmission effects can be excluded), the tangent terms in (2.86) can be
replaced by their arguments and the term of second order can be neglected, leading
to the complex Kerr rotation 0y :

K
5~ Ok +itk = 0. (2.87)

Since the Kerr rotation is complex, the vibration is transformed from linear into
elliptical on reflection from a ferromagnet, and the semi-major axis is at an angle to
the direction of the incident plane-polarized vibration. The real angle of rotation (k)
of the semi-major axis of the vibration ellipse corresponds to the real part of 6, and
the Kerr ellipticity to its imaginary part. As magneto-optical effects are described
by amplitude ratios, we can always normalize properly so that N becomes real, and
write the Kerr effect in its polar form:

0% = Ko exp(idg). (2.88)

Here K is the magnitude of the Kerr amplitude and §k the Kerr phase. If §x is
positive, the Kerr amplitude lags behind the regular amplitude. The polar form can
be favorably applied in Hamrle’s description of depth selective Kerr microscopy
(Sect.3.2.6).
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For the polar geometry and with K and N defined in (2.83a, 2.83b), the complex
Kerr rotation can now be written as

. K . nQy
Og =6 =—=-i—-. 2.89
k=0 Hidk= 5 =i (2.89)
by using (2.87). Due to the imaginary unit in front of the fraction, the real angle of
rotation is obviously a result of the imaginary part of the fraction, which is non-zero
only in absorbing media:

Ok = Re(6%) = Im(ln—QYz), (2.90)
—n
and the ellipticity is accordingly given by
nQy
&k = Im(0g) = —Re(1 — ﬁz)’ (2.91)

looking along the positive z-direction. Note particularly that the rotation on reflection
comes primarily from the imaginary part and the ellipticity from the real part of the
off-diagonal elements of the magneto-optical matrix. This is reverse to the situation
on transmission, compare (2.79). The Kerr rotation thus corresponds to the Faraday
ellipticity and the Kerr ellipticity to the Faraday rotation. Recalling that the imaginary
partof n Qv is zero for non-absorbing materials, we see that the rotation on reflection
is zero for a transparent medium. The reflected light is then just elliptically polarized
with the major axis parallel to the plane of polarization of the incident light. Rotation
in reflection requires a non-vanishing imaginary part and thus absorption. For highly
transparent magnetic garnets, for example, no domain observation truly based on the
Kerr effect has been reported (domains in garnets are observed in transmission by
the Faraday effect, perhaps using a mirror for reflection observations [111]).

For the general case of oblique incidence, the plane of incidence can be defined
according to Fig. 2.3a. It is then convenient to use the sp-representation (2.51) of the
Fresnel reflection matrix. Solving Maxwell equations for the linear magneto-optical
tensor in (2.58) in a more general way than before, leads to the following reflection
coefficients [179, 182-184]

nocostt —njcosdy  i2ngni cos vy sin my Qv

P , 2.92a
PP ni cos o + no cos v (n1 cos ¥y + ng cos )2 ( )

ingny cos ¥o(m, cos vy + mysin 1) Qv

o = , (2.92b)
(n1 cos By + ng cos ¥1)(ng cos ¥y + nq cos ¥q) cos ¥y
no cos ¥ — ny cos ¥ (2.92¢)
. ’ 92c
* 7 ngcos g + nj cos

ingny cos o (m, cos 1 — my sin ) Oy

(2.92d)

Fps = —
ps (n1 cos vy + ng cos 1) (ng cos g + ny cos 1) cos v
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Here ng is the refractive index of the environment (air or an immersion medium),
ny = n} +inj] is the complex index of refraction of the magnetic material, Qv is
its magneto-optical Voigt constant, ¥ is the angle of incidence (measured from the
surface normal) and ¥ is the (complex) angle of incidence in the magnetic medium,
to be calculated from 9 by Snell’s law (2.54) cos ¥ = \/1 — (no sin¥9/n1)2. Like
in the previous discussion, above equations are valid within the first-order approxi-
mation of the Voigt constant. By generalizing previous arguments, the complex Kerr
effect is then defined by the ratios of the off-diagonal elements to the diagonal ele-
ments of the reflection matrix. For the two standard geometries of s- and p-polarized
incident light these ratios are given by

0P =" and gy = (2.93)

As an example, let us have a closer look at the polar configuration (m, = 1 and
my = my = 0) with s -polarized, obliquely incident light. By substituting (2.92d)
and (2.92c) in (2.93), the complex Kerr rotation is obtained:

@)pol —i noni cos 19() QV (2 94)

- (n1 cos vy + ng cos 1) (ng cos g — ny cos vy)

O = (

I'ss

For normal incidence (39 = ¥1 = 0°) and no = 1 this expression is identical with
(2.89). With the Fresnel formulae (2.52) and (2.53), the complex Kerr rotation (2.94)
can be written as

—in Qvtsosl t[()); 1

1
O = —7-
01
4nocosty g,

(2.95)

Here we have also considered the upper indices in the Fresnel coefficients according
to (2.52) and (2.53). Recalling that the Kerr rotation is the ratio between Kerr coef-
ficient and coefficient of the normally reflected amplitude [here given by Ny = rfsl,
where rQ! is the regular reflection coefficient of the demagnetized material as defined
in the Fresnel equation (2.52)], the Kerr coefficient Kgf Mis finally given by the first
fraction in (2.95):

—ing Qvté)sl t[())p}

ol
KPS
! 4 ngcos vy

(2.96)
This coefficient is interpreted as follows: the incident light is s-polarized, resulting
in a p-polarized Kerr amplitude as indicted by the lower index ps in K gso ! The por-
tion of the incident light, which penetrates into the metal (ts(ll), generates the Kerr
amplitude by interaction with the magnetization. Its size depends on the material
constant Qv and the angle of incidence ¥g. The p-polarized Kerr amplitude has to
leave the material to be detected, actually described by the transmission coefficient
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t];g . In (2.96) this coefficient is hidden in t&}, which is related to t by identity
A/l = nj cos ¥j/n;j cos ¥ according to the Fresnel formulae (2.53). If the polar-
ization direction of the incident light is rotated by 90°, the sign of the polar Kerr
coefficient (now K. f; l) is inverted.

The Kerr coefficients for in-plane magnetization (m, = 0,mxy # 0) can be
derived in a similar way from (2.92a-2.92d) and (2.93). In vector notation all Kerr
coefficients are summarized as [185]:

1ot/ sinw, —
Kbk — =T (g STAY0 TR (2.97a)
4 cos ¥y costy ng
bulk IQVtgg t?gl Sin 19() +l’l]
K" = , ,— ), (2.97b)
4 cos vy cost;  no
Q t01t01
K2k = T Ppﬂpp (—2 sin®y, 0, 0). (2.97¢)
cos Yy

As indicated by the upper index, these coefficients are valid for bulk magnetic mater-
ial. The coefficient K Bglk is derived from r(mag> / r(O) in (2.92a), where rp(,g) is the first

fraction and ré?ag) the (magnetization-dependent) second one. In the next section
we will make use of the Kerr coefficients to describe the geometry of the rotation
effects.

2.4.2 Geometry of the Rotation Effects

The dependence of the Faraday and Kerr effects on the direction of magnetiza-
tion, light incidence and polarization can be rigorously derived from the dielectric
magneto-optical tensor, Maxwell’s equations, and the proper boundary conditions.
Examples of such solutions and a detailed analysis for the example of the polar
Faraday and Kerr effects have been presented in the previous Sect. (2.4.1). The dis-
cussion was based on circular polarization, which finally led to a derivation of the
Kerr amplitude. The symmetry of the solutions, however, can also be derived by
simple arguments based on the Lorentz concept.

To see this, let us recall the dielectric law of the Kerr- and Faraday effects. With
(2.3a) and (2.58) we have seen that, in the regime of optical frequencies, the “rota-
tional” nature of these two effect is phenomenologically described by

1 —iQym3z iQym;
D = cpeE = gon’ | i0ym3 1  —iQym; | E, (2.98)
—iQymy iQvm; 1
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with the refractive index of the medium being related to the isotropic dielectric con-
stant by n = ,/€iso. If the off-diagonal elements of the antisymmetric e-tensor would
be zero, the displacement vector would be along the same direction as the E-vector.
The light would then interact with the matter without rotation of its polarization
plane. A rotation of the vibrational plane requires the off-diagonal elements, which
contain the components of the magnetization vector. By rewriting the dielectric law
(2.98) as

D = gon’[E +i0v(m x E)] (2.99)

it becomes obvious that the E-vector of the illuminating light interacts with the mag-
netization vector m in a cross-product fashion in the same symmetry as a Lorentz
force that acts on the light-agitated electrons, thus revealing the gyroelectric nature
of the Kerr and Faraday effects. A magnetization-dependent contribution to the
D-vector is obviously only generated if m x E is non-zero.

This Lorentz concept leads to simple derivation of the symmetry of the rotation
effects as illustrated in Fig. 2.13. Let us first assume perpendicular magnetization
and oblique incidence of light (Fig. 2.13a). According to the Lorentz concept, the
E-vector of the incident light wave excites electrons in the specimen to an oscil-
lation motion parallel to its plane of polarization. The oscillatory motion acts as
source for the emitted light in terms of a Hertz dipole. Regularly reflected or trans-
mitted light is polarized in the same plane as the incident light. In Sect.2.4.1 we
have called this the regular component Ry of the emerging light. At the same time,
the Lorentz force induces a small component of vibrational motion perpendicular
to the primary motion and to the direction of magnetization. This secondary motion
is proportional to the ‘Lorentz velocity’ v,y = —m x E. Because of Huygens’
principle, the secondary motion creates secondary amplitudes: the Kerr amplitude
Ry for reflection and the Faraday amplitude R for transmission. Due to the trans-
verse nature of electromagnetic waves, these magneto-optic light amplitudes are
obtained by projecting the Lorentz movement vy o, onto the plane perpendicular to
the propagation direction of the light wave used in observation. It was shown by
Wenzel et al. [186] that this simple recipe describes for small Qv all possible cases:
transmission, reflection, all directions of the magnetization, and even magnetic dif-
fraction by nonuniform magnetization fields. The superposition of Ry with Rk (or
Rp) finally leads to magnetization-dependent polarization rotations if Ry and Rk (or
Rp) are in phase. In case of a phase shift elliptically polarized light emerges. This is a
situation as illustrated in Fig. 2.4a (the x- and y-components of the cartesian decom-
position of the E-vector in this figure correspond to Ry and Ry or Rp). Ellipticity
can be eliminated, e.g., with a compensator, but let us ignore this complication for
the moment.

Depending on the relative orientation of magnetization, polarization-direction of
the illuminating light, and the plane of light incidence, three fundamental geometries
are traditionally defined for the rotation effects: the polar, longitudinal, and transverse
Faraday- and Kerr effects:
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Fig. 2.13 Tllustration of the basic magneto-optical rotation effects. Ry is the regularly reflected (or
transmitted) electric field amplitude. The magneto-optical amplitudes Rx and R are generated by
the Lorentz motion vy or. The polar effects (a) would also occur for a vanishing angle of incidence
o, and they are independent of the direction of polarization E™ (chosen here parallel to the plane
of incidence). The longitudinal effects, possible with parallel (b) and perpendicular (c) polarization
directions, increase proportional to sin ¥g. The magnitude of the longitudinal effects is the same in
(b) and (c), but of opposite sign. In the transverse case (d), only parallel polarization yields an effect,
and only in reflection. A detectable rotation is obtained by polarizing the light at 45° as illustrated
in the right figure of (d). Both, longitudinal and transverse effects, require a non-vanishing angle
of incidence. After [111]

e In case of the polar effect (Fig. 2.13a) the magnetization is oriented perpendicular
to the sample surface. This effect is strongest at perpendicular incidence (9 = 0°).
It results in a rotation of the plane of polarization, which (for ¥y = 0°) is by
symmetry the same for all polarization directions of the incident beam.

e If the magnetization is oriented parallel to the sample surface and along the plane
of incidence, the longitudinal effects are obtained (Fig. 2.13b, c). To create a
Lorentz force for in-plane magnetization, oblique incidence of light is required.
For the longitudinal effect this yields a magneto-optical rotation for both, light
that is polarized parallel and perpendicular to the plane of incidence. The rotation
sense is opposite in the two cases. For ¢y = 0° the Lorentz force either vanishes
(Fig. 2.13b), or points along the beam (Fig. 2.13c), thus not generating a detectable
rotation.
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e For transverse orientation (Fig. 2.13d) the in-plane magnetization is perpendicular
to the plane of incidence. No magneto-optical effect is possible in transmission
because the cross-product (2.99) is either zero or points along the propagation
direction. In reflection, however, p-polarized light will generate a Kerr amplitude,
since the reflected beam has a different direction. It is again proportional to sin B,
but its polarization direction is the same as that of the regularly reflected beam.
The transverse Kerr effect therefore causes an amplitude variation of the light,
which can be used for measuring purposes, whereas in a microscopic image the
contrast is very little. The amplitude modulation can be verified by comparing
the Fresnel reflection coefficients for p- and s-polarization: the coefficient for
the s-wave (2.92c¢) is equal to that of a non-magnetic material given in (2.52),
whereas that of a p-wave (2.92a) contains an additional term that is proportional
to Qv and my. The intensity of the reflected wave thus becomes dependent on
the magnetization direction—it changes sign by magnetization reversal even if
one works with unpolarized light and without analyser. To generate a measurable
rotation also in the transverse case, the light has to be polarized at 45° to the
plane of incidence. Then the perpendicular light component is not affected by the
magnetization, while the parallel component receives an amplitude modulation.
Altogether this leads to a detectable rotation as illustrated in the inset of Fig. 2.13d.
Note that the transverse Kerr effect has to be distinguished from the Voigt effect
which occurs under similar geometric conditions. The transverse Kerr effect is odd
in the magnetization direction, the Voigt effect is rather even (see Sect.2.5).

The geometry of the magneto-optical rotation effects can be summarized as fol-
lows: The Kerr- and Faraday effects cause a rotation of light, which is proportional
to the magnetization component parallel to the reflected or transmitted light beam.
According to (2.98), both effects are linear in the magnetization. Consequently the
Kerr- and Faraday rotation is inverted when the magnetization direction is inverted.
Oppositely magnetized domains thus rotate plane-polarized light in opposite direc-
tions as illustrated in Fig. 2.14a for the longitudinal Kerr effect. A domain contrast
in the Kerr microscope is obtained if the reflected light from different domains is
blocked differently with an analyser as indicated in Fig. 2.14b. The theory of the
Kerr contrast and its optimization is presented in Sect.2.4.3.

A general formula[111, 174] for the signal amplitude of the Kerr effect is obtained
by combining the three effects in a quantitative way. The polarizer of setting oo,
measured from the axis perpendicular to the plane of incidence, defines the polariza-
tion plane of the incoming light (Fig.2.14c). On reflection from the sample the light
experiences regular reflection coefficients N, and N for the amplitude components
RIEI and Ry parallel (index p) and perpendicular (index s) to the plane of incidence,

respectively. At the same time the Kerr amplitudes Rﬁd, R%gn, and R* with the
coefficients KP°!, K1°0 and K'™ for the polar, the longitudinal and the transverse
cases are excited [compare (2.85)], depending on the magnetization components
Mpol, Mion, and my,. Finally the light passes through an analyser (with the setting
oan measured from the the plane of incidence), leading to the total signal amplitude
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Fig. 2.14 a The elementary magneto-optical interaction of oppositely magnetized domains for the
longitudinal Kerr effect. The Lorentz force in antiparallel domains acts in reversed direction so
that the Kerr amplitude Ak changes sign [note that regular and Kerr amplitudes are denoted here
by ‘A’ which stands for the generalized amplitudes defined in (2.100)]. b The interference of the
normally reflected component Ay and the Kerr amplitude A results in a magnetization-dependent
light rotation by the (small) angle ®k, which, by using an analyser, leads to the domain contrast.
The analyser should actually be set at an angle ay, > ®x to optimize the domain visibility. For
the sketch it is assumed that a possible phase shift between Ax and Ak (ellipticity) is eliminated
by a compensator. ¢ Polarizer and analyser in a Kerr setup with definition of the respective angels
(compare Fig.2.7b)

At = AN T Ak, (2.100)
with
AN = RII:I Sin Apol COS Olan — Ry cos Qpol SIN Aan,
pol 1
Ak = RK oS (@an — Olpol) Mpol — R[ém oS8 (@an + Olpol) Mion

+Ry* sin pol COS Uan Mira.-

This equation can also be used for a general magnetization direction different from
the conventional polar, longitudinal, and transverse orientations. The total signal
amplitude Ay is the sum of the regular signal amplitude AN and the effective Kerr
amplitude Ak . The regular reflection coefficients, N and N, are those of demagne-
tized material as defined in the Fresnel equations (2.52) [see Sect.2.4.1]:

Np=rJ and Ny=r, (2.101)

and the Kerr coefficients for the three basic geometries are [111, 144, 177]:

1 iQvny 1 1
K = dgcosag ™ o K =K (2.1020)
lon __ 1Qv sin ¥ 01,01 lon __ z-lon
Ko = 4cos¥gcos 5 PP’ Koo =Kop'- (2.102b)



68 2 Magneto-Optical Effects

Ktra —
pp 2 cos 190 pp "pp’

(2.102¢)
according to (2.97a-2.97¢).

Interesting is the relative strength of the longitudinal and polar Kerr effects.
With Snell’s law (2.54), the longitudinal Kerr coefficient can be written as K ;g" =

(innltgsl t&} tan v)/(4ng cos ¥y) = K f; : tan ¥1. The polar and longitudinal Kerr
effects thus differ just by the factor tan 1. At optical frequencies the refractive indices
of metals are relatively large, i.e. ¥ and therefore tan ¢} are typically of the order
of 0.1. The polar Kerr effect is consequently by an order of magnitude stronger than

the longitudinal (and transverse) Kerr effect.

2.4.3 Kerr Contrast and Signal

The most important characteristics in magneto-optical microscopy are contrast and
signal-to-noise ratio. Let’s have a closer look at these parameters as they demonstrate
the importance of the Kerr amplitude as a “figure of merit” in magneto-optics. The
discussion in this section is specified to the Kerr contrast, but it equally well applies
to the Voigt effect (Sect.2.5) by simply replacing the generalized Kerr amplitude Ak
[defined in (2.100)] by a corresponding Voigt amplitude Ay.

A domain contrast in the Kerr microscope is obtained if most of the reflected light
from one domain type is blocked by the analyser as indicated in Fig. 2.14b. The
light emerging from domains with other magnetization directions will then more or
less pass the analyser and the rotation of the polarization plane is transferred to a
detectable difference in intensities. Strongest contrast is expected between domains
that create an opposite change of the polarization state (this is the situation assumed in
Fig. 2.14b). In case of the Kerr effect these are domains with antiparallel mag-
netization'> as shown in Fig. 2.11. If extinction is not possible due to elliptical
contributions in the emerging light, the light can be made linear by means of a
phase shifter (compensator, see Sect.2.2.4). Elliptically polarized light is generated
when the magneto-optical light component is phase-shifted relative to the regular
component as discussed previously. Metallic reflection at oblique incidence always
generates elliptical light if the polarization direction of the incident light is not per-
pendicular or parallel to the plane of incidence (like for the transverse Kerr effect at
45° polarization). But even if this is the case like in the longitudinal effects, an intrin-
sic Kerr ellipticity can occur as shown in Sect.2.4.1. It is, however, usually small. In
Kerr microscopy, ellipticity can often sufficiently be compensated by slightly rotating
the polarizer [144], without the need of a compensator.

According to Fig. 2.14b, it seems reasonable to chose an analyser setting
that would exactly extinguish the light coming from one of the domain phases,

15 In case of the Voigt effect, orthogonally magnetized domains lead to the strongest contrast as
shown in Sect.2.5.
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i.e. aan = Ok. This domain phase will then appear dark, whereas all other domain
phases will appear more or less bright. In practice, however, analyser angles of a
few degrees are typical, which is much more than the typical Kerr rotations of less
than a degree. This can also be reasoned theoretically: Let us assume the general
case of a phase shift between Ax and Ak, so that Ak is a complex number (if the
phases of regular and magneto-optical amplitude would be equal, then Ax and Ak
could be taken as real numbers). For an opening angle oy, by which the analyser is
rotated away from the crossed position relative to the polarizer, the intensities of the
domains become [111, 187]:

I = [An sin(dtan) — Ak cOS(tan) I[AN sin(etan) — Ak cos(etan)1* + Io,
(2.103a)

I = [AN sin(aan) + Ak cos(ctan) [[AN sin(etan) + Ak c0s(ean)1* + Io.
(2.103b)

Here I and I, are the intensities of the “dark™ and “bright”” domain, respectively, and
Ip is a background intensity that is, e.g., caused by an imperfect polarization degree
of the polarizers, the use of a finite illumination aperture and by depolarizing effects
at lenses and the sample. The star (*) denotes the conjugate complex. The products
in (2.103a, 2.103b) sensitively depend on the phase difference 6k between Ax and
Ak that was defined in (2.88). For the Kerr effect, the “intrinsic” phase difference
is usually small, whereas for the Voigt effect (see Sect. 2.5) it can amount to 7 /2.
The phase difference can also depend on possibly present interference layers, which
have a different influence on the magneto-optical and regular light amplitudes [144].
The Kerr signal is largest if the phase difference §k is an integer multiple of 2.
To fulfill this condition in a magneto-optical experiment, the phase shift between
AN and Ak has (possibly) to be adjusted. This can be achieved, for instance, with a
Babinet compensator with controllable phase difference Ag (2.40). For maximum
signal, the optical axes of the compensator have to be aligned perpendicular and
parallel, respectively, to the polarization plane of the regularly reflected light. Then
the phase ék of the Kerr amplitude Ak can be exactly compensated by Ag. This
applies to the Kerr amplitudes of both domains (see Fig.2.14b) simultaneously in
case of a Babinet compensator. The relative Kerr signal Sk, which is the difference
between the two domain intensities (2.103a, 2.103b), is then written as [187]:

Sk = 2cos(6k + Ag) sin(Qag) AK AN, (2.104)

where the cos-term considers the degree of phase adjustment.

A Babinet compensator cannot be favorably used in wide-field microscopy (see
Sect.2.2.4). Here rather compensators of the Brace-Kohler type are applied, i.e.
phase-plates with a fixed phase difference between ordinary and extraordinary beam.
A variable phase shift is obtained by rotating the phase plate around its normal axis.
There is, however, no neutral position which leaves both amplitudes unaffected. In
case of a quarter-wave plate with Ag = 7/2, which is oriented at an angle of 45°
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between its optical axis and AN, a signal
Sk = 2sin(dk + 20tan) AKAN (2.105)

is obtained. In both cases (2.104, 2.105) the Kerr signal is a linear function of the Kerr
amplitude and therefore, according to (2.98), also linear in the magnetization vector.
This is very unusual for microscopy in general, where mostly quadratic effects are
observed and the phase information is lost. The Kerr signal can be optimized by
increasing the analyser angle. However, at the same time the brightness rises, which
might not always be of an advantage.

To see the problem, let us again consider the application of a Babinet compen-
sator for simplicity. It allows to compensate the ellipticity in such a way that plane-
polarized light from both domains in Fig.2.14b is obtained simultaneously. The
signal then gets maximum for o, = 45° according to (2.104). The high brightness
for such wide opening, however, does not lead to an optimized contrast for visual
observation. The contrast C is given by

C=UL-1)/UL+1). (2.106)
Optimization with respect to the analyser angle «y, gives the maximum contrast
Ak AN o~ Ak
Jaz v+ 10 \JaR+ 1

Copt = : (2.107)

which is achieved already at an angle oy, = Olgp

A2 + I
tanaly, = /A‘;—JFIO. (2.108)
N 0

As the background Iy is much smaller than A2, the optimum contrast can be approx-
imated by the second term in (2.107). For large AN, the optimum contrast obviously
depends on the background intensity and on the Kerr amplitude only—not on the
regular amplitude An or the Kerr rotation kg = Ax/AN.

In todays Kerr microscopy, however, the contrast is not the decisive criterion.
By image processing (Sect.3.1.1) it can be easily enhanced with electronic means.
For video microscopy, a large signal-to-noise ratio, rsN, is rather important in order
to obtain good domain visibility. This ratio is maximized by increasing the sig-
nal, which again requires larger opening angles a,, than necessary for optimum
contrast (with increasing angle o, the image intensity increases with ozgn). The opti-
mum analyser angle agg depends on the ratio of the different noise contributions.
Three sources of noise have to be taken into account: (i) Temperature-dependent
noise of the detection electronics that is usually independent of the image intensity.

. smaller than 45°:


http://dx.doi.org/10.1007/978-3-662-44532-7_3

2.4 Faraday and Kerr Effect 71

(ii) Fluctuations in the light source, in the optical path, and in the sample (in magneto-
optical recording this noise is called “media noise”), which will be proportional to the
image intensity. (iii) Shot noise based on the quantized nature of light. This unavoid-
able noise contribution can be reduced by averaging over a large number of photons
due to its statistical character. Shot noise varies with the square root of the photon
number in the image. The less the noise depends on the average detected intensity,
the better are larger opening angles. In the limiting case of an intensity-independent
detector noise as sole noise mechanism, the optimum angle agé\i is 45°, i.e. the angle
for maximum signal according to (2.104). An optimum signal then also results in
an optimum rgN. If, on the other hand, those fluctuations are dominating that are
proportional to the intensity, a maximum rgy is obtained by maximizing the contrast
ataSY = af .
opt opt
An ideal image processing is only limited by the unavoidable shot noise. In this
case the optical noise may be written as

1
Nghot = EFinc(Il + D), (2.109)

where Fi, is the incident number of photons. With the absolute signal Sy, =
Finc(I1 — I») we obtain

/1
rSN = Smo/Nshot = v/ Finc(I1 — 1)/ 5(11 + D). (2.110)

Inserting (2.103a, 2.103b) and minimizing with respect to the analyser angle o, we
obtain for the maximum signal-to-noise ratio [187]:

4AK ANV,
P = KONV Zine ~ 44k Finc, @2.111)
\/AIZ\I +10+\/A%+10

if the analyser is opened beyond the setting of optimum contrast to

A% 4+ 1
tanaSy = K0 (2.112)
A+ 1o

As long as Iy K AI%I, the second part of (2.111) is valid. The maximum value
of rgN is thus determined by the Kerr amplitude and the illuminating number of
photons, but again not by the Kerr rotation. A rise of the illuminating intensity is
often limited by a closely connected heat load of the specimen. If electronic noise
contributions and/or fluctuations are added, the signal-to-noise ratio is reduced and
the analyser angle determined in (2.112) is shifted within the boundaries ozocpt <

agg < 45° as mentioned before. The proportionality between rgn and the magneto-

optical amplitude Ak is preserved, however.
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An important point of this thorough discussion is that the magneto-optical ampli-
tude is a direct measure for the magneto-optical properties of the sample in both cases,
for visual observation (2.107) as well as for electronic image processing (2.111). By
proper microscope settings in either case a signal maximum is obtained that is propor-
tional to the magneto-optical amplitude, but completely independent of the regularly
reflected amplitude An. This statement, which can be verified by inserting reasonable
values for the parameters, confirms the role of the Kerr amplitude as the meaningful
material quantity in magneto-optics. It is also called the “figure of merit” [177, 188,
189] and often expressed somewhat indirectly in the form O /1.

If there is a phase shift between Ak and AN, it is sufficient to remove the ellipticity
of the darker domains by the compensator. Once this is achieved, the formulae (2.104,
2.107, 2.108) for the signal and the contrast remain valid if the magneto-optical
amplitude is replaced by its absolute value [144]. In practice, the compensator and
the analyser are adjusted “simultaneously”, leaving the polarizer fixed, until an image
of satisfactory contrast and brightness is obtained. When using a video system, it is
often advisable to perform this adjustment first directly in the microscope, and then
to “open” the analyser as far as necessary to obtain best results on the video screen.

The often rather weak Kerr contrast can be enhanced by dielectric antireflec-
tion coatings, which reduce the regularly reflected light while enhancing the Kerr
component [144, 190]. To see this, let us rewrite the Kerr coefficients (2.102a,
2.102b, 2.102c¢) in terms of the so-called intensity reflectance coefficients R, and
R;. They are connected to the intensity transmittances, T, and Ts, by R +T =1
and to the Fresnel coefficients (2.52, 2.53) by Ry = r2 and R, = rgp. With
T, = (ncosv)/(ngcos l?o)tszs and T, = (n;cosvy)/(ngcos ﬂo)tgp [166] the
absolute values of the Kerr coefficients (which are the values important for usable
magneto-optical signals) can be expressed as [111]

KX = (10vl/4m)/n2 +n/? J( = R)(1 = Ry), (2.113a)
|K;g“| = (1Qvl/4n1) nosin ¥y /(1 — R)(1 — Rp), (2.113b)

|K5| = (1QvI/2m1) nosin 9o (1 — Rp), (2.113¢)

where n| + in] is the complex refractive index of the magnetic medium. If the
regular reflectivities Rp and Ry are reduced to zero, the Kerr coefficients K and
thus the Kerr amplitudes assume their largest values. This fact can be interpreted in
the following way: The useful Kerr amplitude is largest when all light is absorbed
inside the magnetic sample, and if the generated Kerr amplitude can freely exit in
turn [177]. If light is uselessly reflected from the surface, it cannot contribute to the
Kerr amplitude. The same applies if the generated Kerr amplitude is reflected on its
way out. The Kerr effect can thus be enhanced by effective dielectric antireflection
coatings (avoiding any absorption in the coating itself) for the particular material. In
practice it is sufficient to minimize the reflectivity at normal incidence, because large
angles of incidence are hardly used. For metals a suitable dielectric in ZnS, and for
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magnetic oxides MgF; or SiO; layers can be applied. For a descriptive explanation
of antireflection coatings based on multiple beam interference see [111].

2.4.4 Microscopic Origin of the Kerr Effect

So far we have discussed the phenomenology of the classical magneto-optical Kerr-
and Faraday effects based on a macroscopic theory, in which all the material proper-
ties are included in the dielectric e-tensor. The microscopic origin of the conventional
magneto-optical effects can be traced back to optical transitions in the valence-band
energy regime. The appearance of these effects, and also of the X-ray magnetic
circular dichroism, which will be presented in Sect.2.7, requires the simultaneous
presence of exchange splitting and spin—orbit splitting. Let us again consider the case
of the polar Kerr effect and normal incidence of circularly polarized light. Figure 2.15
schematically explains the situation in a (general) bulk ferromagnet in which d states
are responsible for the ferromagnetism. Selection rules for electric dipole transitions
allow transitions from occupied exchange-split states with d character to unoccupied
states of p character. The m selection rule (here m is the magnetic quantum number)
for transitions excited by circularly polarized light reads Am = %1, where the sign
depends on the direction of photon helicity. The relevant quantization axis in the case
of normal incidence is along the surface normal. For simplicity, we are considering
the case in which also the magnetization is along the surface normal, such that no
further projection of the electronic states on the quantization axis is necessary. Initial
d and final p states are displayed as horizontal lines in Fig. 2.15, and labelled accord-
ing to their orbital and spin quantum numbers, using the nomenclature |/ m 1> and
|lm | >. Here [ is the orbital quantum number (! = 1 for p states and [ = 2 for d
states) and 1, indicate the spin orientation. Levels for spin up (1, majority, left) and
spin down ({,, minority, middle) are separated in energy by exchange splitting. The
exchange splitting for the unoccupied p states has been neglected. In addition to the
exchange splitting, also the (in valence bands generally smaller) spin—orbit splitting
contributes to the separation of levels. It lifts the degeneracy of states with different
m. For spin up, a more positive m is lower in energy, while for spin down, the lowest
energy corresponds to the state with the most negative m.

The vertical arrows show possible d — p transitions obeying the dipole selection
rules, both for left- and right-circularly polarized light (Am = 41 and Am =
—1, respectively). Electric dipole transitions conserve the spin. It is evident from
the different lengths of these arrows for the two opposite light helicities, and thus
the different photon energies, that there is a dichroism in absorption upon helicity
reversal. The right hand side of Fig. 2.15 demonstrates this for the case of transitions
from the |2 £ 1 > levels, indicated by solid lines of the arrows. For left-circular
polarization, (Am = —1) transitions from |2 1 1> and |2 1 | > are possible, while
for right-circular polarization, (Am = +1) transitions originate from |2 — 1 1> and
|2 — 1 |>. The two different resulting absorption spectra for the two helicities are
shown schematically on the right hand side of Fig. 2.15. Two peaks in each spectrum
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Fig. 2.15 Schematic representation of the electronic structure of p and d states in a ferromagnetic
solid, including exchange splitting of the occupied d states and spin—orbit splitting of p and d
states. Levels are labelled |/ m 1> according to their orbital and magnetic quantum numbers as
well as their spin. Vertical arrows indicate dipole-allowed transitions for right-(Am = +1) and
left-(Am = —1) circularly polarized light. The right hand side schematically depicts absorption
spectra for the two opposite circular polarization directions for transitions from |2 £ 1 > states.
After [191, 192]

result from the two allowed transitions from |2 £ 1 > states. Although the dichroism
in this sketch looks like a one-hundred percent effect, in reality, by including all
possible transitions and considering the energetic width of the states in a solid, the
asymmetry in the absorption is typically not more than a few percent.

It can be easily verified from Fig. 2.15 that this dichroism vanishes if either the
exchange splitting or the spin—orbit splitting is reduced to zero. Magneto-optical
effects, which include also the magnetic dichroism in X-ray absorption treated in
Sect. 2.7, generally only occur if both, exchange splitting and spin-orbit splitting,
are simultaneously present either in the initial or the final states. Note that spin—orbit
splitting of the unoccupied p states included in Fig. 2.15 would not be necessary
to obtain magnetic dichroism as long as there is spin—orbit splitting of the occupied
initial d states.

If the magnetization is not along the direction of light helicity, either because of a
magnetization in the surface plane, or because the light is incident under an oblique
angle, the electronic states have to be projected onto the quantization axis defined by
the light helicity axis. The resulting states will have a lower symmetry, but still can
be separated with respect to the resulting orbital moment component along the new
quantization axis. Transitions from these states then follow the same dipole selection
rules as discussed before. All the above considerations are consequently also valid
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in such cases, as long as the projection of the magnetization on the light helicity
direction does not vanish.

The imaginary part of the complex dielectric constant ¢” can be related to the
electronic transitions by

1
i@ o — 3 FE 1= FEN]I<ilpslf >P8(f i = o). 2.114)
i’f

Here w is the light frequency, & = hw; is the energy of the initial state and £y = hw
the energy of the final state. The plus and minus signs in n’} refer to left- and right-
circular polarization, respectively. f(€) is the Fermi function at energy &£, and p4+
the dipole transition operator for right- and left-circular polarization. The sum has to
be taken over all initial and final states, while the delta function on the right hand side
assures energy conservation. The real part of the dielectric constant, €/, is linked to
the imaginary part, €/}, by the Kramers-Kronig relation.

Equation (2.114) thus connects the microscopic picture illustrated by Fig.2.15
to the discussion in Sects.2.3 and 2.4. The real and imaginary parts of the complex
index of refraction n’ and n”, respectively, are connected to ¢’ and €” by

(', +in'))? = € +iell. (2.115)

In particular, from (2.63) and (2.78) follows that the Voigt constant Qv, which was
used for the description of the Faraday and Kerr effects before, can be expressed in
terms of n4 and n_ by

ny —n—

Oy =2 (2.116)

n++n_'

The absorption coefficient «, as defined in (2.22), is directly connected to the imag-
inary part of the complex index of refraction, n”, by @ = 2n"w/cy where ¢g is the
vacuum speed of light [see (2.23)]. By equating real and imaginary part in (2.115)
it follows that €/ = 2n/,n/{. Since in the soft X-ray regime n’ ~ 1, (2.114) thus
directly describes the absorption of X rays.

2.5 Voigt Effect

The Kerr- and Faraday effects, presented in Sect. 2.4, are effects to first order in the
magneto-optical parameter Qv and in the components m; of the magnetization vec-
tor. This becomes immediately evident from the dielectric tensor—the first tensor
in (2.58)—which represents these effects. The Voigt effect is a second-order effect
that is often considered an independent effect with its own material coefficients B
and B, according to the second matrix in (2.58). This intrinsic (or true) Voigt effect,
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however, is not the only conceivable second-order magneto-optical effect. As elab-
orated below, quadratic effects may also occur as a consequence of the elementary
gyrotropic interaction, which is responsible for the Kerr- and Faraday effects and
which is characterized by the material parameter Qv according to the first matrix in
(2.58). Second-order effects differ from first-order effects not only in their depen-
dence of the magnetization vector, but also in their optical symmetry behavior [193].
Typical for first-order effects is the primary rotation of the polarization direction
of the light, which may be superimposed by some ellipticity. This means that the
magneto-optical amplitudes differ in their polarization plane relative to the incident
light. In terms of the general reflectivity matrix (2.51), (2.93) indicates an effect
in the off-diagonal elements, g, or rps, of this matrix. A typical quadratic effect,
on the other hand, may contribute a modification of the regular reflectivity, i.e. the
diagonal elements (like rgs) of the reflectivity matrix. It can thus be interpreted as
a magnetically induced birefringence. Note, however, that these features depend on
the “coordinate system” used to describe the polarization state of the light. The con-
ventional Kerr and Faraday effects can as well be understood as a “circular magnetic
birefringence”. This was explained in the previous section, where we have seen that
parallel to the magnetization direction a light wave can only propagate in two circu-
larly polarized eigenmodes. The transmittance or reflectivity of circularly polarized
light is thus modified by magnetism depending on the rotation sense of the light.

A different situation arises if the k-vector of the light wave is perpendicular to
the magnetization vector, which is the condition for the Voigt effect. As shown at
the end of Sect.2.3.2, the eigenmodes are two linearly polarized waves in this case,
the vibrational plane of one being aligned along and that of the other perpendicular
to the magnetization. According to (2.68), both eigenmodes are feeling different
refraction indices n| and n_, respectively. Their difference is approximately [187]

An ~ (B + €i500%)/(271), (2.117)

where n = %(n” —n_ ) is again the “optical” index of refraction, compare (2.78). An
incident light wave, linearly polarized along or perpendicular to the magnetization
direction, will thus not alter its polarization plane when it propagates in the magnetic
medium. If the polarization plane of the incident light is at an angle to the magneti-
zation direction, however, the polarization state of the light will be changed with the
strongest effect occurring at an angle of 45°.

This situation is depicted in Fig.2.16. The components of the wave’s electrical
field, which are parallel and perpendicular to the magnetization vector, may proceed
in the medium with different velocities and with different attenuations (in case of a
complex refractive index). The light thus experiences a birefringence proportional
to Re(An) and a dichroism proportional to Im(An). The first effect is called Voigt
effect or magnetic linear birefringence—a birefringence of linearly polarized light,
where the word “linear” refers to the polarization mode of the incident light and
not to the order of the effect. As the two partial waves are retarded relative to each
other, the outgoing vibration is elliptically polarized by an amount ~m? and with a
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Fig. 2.16 Illustration of magnetically-induced linear dichroism (a) and linear birefringence (b)
effects. For both effects the domain axis is relevant rather than the domain direction, i.e antiparallel
domains cannot be distinguished. In the sketches, a relative orientation of the two domain axes of
90° is assumed. If the polarization plane of the incident light is at 45° relative to the domain axes,
the linear dichroism leads to a magnetization-dependent rotation of the polarization plane, whereas
the linear birefringence causes elliptical light of opposite rotation sense for the two domain axes.
Here a compensator is required for linearization. The action of the compensator can be verified by
Jones calculus, see Fig.2.8

handedness depending on the relative orientation of magnetization axis and polariza-
tion plane (Fig.2.16b). Oppositely magnetized domains, which follow the same axis,
can therefore not be distinguished in their birefringence effect. The second effect for
k perpendicular to m is called magnetic linear dichroism and results in a rotation of
the emerging light (Fig. 2.16a) due to the different amplitudes of the partial waves.'©
In practice, rotation of the polarization due to dichroism often superimposes on
the ellipticity resulting from birefringence. Like for the Faraday- and Kerr effect, a
rotation effect may thus also be found in case of the Voigt effect. The birefringence
effect is usually dominating, however. As both classes of effects contribute to differ-
ent elements in the reflectivity matrix, they can be separated experimentally as shown
below. Note that the Voigt effect should be distinguished from the Cotton-Mouton
effect mentioned in Sect.2.2.3 [167]. Here anisotropic, diamagnetic molecules align
themselves in an external magnetic field. As a result of this alignment, the material
becomes birefringent. Phenomenologically this effect is identical to the Voigt effect,
but it has a different microscopic origin.

16 The phenomenology is thus opposite to that of the magnetic circular birefringence and dichroism:
there birefringence causes a rotation, whereas the dichroism leads to ellipticity (compare Fig.2.11).
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The dominating ellipticity of the emerging light in case of the magnetic linear
birefringence requires a compensator to obtain detectable linearly polarized light.
In the geometry of Fig.2.16b, the fast axis of the compensator has to be along or
perpendicular to the polarizer axis (zero position). In either case this causes plane-
polarized light, which is rotated relative to the incoming light and which can be
converted into a contrast by means of an analyser. In practice, the analyser may be
crossed to the polarizer. The Voigt contrast then appears when the compensator is
“opened” by some degrees. This causes elliptical light of different ellipticity for the
two domain axes, which passes the crossed analyser with different intensity—see
Fig.2.8f, g. The contrast can be inverted by rotating the compensator through its
zero position thus interchanging the degrees of ellipticity for the two domain axes.
Also an opening of the analyser will give a contrast, if the compensator is left at
its zero position (Fig.2.8e). The experimental conditions are different for the Kerr
contrast: as the Kerr ellipticity is usually small, a Kerr contrast is mainly generated
and inverted by rotating the analyser—the compensator is just used to linearize the
light emerging from one domain type,'” see Fig.2.8c, d.

The Voigt contrast and signal can be treated along the same line as for the Kerr
effect presented in Sect. 2.4.3. The magneto-optical interaction can again be seen as
a superposition of magneto-optical amplitude Ay (instead of Ak for the Kerr effect)
and regularly reflected (or transmitted) amplitude An. Different to the Kerr effect,
however, both amplitudes are shifted in phase by & = /2 in case of the linear
birefringence, whereas the “intrinsic” phase difference is usually small in case of
the circular birefringence (Kerr- and Faraday effects. The relation between Ay and
Ay is illustrated in Fig.2.17 in an analogous presentation as for the Kerr effect in
Fig.2.14b. A Voigt signal thus requires the introduction of an additional phase by
means of a compensator as mentioned. Otherwise the same formula as in Sect. 2.4.3
do apply.

The essential difference between Voigt and Kerr contrast is the dependence on the
magnetization vector: Different to the Faraday or Kerr rotation, which is directional-
sensitive, the Voigt effect is quadratic in the magnetization vector due to its axial
sensitivity. The symmetry (not the magnitude) of the Voigt effect can best be under-
stood as a strain birefringence of a magnetostrictively distorted medium, because
also magnetostriction is a quadratic effect. In the same sense as a cubic crystal is
characterized by two magnetostriction constants to lowest order, the linear magnetic
birefringence of a cubic material is characterized by two independent material para-
meters, the frequency-dependent and complex constants By and B in the dielectric
tensor [second term in (2.58)]. As expected, the tensor also contains the squares of
the magnetization vector components. The symmetry of the dielectric tensor also
reveals that two perpendicularly magnetized domains, the axes of which are ori-
ented at £45° relative to the polarizer axis, generate maximum domain contrast.
This is the geometry chosen in Fig.2.1b. For the circular birefringence (Kerr- and

17 In materials with a strong Kerr ellipticity (like Permalloy) it is, consequently, the other way
round: here the Kerr effect is mainly adjusted by the compensator, whereas the Voigt effect requires
an opening of the analyser.
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Fig. 2.17 Visualization of the light amplitudes for the Voigt effect (see Sect. 2.4.3 for a quantitative
discussion). By interference of the regular amplitude An with one of the two Voigt amplitudes iAy
or —iAy a left- or right-handed elliptical wave is generated, each of them corresponding to one
of the two emerging partial waves. The angle &y characterizes the ellipticity, and aay and ccomp
are the opening angles of analyser and compensator. Compare with Fig.2.14b for the analogous
representation of the Kerr effect

Faraday effects) the conditions are different: here maximum contrast is obtained for
antiparallel domains, and the polarizer has to be parallel or orthogonal to the domain
magnetization for the longitudinal effect or at an arbitrary angle for the polar effect.

As mentioned, a second-order effect with the same symmetry as the intrinsic Voigt
effect can as well be derived from gyrotropic interaction and Maxwell equations, i.e.
the linear term in the dielectric e-tensor (2.58—first matrix) can not just lead to the
Kerr and Faraday effects, but also to a magneto-optical effect of second order and
therefore add to the linear birefringence [168, 194]. This is illustrated in Fig.2.18.
Assume that the polarizer sends some Ey-component along the z-direction. Accord-
ing to the gyroelectric tensor this will cause a Lorentz motion along z, i.e. a first-order
displacement [195, 196]

D, = +Hi€jso QmeEya (2.118)
which will lead to a first-order depolarizing field

E;, = —D;/€is0 = _iQmeEy (2.119)

to keep D, = 0. The depolarizing field then induces a second-order displacement
D; = —i€iso Qvmx E; = _eiso(Qme)zEyv (2.120)
which corresponds to a Lorentz motion along —y, opposite to the zero-order
Dy = €i0Ey. If E points between x and y (best at 45°), the polarization plane
rotates towards m, i.e. the D-component along m is longer. The same contrast phe-

nomenology as in Fig.2.18 can be derived from the second matrix in (2.58) for the
intrinsic Voigt effect. A detailed description of second order effects is given in [193].
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Fig. 2.18 Explanation of the secondary quadratic effect that has the same symmetry as the Voigt
effect, but which is derived from gyrotropic interaction like the Kerr effect. a Horizontally polarized
light (see inset) creates an out-of-plane Lorentz motion in the vertically magnetized domains.
This primary motion generates a secondary motion that is polarized antiparallel to Ey. b A 45°
rotation of the domain magnetization relative to Ey leads to antiparallel Dx-components for domains
magnetized along different axes. The dielectric displacement is responsible for magneto-optical Ex-
components in the reflected light. Due to their phase shift relative to the ordinary reflected Ey, a
black/white microscopic contrast is created by matching the phase of one of the two Ex vectors
with that of Ey by means of the compensator

The Voigt effect plays an established role for the visualization of in-plane domains
in transparent crystals like magnetic garnet films [149, 197]. In [150] it was proven
that, with the help of digital image processing, the Voigt effect can also be observed
in reflection on metals. (An analogous reflection effect was very recently also seen
in X-ray spectroscopy [158]). An example for the reflection observation of in-plane
domains in the Voigt effect is shown in Fig.2.1b. The quadratic dependence on
the magnetization vector is immediately evident in this image, opposite to the linear
magnetization dependence of the Kerr effect that is shown for comparison in Fig.2.1a.
As the Voigt effect is weaker than the rotational effects, it can usually only be observed
if the Kerr or Faraday effects are suppressed. For Voigt microscopy on in-plane
domains like in Fig. 2.1, the specimen has to be illuminated with plane-polarized light
at perpendicular incidence to avoid contributions from the Kerr effect. This geometry
was also considered in the sketches of Fig.2.16. By rotating the sample or polarizer
by 45° (Fig.2.1c), the Voigt contrast disappears and reappears again with inverted
contrast after a further rotation of 45° (not shown). The Voigt contrast thus changes
sign every 90° due to its quadratic magnetization dependence. This is different for
the Faraday and Kerr contrast: due to the linear magnetization dependency of these
effects the sample has to be rotated by 180° to achieve opposite, but equally intensive
contrasts.

In the general case of arbitrary angles between k-vector and magnetization, there
is a superposition of linear and circular birefringence. If the sample is illuminated
along or transverse to the magnetization, just the circular or linear birefringence,
respectively, will be active. For any other direction there is elliptical birefringence
and dichroism, i.e. two elliptical partial waves (rather than circular or linear) do
propagate with slightly different refraction indices [170]. When going from parallel
to perpendicular illumination the ellipses change from circles to elongated (linear)
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shapes. If, in addition, the magnetic medium is strongly absorbing (i.e. if n’ ~ n”),
also the real and imaginary parts of the components of the magneto-optical e-tensor
are mixed and the total magneto-optical signal emerging from the sample gets highly
complicated [171].

2.6 Gradient Effect

The magneto-optical gradient effect [150] is sensitive to changes (gradients) in the
magnetization. It therefore stresses fine magnetization modulations relative to the
large-scale features of a domain pattern. The strongly modulated surface domains
of heavily branched domain patterns, which occur on strongly misoriented surfaces,
can e.g. be favorably visualized in the gradient effect.

Magnetization gradients are strongest across domain walls. For this reason also
domain walls reveal a strong contrast if imaged in the gradient effect, which, how-
ever, is different from the wall contrast seen by the Kerr effect. Let us again refer
to the example shown in Fig.2.1: In the Kerr effect (Fig.2.1a), which senses the
magnetization directly, the 180° domain walls show up in a color that depends on
the (in-plane) rotation sense of the wall magnetization. Imaged under conditions of
the gradient effect (Fig.2.1b), the same walls appear in a homogeneous black or
white contrast. This contrast is independent of the wall rotation sense, and it does
not depend on the wall width as could be proven by measurements on a variety
of materials [198]. Therefore the gradient effect arising at domain walls is better
called ”boundary” contrast rather than wall contrast. The boundary contrast is pri-
marily determined by the magnetization jump from one domain to the other, i.e. by
the magnetization gradient across the wall, and not by the properties of the actual
wall. It consequently alternates for neighboring walls in dependence of the surround-
ing domain magnetization. The boundary contrast changes sign when the walls are
rotated by 90°. The same rotational symmetry applies to the Voigt contrast, which is
detected at the same experimental conditions as the gradient effect and which is also
visible in Fig.2.1b. By rotating the polarizer by 45° as in Fig. 2.1c (alternatively the
sample may be rotated by 45°), the Voigt contrast disappears together with the 180°
boundary contrast. Now the 90° domain boundaries show up in an alternating black
and white gradient contrast, whereas a residual double contrast is left at the 180°
walls that can be traced back to a superposition of Voigt contrast and local gradient
contrast due to the wall magnetization [198]. A further example, again comparing
the gradient and Voigt contrast with the Kerr contrast, is presented in Fig.2.19. The
cross-tie character of the central wall in the Landau pattern is better visible in the
gradient image.

The contrast symmetry of the gradient effect for the elementary wall geometries of
in-plane magnetized materials, including those of Figs. 2.1 and 2.19, is schematically
summarized in Fig.2.20. Thin films as well as bulk samples are considered in the
graphics—different symmetry rules may apply to these two cases as elaborated below.
To isolate the gradient contrast from the Kerr contrast, perpendicular incidence of
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Fig. 2.19 Landau domain pattern with cross-tie wall, imaged in the longitudinal Kerr effect (a)
at oblique illumination along the vertical direction and by gradient/Voigt microscopy (b) at per-
pendicular incidence. The polarizer was oriented vertically for the Kerr image, and at +45° for
the gradient/Voigt image. The dashed lines in the “domain” model (c¢) are in reality continuous
transitions [111]. The sample is a Ta (5 nm)/FeMn (10 nm)/NiFe (50 nm) trilayer, in which the
domains in the NiFe film are visualized. The Ta/FeMn cover layers are sufficiently transparent for
all three magneto-optical effects. Sample courtesy R. Kaltofen, Dresden
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Fig. 2.20 Presence (thick lines) or absence (dashed lines) and sign of the gradient effect at domain
boundaries, illustrated for the elementary geometries of in-plane magnetized domains. Horizontal
polarization direction and perpendicular incidence of light is assumed. For each wall type the
contrast before and after rotating the sample by 90° is shown. The contrast symmetry for the 180°
and 90° walls (a-b and c-d, respectively) applies to bulk material as well as magnetic films. The
boundary contrast symmetry of head-on domains, on the other hand, is different for films (e-f) and
bulk samples (g-h). In bulk material, head-on domains are usually of the V-line type (inset) for
which perpendicular subsurface gradients add to the gradient contrast

light is required for in-plane materials. A Kerr contrast is not possible then, neither
for the domains nor the walls.'® A separation of gradient and Voigt contrast is not
possible, because both effects appear under the same experimental conditions and

18 Note that in thin films the domains walls are of the Néel type with an in-plane rotation of
magnetization. The same applies to the Néel cap of vortex walls in low-anisotropy bulk material
[111]. In case of high-anisotropy materials, perpendicular components at domain walls might be
present. But here the wall width is far below resolution anyway, so that the polar Kerr effect does
not play arole.
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follow the same rotational symmetry (i.e. the contrast can be obtained by rotating the
compensator and it can be inverted by either rotating the sample by 90°, the polarizer
by 45°, or by rotating the compensator through its extinction position—see Sect. 2.5).
This indicates a phase shift of the magneto-optical amplitude of the gradient contrast
of roughly 90° relative to the phase of the Kerr amplitude [150], similar to that of
the Voigt effect (compare Fig.2.17 and Fig. 2.14b).

The physical origin of the gradient effect can be traced back to the same gyrotropic
interaction (D o« m x E) that is also responsible for the Kerr- or Faraday effect and
which can be used to derive quadratic effects (see Fig.2.18). This was shown by
magneto-optical diffraction analysis in a series of articles by Kambersky [185, 195,
199, 200]. The symmetry of the gradient effect is, however, strongly affected by the
micromagnetic conditions in the underlying domain structure. Two cases have to be
distinguished:

e Specimens with strict in-plane magnetization, including magnetically charged
micromagnetic objects. Thin magnetic films with in-plane anisotropy are typical
examples for this class. Under this condition, the x-component of the displace-
ment vector D, which is responsible for the gradient effect at the in-plane domain
geometries presented in Fig. 2.20, is written as:

Dy = P (—dmy/dx) Ey, (2.121)

where y and x are the coordinates along the E- and H-vectors of the incident
light wave, respectively, and dmy/dx is the gradient of the magnetization vector
m along the x-axis. The material constant P scales with that of the Kerr effect.

e Samples with subsurface perpendicular magnetization gradients, for which the
condition divmm ~ 0 is fullfilled. The polar gradients have to be present within
the information depth of the magneto-optical experiment, which is, for example,
the case in so-called V-line configurations occurring in thick specimens. For such
micromagnetic objects the Dx-component writes

Dx = P (dmy/dy — dmy/3x) Ey. (2.122)

Both laws can be derived from gyrotropic interaction within the framework
of Kambersky’s diffraction theory. Consider a 180° domain wall as presented in
Fig.2.21. For the given polarization direction of light along the y-axis, a non-
vanishing cross product in the domains does exist for the wall orientations (a), (b), and
(d) in the figure. In these three cases, the incident light thus generates in each domain
an oscillating gyrotropic polarization normal to the sample surface, the amplitude of
which depends on the magnetization direction of the illuminated domain. It varies
between zero (if m is along the y-axis) and 1 (if m is along the x-axis). In the neigh-
boring domain a similar oscillation is generated that is out-of-phase to the first one
by 180° since the my-component, which causes the gyrotropic interaction, changes
sign (i.e. has a gradient across the boundary). The pairs of out-of-phase oscillating
electric dipoles produce a quadrupolar dielectric displacement with a component



84 2 Magneto-Optical Effects

Polarizer

Dx>0: Ey |Dx

T l ; Dx < 0: Ey |D
N — < 2L - B
(a) (b) (©) (d)

Fig. 2.21 Gradient contrast symmetry of a 180° wall that is rotated by 135° from a to d. The
oscillating Lorentz motion across the wall, excited by gyrotropic interaction, is indicated. It causes
adielectric displacement vector, the positive and negative Dy components of which are aligned along
the analyser axis, but at opposite directions (see inset). Parallel to Dy are the magneto-optically
reflected Ex-components. Due to their phase shift relative to the ordinary reflected Ey, a black/white
microscopic contrast is created by matching the phase of one of the two Ex vectors with that of Ey
by means of the compensator

perpendicular to the domain boundary, which results in an electric field component
along the same direction in the reflected light. In the experiment, the component of
this transverse field parallel to the analyser axis (Ex-component) can be detected. It
is proportional to the component dmy/dx of the magnetization gradient and may be
expressed as [201]:

E}*Y (x,0) ~ —G(dmy/0x) E?, (2.123)

with some constant G. This law also comprises the case in Fig.2.21c where m x E
vanishes—like in Fig.2.21a, the gradient dmy/0x and thus Ex is zero in this case.
The x-component of the displacement vector D, which is the source of Ey, is thus
written as in (2.121). This law describes qualitatively the magneto-optical gradient
effect of strictly in-plane magnetization gradients. This also includes the magnetically
charged boundaries between head-on domains in thin films (Fig.2.20e, f—note that
such boundaries are normally zigzag-folded in ordinary films to reduce the stray-field
energy [111]).

A different situation arises if also polar subsurface gradients do exist in the sam-
ple. This is the case for the V-line structure illustrated in Fig.2.20g,h. V-lines are
the surface intersections of internal domain walls that are arranged in shape of the
letter V (see Fig.2.20, inset). Around a V-line the m-vectors of the surface domains
are head- or foot-on, but underneath the surface the magnetization flow points away
from (or towards) the surface. In this way the magnetic flux of the surface domains
is distributed in a stray-field free manner (a stray-field-free magnetization field, i.e.
divm =~ 0, is naturally enforced in low-anisotropy materials, including iron [111]).
Surprisingly, a gradient contrast is observed at V-lines [150] even when the surround-
ing domains are magnetized along the polarization direction of the light (Fig. 2.20h).
The term (0my/dy) in the dielectric law (2.121) takes this fact into account. This
law was originally derived empirically [150] based on experimental observations.
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In successive articles on the diffraction analysis [195, 200-203], Kambersky has
shown that the interpretation of this (necessary) term requires the consideration of
polar gradients (dm,/dz). The crucial point is the divergence-free micromagnetic
structure of a V-line: As there is an in-plane contribution to the divergence dmy /0y,
it must be compensated by an almost equal but opposite dm,/dz to fulfill the condi-
tion divm = 0. Even if the m,-component is zero at the surface, it must rise below
the surface and give rise to a non-uniform polar Kerr effect according to its limited,
but signifiant information depth of about 20 nm in metals [177]. In fact, by consider-
ing both, diffraction due to planar and perpendicular gradients in the analysis [195],
it was possible to derive the empirically observed symmetry of the gradient effect
including the critical case of Fig.2.20h if the condition divm = 0 is valid.

This can be verified by extending our previous analysis: Polar magnetization
components cause a gyrotropic interaction for any wall orientation, so that the
x-component of the electric field can be written as

1
EI® ~ —5G@m./92) Ey. (2.124)

The proportionality of the two constants in (2.123, 2.124) follows from the symmetry
of the magneto-optic interaction considered in the diffraction theory [202]. In bulk
low-anisotropy materials, the flux-closing condition divm ~ 0 implies

Omy/0x + dmy/dy + 0m,/0z = 0, (2.125)

so that in this case (2.124) may be replaced by
1
EI® ~ 5 G(@my/dx + Imy /9y) E}. (2.126)
The full detectable x-component then is the sum of (2.123) and (2.126):
1(x,y,2) 1 0
E VY~ EG(amy/ay — dmy/0x) E,, (2.127)

which is consistent with (2.122). A more systematic analysis of domain diffraction
phenomena, including the gradient effect, was presented in a later article [185] that
has completed a series of papers [177, 186, 204, 205] dealing with magneto-optical
interference and diffraction effects in magnetic multilayers. The pioneering paper
[177] of this series, in which the concept of magnet-optical depth sensitivity was
introduced, also contains a descriptive explanation of the subsurface gradient con-
tribution based on the depth sensitivity function.

We will return to the gradient effect in Sect. 3.4, showing that it can be favorably
applied to obtain layer-selective information in epitaxial multilayers.
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2.7 X-Ray Magnetic Dichroism

We now turn to the magneto-optic effects in the resonant absorption of soft X rays.
These effects are sizable only in the vicinity of elemental absorption edges. It is
therefore necessary to tune the wavelength of the X rays to an absorption edge
of the respective element. Tunable X rays are nowadays conveniently available at
synchrotron radiation sources. The X rays emitted from a synchrotron radiation
source are, in addition, always polarized, a necessary prerequisite for their use in
connection with magneto-optic effects. The polarization can be either linear, which
is the “native” polarization of synchrotron radiation, or circular, which requires some
additional measures to be taken, see Sect.2.7.2.

We will in the next section first discuss the case of linear polarization, following
the historic development of X-ray magnetic dichroism, and then come to the more
important case of circular polarization in Sect. 2.7.3, after shortly discussing the gen-
eration of circularly polarized X rays at synchrotron radiation sources in Sect.2.7.2.

2.7.1 X-Ray Magnetic Linear Dichroism

The transfer of magneto-optical techniques from the visible to the X-ray regime
appeared for a long time impossible due to the difficulty of generating and manip-
ulating polarized light in this wavelength regime. In 1986, it was realized that the
linear polarization of synchrotron radiation generated in a bending magnet could be
put to use for investigating magnetic phenomena, and the first studies of magnetic
dichroism in the X-ray regime were carried around this time using linear light polar-
ization [206]. In an effort to understand the fine structure of soft X-ray absorption
spectra of rare earth materials, it was realized that the X-ray absorption spectrum,
which has an intrinsic characteristic width on the scale of an electron volt because
of lifetime broadening, is very sensitive to the precise character of the ground state,
whose characteristic energy scale is governed by interactions of the order of meV.
An example is the spin—orbit splitting of the 4 f states in cerium. Calculations indi-
cated that the spectrum should show characteristic changes depending on the rel-
ative weight of / = 5/2 and J = 7/2 in the ground state, where J is the total
angular momentum of the electrons. As systems which allowed experimental verifi-
cation of such phenomena, calculations identified magnetically ordered dysprosium
or terbium. These calculations predicted strongly different 3d absorption spectra for
the electric field of the radiation being either parallel or perpendicular to the mag-
netic moment of the rare earth [207]. Soon after, these predictions were verified by
polarization-dependent studies of ultrathin dysprosium films grown on nickel [208],
or for terbium-iron garnet [206].

The first 3d system for which linear dichroism was established was Fe,O3 [209].
This material shows a spin reorientation transition, the Morin transition, at 263 K
[210]. This transition was utilized to obtain L 3 absorption spectra with the magnetic
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Fig. 2.22 X-ray absorption spectra for a [V/Felso multilayer with 1.5 A vanadium and 7.5 A iron
layer thickness. Panel a shows absorption spectra at the Fe L, 3 edges, panel b those at the V
L» 3 edges. In each panel, the absorption line (fop) is shown together with the difference between
absorption with orthogonal linear polarization of the exciting X rays (bottom), magnified in the
vertical direction by factors of 40 and 100, respectively. Reprinted with permission from [211].
Copyright (1998) by the American Physical Society

moments parallel and perpendicular to the light polarization. The results were in good
agreement with calculations treating the 3d states as highly localized with distinct
angular and spin moment [209].

For metallic systems with delocalized d states, the optical properties in principle
also show a difference between light polarization parallel or perpendicular to the
magnetization. However, this difference is much smaller than in localized systems,
which makes the study of magnetic properties utilizing this effect much more difficult.
Figure 2.22 shows an experimental result for Fe/V multilayers [211]. The spectra for
the different light polarizations are very similar in appearance, and only the difference
spectrum reveals the dichroism.

In both examples, the X-ray absorption spectrum can distinguish between the
sample being magnetized parallel or perpendicular to the light polarization. In con-
trast, circular dichroism, which is discussed in Sect.2.7.3, distinguishes between
magnetization parallel and antiparallel to the light propagation direction. Therefore,
the two techniques are complementary, compare also Fig. 2.2. Figure 2.23 depicts the
different geometries.

Another form of magnetic linear dichroism is the transverse magneto-optical Kerr
effect. Here the reflectivity changes for p-polarized light under oblique incidence
upon switching the magnetization between the two orientations perpendicular to
the plane of incidence (see Sect.2.4.2). From the theory of magneto-optics it is
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(a) (b)
Fig. 2.23 a XMCD detects the difference in absorption for the projection of the sample’s magneti-
zation onto the propagation direction of circularly polarized X rays. b XMLD detects the difference

in absorption of the axis of magnetization aligned parallel or perpendicular to the E field of the
X rays

evident that the transverse Kerr effect is governed by the same elements of the
dielectric tensor as circular dichroism. This effect does not require a polarization
analysis of the reflected beam. The small reflectivity in the X-ray regime is not a
real problem, since one may choose a grazing incidence angle for which there is
still sufficient reflectivity at the wavelength to be used. For the 3p edges of the
3d elements, the effect is easily measurable up to incidence angles of 45° [212,
213]. For imaging purposes, the question is whether this change of reflectivity leads
to a change of absorption, which could be used as a contrast mechanism.'® The
continuity relation for the incident light stipulates that the fraction of light which is
not reflected is transmitted across the interface into the medium. Therefore, a change
in reflectivity with change of magnetization changes the intensity transmitted into the
sample. If the mean reflectivity is not too small, this may generate a contrast in the
transmitted photon intensity or in the electron yield which could be used for imaging
oppositely magnetized domains. In a photoelectron emission microscope (PEEM),
this effectively limits the applicability of this contrast mechanism to the 3p edges
of the 3d elements, since the typical incidence angle for the light in photoelectron
emission microscopy is 15° or more, so that only the 3 p edge regime offers sufficient
reflectivity.

An important ingredient for the study of magnetic domains in transition metal
compounds using magnetic linear dichroism is an understanding of the soft X-ray
absorption spectra of transition metal (TM) ions with highly localized d states. In
general terms, the absorption spectra of such transition metal compounds show rich
structures, which can be adequately described by atomic multiplet theory. The under-
standing of the line shapes of absorption edges has reached a remarkable level during
recent years, as illustrated by the good agreement between experimental spectra and
theoretical calculations based on an atomic description. The solid-state environment
induces some hybridization between the localized d states and delocalized states, and
may modify the spectra due to the presence of the crystal field. Both these effects can
be incorporated in the modeling of spectra by empirically reducing the magnitude
of the Slater-Coulomb and exchange integrals, and by incorporating the crystal field
into the calculation. Furthermore, the solid state environment introduces a lowering

19 For the classical transverse Kerr effect in the visible light regime, a Kerr contrast is generated by
polarizing the light at 45° to the plane of incidence, which results effectively in a rotation of light
(see Sect.2.4.2, Fig.2.13d).
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Fig. 2.24 Polarization
dependence of the Ni L»
X-ray absorption spectra of a
20 monolayer NiO(001) film
at T = 298 K. O is the angle
between the (001) surface
normal and the electric vector
of the linearly polarized light.
The spectra are normalized at
the first peak of the L, edge
spectrum. Strong linear
dichroism can be observed.
Reprinted with permission
from [214]. Copyright (1998)
by the American Physical
Society ——
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of the symmetry, which can be taken into account by incorporating crystal field
splitting.

Atomic multiplet calculations including such a crystal-field splitting [207] indi-
cated that for magnetically ordered materials, large dichroic effects should occur in
core-level absorption spectra. The term dichroism in this context means a depen-
dence of the absorption on the relative orientation of the light polarization and the
ordered magnetic moment. The first experimental demonstrations of this effect were
performed on ferrimagnetic rare earth systems and hematite [206, 209]. In these
cases, the direction of the magnetic moment can be fixed either by an external field,
or by utilizing a spin reorientation transition. For antiferromagnets, it is more difficult
to establish a uniform orientation throughout the sample. In thin films, however, one
may anticipate that the quasi two-dimensional character of the sample may lower the
energy of a subset of the possible domains with respect to the remaining ones. This
was indeed found to be the case for thin NiO films grown epitaxially on MgO [214].
For (100)-oriented films grown by molecular beam epitaxy, four out of the twelve
possible domain phases have a large component of the magnetic moment perpendic-
ular to the surface, while for the others the largest component is in the surface. If one
of these two sets is preferred, then this should be detectable in the X-ray absorption
spectrum as magnetic dichroism. The experimental finding of Alders et al. for NiO
thin films [214] is reproduced in Fig.2.24. The spectra show two absorption edges,
caused by the excitation from the Ni 2p; /> level to the unoccupied valence states.
There are a number of differences between spectra taken at normal and grazing inci-
dence. The spectra differ in the relative height of the absorption signal in the two
peaks. By comparison to calculated spectra, this can be identified with a preferred
spin orientation normal to the surface.

The absorption spectrum is different for normal incidence (E vector parallel to
the surface, s polarization) and grazing incidence (E vector nearly perpendicular
to the surface, p polarization). This polarization dependence vanishes at the NiO
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Fig.2.25 Temperature dependence of antiferromagnetic contrastin XMLD observed on NiO(001).
Experimental XMLD data are indicated by triangles, the solid line through the data is a parabolic
fit. Circles represent neutron scattering data of bulk NiO [225], the dashed line low-energy electron
diffraction data [226]. After [215]

Néel temperature, confirming the connection to antiferromagnetic order of the film.
Figure 2.25 shows the temperature dependence of the contrast between the two Ni
L absorption features for a NiO(001) single crystal [215]. The contrast decreases
gradually and disappears at a temperature above 500 K. The close proximity of this
temperature to the bulk Néel temperature of NiO shows that the contrast is caused
by the magnetic order of NiO. A fit of the observed behavior yields a parabolic
temperature dependence with a Néel temperature of (530 &£ 8) K. The determination
of the Néel temperature from this experiment is not precise enough to confirm or
rule out an enhancement of the surface Néel temperature by 6 K, which has been
claimed from metastable Helium diffraction experiments [216].

Later it has been discovered that the shape of XMLD difference spectra depends
on the crystallographic direction under which the measurement is conducted, i.e.,
the crystallographic orientation of the magnetization and the polarization of the
probing X rays [217]. Subsequent measurements on FezO4 [218], (Ga, Mn)As [219],
LaFeO3 [220], NiFe,04 [221], CoFeyO4 [222] as well as on metallic Fe [223] and
Co films [224] all showed a strong dependence of the XMLD on the crystallographic
orientation. If we limit ourselves for the discussion of these effects to cases in which
the XMLD is taken as the difference between spectra acquired with the polarization
vector parallel and perpendicular to the magnetization axis, the result for transition
metal oxides, confirmed by atomic multiplet calculations [218, 221, 222], can be
summarized as follows: The XMLD at the L, edge measured for magnetization
directions along (100) and (110) exhibits more or less identical spectral shape, but the
opposite sign. The dichroism at the L3 edge, in contrast, exhibits also a considerably
different shape for these two cases. Since before 2006 mostly—Ilike in the examples
presented above—the XMLD at the L, edge was used for an evaluation of the
spin structure, and always had been interpreted in terms of multiplet calculations
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performed for (100) magnetization directions, this had led to wrong interpretations,
and several of the conclusions drawn from XMLD measurements had to be reanalyzed
[221]. An example will be presented in connection with the layer-resolved magnetic
imaging of Co/NiO(001) in Sect.4.4.2.

2.7.2 Circularly Polarized X-rays

The obvious requirement for the detection of magneto-optic effects in the absorption
of circularly polarized X rays is the availability of circularly polarized X rays in the
soft X-ray regime covering the L absorption edges of 3d transition metals such as
Fe, Co and Ni as well as the M absorption edges of 4 f systems, such as Gd and Tb,
which are the most prominent components in ferromagnetic systems.

Polarized X-rays are nowadays abundantly available at synchrotron radiation
laboratories. At bending magnet stations (Fig. 2.26), the radiation emitted in the
orbital plane is horizontally linearly polarized, while the radiation emitted off orbit
at an angle of a few millirad yields a significant circular degree of polarization with
reversed polarity above and below the orbital plane. The gain in circular polarization
is accompanied by a reduction in intensity, therefore a typical configuration views
the X rays at 3—5 mm above or below the synchrotron plane yielding about 60-80 %
circular polarization at about half the intensity compared to the center position [227].

At third-generation storage rings, dedicated insertion devices, such as helical
undulators in the soft X-ray energy range [228, 229], provide high-brilliant sources
of polarized X rays (Fig. 2.27). They consist of arrays of permanent magnets which
force the path of the electron beam into certain shape so as to tailor the polarization
of the emitted radiation. Mechanically shifting the magnet arrays against each other
one can deliberately modulate the polarization of the X rays. It is possible to reverse
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Fig. 2.26 Circularly polarized X rays are emitted above and below the orbital plane at a bending
magnet station with reversed helicity. The graph at the right hand side shows the intensity of the
emitted photon beam (//1j) as well as the degree of circular polarization (Pc) as a function of the
vertical position of the entrance slit with respect to the ring plane
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the helicity of circular polarization within several seconds, or even to tune to linear
polarization with its orientation pointing in any direction. This enables the study of
ferromagnetic/antiferromagnetic systems by utilizing both, the effect of magnetic
linear dichroism [230], as described in the previous section, and of magnetic circular
dichroism, which will be explained in the following section.

2.7.3 X-Ray Magnetic Circular Dichroism

In the case that circularly polarized X rays are being absorbed in ferromagnetic sys-
tems, the cross section for X-ray absorption depends not only on the thickness and
chemical composition of the sample, but also on the orientation of magnetization
direction with respect to the helicity of the circularly polarized X rays. This effect is
called X-ray magnetic circular dichroism (XMCD), which was first experimentally
observed in 1987 [231]. Depending on the relative orientation between the helicity
of the incoming photons and the projection of the magnetization onto the photon
propagation direction, the absorption cross section, which is equivalent to the exper-
imentally measurable absorption coefficient «(€) at photon energy &, is increased
(a™) or decreased (o). With

ar (&) = ap(&) £ %Aa(é’) (2.128)
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Fig. 2.28 X-ray magnetic circular dichroism at the Fe L3 » absorption edges. Top X-ray absorption
spectra for different orientation of the sample magnetization relative to the helicity of the exciting
x-rays. Bottom Difference between the two curves shown in the top panel. The maximum of the
difference curve amounts to nearly 50 % of the helicity-averaged absorption

the dichroic signal Ax(€) can thus be described by
Aa (&) = a4 (€) —a_(E). (2.129)

A typical example of XMCD observed in ferromagnetic iron is shown in Fig. 2.28:
The top panel shows the absorption coefficient o (E) as a function of incoming photon
energy for the two cases of parallel and antiparallel alignment between the helicity
and magnetization of the specimen. The photon energy is varied in the region of the
L, and L3 absorption edges of iron, which correspond to absorption by resonant
transitions from 2py /2 and 2p3,> core levels, respectively, and the unoccupied part
of the 3d states just above the Fermi energy. The lower panel displays the difference
between these two profiles, Ax(E). It is seen that the maximum difference at the Fe
L3 edge amounts to nearly 50 % of the helicity-averaged absorption.

The following features can be observed. The XMCD effect is localized around
the absorption edges , i.e. the L3 and L, edges, which are separated by the spin—
orbit coupling. The XMCD signal furthermore reverses its sign and yields a different
amplitude at the L3 and L, edges, respectively. In the case of 3d transition metals
such as Fe, Co, or Ni, the additional magnetic contribution to the absorption cross
section yields values up to 25 %, i.e. a change up to 50 % between the negative and
positive saturated magnetization states.



94 2 Magneto-Optical Effects

G X VR NV

2psp

Fig. 2.29 Sketch illustrating the principle of X-ray magnetic circular dichroism. The gray and
hatched gray areas represent the density of occupied and unoccupied 3d states, respectively. The
left and right part of the figure refer to minority and majority spin directions. Transitions excited by
circularly polarized X rays of helicity o and o_ are shown by arrows, the line thickness of which
corresponds to the transition probability determined by the spin polarization of dipole transitions

Although in the beginning XMCD was used as a sensitive spectroscopic tool only,
it was soon realized that it could also serve as huge magnetic contrast mechanism in
combination with high-resolution microscopy. So far two real-space imaging tech-
niques have been realized using either a photoelectron emission microscope (PEEM)
[232], which will be described in Sect. 4.4, or a transmission X-ray microscope
(TXM) [233], which will be the topic of Chap. 5.

The physical origin of XMCD and its global characteristics can be discussed in
the frame of a simple vector coupling model. Within the dipole approximation for the
transition process of a right- (left)-handed photon being absorbed, the photoelectron
is going out with a finite spin (o) and orbital (/) polarization in photon beam direc-
tion z, taking into account angular momentum conservation and spin—orbit coupling
in the initial state. In particular, for the transition from an initial 2py/2 and 2p3,2
spin—orbit-split state into a d-like final state (which corresponds to the L, and L3
absorption edges), (o) amounts to —1/2 and +1/4, respectively, while ([,) = +3/4
for both cases [234]. For very low photoelectron energies (E < 20 eV) and itiner-
ant final states, the absorption coefficient is described by Fermi’s Golden Rule, see
(2.114) and (2.23) and the discussion in Sect. 2.4.4, where the dipole matrix element
|<ilpslf >|? contains the XMCD effect.

In a ferromagnetic system, the absorbing atom reveals a magnetic spin moment if
the majority (minority) band final states are shifted below (above) the Fermi level due
to exchange splitting. This is schematically shown in Fig. 2.29. The hatched areas
of the 3d density of states, plotted to the left and right for minority and majority
electrons, respectively, indicate the unoccupied states available for 2p — 3d
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transitions. Thus a local magnetic spin moment is induced, given by the excess of
one spin direction in the density of states above the Fermi energy. Now due to Pauli’s
exclusion principle the spin/orbital-polarized photoelectrons created in the absorp-
tion process by a circularly polarized photon can be seen as a probe for the final-state
spin/orbital polarization projected onto the photon k vector. The spin polarization
can be shown in the sketch of Fig. 2.29 by drawing arrows between the spin—orbit
split 2p states and the unoccupied 3d states in the left and right part of the figure.
Symbols o and o_ refer to transitions excited by positive and negative helicity of
circular polarization, respectively. The thickness of the arrows indicates the transition
probability as a consequence of this spin polarization. Applying an external magnetic
field, it is possible to adjust the sample’s magnetization and to align the magnetic
moments. The spins of the majority electrons are thus either parallel or antiparallel
to the z-direction. According to Fermi’s Golden rule an integration of the dichroic
signal, which is related to the difference in spin-up and spin-down densities of states,
measures then directly the local spin moment. In other words, when the spin polar-
ization of the electronic transition matches the minority spin, the highest absorption
is observed. A similar consideration holds for the orbital momentum. The unique
potential of XMCD, however, is the possibility to address local magnetic moments
separated into spin and orbital contributions applying the sum rules by Thole [235]
and Carra [236] to the dichroic signals at spin—orbit-coupled edges, like L3 3, or
M, 5. In particular the information that can be obtained on the orbital contribution
to the local magnetic moments is crucial to understand, for example, the origin of
magnetic anisotropies. Although the general applicability of the sum rules is still
discussed [237-240], at least for the itinerant transition-metal systems like Fe, Co,
Ni the results are satisfying [16, 239-242].

As discussed in Sect.2.4.4, the absorption coefficient « is related to the imagi-
nary part of the complex refractive index n” according to (2.23), and the XMCD
effect introduces a magnetic contribution to n”. Following the causality reflected by
a Kramers-Kronig relationship, which connects the real and the imaginary part of
a complex quantity, a magnetic contribution to the real part of the refractive index
n’ should occur as well [243]. Therefore one expects to observe a similar magnetic
dichroism effect also for the phase, which makes magnetic phase contrast mecha-
nisms possible [244].



Chapter 3
Depth-Sensitive Conventional Magneto-Optical
Microscopy

In this chapter depth-sensitive magneto-optical microscopy, based on the conventional
Kerr-, Voigt- and gradient effects, is reviewed. Following some experimental aspects
of conventional magneto-optical microscopy and magnetometry in Sect. 3.1, the main
part of the chapter (Sect. 3.2) is devoted to the depth sensitivity of the Kerr effect that
is the most commonly applied effect. The concept of depth sensitivity functions will
be introduced, followed by a detailed treatment of magnetic films and multilayers
on the basis of a multiple beam formalism and magneto-optic diffraction analysis,
which provides an intuitive understanding of depth sensitivity. Experimental depth-
selective Kerr microscopy will then be presented in Sect. 3.3, followed by a section
on Voigt and gradient microscopy and their favorable application on multilayer films
(Sect. 3.4).

3.1 Magneto-Optical Microscopy and Magnetometry

Two types of polarization microscopes are in use for magneto-optical imaging:
Wide-field (“regular”) microscopes, which immediately provide an image of a cer-
tain sample area, and laser-scanning microscopes, in which a laser spot is scanned
along the sample surface building up the image sequentially. Both are suited for the
study of layered structures. In this section the two types of microscopes are intro-
duced with emphasis on wide-field reflection microscopy as it is the most commonly
applied and most versatile technique. The description is restricted to features that are
important for depth-selective imaging. Comprehensive reviews on Kerr microscopy
are given in the monograph Magnetic Domains [111] and in a more recent review
article [118] that includes extended bibliographies. At the end of the section we intro-
duce magneto-optical magnetometry, which has been successfully applied for layer-
selective measurement of the magnetization curves in multilayers (e.g. in [245]).
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3.1.1 Wide-Field Microscopy

3.1.1.1 Microscope

Standard wide-field Kerr microscopes are reflected light microscopes with strain-free
optics to allow for polarization microscopy. Homogeneously illuminated images are
obtained by applying the Kohler illumination technique that is explained by ray-
diagrams in Fig. 3.1. The lamp is focused onto the plane of the aperture diaphragm,
passes through the field diaphragm, is then linearly polarized and deflected downward
into the objective lens by a partially reflecting plane glass mirror. After reflection
from the sample, the light is collected by the objective and then passes through
the half-mirror again. Most optical microscopes are built with infinity-corrected
objectives, i.e. the reflected light rays leave the objective in parallel bundles from
every azimuth and are projected to infinity. These bundles enter the tube lens, which
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Fig.3.1 Ray paths and essential components of a wide-field magneto-optical reflection microscope.
The illumination- and image-formation ray paths are illustrated separately for clarity. a Illumination
path for perpendicular light incidence. Oblique incidence (b) requires a displaced aperture slit. The
insets in (a) and (b) show the diffraction plane of the microscope. Here the aperture diaphragm can
be viewed and adjusted to fulfill the requirements for the polar Kerr effect (centered iris diaphragm)
or longitudinal and transverse effects (displaced slit diaphragm). The orientation of the extinction
cross depends on the polarizer setting, indicated by (P), with the analyser (A) and eventually the
compensator being adjusted for maximum extinction. The image forming path is shown separately
in (c). After [118]
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forms an intermediate image that is further processed towards camera or eyepiece.
In the infinity space, accessories like reflector mirror, analyzer, and compensator are
added without distorting the image. Polarizers and analysers are usually made of
dichroic polarizing foils, but also grid polarizers or Glan-Thompson prisms can be
used.

The field diaphragm with variable opening and adjustable lateral position is
imaged on the specimen. It thus determines which part of the sample is illuminated
without having an affect on the resolution or intensity of illumination. The latter
is rather controlled by the aperture diaphragm. Closing or opening this diaphragm
varies not only the light intensity, but also the angle of the light rays that reach the
specimen. The aperture diaphragm is thus crucial for magneto-optical microscopy
as it allows to select the direction of incidence: A centered aperture iris (Fig. 3.1a)
results in an illumination cone that strikes the sample vertically. Due to symmetry,
the Kerr amplitudes resulting from in-plane magnetization components cancel each
other, so that in this case a sole sensitivity to out-of-plane magnetization is given as
required for the polar Kerr effect. A centered aperture iris also provides optimum
conditions for Voigt- and Gradient microscopy of in-plane domains. An off-centered
aperture diaphragm (Fig. 3.1b) leads to an obliquely incident bundle of rays as nec-
essary for longitudinal and transverse Kerr sensitivity. Here the angle-of-incidence
dispersion ranges between perpendicular and a maximum angle that is limited by the
numerical aperture of the objective.

The plane of the aperture diaphragm is conjugate to the back focal plane of the
objective lens, also known as diffraction plane or pupil of the objective. The pupil can
be seen in the so-called conoscopical image of the microscope by applying a built-
in, focusable Bertrand lens or by replacing the eye-piece by an auxiliary telescope.
When analyser, polarizer, and compensator are crossed for maximum extinction,
the diffraction image is characterized by a cross-shaped extinction zone (Fig. 3.1,
insets), which is owed to the fact that a convergent light bundle is used in wide-field
microscopy. All beams not lying in a central incidence plane along or perpendicular
to the polarization plane cannot be extinguished [111] as they are reflected in an
elliptical and rotated polarization state due to differential transmission of the p- and
s-components at the steep optical interfaces of the lenses. This depolarization results
in four bright quadrants, separated by the cross. For best Kerr contrast conditions, the
illumination should be restricted to the area of maximum extinction in the conoscopic
image by properly positioning the aperture stop as illustrated in the insets of Fig. 3.1.
For the polar Kerr effect a centered iris diaphragm is used, while the longitudinal
effect is preferably adjusted by an off-centered s/it aperture that is oriented parallel to
the plane of incidence. For the transverse Kerr effect, the polarizer and consequently
also the extinction cross are rotated by 45° (due to depolarization at the reflector
the use of a compensator is mandatory in this case to obtain a closed extinction
cross). Here a displaced slit perpendicular to the plane of incidence or a V-shaped
slit [118] are the best solutions. Transverse sensitivity can also be obtained with the
longitudinal Kerr effect by placing the slit aperture on the sideward-branch of the
extinction cross, thus causing a transverse plane of incidence.
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The lateral resolution in optical microscopy is determined by the numerical
aperture of the objective lens and by the wavelength of light. According to the
Rayleigh criterion, the smallest distance between two objects that can be resolved is
given by dyin = %)\(NA)_I. Here )\ is the wavelength of light and N A = npsina is
the numerical aperture with « being half the opening angle of the objective (i.e. half
the angle of the cone of light from the specimen that is accepted by the objective) and
ngo being the refractive index of the medium between objective and object (ng = 1
for air; ng & 1.5 for immersion oil). The higher o and n, the more orders of dif-
fracted light are collected by the objective and the higher the resolution. The highest
numerical aperture available is 1.4, obtained with oil-immersion objectives of 100x
magnification. Using such an objective and blue light for illumination, domains as
narrow as 150 nm can be resolved [246]. Smaller magnetic objects like domain walls
down to a size of some ten nanometers may also become visible by digital contrast
enhancement, but their image is diffraction-broadened. Recently it was shown [247]
that a Kerr signal can also be obtained from nanowires with a width of just 30 nm.

3.1.1.2 Setup and Image Processing

Due to the smallness of the magneto-optical signals, magnetic images can be strongly
obscured by polarization effects from imperfect surfaces. Magnetic contrast enhance-
ment is possible by the interference layers mentioned at the end of Sect. 2.4.3. A
more powerful way, however, is the implementation of digital image processing
[145, 146]. Magnetic materials are ideally suited for difference imaging, because the
magnetization can be manipulated by external magnetic fields without changing the
topography of the specimen. The standard procedure starts with a digitized, averaged
image of the magnetically saturated state, where in an external d.c. magnetic field
all domains are eliminated. Alternatively, an alternating field of moderate amplitude
can be applied, which mixes up the domains during averaging with the advantage
that forces on the sample may be smaller than in the high fields required for d.c. sat-
uration. This domain-free background (reference) image is subsequently subtracted
from a state containing domain information. The difference image then displays a
micrograph of the domain pattern, which can be improved by averaging and digital
contrast enhancement, free of topographic contrasts. All domain images shown in
this chapter have been obtained by such technique. Often it is desirable to study
identical domains in different aspects, e.g. under Kerr- and Voigt-contrast conditions
or with different analyser and compensator settings to obtain depth selectivity (see
Sect. 3.3). This is possible by a combination experiment: After having created a
regular difference image of a certain domain pattern, an image of the same pattern,
but under different contrast conditions, is stored as a reference image that is then
subtracted from an image of the saturated state obtained under the same contrast
conditions. So two difference images of the same domain pattern, but with different
contrast aspects, are obtained. The images in Fig. 2.1a, c have been generated in this
way and for layer-selective imaging the combination technique is essential as shown
for a number of examples in Sect. 3.3.
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Also the recording of magnetization loops (“MOKE magnetometry”) is easily
possible in a digitally enhanced wide-field Kerr-microscope. Plotting the average
difference-image intensity in a sample area, which is defined by the field diaphragm or
selected in the image processing software, as a function of the applied magnetic field
yields a local magneto-optical hysteresis curve. At the same time the domain images
can be recorded, thus providing a visualization of the underlying magnetization
process (see Fig. 3.18 for an example). In this aspect microscopic magnetometry is
superior to the laser-based systems described in Sect. 3.1.3.

The complete experimental setup for video-enhanced, wide-field magneto-optical
microscopy is schematically shown in Fig. 3.2. Light sources with a high luminous
density are mandatory as most of the light is thrown away due to the small relative
opening of polarizer and analyser. High-pressure mercury arc lamps offer sufficient
brightness and a color spectrum that can be monochromatically used in the yellow-
green as well as blue range by suitable spectral filters. The use of monochromatic
light is prerequisite for depth-selective Kerr microscopy as elaborated in Sect. 3.2.
The disadvantage of the mercury lamp is its instability and short lifetime. More sta-
ble are xenon-arc lamps, which offer white light at a luminous density of just one
quarter of the mercury lamp. This is still sufficient if the lack of light is compen-
sated by a highly sensitive video camera. Laser illumination [146] for wide-field
microscopy is problematic [118]: the coherence of the laser leads to diffraction pat-
terns (speckle) due to interference at surfaces and dirt particles in the optics. The
elimination of such artifacts, which may be orders of magnitude stronger than any
magneto-optical contrast, requires special means of de-speckling [248, 249]. Never-
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Fig. 3.2 Experimental setup for wide-field Kerr microscopy. Image processing and function gen-
erator are usually implemented in a computer. In-plane magnetic fields of arbitrary direction can be
applied by a rotatable electromagnet as sketched. Here the specimen is mounted on a stamp that is
placed between the split pole pieces to enable a reasonable sample displacement. Magnetic fields
o H up to some tenths of a Tesla can be achieved in such setups, reaching the Tesla regime at
proper pole-tip geometry and close pole distance. Also perpendicular magnetic fields (i.e. parallel
to the objective) can be generated by specially designed electromagnets [118]
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theless, satisfactory results with laser-illuminated microscopes are only obtained in
multi-frame accumulated images where residual laser effects are sufficiently aver-
aged out. A promising light source for future applications are high-intensity light-
emitting diodes (LEDs). They offer monochromatic light of high stability and have
already reached intensities that make them suitable for magneto-optical microscopy.
Placing an array of LEDs directly in the plane of the aperture diaphragm makes
the diaphragm needless as a centered or displaced slit can be simulated by running
different LEDs of the array. Recently the simultaneous wide-field imaging of differ-
ent magnetization components was demonstrated by using monochromatic LEDs of
different color and placing them at selected positions in the diffraction plane [250].
Using some dichroic device for the separation of the corresponding reflected Kerr
images results in wide-field images that are complementary sensitive to selected
in-plane or out-of-plane magnetization components. This method of dichromatic
imaging will substantially improve the technique of quantitative Kerr microscopy
[174] and might have the potential for convenient layer-selective Kerr microscopy
based on wavelength selection (see Sect. 3.2.6).

Image processing for contrast enhancement requires digital image acquisition.
Digital CCD (Charge-Coupled Device) or CMOS (Complementary Metal Oxide
Semiconductor) cameras directly provide a digitized data stream, while for video-rate
CCD cameras the analogous output has to be converted by an analog-to-digital con-
verter. Digital CCD cameras are suitable for Kerr microscopy if their frame rate is fast
enough (some 10 Hz) to allow real-time imaging. Cooling of the CCD chip improves
the signal-to-noise ratio and image intensifiers can further increase the sensitivity.
In practice, the image brightness has to be adapted properly to meet the optimum
dynamic range of the camera. Increasing the analyser angle av,, (Fig. 2.14b—the
intensity increases with agn) or opening the aperture stop beyond the width of the
extinction cross, thus increasing the background intensity, are practical means to
achieve a large signal-to-noise ratio (see Sect. 2.4.3). A possible loss in contrast
is not a severe problem, as contrast can be enhanced electronically by difference
imaging. To create a difference image, first an averaged reference image is stored
by summation of repeated images of the same sample state. The reference image is
then continuously subtracted from all following images. As the visual observation
of domain motion is fundamental for any kind of domain analysis, it is advanta-
geous if the subtraction process is performed in “real time” without averaging. For
presentation and recording purposes, noise can be reduced by adding a number of
digitized images in a recursive procedure to produce a running average of the incom-
ing images. Because noise is random and the signal is not, a running average both
reduces the noise contribution and enhances the signal component of the output
digital image. The result is an image of constant brightness, the noise of which is
continuously reduced with increasing averaging time. By difference-image process-
ing, contrasts below 0.1 % can be visualized (the contrast sensitivity of the human
eye is some percent at best). A high mechanical, thermal, and electrical stabilization
of the microscope is indispensable to obtain optimal results.
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3.1.2 Laser-Scanning Microscopy

In a laser-scanning Kerr microscope a polarized laser beam is scanned across the
specimen surface and its polarization state after reflection is analyzed using a photo
detector. The domain information is attained by sophisticated detection schemes that
even have the capability of vector magnetometry [251-254]. Figure 3.3a illustrates
the principle of such an advanced microscope. The collimated and polarized laser
beam is focused on the specimen surface by an infinity-corrected objective lens. The
sample is moved in a raster-like way by using a precision XY stage. Although this
stage scanning is relatively slow (the acquisition time for an image is of the order of
tens of seconds), it is more favorable for Kerr microscopy than beam scanning as it
ensures that the polarization state as well as the angle of incidence of the illuminating
ray bundle are constant over the entire scan. By scanning, the image is constructed
in a point-by-point manner with a lateral resolution that is basically determined
by the size of the probing laser beam. Using a 100x oil immersion objective with
a numerical aperture of 1.3, a laser spot size of 0.8 pwm is obtained. A smaller
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Fig. 3.3 a Principle of Laser-Scanning Kerr Microscopy (based on setups realized by Wright et al.
[255] and Freeman and Hiebert [256]). The polarization plane of light is indicated by the E-vector.
Sketch b shows a perspective view from top to illustrate the orthogonal polarization directions of
the two beams leaving the polarizing beam splitter. ¢ Contrast of in- and out-of plane magnetization
components in dependence of the direction of the k-vector. After [118]
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focused spot size of 0.16 wm is achieved if the beam diameter is first increased by
beam expansion to completely fill the objective aperture before it is focused on the
sample [248].

The reflected light is collected by the same objective lens and passes a rotatable
quarter-wave plate to compensate ellipticity before it finally enters a Thomson polar-
izing beam splitter. To maximize sensitivity, the splitter is set at 45° to the incident
(undisturbed) polarization. The splitter provides two beams of orthogonal polariza-
tion direction (Fig. 3.3b) that hit a pair of quadrant photodiodes. Each pair of opposing
quadrants is aligned along the projection of the sample’s x and y axes, respectively.
The two beams are of equal intensity for the case of undisturbed 45° polarization,
while any sample-induced polarization rotation leads to equal but opposite intensities
(45° is the angle most sensitive to small polarization changes). By suitably combin-
ing the outputs of the eight photodiode quadrants, the three orthogonal components
of magnetization can be simultaneously detected and separated, provided that they
are sampled nearly equally, which is true for objectives with a high numerical aper-
ture. As illustrated in Fig. 3.3c, the longitudinal Kerr contrast changes sign if excited
by two beams of opposite directions of incidence, while the polar contrast remains
unchanged. By adding the signals of all four diodes of one quadrant detector, the
longitudinal components will cancel while the polar components are added. As the
total intensity that reaches each detector is reduced and enhanced, respectively, by
equal amounts due to the beam splitting, the pure polar contrast can thus be sep-
arated by subtracting the two sum signals [i.e. taking the quadrant combinations
X7+ X7 + Y +Y) — (X5 +X; +Y, +Y,)], whereas a non-magnetic
surface-contrast image is generated by simply adding the signals. The longitudinal
Kerr contrast of magnetization components along the x-axis is revealed by combining
(X{ — X{) — (X5 — X;), and that along the y-axis by (Y;" — ¥;) — (¥, = ¥,).
Since all data are collected from the quadrants simultaneously, the three magneti-
zation components at one sample spot are captured at the same time. This elegant
method of vector magnetometry requires a highly symmetrical beam profile so that
each quadrant receives the same quarter of the beam. Enhancement of the signal-to-
noise ratio can be achieved by applying lock-in techniques: The illuminating laser
beam is modulated and the reflected light is measured by a phase-sensitive detection
amplifier, thus selecting only signals that are proportional to the Kerr amplitude. See
[118] for further possibilities.

The biggest potential of laser-scanning microscopes lies in their predestination
for stroboscopic imaging of fast dynamic processes [118]. They fall short in replac-
ing conventional microscopy for routine domain research as real-time imaging of
domain motion cannot be realized. Of advantage is the capability to simultaneously
image all three magnetization components (vector magnetometry) and to easily elim-
inate background contrast by lock-in techniques [118]. Static Kerr images of satis-
factory quality, both of in- and out-of-plane domains, can therefore be obtained.
Also other quantities like permeabilities or magnetization curves can conveniently
be measured on a microscopic scale, thus probing the spatial variation of magnetic
properties. Laser-scanning microscopy also offers the potential of layer-selective
imaging, although this option has not yet been applied.
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3.1.3 Magneto-Optical Magnetometry and Ellipsometry

In magneto-optical microscopy the different effects described in Sects. 2.4-2.6
are employed for the purpose of domain imaging. The most widely-used magneto-
optical measuring systems, however, are laser-based setups as schematically shown
in Fig. 3.4. Mostly they make use of the Kerr effect and are known under the acronym
“MOKE” for Magneto-Optical Kerr Effect. MOKE setups can simply be operated
as magnetometers to obtain magnetization loops by plotting the Kerr intensity as
a function of the magnetic field. In fact, the Kerr effect is in principle well-suited
for magnetometry due to its linear dependence on the magnetization vector. In a
more sophisticated way, MOKE setups can be run as Kerr spectrometers to mea-
sure Kerr rotation and ellipticity as a function of wavelength. Also layer-selective
measurements are possible in magnetic multilayer systems as will be elaborated in
Sect. 3.2.6.

In optical magnetometry, a light beam is focused on the sample with a spot size
of several micrometers and the reflected Kerr signal is then measured with an optical
detector. Because of their better stability, laser light sources or high-intensity LEDs
are preferred to arc lamps. In bulk materials, optical magnetometry must be applied
with care as light scans the surface domains, which may differ drastically from
interior domains. For thin films, however, the optical method has many advantages:
the measured magnetization is usually relevant for the whole film thickness. Due to
its high sensitivity, MOKE magnetometry can be performed on extremely thin films
down to the monolayer regime. The method is direct, it can be fast, but also quasi-
static measurements can be performed. Space-resolved measurements are possible
by scanning over the surface as discussed in the previous section. Magneto-optical
magnetometry can also be performed in situ during the preparation or treatment of
a material e.g. in a vacuum chamber. A useful magnetometer that is able to detect
even weak signals needs some means of suppressing non-magnetic noise. One way
to achieve this is to feed a split-off part of the laser light as a reference signal into the
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Fig. 3.4 a Schematic drawing of a magneto-optical magnetometer that allows to record magneti-
zation loops or to measure Kerr rotation and ellipticity. b A design that makes use of the transverse
Kerr effect offers advantages in magnetometry as explained in the text
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amplifier. If the polarization of the light is modulated by a spinning analyser or an
electro-optical device [257-259], the magnetic signal can be detected by a lock-in
amplifier, thus achieving virtually unlimited sensitivity.

An optical magnetometer needs some care in calibration and adjustment. The sig-
nal strength depends on the precise settings of polarizer and analyser and on surface
conditions, i.e. on the presence or absence of surface layers. The safest procedure is
therefore to normalize the optical signal with the saturation signal, taking the sat-
uration magnetization from other measurements. Sometimes the Faraday effect in
the optical components of the magnetometer can be superimposed to the Kerr sig-
nal, leading to a linearly increasing signal with the magnetic field after the sample
is already saturated. Such effects can be easily corrected. Another problem lies in
the exact dependence of the signal on the magnetization direction. For every polar-
izer/analyser setting at oblique incidence a certain in-plane magnetization direction
yields the maximum Kerr signal, while the transverse direction is inactive. The “sen-
sitivity direction” has to be adjusted to agree with the desired measuring direction.
The difficulty of determining the sensitivity direction can be avoided by using the
pure transverse Kerr effect. The polarizer is set parallel to the plane of incidence
and the analyser can be omitted (Fig. 3.4b). Then only the component of the mag-
netization perpendicular to the plane of incidence causes a variation of the reflected
intensity, which can be detected electronically. An advantage of the transverse design
is that it fits nicely into a magnet. The transverse optical magnetometer also avoids
possible influences of magneto-optical effects that are quadratic in the magnetization
components and which may lead to asymmetrically distorted magnetization loops
[260, 261].

A number of techniques have been developed to measure the Kerr rotation and
ellipticity. The simplest ellipsometer is based on the setup of Fig. 3.4a[262]. Consider
linear p-polarized light falling on the sample. As discussed in Sect. 2.4.2 (Fig. 2.14b),
the reflected light due to the Kerr effect then consists of a small s-component (the
Kerr amplitude Ak ) in addition to the dominant p-component (the regularly reflected
amplitude Ay), with Ax/AN being the Kerr rotation according to (2.87). Goal of
the experiment is the measurement of the complex Kerr component. This can be
achieved by saturating the sample in opposite directions along the sensitivity axis
(p-direction) and measuring the intensities /1 and I, of these two states by the
detector. After having passed the analyser, which is opened by an angle c,, from
extinction (see Fig. 2.14b), the two intensities are given by (2.103a, 2.103b). For
small ayy, intensity /1 can be approximated:

I = |An sin iy — Ak €08 aan|® + I & |ANaan — Ak + 1. (3.1)
With (2.87) we get

I = |Ax*|an — Ok —i&k|* + o
= |ANI (0tan — 0K — 1€k) (Qan — Ok +1 k) + I
~ |ANI? (a2, — 2aanbk) + o (3.2)
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by ignoring the quadratic terms of rotation and ellipticity. With
L~ |ANI* (a2, + 2ambk) + Io (3.3)

and Al = I} — I, the Kerr rotation is finally given by

Al

ok = ————
4|AN P aan

3.4)

The Kerr ellipticity ¢k is obtained by placing a quarter-wave plate in the reflected
beam before the analyser, with its optical axis parallel to the Ak -direction. This adds
an additional phase difference of 7 /2 between Ax and Ak, i.e. Ak in (3.1 )isreplaced
by iAk. Calculating the relative Kerr intensity Al as before it becomes evident that
rotation and ellipticity are interchanged now and one measures the ellipticity

Al
4| AN|oan

€k = 3.5)

Instead of a retardation plate also a photoelastic modulator can be employed
[258, 263]. It provides a time-dependent phase shift between 0 and 7 /2 (at a typical
frequency of 50 kHz) between An and Ak if the principal axis of the modulator
coincides with either of them. The intensity is then measured by means of lock-in
detection of the detector output. The intensity component at the lock-in frequency is
proportional to the Kerr ellipticity (x and the component at the double frequency is
proportional to the rotation Ok . The advantage of this technique is that £k and 6 can
be measured simultaneously. Polarization modulation and related optical techniques
are described in a general reference [264].

MOKE spectroscopy involves the determination of wavelength-dependent
properties [265]. The main instrumental additions are a white light source (like a
xenon arc lamp) and a monochromator. Different detectors are used, depending on
the wavelength: InSb- or Si-diodes for the infrared to red spectral range, or photo-
multipliers for the visible to ultraviolet range can be applied. As the maximum light
intensity is usually much lower than for lasers, modulation techniques are generally
used for noise suppression. See [266] for representative work and basic descriptions
of spectrometers.

3.2 Depth Sensitivity of Conventional Magneto-Optics

After proving the depth sensitivity of magneto-optical microscopy by simply present-
ing experimental examples in Sect. 3.2.1, an introduction to the theory of the effect
is given in Sect. 3.2.2. The discussion is (mainly) restricted to Kerr microscopy in
this section.
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3.2.1 Experimental Proof of Depth Sensitivity

Magneto-optic microscopy on metallic materials is (restrictedly) depth-sensitive.
This fact is proven in the following three figures that show domain images and mag-
netization processes in typical metallic multilayer systems. All images were obtained
in the longitudinal Kerr effect with standard microscope settings, i.e. analyser and
compensator were set for good contrast regardless of layer selectivity. In Fig. 3.5 the
magnetization process in a burried cobalt film of a spin-valve layer stack, which is
covered by 13 nm of metallic material, was imaged. Despite the coverage, the domains
in the ferromagnetic film are clearly visible. The other ferromagnetic NiFe/Co bilayer
within the stack, which is transmitted by the light at a lower depth, contributes even
stronger to the Kerr signal. It switches, however, at applied magnetic fields almost
two orders of magnitude lower in strength and is thus saturated in the course of the
shown images. In the example of Fig. 3.6 a trilayer film was imaged at two orthogonal
longitudinal Kerr sensitivities. The two ferromagnetic films, which are decoupled by
anon-magnetic spacer film, have orthogonal induced anisotropies so that a vertically
oriented 180° domain structure is present in the top layer, and a horizontally oriented
one in the bottom layer. In both pictures, however, there is just contrast from the top
layer. A contrast from the bottom layer should be visible as domain contrast in the
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Fig. 3.5 Kerr microscopy on a spin-valve meander for GMR sensor applications. As schematically
indicated, the layer stack consists of a “free” ferromagnetic double layer that is interspaced by a non-
magnetic interlayer from another, “pinned” ferromagnetic layer. Pinning is achieved by exchange-
coupling to an antiferromagnetic layer. Shown are two domain images during the reversal of the
pinned layer. At the indicated field values the free layer is saturated and does not contribute to
the domain contrast. The domains were observed through a transparent glass substrate and several
metal layers of 13 nm total thickness. Sample preparation: K.U. Barholz and R. Mattheis, Jena.
After [267]
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Fig.3.6 Kerrimages of an amorphous CoFeSiB (80 nm)/SiO; (20 nm)/CoFeSiB (80 nm) sandwich
element, taken under two orthogonal sensitivity conditions thus revealing two different aspects of
the same domain structure. The schematics shows orthogonally oriented basic domains in the top
and bottom layers marked by full and dashed arrows, respectively, while the edge domains are
ignored. With kind permission of J. McCord, Dresden (imaging) E. Quandt and A. Gerber, Bonn
(sample preparation)

image with transverse sensitivity. Obviously the 80 nm thick top layer is too thick to
allow a direct contrast from the bottom layer. The presence of the horizontal domains
in the bottom layer is only indirectly visible by charge-compensating magnetization
excursions in the top layer. They are formed on the left and right edges, and especially
at the crossing point of the domain walls in the middle of the element as marked by
a circle in the transverse Kerr image.

Another example of a spin-valve-type layer system, proving the depth sensitivity
again, is presented in Fig. 3.7. Here two Permalloy films of different thickness are
interspaced by a non-magnetic ruthenium layer, which provides a weak ferromag-
netic coupling at the given thickness. Both ferromagnetic films are remagnetized
independently by the growth of domains that are nucleated at 360° walls. The 360°
walls and domains in the bottom layer have a weaker contrast than those in the top
layer due to a stronger absorption of light. Also for this experiment the longitudinal
Kerr effect was adjusted without paying attention to layer selectivity. The magnetiza-
tion process in both layers can be distinguished because they have different switching
fields. This would not be possible in case of a strong ferromagnetic coupling between
two films and simultaneous switching.

3.2.2 Theoretical Approaches to Depth Sensitivity in
Magneto-Optics

The depth sensitivity of magneto-optics can theoretically be treated in two principal
ways: in a rigorous way by numerical solutions of Maxwell’s equations using optical
matrix methods, or by magneto-optic diffraction analysis based on a multiple beam
formalism. Here we introduce the basic ideas of both methods, which are to first
order mathematically equivalent. Emphasis will be on the second method as it is
more attractive for an intuitive understanding of depth sensitivity.
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Fig. 3.7 Magnetization process in the two ferromagnetic layers of an extended trilayer system as
indicated. The longitudinal Kerr images correspond to labels in the schematic magnetization curve.
Reducing the field from saturation, two sets of grey and black 360° walls appear in the two layers
(a). From b to d the bottom layer is remagnetized by growth of dark domains nucleating at the
grey 360°-walls. When the bottom layer is almost saturated (apart from residual, white 360°-walls),
the black walls of the top layer are still unaffected (d). They then act as nucleation sites for the
magnetization of the top layer (e—f). The field is applied along the axis of the pinning direction.
After [268]

3.2.2.1 Optic Matrix Methods

Optical matrix methods, as they are known from the optics of thin dielectric films
[269, 270], were introduced into magneto-optics by Smith [271]. Today they are
the standard methods to characterize the magneto-optics of magnetic multilayers.
Mostly these methods are used to calculate the Kerr rotation and ellipticity obtained
from multilayer structures [179, 272-274], but also the depth sensitivity of magneto-
optical effects can be treated by such calcuations [177]. A thorough review on matrix
methods was recently presented in the monograph by Visiiovsky [178]. In the fol-
lowing overview [187] we just outline the basics of this procedure.
Let the field distribution of light be represented by

4
E(r)=>Y G U;explitk; - r — wn)], (3.6)

i=1
where E; = C; U; are the amplitudes of the four eigenmodes introduced in

Sect. 2.3.2 (Fig. 2.10), here expressed in terms of unit amplitudes U;. In every
film of the multilayer, as well as in the (isotropic) half spaces above and below the
layer stack, the coefficients C; are initially unknown. Goal of the method is to con-
nect the coefficient vector C'°P of the eigenmodes of the upper half space with the
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corresponding vector CP°U™ of the lower half space by means of matrix algebra. For
a layer system with surface normal parallel to the z-axis of the cartesian coordinate
system, the basic steps are the following:

e The propagation of light in every layer of the stack is described by the proper
eigenmodes in that layer, which are obtained by solving the wave equation (2.15)
for a chosen external angle of incidence. When the wave vectors kE”) of the eigen-
modes in layer n of thickness D, are known, the eigenmode amplitudes at the
upper side of the layer (D = 0), can be connected with those at the bottom side
(D = Dy):

4

co=> Pl-(j”)C;")(Dn),
j=1
with P =exp(—ik" D,). P", =0, (3.7)

where Pl.(l.") are the components of the medium propagation matrix P.

e The eigenmodes of the adjacent layers are coupled by the continuity condi-
tions that are valid for the lateral components of the E- and H-fields at the
layer interfaces (see Sect. 2.2.5). Collecting these components in the vector
F = (E\, E,, H|, H;), the vector components of F at the boundary between
layer n and (n 4 1) are given by

4 4

M _ " o™ _ N oD o0 _ potD

FY=2.05C" =20 ¢ =R, 38
j=1 j=1

where Ql@ are the components of the medium boundary matrix Q. The elements
of Q fori = 1,2 are derived from (3.6), and for i = 3, 4 they are derived from
(3.6) in connection with (2.19).

e General N-layer systems can now be described by a system matrix S, which is
calculated by matrix multiplication from (3.7) and (3.8) and which couples the
coefficient matrix C'°P with CPotom;

Ctop =S Cbottom’ (3.92)

N
S — (Qtop)—l |: H Q(n)p(n)(Q(n))—1i| Qbottom = (g; 3421) . (3.9b)
n=1

In this matrix equation eight unknowns are connected by four equations, so that
four variables can be freely chosen. These four degrees of freedom are in fact to be
expected, as the sample can be illuminated from both sides so that two elements
in C'°P and CPOU™ respectively, can be fixed.
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e In the isotropic half spaces the solutions of the characteristic equation are
degenerate, so that in each space two arbitrary orthogonal, elliptically polarized
waves are the eigenmodes. By choosing s- and p-polarized incident light, and by
collecting the amplitudes of the incident (i), reflected (r) and transmitted (t) light
properly in the coefficient vectors,

Cor — (Egi), Ep(yi)’ Egr)’ Ep()r)) and cbotom _ (Egt), Ep()t)’o’ 0)’ (3.10)

the reflection coefficients rys = Eﬁr) / ES), etc. and transmission coefficients

ts = ES) / ES), etc. [compare (2.52) and (2.53)] can be determined from the
sub-matrices of S:

(rss rsp) _ SS Srl and (tss tsp) — Srl (311)

Tps 'pp Ips Ipp

The magneto-optical observables, the Kerr rotation and ellipticity, are then
obtained from the quotients of the off-diagonal to the diagonal elements [see
Sect. 2.4.1, (2.93)].

This matrix method can always be applied if the considered effects are described
by a temporarily and (within each layer) spatially constant dielectric tensor. Gen-
eral solutions for the magneto-optical effects in multilayers can be implemented in
a computer program and simulations can be performed with moderate computing
time: the characteristic equation of fourth order can be solved analytically and the
application of (2 x 2) matrices, introduced by Mansuripur [274], provides a good
numerical stability. The disadvantage of matrix methods, however, is the fact that the
influence of the material parameters of the individual layers as well as of the whole
layer setup on the magneto-optical behavior is not directly seen, but only from the
final result of the simulation. In this sense the multiple beam method, presented in
the next section, is more favorable.

3.2.2.2 Multiple Beam Formalism

Multiple beam formalisms as alternative to matrix methods can be applied favorably
in cases where the propagation vector of the eigenmodes and the transmission- and
reflection coefficients of the associated amplitudes can be easily determined. This
applies, for example, to isotropic non-magnetic films. But also the magneto-optics of
magnetic films and multilayers can be described advantageously by multiple beam
analysis. Here the (weak) magneto-optical interaction is treated in the sense of a
perturbation of the isotropic light propagation. We will present such an analysis in
Sect. 3.2.4.

The basic concept of multiple beam methods is based on the following physical
picture: In a (general) thin film or multilayer system, an incident light beam will
interact not just with the first boundary (like in Fig. 2.9) but rather with a number of
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Fig. 3.8 Multiple beam
interference from a parallel
film, including a schematics
for the derivation of the
optical path length between
adjacent reflected rays (see
text) [166]

boundaries. For a thin film these are the two film surfaces, in case of a multilayer it
will be the surface and several interfaces within the penetration depth of the light.
At each boundary the beam will generate a cascade-like multitude of transmitted
and reflected beams that will interfere to add up to the total electromagnetic field.
The situation is schematically depicted in Fig. 3.8 for a general, absorbing thin
film with refraction index 7 ;, embedded in two media with indices n; and ny. The
incident beam is partially reflected and partially transmitted at the first interface. The
transmitted part is subsequently reflected back and forth between the two interfaces
as shown. The global reflection and transmission coefficients of the complete film
can be obtained by adding the amplitudes of the successive reflected and transmitted
rays.

In doing this it is important to include the phase factor that accounts for the geo-
metric, “optical”! path difference between any two successive reflected or transmitted
rays. Between two adjacent reflected rays, this path difference A can be derived from
Fig. 3.8: For the first two reflected beams it is given by A = n; [AB+ BC]—n;AD.
With AB = BC = Dj/cosd; we get A = 2n;Dj/cosl; — n;AD. With
AD = AC sin9; and Snell’s law (2.54) the path length difference is finally given
by A = 2n;Djcosv;. The corresponding phase difference associated with the
optical path length difference is the product of the free-space propagation number
ko = 2m/)\o and A, that is, ko A. The phase difference is taken into account by the
phase factor ¢

2micostin;
i p

~ ) (3.12)

w(Dj) = exp(

! In a medium of constant refractive index n, the “optical” path length for a path of physical length
d is nd. A wave that travels a path of given optical path length arrives with the same phase shift as
if it had traveled a path of that physical length in vacuum [166].
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which comprises phase changes and absorption (by using a complex refraction index
in case of metals) when the light passes the film thickness D ;. Adding the amplitudes
of the reflected rays according to Fig. 3.8 and considering the phase factor we obtain
the total reflection coefficient of the film

rik = pil gl Ji ik D) 4 (ki ik @D ) -
titlirik o(2D;)

=rl — .
1 —riipik ©(2Dj)

(3.13)

In a similar way the transmission coefficient 1'% is obtained. By using the reversibility
conditions, r/' = —r" and tY¢/' — rYr/' = 1 [165], we finally obtain Airy’s
recursion formulae [164]:

ik _ ri 4 ik ©(2Dj)) ik _ 1l ik o(Dj)
1 —ritriko2D;)’ 1 —ritriko(2Dj)’

(3.14)

which describe the multiple reflections inside the film by geometric series. Here
k > j = (i + 1) are the corresponding layer indices. Analogous formulae apply for
the other directions withk < j = (i —1). These formulae allow to describe the global
reflection and transmission of the system by “effective” reflection and transmission
coefficients 7K and #'¥. The denominators in (3.14) combine the multiple reflections
within the film. With Airy’s formulae, for example, the positive influence of dielectric
coatings on the Kerr rotation (see end of Sect. 2.4.3) can be explained [144, 190]: If
the reflected light is assumed to consist of a system of “primary”” beams (which are
not influenced by the magnetization) and a system of magneto-optically generated
light beams, the enhancement of the Kerr amplitude can be explained by constructive
interference of the two light systems.

If more layers are added to form a multilayer system, the effective reflection and
transmission coefficients are obtained by a recursive application of Airy’s formulae
(3.14). Consider, as an example, two films marked with index 1 and 2 with thickness
D and D», respectively, that are sandwiched between a semi-infinite cover layer
(index 0) and a semi-infinite substrate (index 3). The effective reflection coefficient
is then given by:

12 23 2D
with 13 = [+t #@Dy) (3.15)

o _ '+ @Dy
d = 1_,2,3 :
—r4r=> p(2D7)

T 1=r9 3 502D))

The coefficients for adjacent layers (r°', 12, etc.) are calculated by the Fresnel
equations (2.52). Airy’s formulae are valid for both, s- and p-polarization directions,
and they can be applied to dielectric (n real) as well as metallic films, where the
complicated phase changes are considered in the complex refraction index.

In magneto-optics, multiple beam analysis was established by Lissberger [190].
The method is intuitively attractive as it leads to simple, analytic formulae that
directly reveal the influence of the material parameters of the dielectric or magnetic
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layers. In particular, these formulae allow an intuitive approach to the phenomenon of
magneto-optic diffraction and they can be easily extended to cases of inhomogeneous
magnetization distributions [185, 204]. Therefore they are well suited for magneto-
optic image simulations. Most applications of the magneto-optic effects can be treated
by such methods of perturbation theory—multiple beam analysis leads in linear
approximation to the same results as the much more elaborate matrix methods!

3.2.3 Depth Sensitivity Function

A quantification of the depth sensitivity of the magneto-optical effects in arbitrary
magnetic materials (including bulk material, thin films, and multilayers) was devel-
oped by Hubert and coworkers in a number of sequential articles [177, 185, 186, 193,
204, 205]. The authors introduced the concept of depth sensitivity functions, which
describe the sensitivity of a given magneto-optical observation or measurement to
the magnetization as a function of depth beneath the surface. To calculate these
functions, the magneto-optic interaction of the incident light with a hypothetical thin
“elementary” layer is computed. This slice with thickness Az is buried at a depth z
in the material as indicated for a bulk ferromagnet in Fig. 3.9a. For the simulation,
the elementary slice is assumed to be magnetic and embedded in a (hypothetic) non-
magnetic environment of otherwise identical optical properties. Initially [177], the
depth sensitivity functions for the Kerr effects were derived on basis of the matrix

K K1 F2 Fl K2
(a) py (b)
LS!0
no no
%
z
y Az : Az
1 D1 m
ni
X . F
p @—; — n»
lZ 2+

F1 K1 K2 F2

Fig. 3.9 Partial beams contributing to the differential Kerr- and Faraday amplitudes of a thin buried
layer in the depth z in a bulk magnetic material (a) and a magnetic thin film (b). The solid lines
represent regular light beams, the dashed lines the magneto-optical contributions. In b there are
further multiple reflections both of the regular and of the magneto-optical amplitudes that have been
omitted. The four “first-order” magneto-optic beams shown for the reflected light (K1 and K2 for
the Kerr effect) and for the transmitted light (F1 and F2 for the Faraday effect) differ in their phase
as described in the text. After [193]
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method explained in Sect. 3.2.2. Subsequently [193], the same sensitivity functions
were obtained analytically by multiple beam arithmetics, put on an analytic basis
in [186] and finally reduced to a geometrically interpretable form [185, 205] that is
presented in Sect. 3.2.4.

From such simulations the authors found that the differential contribution Aeg of
an individual buried layer to the magneto-optical Kerr amplitude® of bulk material
can be expressed by a complex exponential function:

Aef i (2) = —Kou 21 ¢(22) m; (2) Az (3.16)
with
©(z) = exp(nz) and n=kopicosd;ny.

Here Kpyk is the conventional Kerr coefficient for uniformly magnetized bulk
material, which is given in (2.102a-2.102c) for the three standard magnetization
directions—the polar, the longitudinal, and the transverse Kerr effects. The corre-
sponding component m; of the magnetization vector is m,, my, and my, respectively.
The complex index of refraction of the material, 71, and the angle of incidence within
the sample, 1, have already been defined in the context of the Kerr amplitudes in
Sect. 2.4.2. The depth z is measured from the surface and kg = 27/ )¢ is the wave
propagation number with Ao being the vacuum wavelength of the (assumed) mono-
chromatic, illuminating light. The phase factor ¢ (z) has been introduced in (3.12).
Plotted as a function of the depth z (Fig. 3.10a), the differential Kerr amplitude
follows the expected 1/e-decay and looks like a simple damped oscillation.?

Equation (3.16), which can be interpreted as the information depth profile or
sensitivity function of the Kerr effect, has an intuitive interpretation: When the light
wave enters the material, its amplitude is exponentially damped and at the same time
shifted in phase according to the complex exponential function. At a certain depth
z it generates a Kerr amplitude (Fig. 3.9a), which has to travel back to the surface,
thus being absorbed and shifted again by the same amount. The information depth is
therefore one half the penetration depth of the light! The total Kerr amplitude can be
seen as a superposition of the phase-shifted contributions from different depths and
can be derived from the complex amplitude penetration function (3.16) and a given
magnetization profile by integration.

For a quantification of the information depth we have to take into account the con-
trast formation in magneto-optical microscopy, which was introduced in Sect. 2.4.2.
In a magneto-optical experiment, the magneto-optical amplitude has to be converted
into a detectable signal. In case of the Kerr effect, light rotation is generated by
interference of the regularly reflected light amplitude and the Kerr amplitude that

2 With the nomenclature ‘¢’ we anticipate the nomenclature for the Kerr amplitude to be used

later in this chapter (Sect. 3.2.4). In Chap. 2 the Kerr amplitude was denoted by R [see (2.85)]
and Ak [see (2.100)].

3 Note that the conjugate complex of (3.16) has to be plotted to obtain the same curves as in the
first publications [177, 193]. This is owed to the fact that in these articles the Atkinson-Lissberger
sign convention [162] was not used.
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Fig. 3.10 Depth dependence of the Kerr amplitude (at Y9 = 30°) for bulk iron (n; = 2.893 +
13.069, Oy = 0.042 +10.012 [193]) and bulk MnZn-Ferrite (n; = 2.205 +10.548, Qv =
0.0007 +10.00023 [185]). The wavelength of a red HeNe-laser (\p = 633 nm) and p-polarized
incident light was assumed for the simulations. a Real part, imaginary part and absolute value of
the longitudinal Kerr amplitude in iron, normalized to the amplitude at the surface as indicated. b
Like (a), with curves for three different compensator settings added [275]. ¢ Kerr amplitudes of
iron for the longitudinal and polar effects, not normalized. d Like (a), but for MnZn-ferrite. Note
that the conjugate complex of (3.16) is plotted in each case

is polarized perpendicular to the regular amplitude. A detectable rotation is only
obtained if the two light components are in phase so that they can interfere to a
plane-polarized wave. In the case of a phase shift between regular and Kerr ampli-
tude we would have to add a phase shifter (compensator) in order to shift the phases
properly. With a compensator, however, the phase difference can be selected freely.
One choice is to select the relative phase in such a way that the magnetization at
the surface is detected optimally, meaning that the regular amplitude is allowed to
interfere with the Kerr amplitude generated right at the surface. The real part curve
of the (normalized) amplitude in Fig. 3.10a applies to this case. The magnetization at
a certain depth where this amplitude passes zero will then be invisible, and magneti-
zation contributions from deeper layers may even reduce the overall signal. The first
zero crossing of the real part curve Re[Aek (z)/Aex (0)] is therefore a meaningful
“information depth” parameter. According to (3.16) it is found at

z0 = Xo/8n], (3.17)
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where n/ is the real part of the complex refraction index n1. For iron (n} = 2.89) the
information depth z¢ is around 20 nm for visible light, depending on the wavelength.
The 1/e-decay length of the absolute value of the signal is according to (3.16) equal
t0ozq = /\0/47rn’1/.

By selecting another relative phase angle by proper adjustment of the compensator,
any linear combination between the real part and the imaginary part of the differential
Kerr amplitude can be realized within a depth frame given by the absorption. For
instance, adjusting the phase sensitivity at 90° to the phase of the surface contribution,
the curve of the imaginary part in Fig. 3.10a will become the real part curve. Then
the surface sensitivity will be zero and one will “focus” on subsurface magnetization
components. So in principle any differential Kerr amplitude within the absorption
limit can be selected to interfere with the regular component, allowing to focus on
certain depth-magnetizations or to intentionally blind out the magnetization in a
certain depth by adjusting the Kerr amplitude out of phase with respect to the regular
light. Examples for three different compensator settings are shown in Fig. 3.10b.
The linear combinations were obtained by Aek (z) = cos(m/4 — acomp)Re(k) +
sin(7/4 — aomp)Im(x). Without compensator (acomp = 0) the zero crossing of the
Kerr amplitude is at a depth of about 14 nm. Although in a given experiment only a
specific phase can be detected, the absolute value of the differential Kerr amplitude
(plotted in Fig. 3.10a) indicates the potential of observing the magnetization in a
certain depth if the phase sensitivity of the microscope or magnetometer is adjusted
for this depth.

Curves (c¢) and (d) in Fig. 3.10 give some further insights in the depth sensitivity of
the Kerr amplitude: In (c) the (unnormalized) amplitudes of the polar and longitudinal
effects are plotted, clearly showing the expected relative strength of the two effects
(see end of Sect. 2.4.2). In (d) the differential Kerr effect is shown for a typical oxide.
Here the decay length z4 is much larger than the position of the first zero zg. Due to
this large information depth and the many oscillations in the depth-dependent Kerr
signal, the inner contributions will reduce the contributions from the surface region
so that the integral Kerr effect of oxides is usually quite weak.

For all curves shown in Fig. 3.10, an incidence angle of 99 = 30° was chosen. It
turns out that the factor | cos(¢}1)| in (3.16) differs usually from unity only by a small
amount (for example, foriron at 9 = 45° in air this quantity is 0.98, and at 9y — 90°
itapproaches 0.95). This reflects the fact that metals are optically denser than vacuum
so that light in the metal is always refracted towards the normal. The dependence
of the information depth profile of the Kerr effect on the angle of incidence may
therefore as well be ignored, at least in metallic materials. In principle, however, the
factor cos(1;) can as well become significant. Such a case was analysed in [177]:
For bulk magnetic oxides with their oscillating information depth it was shown
that observation with a large numerical aperture (e.g. by using a highly refractive
immersion medium or suitable antireflection coatings) can significantly enhance the
surface sensitivity. In an angular range that corresponds to the total reflection angle,
cos(1) becomes imaginary and thus strongly contributes to the damping. A simple
exponential information depth profile, as in a metal, is then obtained and at the same
time the magnitude of the total Kerr amplitude is increased.
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3.2.4 Depth Sensitivity in Magnetic Films

The theory of depth sensitivity in magnetic films and multilayers, underlying the
layer-selective experiments to be presented later, is more complicated than for bulk
material. In bulk samples, only the Kerr beam indicated by K in Fig. 3.9a has to be
taken into account to calculate the differential Kerr amplitude. In films and multilay-
ers, however, also the Faraday effect has to be incorporated and, by reflection on the
surfaces of the film and interfaces in case of multilayers, there may be interference
between a number of Kerr and Faraday amplitudes. Some of the partial beams in
a single thin film, contributing to the differential magneto-optical amplitudes of a
thin layer buried in the depth z, are indicated in Fig. 3.9b. Beam K1 represents the
reflected elementary Kerr amplitude. Together with K1 an elementary Faraday ampli-
tude is generated that differs from the Kerr amplitude in its propagation direction.
The Faraday amplitude leads to a transmitted beam F1 and—due to reflections at
the interfaces—to further contributions to the overall Kerr and Faraday amplitudes.
The depth sensitivity function of the film is finally obtained by summing over all
elementary beams.

A generalized multiple beam analysis for the Kerr- and Faraday effects in thin
film systems was presented by Kambersky, Wenzel, and Hubert [185, 187, 205]. The
theory applies to first-order magneto-optical effects, i.e. effects that are linear in
the amplitude of the electrical field (excluding second harmonic generation), linear
in the magnetization (excluding the Voigt effect and the second order gyrotropic
effect), and linear in the magneto-optical interaction parameter Q, (excluding large
rotations and ellipticities as they may occur in thick transparent media). Under these
restrictions the magneto-optical interaction may be treated in the sense of a pertur-
bation theory* [193, 276]. The rigorous and explicit expressions derived from this
theory can be applied in a straightforward manner to arbitrary thin-film systems and
to arbitrary magnetization configurations. In this section we just present an outline of
this formalism and apply it to some specific examples of depth-sensitivity functions
in single films. The extension to multilayers is introduced in Sect. 3.2.5. We also
restrict the discussion to magnetization distributions that are laterally homogeneous.
For inhomogeneous magnetization and the related diffraction effects we refer to [ 185,
186].

In the perturbation theory, first the magnetization is assumed to be zero and the
“primary” field distribution (E =0, H»,=0) is obtained from the superposition of
solutions of the wave equation (2.6). The magneto-optical “perturbation”, generated
by the magneto-optical interaction, is then treated separately as a source of secondary
light waves (e, h) that propagate in the otherwise unperturbed system. Both together
add up to the total electromagnetic field [187]:

4 The perturbation calculation takes over the concept that was already introduced in Sect. 2.4.2: the
total electromagnetic amplitude can be described as a superposition of a magnetically unaffected,
primary light field (without the magneto-optical terms, called normally reflected amplitude Ry
or AN in Sect. 2.4.2) and a magnetically induced perturbation contribution (the magneto-optical
amplitude Rk or Ak in the previous nomenclature).
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E=E,—o+e, H=H,_o+h. (3.18)

The secondary field e is proportional to the Voigt parameter Qv . Due to our limitation
to linear effects in m and Qv, and with (3.18), the dielectric law (2.99) is explicitly
given by:

D = cgn®[Em—o + € +iQv(m x Ep_o). (3.19)

With (3.18), (3.19), and the Maxwell equations (2.1a-2.1d), a wave equation analo-
gous to (2.6) can be set up for the secondary amplitudes:

V(V -e) — Ve + pupoe + eopon®e = —ieopon> Qv(m x Ep).  (3.20)

This equation differs from the “non-magnetic” wave equation (2.6) by an optical
source term that correspond to a current density j ~ Qv (m x E,,—) [186] that has
the symmetry of a Lorentz force (see Sect. 2.4.2). So the perturbation ansatz has split
up the problem: first the field distribution of the primary light E,,—( together with
the source term can be determined. With the source term, the system of partial, non-
linear and inhomogeneous differential equations (3.20) can be solved in a second
step.

To determine the magneto-optical amplitude by the perturbation approach [185],
one elementary slice of thickness Az at the depth z inside the magnetic film is
picked (Fig. 3.9b). Then the first-order Lorentz current density of the slice, which
represents its magneto-optical response, is calculated. From the current density the
source functions of the magneto-optical amplitudes in this slice are derived from
Maxwell’s equations. These source functions are then converted into differential
magneto-optical signals of the Kerr- and Faraday type by using the boundary condi-
tions for light reflection and transmission. Finally, integration over the contributions
from all slices of the film yields its total Kerr amplitude ellf [185]:

D
K _ K . Koy _ K i
e = /0 Ae,(z)dz  with Ae, (2) =5,,(2) - m(2) ElAz. (3.21)

Here Ae}f (z) is the differential contribution of the buried elementary slice to the Kerr
signal, m(z) is the magnetization vector, E,"Tn the incident amplitude and sfo(z) the
vectorial depth-sensitivity function.

The electromagnetic field is assumed to be separated into two contributions, which
are polarized perpendicular (s) and parallel (p) to the plane of incidence (see Fig. 2.9).
The index p thus assumes the values (s, p) for the two polarization states in the
secondary beam system, as ¢ for the primary light. The depth sensitivity functions
can be written in a compact and explicit form [185]:

s (2) = Po(0, axay, —axay), s (2) = Po(0, axa,, axay), (3.22a)

spp(2) = —2Po(ayaz, 0, 0),  s§(2) =0,
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2
with P = eV (3.22b)
Aong cos Yo
ax = XV [ @), ay =y Vo fiF @), a, = BinVify ). (3.22¢)
1
Vpyme ————— () = + 2D — 7). 3.22d
g 1 g-g g%,gp(2D) fg— (Z) SO(Z) ro'a'so( Z) ( )

The polarization-independent prefactor Py contains the off-diagonal element n% Ov
of the magneto-optical dielectric tensor (2.99) thus describing the magneto-optical
interaction. It further contains the refractive index ng and the cosine of the incidence
angle 99 which is the z-component of the wave vector kg = (0, sin g, cos ¥gy) in
the incident medium. For the magnetic film the propagation vector is modified by

refraction to k1 = (0, 81, 1) with 81 = (noBp)/n; and v = /1 — ﬁf according
to Snell’s law (2.54) that requires continuity of the lateral component noGykg of the
wave vector k across the interfaces. The primary and magneto-optical field ampli-
tudes with s- and p-polarization at a depth z are expressed by vectorial amplitude
transfer functions that are contained in the components (ax, ay, a;) of the vector
variable a. The transmitted contribution of the incident light is considered by the
Fresnel coefficient tOl in a;. The function f; *+(z) describe two elementary contribu-
tions to the primary, exciting amplitude: the first is the direct wave, the second results
from reflection at the lower interface. It differs from the first term by the additional
reflection coefficient r and by the longer optical path, which is expressed by the
difference between go(z) and (2D — 7) in the phase factor. The latter describes the
depth-dependent phase change and absorption according to (3.12). Further, multiple
reflections at the upper and lower boundaries of the magnetic film lead to a geomet-
rical sum that is expressed by the multiple reflection coefficient V. An analogous
sensitivity function s' can be derived for the Faraday amplitude that leaves the film
after transmission [185].

The sensitivity vector s defines the magnetization direction which contributes
most to the Kerr signal for a given sample and experimental setup. Its vector compo-
nents (x, y, z) directly represent the sensitivity for the transverse, longitudinal and
polar magnetization components in the traditional terminology. It thus generalizes
the classical observation on transparent volume crystals according to which the Fara-
day effect is proportional to the magnetization component along the propagation of
light [149]. For the longitudinal Kerr effect, for example, the sensitivity function of
a magnetic film can explicitly be written as:

lon(z) _ s]on(z)
™3 0v,161 01,01 [0(2) +ride@D — 2)][¢(z) — raze@D —2)]

Xonoyo PP [1—r;£ ri2e@D)|[1 = riiri202D)]

(3.23)

For D — o0, equations (3.22a) yield the same results as the bulk sensitivity function
(3.16). A comparison of (normalized) longitudinal Kerr sensitivities for different
iron film thicknesses with the corresponding functions of bulk iron is presented in
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Fig. 3.11 Thickness dependence of the longitudinal Kerr amplitude of iron films of different thick-
nesses (full lines). Like in Fig. 3.10, the amplitude is normalized to the Kerr sensitivity at the
surface and the incident light is p-polarized. For comparison the corresponding curves of bulk iron
are plotted (dashed lines)

Fig. 3.11. The difference between the curves becomes the stronger the thinner the
films, which is a consequence of the multiple reflections in case of the films.

The previous formulae show that integration of the depth sensitivity functions
over the film thickness (see 3.21) leads to a direct connection between polarization
and direction of the incident light and the resulting magneto-optical amplitude that
leaves the film. Under the given assumption of a uniform magnetization vector m
within film, the Kerr coefficients are obtained by rewriting (3.21):

D
K i K
e, :Kpg.mEllj“’ Kpo:/o spg(z)dz. (3.24a)
The x, y, and z components of K , are the classical Kerr coefficients for the transver-
sal, longitudinal and polar magnetization direction and for the given combination of
incident and detectable polarization, ¢ and p, respectively. In vector notation they
can be written as

Kpo(2) = (1 VaVpl0, Bilcs +d7), —n(ed +dM]1, (3.252)
K (2) = 1t ViVl0, Bi(ey +d 7). +ni(ch +dh], (3.25b)
Kpp(z) = i Vo Vo[ —2B171¢, . 0, 0], (3.25¢)
with
ct = ;nQO% [1—e@D)I[1£r)2r2e@2D)], (3.25d)
d* = PyDp(2D)[ril £ 1] (3.25¢)

Equivalent analytic equations were derived and experimentally confirmed by
Visniovsky et al. [277] for the special case of polar magnetization and perpendic-
ular light incidence. These authors, however, used a perturbation approach on the
basis of circularly polarized light eigenmodes [181] which proved favorable for this
case.
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Fig. 3.12 Dependence of the Kerr amplitude on the thickness of magnetic films that are deposited
on glass substrates (n7 1.5). Compared are iron films (a) and MnZn-ferrite films (b) with
both, longitudinal (full lines) and polar magnetization (dashed). All curves are normalized to the
corresponding Kerr amplitudes of bulk material (indicated by dots). The absolute polar extreme
values are about eight times larger than the longitudinal values in case of iron, and four times
larger for the ferrite. The simulations were performed with the optical parameters of bulk materials
(see caption of Fig. 3.10) at a wavelength A\g = 633 nm and at an incidence angle ¥g = 30° of
p-polarized light. After [185, 205]

Typical curves for the longitudinal and polar Kerr amplitudes as a function of
the film thickness are shown in Fig. 3.12. Compared is iron as an example of a
strongly absorbing material with a weakly absorbing manganese-zink-ferrite. Both
are single layers, deposited on a glass substrate. In a medium thickness range the
periodic oscillations of the Kerr amplitude are a sign of interference effects, which
result from reflections from the layer backside and from intrinsic phase differences
of the magneto-optical depth contributions (see Fig. 3.10a). In (3.25d, 3.25¢) the
backside reflection (r!2) appears in d* and in the third term of ¢, the influence of
the depth-sensitive phase difference is located in the second term of ¢ Depending on
absorption, both the reflected beams as well as those contributions generated deeper
in the film are more or less significantly contributing to the total amplitude, so that the
oscillations are more pronounced for the weakly absorbing material. Beyond a certain
film thickness, the amplitudes known from bulk samples are approximately assumed.
For iron the limit is at about 100 nm, whereas for the semi-transparent ferrite bulk
crystal behavior is not reached below 600 nm. In the bulk limit of D — oo the phase
factor (2D) in (3.25a-3.25¢) vanishes and the equations reduce to the classical
expressions (2.102a-2.102c) for the three standard magnetization directions—the
polar, the longitudinal, and the transverse Kerr effects. In Fig. 3.12 these conventional
bulk coefficients were used for normalization.

From the depth sensitivity function (3.16) and Fig. 3.10 we have seen that for
bulk material the Kerr contributions from different depths differ in phase. In general,
this fact reduces the overall efficiency of the Kerr effect. This disadvantage of bulk
materials can be overcome in ultrathin film systems [177, 190, 271]: such layers
can produce more signal than bulk material, because in a very thin film all of the
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magneto-optic amplitude is generated with (almost) the same phase. This advantage
becomes the more effective the smaller the absorption in the magnetic medium,
because then the contributions from different depths in bulk material may even differ
in sign, leading to very weak overall bulk signals. For the highly transparent garnets,
for example, no domain observation truly based on the Kerr effect is known as
already mentioned in Sect. 2.4 (domains in garnets are observed in transmission by
the Faraday effect). The contrast in ultrathin magnetic films can be further enhanced
by interference. Equations (2.102a-2.102c) are equally valid for arbitrary thin film
systems if the corresponding transmission or reflection coefficients are inserted. To
achieve maximum Kerr signals, the magnetic film is first deposited onto a mirror, with
a dielectric spacer layer of appropriate thickness. The system is then covered with an
anti-reflection system as discussed at the end of Sect. 2.4.3. Such a mirror system can
theoretically yield large improvements although its practical implementation may be
difficult. Thin film mirror systems can in principle even overcome the disadvantage
of longitudinal versus polar magnetization [177, 186, 193]: In an optimized mirror
system all energy is eventually absorbed in the magnetic medium just as in a bulk
sample with an ideal anti-reflection coating. The essential point of magneto-optics in
ultrathin films is that the Kerr signal depends essentially on the optical properties of
the adjacent layers, rather than on those of the magnetic film even in the general case
of arbitrary magnetization direction and angle of incidence. This property was first
demonstrated for the special case of polar magnetization and perpendicular incidence
by S. Bader [124]. Later it was generalized by extending the multiple beam analysis
outlined in this Section [185, 193].

In [185, 186, 205] this theoretical approach was further extended to the cases
of optically anisotropic films and to layer systems with an arbitrary, non-uniform
magnetization distribution. The former may be important for mechanically stressed
thin films or for films with growth-induced anisotropy. Such deviations from bulk
material symmetry may lead to anisotropy in the optical and magneto-optical mate-
rial parameters. This may cause optical birefringence effects that interact with the
linear magneto-optical effects. Non-uniform magnetization distributions can lead
to diffraction phenomena, if the characteristic length of the magnetic structure is
comparable with the wavelength of light. In magneto-optics such structures may be
domain walls. The sensitivity function concept can be also extended to magneto-
optical diffraction phenomena, including the gradient effect. For details we refer to
the mentioned articles.

3.2.5 Depth Sensitivity in Magnetic Multilayers

The multiple beam approach presented in Sect. 3.2.4 for a single film can easily
be extended to multilayers consisting of an arbitrary system of magnetic and non-
magnetic thin films. The total magneto-optical effect of the film system is obtained by
addition of the magneto-optical contributions of all the individual layers, which are
calculated under the assumption that all the other layers are present but non-magnetic.
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(0) Air

(1) Ferromagnetic layer

(2) Non-magnetic layer

(3) Ferromagnetic layer

(4) Substrate

Fig. 3.13 Typical magnetic sandwich system, consisting of two ferromagnetic films that are inter-
spaced by a non-magnetic layer

The problem of an arbitrary multilayer structure is then reduced to the problem of just
one magnetic layer that is embedded in arbitrary non-magnetic cover- and substrate
layers. Instead of considering simple interfaces like in Fig. 3.9b, the interfaces of
the examined magnetic layer have now to be seen as complex in the sense that they
physically consist of multilayers between the magnetic film (index 1) and incidence
medium (index 0) or emergence medium (index 2). Such complex interfaces can
be described by effective amplitude transmission- and reflection coefficients tw and
14, because in these layers the s- and p-polarized eigenmodes remain decoupled
for the primary light so that the polarization states can still be treated independently
[185]. The remaining layers (magnetic or spacer layers) are thus included in the
transmission and reflection coefficients, which are obtained in the usual way from
the Fresnel relations and from a recursive application of Airy’s formulae (3.14) in
the same sense as explicitly given for a two-layer system in (3.15).

Consider, as an example, a magnetic trilayer system, consisting of two ferromag-
netic films that are interspaced by a non-magnetic layer (Fig. 3.13). The whole system
is deposited on a thick buffer. The ferromagnets shall be homogeneously magnetized
perpendicular to the film surface, and the incident light shall be polarized perpen-
dicular to the plane of incidence (s-polarization). The sensitivity functions of the
two ferromagnetic layers with indices (1) and (3), respectively, can be derived from
(3.22a-3.22d). They are explicitly given by the following set of equations:

e For layer (1):

' =
_mniOvam o101 [$Q) 759201~ D[9@ + 1y 0CD1 — 9]
dongyo P 1= ri0rktoD)|[1 — ridride(2Dy)]
with rl* = 55pp+rszs4pp<p(2D2). 24 ssvp+rs3s4pp@(2D3)

SS.pp T rss,pp ss,ppSD(ZDz)’ PP T 1 Vss,pp ss,pp<p(2D3).
(3.26)
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e For layer (3):
K3
Sps =
30V 0303 [$Q) 3 2Ds — 9)][p(@) + D3 — )]
Aongya PP [1—rd0r3p2D3)][1 — r3r3tp2Ds)]

pp "pp
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SS,pp - ] _ r (2D ) : .
Koo 5pp P (2D2
The direct coefficients (r)2 DD’ 5253pp, té)slpp etc.) are immediately obtained from

Fresnel’s equations (2.52, 2.53). For the non-magnetic layers (2) and (4) the Kerr
coefficients are set to zero.

Two examples of such simulations are presented in Fig. 3.14. In (a) the polar
Kerr amplitude is plotted for two perpendicularly magnetized cobalt films that are
interspaced by a copper layer. The signal of the lower cobalt film is strongly reduced
as compared to that of the upper film due to absorption. In Fig. 3.14b the lower
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Fig. 3.14 Sensitivity functions of magnetic trilayer systems. a Two cobalt films of equal thick-
ness are separated by a nonmagnetic copper spacer layer and deposited on a silver substrate.
The film thickness are Co(10 nm)/Cu(5 nm)/Co(10 nm)/Ag(oco). Perpendicular incidence and
perpendicular magnetization m, = 1 (polar Kerr effect are assumed. b Simulation of a mixed
system Co(10 nm)/Cu(5 nm)/Fe(10 nm)/Ag(oco) under the conditions of in-plane magnetization
my = 1, (ps)-configuration and an incidence angle 19 = 30° (longitudinal Kerr effect. The sim-
ulations were performed with the optical parameters of bulk materials (Co: n = 2.214 4+ i4.171,
Qv =0.0195410.0051, Fe: n = 2.893+13.069, Qv = 0.042+410.012, Cu: n = 0.239+13.417,
Ag: n = 0.135 4 13.985 [193]) at a wavelength \y = 633 nm and under the assumption of
p-polarized incident light. Like in Fig. 3.10 the conjugate complex of the Kerr amplitude is plotted
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ferromagnet film is made of iron and the longitudinal Kerr effect (oblique incidence
and in-plane magnetization) was assumed. As iron has a stronger intrinsic Kerr effect
than cobalt, the signal of the bottom layer is reduced compared to that of the upper
layer, but not as strong as in (a). The overall signal of the longitudinal Kerr effect in
(b) is by about an order of magnitude smaller than that of the polar effect in (a), as
expected.

3.2.6 Depth Selectivity in Magnetic Multilayers

In Sects. 3.2.3-3.2.5 it was shown that the total Kerr signal of any magnetic sample
can be seen as a superposition of contributions from different depths, which differ
in phase according to a complex amplitude penetration function like that in (3.16).
The different phases of contributions from different depths can be exploited in Kerr
microscopy and magnetometry to obtain depth-selective information on the magneti-
zation, especially in magnetic multilayers. The possibilities of such experiments can
be extended by using different light wavelengths, as also the wavelength enters the
penetration function. In this section we will introduce both, the phase and wavelength
concepts of depth selectivity. The information depth profile also depends on the angle
of incidence. In metallic systems, however, this dependence is weak as shown at the
end of Sect. 3.2.3. A variation of the incidence angle can therefore hardly be used
for depth selectivity.

In the context of Fig. 3.10 we have discussed that in a Kerr experiment a con-
trast is generated by interference of the regularly reflected light amplitude and the
Kerr amplitude (remember Fig. 2.14b). Only light components that are in phase can
interfere and generate a detectable plane-polarized wave. With a rotatable compen-
sator the phases angle between regular and Kerr amplitude can be selected freely
so that either the magnetization at the surface is detected optimally or the “focus”
is on subsurface magnetization components, meaning that the regular component is
allowed to interfere with the Kerr component generated at the respective locations.
The sensitivity curves in Fig. 3.10b show a number of such choices for bulk iron. So
with proper phase selection, the “zero” of the information depth can be shifted over
a wide range within the penetration depth of light. In this way light from selected
depth zones can be made invisible if their Kerr amplitude is adjusted out of phase
with respect to the regular light. This phase adjustment is the basis for the phase
concept of depth-selective Kerr microscopy.

Consider a magnetic sandwich system, in which two ferromagnetic films are
interspaced by a non-magnetic layer (Fig. 3.15). By adequate phase selection with
the compensator® the zero of the information depth curve can be put somewhere in the
middle of one of the two layers so that the sum of all differential Kerr contributions
from this layer cancels. Then only the magnetization from the other layer can be
seen. By proper phase selection the magnetization of both layers can thus be imaged

5 In practice, compensator and analyser are rotated “simultaneously” until the desired sensitivity is
obtained.
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Fig. 3.15 Thickness dependence of the Kerr amplitude of an Fe/Cr/Fe sandwich film system as
indicated. By proper adjustment of the relative phase between Kerr amplitude and regularly reflected
light the zero crossing of the penetration function can be shifted either into the middle of the bottom
(a) or top ferromagnetic layer (b), so that the integral Kerr contribution of the corresponding layer
cancels. The Kerr amplitudes were calculated with the formula derived in Sect. 3.2.4. An incidence
angle Jo = 30°, p-polarized incident light, and in-plane magnetization in the longitudinal Kerr
configuration were assumed. The compensator is a quarter wave plate with setting as indicated in
Fig. 2.7b. For the material parameters see the captions of Figs. 3.10 and 3.14

separately. From Fig. 3.15 it is obvious that the bottom film contributes less signal
than the upper film due to absorption. This kind of depth-selection was first applied
for layer-selective Kerr microscopy in [151, 278], where the two iron films of an
Fe/Cr/Fe sandwich sample have been imaged separately. We will reproduce these
results in Sect. 3.3 together with further examples.

An elegant interpretation of depth selectivity, which applies to ultrathin ferromag-
netic films (thickness in the nanometer range) in a multilayer stack, was presented
by Hamrle et al. [245]. The authors start with the Kerr rotation 0k and ellipticity g
as given in (2.87, 2.88) and suggest to visualize the Kerr amplitude as a vector in
the complex Ok x-plane (Fig. 3.16a). The projection of the Kerr vector on the real
axis gives the Kerr rotation, and that on the imaginary axis the Kerr ellipticity. The
length of the Kerr vector corresponds to the Kerr amplitude K¢ and its orientation
to the Kerr phase dk. For a mutilayer structure as sketched in Fig. 3.16b, the total
Kerr amplitude is given by the sum over all the Kerr amplitudes of the individual
magnetic layers. In Fig. 3.16b the additivity of the amplitudes is represented by the
summation of the individual Kerr vectors. In the most general case, an experimental
setup measures a Kerr signal Sk, which is the projection of the complex Kerr vector
onto a projection axis P that makes an angle v with the real axis. If the projection
axis is parallel to the real axis, the Kerr rotation is measured, and for an angle of
90° the Kerr ellipticity is obtained. With the compensator the projection angle can
be arbitrarily adjusted.

Layer selectivity can now be conveniently discussed with this “projection”-
concept: Let’s again assume a magnetic sandwich system consisting of two (ultrathin)
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Fig. 3.16 Visualisation of the Kerr effect in the 0k {k-plane. a The Kerr vector 8% can be either
described by the Kerr rotation 6k and ellipticity {k (2.87) or by the Kerr amplitude K and phase
0k (2.88). b In a multilayer (consisting of ultrathin ferromagnetic layers that are interspaced by
thicker non-magnetic layers), the measured Kerr signal Sl(é) for each magnetic layer (i) is obtained

from the projection of the Kerr vector 0‘12(0 on the projection axis P, the orientation of which is
determined by the projection angle v. After Hamrle et al. [245]

ferromagnetic films that are separated by a nonmagnetic spacer layer. By phase selec-
tion with the compensator proper projection angles can be chosen so that the Kerr
vector from the first (0%(1)) or second (0%(2)) magnetic layer is perpendicular to the
projection axis. Then the magnetization of this layer is invisible and only the other
shows up with a Kerr signal. This situation is depicted in Fig. 3.17a for canceling
of the Kerr component of the first layer. In systems with more than two magnetic
layers this concept in principle also works if one succeeds to set the Kerr vectors of
all but one layer parallel to each other and perpendiciular to the projection axis. In
Fig. 3.17b this situation is shown for three magnetic layers, where the Kerr signals
from the first and third layer are canceled simultaneously and, consequently, only a
signal from the second layer is obtained. Hamrle et al. [245] called this the “parallel
Kerr vector” method.

So far the Kerr vectors were assumed to be fixed in the Ox&k-plane (i.e. the
wavelength of light and the angle of incidence were taken as constant) and the pro-
jection angle ¢ was tuned with the compensator. Alternatively also the wavelength
can be changed to obtain depth selectivity. In the projection concept this means that
the projection angle is fixed and the orientation of the Kerr vectors is modified by
varying the light wavelength or, though much less effective, the angle of incidence.

Fig. 3.17 Kerr vectors and (a) (b)
projection axis in the Ex Ex <3
Ok &k -plane for a system Ok
consisting of two a and three KO® (&
magnetic layers b that are SOy o
interspaced by non-magnetic S :(2) KO K Ok
layers. In both cases a Kerr Ok Ok
signal is only obtained from
layer (2). After [245]

c(2)
K
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The “parallel Kerr vector” method can then be applied as discussed. In [245] this
elegant method was experimentally verified on a (TbFe/Si3N4)4 multilayer system
for magneto-optical recording, where the hysteresis curves of all four magnetic lay-
ers could be obtained individually by changing the photon energy in an optical
magnetometer. Further depth-sensitive hysteresis measurements by using different
wavelengths were presented in [279, 280].

3.3 Depth-Selective Kerr Microscopy

In bulk metallic materials the depth sensitivity of the magneto-optical effects can
hardly be used. If a surface is ideally oriented (meaning that it contains one or
more easy axes of magnetic anisotropy), the domains do not significantly change
beneath the surface. In the other extreme case of strongly misoriented surfaces, the
phenomenon of domain branching [111] connects fine surface domains with wide
basic domains by a system of intermediate domain generations, the complexity of
which depends on the sample thickness. These subsurface domains would in fact be
interesting for depth-sensitive analysis. However, the finest closure domains right
at the surface, e.g. in iron, have a lateral extension of about 1 wm. Towards the
depth, an extension of the closure domains in the same range is expected, which is
already orders of magnitude deeper than the magneto-optical information depth of
20 nm—the interesting subsurface domains will thus be not accessible. Examples,
where the spin structure changes within the information depth, are domain walls in
low-anisotropy materials or dense stripe domains in thick films with weak out-of-
plane anisotropy. Both micromagnetic objects develop a vortex spin configuration
to avoid (or at least reduce) magnetic charges [111]. For a vortex wall, however,
the lateral extension of the (surface-) vortex is of the order of some 10 to some
100 nm, depending on anisotropy and sample thickness. This is below or at the
limit of optical resolution. Although some diffraction-broadened images of such
walls can be readily obtained by Kerr microscopy (allowing to identify “Néel caps”
and the location of internal Bloch lines [111]), a depth-selective analysis appears
questionable. The same applies to stripe domains, which have a width (at nucleation)
equal to the film thickness. A reasonable magneto-optical investigation of these
objects requires film thicknesses of at least 1 pwm [111]. Stripe domains of that width
do not have a significant change of spin structure within 20 nm below the surface. In
any case, the magnetization structure of both, vortex walls and stripe domains, can
be precisely predicted by micromagnetic calculations so that experimental detection
is not necessary.

To exploit the depth sensitivity of magneto-optical microscopy, a significant
change of the magnetic microstructure within the information depth is required, while
at the same time the micromagnetic objects need to have lateral extensions wider than
the resolution limit of optics. These conditions can be met in sufficiently-extended
magnetic multilayer systems. If two or more ferromagnetic layers are present within
the information depth, their individual magnetizations might be distinguished or
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even be imaged separately. Depth selectivity in multilayers requires, however, that
the contrast can be selectively adjusted to the individual layers. Several examples of
film systems, where this is possible, are presented in the following. They are based
on the phase concept of depth selectivity, which so far is the only method that has
been applied for microscopy. For layer-selective magnetometry studies we refer to
the literature mentioned at the end of Sect. 3.2.6.

In practice, layer selectivity is readily possible if the magnetic films of a stack
have different hysteresis properties. An example is presented in Fig. 3.18. Here the
magnetization curve of a Co/Cu/NigiFej9 sandwich film was measured magneto-
optically by integrating the image contrast in a Kerr microscope. The thicknesses
of cobalt and copper add up to 10 nm so that also the nickel-iron (permalloy) layer
contributes to the Kerr signal. Both films are exchange-decoupled and have different
coercivities, leading to a double-step magnetization curve when the field is swept
along the easy anisotropy axis. For general settings of polarizer, analyzer, and com-
pensator (aiming at maximum overall Kerr contrast), the two steps appear within
the same loop (Fig. 3.18a). From the corresponding domain images it is evident that
the permalloy film is magnetized by the motion of a 180° wall. When it sweeps
along, the stray field of this Néel wall acts on the cobalt film and creates an irregular,
partial reversal there with patch domains left. The magnetization of both, NiFe and
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Fig. 3.18 Magnetization curves on an extended Co/Cu/Permalloy trilayer, measured magneto-
optically at different settings of analyser and compensator. In a the magnetization of both ferro-
magnetic films add to the detected Kerr signal, while in b and ¢ only the cobalt and Permalloy layers,
respectively, contribute. The domain images, obtained under “mixed” conditions, show the switch-
ing behavior along the curve (a) as indicted by numbers. An LED light source with a wavelength
around 520 nm was used for this experiment. Sample courtesy A. Svalov and G. Kurlyandskaya
(Ekaterinburg), imaging and magnetometry together with L. Lokamani (Dresden)
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Fig.3.19 Depth-selective Kerr microscopy on Co/Cu/Permalloy trilayer. By proper phase selection
with a compensator an identical domain pattern was imaged under mixed and layer-selective con-
ditions as indicated. The magnetization curve, measured magneto-optically under mixed sensitivity
conditions, shows the switching of both films. Rather than monochromatic light, the spectrum of
a xenon arc lamp was used for this experiment. Sample courtesy D. Biirgler (Jiilich), imaging and
magnetometry courtesy J. McCord (Dresden)

Co, is seen in these images according to the hysteresis curve in Fig. 3.18a. Analyser
and compensator settings can then be systematically varied® till either of the steps
is solely left in the magnetization curve as shown in Fig. 3.18b, c. The experiment
is now selectively sensitive to the corresponding layers and layer-selective domain
imaging can be performed with the respective optical settings. Note that the noise
in layer-selective curves is stronger than in the mixed curve. This is related to the
low thickness of the upper cobalt layer in Fig. 3.18a and to the significant damping
of the signal that emerges from the lower permalloy layer in case of Fig. 3.18b. For
the mixed curve the overall thickness of magnetic material, in which the light can
interact with the magnetization, is larger.

6 A feasible alternative method was found by L. Lokamani (IFW Dresden): instead of using a
compensator, Lokamani obtained layer selectivity by rotating polarizer and analyser relative to
each other. If the polarizer is out of the (standard) s- or p-direction, elliptical light is generated by
reflection on any metal (see Sect. 2.2.5). The degree and sign of ellipticity depends on the polarizer
angle. So instead of shifting the phase between regular- and Kerr component in the reflected light
with a compensator, a suitable phase shift between these two light components can as well be
obtained by making use of the “natural” phase shift between s- and p-component that occurs under
off-axis polarization conditions.
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In Fig. 3.19 this procedure was applied to a similar sample. Like for the previous
figure, the proper analyser and compensator settings for layer selectivity were deter-
mined by making use of the different coercivities of cobalt and permalloy. These
settings are now applied to finally obtained layer-selective domain contrast. Three
images of an identical domain pattern, obtained after demagnetization in an alter-
nating easy-axis field, are shown. In the mixed Kerr image, the contrast of both
ferromagnetic layers is superimposed. It can be separated into a simple 180° domain
state in the permalloy film and a complex mixture of patch domains and 360° walls
that are obviously present in the cobalt layer. The magnetic charges at the patch
boundaries and 360° walls cause charge-compensating structures (like “zero-degree
walls”, see [111]) in the NiFe-film by magneto-static interaction. They are faintly
visible within the otherwise wide NiFe domains.

A further example of layer-selective microscopy and magnetometry is presented
in Fig. 3.20. The Co/Si/GdCo trilayer is characterized by a peculiar magnetization
curve if measured magneto-optically (Fig. 3.20a). In this figure both, the GdCo
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Fig.3.20 Depth-selective Kerr microscopy and magnetometry on a Co/Si/GdCo trilayer. The mixed
Kerr signal in a was separated into signals of the indvidual layers in b by phase adjustment, here
by rotating polarizer and analyser. Under the same conditions the Kerr domain images c—e of an
identical domain state were obtained. The same light source as in Fig. 3.18 was used. Sample
courtesy A. Svalov and G. Kurlyandskaya (Ekaterinburg), imaging and magnetometry together with
L. Lokamani (Dresden)
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and Co layers contribute to the Kerr signal. The chosen GdCo alloy [281, 282] has
two ferrimagnetically coupled (i.e. antiparallel magnetized) sublattices, in which
the magnetic moment of the Gd-sublattice dominates over that of the Co-sublattice.
The direction of the Gd-sublattice moment is thus in the same direction as the total
moment of the GdCo-film. When we follow the hysteresis curve along the indicated
arrows, the following order of macrospin configuration is observed: (i) In positive
field the magnetic moments of the Gd-sublattice and that of the Co-layer are parallel
to the external field. Consequently, the cobalt moments in the Co-layer and GdCo-
layer are opposite so that the sum of the cobalt moments is small. As the Kerr signal
is generated solely by the cobalt moment (not gadolinium), a weak overall signal is
measured. (ii) At a small negative field of about 1 kA/m the Co-film is remagnetized
abruptly. The cobalt moments are now parallel, leading to a strong Kerr signal. (iii)
In stronger negative field the total moment of the GdCo-layer finally also follows the
external field direction. This leads to a reversal of both, the Co- and Gd-sublattices in
the GdCo-film. The cobalt moments are then antiparallel again, resulting in a weak
Kerr signal. On the way back the process is analogous. The Si-spacer layer more
or less interrupts the coupling, so that both films are remagnetized independently.
Figure 3.20b shows the separated hysteresis curves of the two individual layers. Like
in the previous experiments, the two characteristic switching fields of the trilayer can
conveniently be used to find proper microscope settings for layer selection. With the
same settings the domain images (c—d) were obtained. A domain state is shown that
was obtained after ac-demagnetization along the (vertical) easy axis. No attempt is
made to draw magnetization vectors in these images.

A first experimental verification of this kind of depth-selective Kerr microscopy
was achieved by Riihrig [278] on an Fe/Al/Fe trilayer. Figure 3.21 shows a sim-
ilar example, observed on an Fe(10 nm)/Cr(wedge)/Fe(10 nm) sandwich. In this
film system the coupling between the iron layers oscillates between ferromagnetic
(parallel alignment of magnetization), biquadratic (90° alignment) and antiferro-
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Fig. 3.21 Depth-selective Kerr microscopy on an FeCrFe sandwich film with wedge-shaped Cr-
interlayer. The coupling changes from ferromagnetic to biquadratic (90°) coupling within the image.
The bottom layer contrast is weaker due to absorption. The yellow-green spectral lines of a mercury
arc lamp were used for imaging. After [151]
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magnetic (antiparallel alignment) with increasing chromium thickness—this type of
oscillatory interlayer coupling has actually been discovered on such films [32, 283],
together with the giant magnetoresistance effect [32, 34, 35]. The film for Fig. 3.21
has a wedge-shaped interlayer, so that all types of coupling can be observed on the
same sample. Such wedge-specimens are ideally suited for domain studies as the
influence of coupling on the domains can be readily identified by direct comparison.
The domain pattern in Fig. 3.21 was imaged around a interlayer thickness of about
0.5 nm where the coupling changes from ferromagnetic to biquadratic. The typi-
cal domain patterns of both coupling types are visible within the same image. The
trilayer has been epitaxially grown in (100)-orientation, so that the ferromagnetic
layers have two orthogonal in-plane easy axes of magnetization, which are occupied
for all coupling types. The Kerr contrast was carefully adjusted so that antiparallel
domains along one easy axis appear black and white, while those along the other axis
are equally gray. In the left image the compensator was rotated in such a way that
only the magnetization of the top iron layer becomes visible, while in the right image
only the bottom layer shows up. In the regime of ferromagnetic coupling, identical
domains have the same color in both layers due to the parallel magnetization. In the
regime of biquadratic coupling, all domains imaged in white or black in the upper
layer are grey in the bottom layer, and vice versa. Of course the intensity of the bottom
layer is lower than of the top layer due to absorption. Thus the 90° alignment of the
magnetization vectors can be nicely confirmed by depth-selective experiments. The
contrast separation in the FeCr/Fe trilayer was experimentally achieved by simulta-
neously rotating analyser and compensator until the “desired” contrast of each iron
layer was achieved. This was possible in this case because the domain magnetization
of each individual layer could be easily anticipated based on the cubic anisotropy and
defined orientation of domain walls. More details on the domains in this multilayer
system are presented in Sect. 3.4 in connection with Voigt- and Gradient microscopy.

In the example presented in Fig. 3.22 the separation of contrasts was again easily
possible as the ferromagnetic materials have extremely different properties. Here an
ultrathin iron film is epitaxially deposited on a (100)-oriented iron whisker, inter-
spaced by a MgO layer. The whisker domain structure typically consists of 180°
domains along the whisker axis that may be interrupted by 90° diamond domains.
The contrast of the diamond domain in the whisker can easily be separated from the
film domain contrast as shown in Fig. 3.22a. The contrast sensitivity was along the
vertical in-plane axis in all pictures, which corresponds to one of the two surface-
parallel easy axes. According to crystal anisotropy, only three levels of gray are
seen: black and white for domains magnetized along the sensitivity axis, and gray
for both kinds of transverse domains. This is true for whisker and film, because
the film is grown in the same orientation as the whisker surface and thus has the
same orientation of crystallographic axes. The pattern in Fig. 3.22a was observed
at low magnification. As compared to the simple diamond domain present in the
whisker, the film domains (right image in Fig. 3.22a) appear highly complex with no
clear relation between film and whisker magnetization directions. This indicates the
absence of significant exchange or orange peel coupling between film and whisker.
Nevertheless, the diamond of the whisker is still somehow reflected in the orientation
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of the film domain walls. In [284] it was demonstrated that this correlation is due
to magnetostatic interaction, caused by the residual stray fields emerging from the
whisker domain walls. In Fig. 3.22a these are the 90° walls of the diamond, which
were wiggling during ac demagnetization and which thereby wrote the film domains.

In Fig. 3.22b a similar correlation is shown for a 180° wall running along the
whisker axis. The whisker wall, which is imaged separately in the left picture of
the figure, was moving up and down during demagnetization, and by doing so,
a checkerboard domain pattern was written in the film, transferred by stray field
coupling. The presence of the 180° whisker wall is also visible in the film by a straight
horizontal domain boundary line that separates head-on film domains. Interesting is
the correlation between whisker wall fine structure and film domains. Those points
along the straight domain boundary in the film where the checkerboard domains
change contrast are obviously directly related to the presence of Bloch lines in the
whisker (indicated by arrows in the whisker image of Fig. 3.22b), whereas pure cap-
switch transitions, also present in the whisker wall, have no influence. The weak areal
contrast in the whisker image is most likely due to an imperfect depth selectivity in
the experiment. This can also be true for the residual wall contrasts (besides that of
the 180° wall). Note, however, that the Néel walls in the iron film (which surround
the checkerboard domains) could also induce some charge-compensating structures
in the whisker surface that could be responsible for the line contrasts in the whisker
image of Fig. 3.22b. For more information on this micromagnetically interesting
system we refer to [284].

If the films in a multilayer stack do not significantly differ in their hysteresis
properties, it might be difficult to find the proper microscope settings for layer selec-
tivity (exceptions of this “rule” were presented in Figs. 3.21, 3.22).” A solution to
this problem, which works for ultrathin magnetic films in a multilayer with non-
magnetic spacer layers, was presented by Hamrle et al. [245] under the heading
“cascade numerical projection method”. In this method, the total Kerr signal is mea-
sured under different experimental conditions, i.e., different wavelengths of light,
different incidence angles or different projection angles ¢ (compare Fig. 3.16). So a
set of independent measurements is obtained from which the Kerr signal, which orig-
inates from each individual magnetic layer, can be separated by means of well-chosen
linear combinations of the different Kerr hysteresis loops. In [245] this method was
demonstrated for magnetometric measurements on a gold/cobalt multilayer, in which
three cobalt layers (0.6 nm thick each) were interspaced by 5 nm thick gold layers.
For microscopic imaging, however, this possibility has not yet been applied so far.

7 Note that different hysteresis properties are not required for layer selective imaging based on the
X ray dichroism methods presented in Chaps. 4 and 5. As these effects exhibit an inherent elemental
specificity, layer selectivity can be readily achieved if the individual layers of a multilayer stack
differ in their elemental composition. On the other hand, if the individual layers are of the same
composition, layer selectivity can only be obtained with the interference-based approaches presented
in this chapter.
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Fig. 3.22 Depth-selective Kerr microscopy on a bulky iron whisker that is covered by an epitaxial
iron layer of 20 monolayers (ML) thickness with a MgO spacer layer of the same thickness. Both,
whisker surface and iron film are in (100)-orientation with two in-plane anisotropy axes. All images
have been obtained after ac-demagnetization, at low-resolution in (a) and high-resolution in (b).
Identical domain states are shown in each case, imaged selectively on the whisker (left) and film
(right). After [284]

3.4 Voigt- and Gradient Microscopy

The information depth of the Voigt- and Gradient effects, which in metallic materials
is of the same order as that of the Kerr effect, can also be applied for domain analysis,
especially in case of in-plane magnetized multilayers.® For such films the Kerr effect
disappears at perpendicular incidence of light, whereas both, the Voigt and gradient
effect show up simultaneously (compare Fig. 2.1). The typical domain- and domain
boundary contrast of the Voigt effect and Gradient effect, respectively, can then be
evaluated by following the symmetry rules of the two effects, which were introduced
in Sects. 2.5 and 2.6.

The favorable application of Voigt and Gradient microscopy, together with their
depth sensitivity, can best be demonstrated on the epitaxially grown sandwich struc-
tures that have been introduced already in Fig. 3.21. The Fe/Cr/Fe system is the proto-
type of such trilayers. As mentioned in the previous section, the coupling between the
ferromagnetic films oscillates between ferromagnetic (FM), biquadratic (90°) and
antiferromagnetic (AFM) as a function of interlayer thickness. A Kerr micrograph
of such a sample is shown in Fig. 3.23a. Due to the wedge-shaped chromium spacer,

8 In [183] empirical information depth profiles for the Voigt effects (intrinsic and gyroelectric) were
derived by similar analysis as shown for the Kerr effect in Sect. 3.2.4. For details we refer to this

paper.
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Fig. 3.23 Comparison of Kerr (a) and Voigt (b) contrast on the same Fe/Cr/Fe sandwich as in
Fig.3.21. Here the coupling varies from ferro- to antiferromagnetic with a biquadratic (90°) coupling
zone in between. The vector diagram ¢ was derived by taking the Kerr and Voigt contrastinto account.
In d the 16 possible magnetization alignments in the top and bottom layers are indicated, together
with the Voigt intensities. (After [151])

the typical domain patterns of the three types of coupling appear within the same
image. The magnetization of the iron films follows the two in-plane easy (100) axes,
independent of the coupling type as indicated in the interpretation map (Fig. 3.23c).
The different areas can be distinguished by the domain character, especially the ori-
entation of the domain walls. For ferromagnetic coupling, regularly-oriented 90°
and 180° walls are observed. They follow the principle of flux continuity® so that
net magnetic charges on the walls are avoided as far as possible. Consequently, 90°
walls are aligned at 45° relative to the easy axes and the 180° walls are oriented
along the axes. Compared with the ferromagnetic domains, the domains observed
for antiferromagnetic coupling look rather irregular. The reason is obvious: since
the magnetization vectors in both iron layers are aligned antiparallel, they cancel
each other locally and there is no net magnetization, which would enforce a spe-
cific orientation of the domain walls. Often the irregular domains have a patch-like
character [283]. For biquadratic coupling, the magnetization vectors are aligned at
90° in both Fe layers. There are eight possibilities of doing so in a biaxial material
(see Fig. 3.23d). Two at a time, where the vectors in the top and bottom layers are

9 A domain wall is free of magnetic charge (“pole-free”) if the normal components of magnetization
on both sides of a wall are the same [111].
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exchanged, result in the same net magnetization, which points along a diagonal hard
direction. Since the net magnetization is the same for two corresponding subphases,
the orientation of the walls separating them may be arbitrary, while the net phase
walls have to follow the rules of flux continuity. So the coexistence of regular and
irregular domain walls is characteristic of biquadratic coupling.

By relying just on the Kerr image, the quantitative assignment of magnetization
vectors in the individual domains, as shown in Fig. 3.23c, is only possible in the
regime of ferromagnetic coupling. Here both iron layers add up in the Kerr contrast
due to the parallel magnetization. By considering the mentioned continuity law for
the wall orientation, together with the four gray levels of Kerr contrast, the mag-
netization vectors can easily be determined. For biquadratic and antiferromagnetic
coupling, however, this is not possible. Here the bottom layer modifies the top layer
contrast according to the 90° or antiparallel alignment, respectively. For general
microscope settings (i.e. if no effort is taken to choose proper analyser and com-
pensator settings to allow depth-selective imaging as was done in Fig. 3.21), up to
eight levels of Kerr contrast can be expected for biquadratic coupling, and up to four
levels for antiferromagnetic coupling—all different from the four levels appearing
for ferromagnetic coupling. So the depth sensitivity of magneto-optic information
can make the interpretation of Kerr contrasts rather difficult if a compensator is not
applied or if the depth sensitivity is not adjusted carefully. Some of the possible 16
contrast levels are visible in Fig. 3.23a.

In such confusing situations, Voigt microscopy [151, 285] offers an elegant alter-
native to conventional Kerr microscopy, again by considering its depth sensitivity.
A Voigt image of the same domain pattern as in Fig. 3.23a is shown in (b). A strong
black/white contrast is observed in the FM and AFM areas, and a weaker two-level
grey contrast in the biquadratic zone. The sketch in Fig. 3.23d helps to interpret
those contrasts under consideration of the partial contributions from the two iron
layers. The sensitivity function was adjusted so that the top layer contribution of the
Voigt effect is stronger, but there is still some contrast also from the bottom layer.
For FM and AFM coupling there are four possible magnetization arrangements in
each case, two of them with the net magnetization along the black Voigt axis and
the other two along the white axis. Since the sign of the (quadratic) Voigt contrast
is the same in both iron layers it adds up to a strong black and white contrast. In
the 90° zone there are eight possible magnetization arrangements. In four of them
the top layer is magnetized along the black axis, but this black is weakened by the
opposite Voigt contrast from the bottom layer. Correspondingly, the white from the
top layer is darkened by the orthogonally magnetized bottom layer for the other four
possibilities. So we end up with a weak black/white contrast in the 90° zone and a
strong black and white Voigt contrast in the FM and AFM regions. Obviously the
three different areas of coupling can very easily be distinguished in the Voigt image,
much easier than in the multicontrast Kerr image of Fig. 3.23a. The Voigt contrast
allows to determine the anisotropy axes that are occupied. Together with the Kerr
image, which allows to determine the directions of magnetization, it is possible to
come up with the quantitative mapping shown in Fig. 3.23c.
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Fig. 3.24 a Voigt- and Gradient microscopy on a decoupled Fe/Al/Fe sandwich. The vector dia-
gram b was determined from the domain and domain boundary contrasts in (a) by considering
the symmetry laws of the two effects. The coexistence of parallel and 90° relative magnetization
alignment indicates the decoupling of the two iron layers. (After [151])

This knowledge can now be applied to more complicated domain patterns like that
in Fig. 3.24a. Again the Voigt contrast immediately tells us how to interpret them.
The domains show four Voigt grey levels. From the previous discussion we know that
black and white indicates collinear (parallel or antiparallel) alignment, while weak
and strong grey indicates 90° alignment. Since all four colors coexist and are mixed
together, and because the colors can be arranged differently by applying an external
field, we can conclude that this must be uncoupled behavior, or more precisely, a
behavior where a weak coupling is dominated by coercivity effects. It is hard to
distinguish uncoupled from FM-coupled layers in hysteresis measurements. In Voigt
microscopy, however, this is immediately possible. Moreover, a domain model like
in Fig. 3.24b can easily be constructed by just studying the contrasts in the image
which in addition to the Voigt contrast also reveals the gradient contrast at the
domain boundaries. To do this we first decide from the intensity of the Voigt contrast
whether the vectors are aligned collinearly or orthogonally. Then we determine the
axis of magnetization from the Voigt color (according to the sketch in Fig. 3.23d,
under the assumption of a stronger contribution of the top layer). Finally, the gradient
contrast can be analyzed. It is determined by the orientation of the domain boundary,
together with the orientation of the magnetization difference vector (net difference
vector in the case of biquadratic coupling) of its neighboring domains, both relative
to the given polarization axis of light (Sect. 2.6). So a definite determination of the
direction of the domain magnetization vectors becomes possible. In constructing a
magnetization map one should of course never forget the rules of micromagnetics,
that is, the orientation of the domain walls. Only if a model is fully compatible with
both the wall orientations and the contrasts, can we be sure about it.
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Chapter 4
Depth-Sensitive Photoelectron Emission
Microscopy

4.1 Photoelectron Emission Microscopy

The very first PEEM instruments were realized already in the thirties of the previous
century [286,287], which puts them among the oldest electron microscopes. In an
electron emission microscope, the electrons that are used to image the sample do not
come from a separate electron source like in conventional electron microscopy, but
are emitted from the specimen. The basic principle is the electron-optical analogon to
a light-optical microscope. To accept a large solid angle, immersion-lens objectives
are used in which a strong electrostatic field accelerates the emitted electrons into
the microscope. Figure 4.1 schematically shows an electrostatic tetrode lens like it
is used for electron emission microscopy. A high voltage U is applied to the front
lens, the so-called extractor lens, and creates a field of typically around 10 keV/mm
between sample and microscope. The sample is thus part of the optical system. As a
consequence, electrons emitted under the real starting angle o reach the instrument
under the virtual starting angle o/, and appear to originate from a larger distance, the
virtual object plane. o and o’ are related by

o) eUecx
—~ | == 4.1
o | % 4.1)

where & is the starting energy of the emitted electrons. Unlike in light optics, no
simple diverging electron optical lenses exist. Apart from sophisticated aberration-
correction schemes [288], the standard means to reduce spherical and chromatic
aberrations is to limit the maximum starting angle by a contrast aperture located in
the diffraction plane of the electron optics.

From (4.1) follows that the accepted solid angle of electron emission is inversely
proportional to the starting energy &. Slow secondary electrons are thus transmit-
ted by much higher numbers compared to photoelectrons of higher kinetic energy.
Since the spectrum of emitted electrons is usually also dominated by secondary
electrons, in instruments without explicit energy filtering the image is essentially
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created exclusively by low-energy secondary electrons. The term “photoelectron” in
the name of PEEM is therefore somehow misleading. Its origin dates back to the time
when PEEM was mainly used in threshold photoemission, where excitation is by 4.9
eV photons from mercury lamps. In that case there are no inelastically scattered sec-
ondary electrons. Applications of PEEM in connection with synchrotron radiation
usually exploit the proportionality between X-ray absorption and secondary elec-
tron yield in a sample. The resulting images yield X-ray-absorption spectroscopic
contrast.

Besides electrostatic tetrode lenses, also magnetostatic triode lenses are frequently
used in commercially available PEEM instruments. Due to the lower aberrations of
magnetic lenses, their lateral resolution can be higher [289]; a disadvantage for the
study of magnetic materials may be the non-vanishing magnetic field at the sample.

The rest of the PEEM consists of a number of additional lenses and stigmator—
deflector elements, which project the image from the image plane of the objective lens
onto an imaging unit. In the latter, the electron signal is amplified by one or several
multi-channel plate amplifiers, and converted into visible light by a fluorescence
screen, from where it can be recorded by a video camera. Figure 4.2 shows a sketch
of a complete electrostatic PEEM. A more detailed description of technical aspects
and the different contrast mechanisms of PEEM can be found in [290].

4.2 Electron Yield Detection of Absorption from Buried Layers

The detection of X-ray absorption by electron yield, as it is used in XMCD-PEEM,
is an inherently surface-sensitive method because of the mean free path length of the
electrons that are used for the imaging. The low-energy secondary electrons that make
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Fig. 4.2 Sketch of a typical
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up for nearly the entire intensity in a PEEM image are created in inelastic scattering
events following the Auger decay of the core hole generated by the primary photon
absorption process. For the design of suitable samples for layer-resolved magnetic
imaging by XMCD-PEEM it is vital to know which kind of signal can be expected
from a layer that is buried by overlayers. In this section we will discuss the secondary
electron yield detection of X-ray absorption from buried layers, and show how the
influence of overlayers can be estimated.

The electron yield absorption signal from a sample, which could be either an
ultrathin layer as well as a semi-infinite substrate, is affected in two ways by the
presence of overlayers. For simplicity we will assume here that none of the overlayers
contains the same element as the one used to measure the sample. First, the electron
yield signal of the sample is attenuated upon transmission through the overlayers.
This can be described by an attenuation length A, which depends on the inelastic
electron scattering cross section of each of the overlayers. Second, depending on the
shape of the element-specific absorption spectra of the overlayers, they can contribute
a background at the position of the absorption peak of the sample. These two effects
are illustrated by an example in Fig. 4.3. It shows the absorption spectrum measured
by total electron yield of a trilayer consisting of 6 atomic monolayers (ML) Co
on top of 5 ML Cu/15 ML Ni, deposited epitaxially on a Cu(001) single crystal
surface. The displayed spectrum was obtained as the average of absorption spectra
for positive and negative helicity. The L, 3 absorption peaks of Co and Ni are clearly
recognized, as labeled in Fig. 4.3. The presence of the Cu and Co overlayers first
leads to an attenuated electron yield signal Ynj of the Ni L3 peak. This is due to
electron scattering in the overlayers, and in a continuum model can be described by
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Fig. 4.3 Helicity-averaged absorption spectrum of a 6 ML Co/5 ML Cu/15 ML Ni trilayer on
Cu(001), measured by total electron yield. The inset shows a sketch of the trilayer. L, and L3
absorption peaks of Co and Ni are labeled. The presence of the Co overlayer leads to an attenuated
Ni L3 absorption signal Yn; because of inelastic scattering in the Co layer, and at the same time
adds a background by; due to Co 2p — 4s transitions

exponential attenuation lengths Acy and Aco. The signal from the Ni bottom layer
is attenuated by a factor exp(—dcy/Acy) by the Cu layer, and again by a factor
exp(—dco/Aco) by the Co layer. dcy and dc, are the thicknesses of the Cu and
Co overlayer, respectively. More generally we can write for the attenuation of the
electron yield signal Ylo(hwl) of layer 1 by overlayersi = 2,3, ...

Yi(hwr) = Y (hwy) [ Je= /0. 4.2)

i>1

Here Y;(fw) is the measured signal of layer 1 at its peak position fw;. The unat-
tenuated signal Y lo(hwl) of layer 1 can be obtained from its absorption coefficient
a1 (hwy), a photon-energy-dependent secondary electron production factor ¢y (hwy),
and the attenuation length A\ of layer 1 as

YP(hon) = er(wnan (fn) (1—e=d/M D). (43)

The photon energy dependence of the secondary electron conversion factor ¢; (hw)
can be approximated to be proportional to the photon energy [291], where the propor-
tionality constant ¢; is material-dependent. It has been shown that this proportionality
is not strictly valid over an extended range of photon energies [292]. Deviations of
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about 30 % were observed in the energy range from 40 to 1,500 eV [292]. For the
present estimation, taking into account our more limited photon energy range, we
will nevertheless use ¢; (hw) o« hw. We will furthermore assume that ¢; = c is the
same for all layers in a given multilayered stack, since the dependence on surface
properties as work function and surface morphology has a major influence on the sec-
ondary electron emission compared to different inelastic scattering behavior within
the individual layers.

The attenuation lengths )\; can be measured by increasing the thickness of overlay-
ers in a controlled way while monitoring the signal from a capped layer underneath.
Experimental values have been determined by Nakajima et al. for Fe, Co and Ni
[293]. They obtained Ape = 1.7 nm, and Aco = Anj = 2.5 nm. Attenuation lengths
for Cu and Au have been measured by Henneken et al. [294]. They found values of
Acu = 2.3 nm, and A\py = 2.0 nm.

A second effect that has to be considered, in addition to the attenuation of the
electron yield signal by overlayers, is the overlayer-related enhancement of back-
ground. In the present example a background by; at the energetic position of the Ni
L3 peak is due to the presence of the overlayers. It is related mainly to the Co and
less to the Cu layer, because the Co 2p binding energy is lower than the one of Ni
2p. This leads to intensity from Co 2p — 4s transitions (which makes up for the
step-like shape of the 2p edges) at the energy of the Ni L3 absorption peak. It can
be described by bni = Yo (Awni), where wni means the Ni L3 photon energy, and
Yoo (Awni) = Ygo(mNi) is the electron yield intensity of the absorption of the Co
layer at that energy. The Cu 2 p binding energy is higher (about 933 eV), so that the
Cu layer does not contribute significant background by; at iwni ~ 853 eV.

In a more general way we can write for the background b(fw;) at the photon
energy corresponding to the absorption peak of layer 1

b(hw) = [ Y2 (hwy) [ Je /A0 | (4.4)
i#1 J>i

Here we have also considered the attenuation of the background from layer i by
overlayers j > i on top of layer i. The background contribution Yl.o(hwl) of layer i
can be obtained in analogy to (4.3) as

YO (hwr) = hwicoy (hwy) (1 - e“““t‘(fwl)) . 4.5)

To get a feeling for the deterioration of image quality we will now estimate the
change of L3 absorption image statistics by the Cu and Co overlayers. Since the
detection relies on counting local intensity, the image noise can be described by a
Poisson statistics in which the square of the relative noise O’I%H of a Ni L3 absorption
image is
2 o Ni + bNi.

(4.6)
Yni?

ONi
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The relative noise in the uncapped Ni layer is

) 1
ONj, 00 X Y_O (4.7)
Ni
As a measure of the image deterioration we can define a factor x by which the
exposure time of an image has to be multiplied to get the same relative noise as in the
uncapped Ni layer. The comparison of the squared noise of the capped and uncapped

Ni layer leads to
1 i+ Dni 1

_— = (4.8)
X YN12 Ylgi
from which follows that
s (1 + bNi) 4.9)
X =— — ). .
Ni ni

The first term in (4.9) is just the increase of measuring time needed to compen-
sate the signal attenuation by the overlayers. In the present example it is equal to
exp(dcu/Acu + dco/Aco) (cf. (4.2)). The second term describes the influence of the
enhanced background from overlayers. If we consider only the contribution of the
Co layer to the background, we can use (4.2)—(4.5) and express

bni Y8 (hwwi)
YNi YNOI (thi)e_ (dCo/)\Cn +dCu/>\Cu)

aco(fwyy) (eo/Aco — 1) eden/Acu
B ani (hwni) 1 — e—ani/ANi

(4.10)

Here we have used c;(hwni) = hwnic, and neglected a possible photon energy
dependence of the attenuation lengths, i.e., \;(fw) = \;. For the estimate of the
necessary exposure time, tabulated values of «; (w) can be used. A convenient way
is to use the web interface of the Berkeley server [295]. The values found there are
based on tabulated atomic scattering factors by Henke et al. [296]. They describe the
absorption quite well in the photon energy region outside the main absorption edges,
as for example aco (Awn;i), which is obtained as 11.3 um_l , but fail at the strong Lj 3
resonances, as anj(Awni). The absorption coefficients at these resonances, however,
can be obtained by scaling the experimental absorption curve below the L3 and above
the L, edge to the Henke data, and then taking the scaled values at the peak maxima.
In the present example the tabulated data yield an;(840 eV) = 1.6 um™! below the
Ni L3 edge, and an; (890eV) = 11.6 um_l above the Ni L, edge. From the Ni
absorption spectrum shown in Fig. 4.3, an L3 peak height of 2.5 times the Ni L 3
edge jump is obtained. The absorption coefficient at the Ni L3 maximum is thus
approximated as [1.6 +2.5 x (11.6 — 1.6)] pm~! = 26.6 pm~.

The absorption coefficients of some of the 34 transition metals at the photon
energies of the Fe, Co, and Ni L3 absorption maxima from [295] are reproduced



4.2 Electron Yield Detection of Absorption from Buried Layers 147

Table 4.1 Absorption coefficients in pm~! of some of the 3d metals at the Fe, Co, and Ni L3
edges, from [295]

Cr Mn Fe Co Ni Cu
Fe L3 (707 eV) 11.4 11.7 1.7 (59) 2.1 2.5 2.8
Co L3 (778 eV) 9.8 10.4 11.3 1.7 (47) 1.9 2.3
Ni L3 (853¢eV) 8.0 8.4 10.2 11.3 1.6 (27) 1.9

For the L3 resonances, the numbers before the brackets are for the pre-edge absorption coefficient,
while the numbers in brackets indicate the value at the peak maximum, as calculated from the
absorption edge jump and a peak to edge jump ratio of 5.0, 4.2, and 2.5, for Fe, Co, and Ni,
respectively

in Table 4.1. For the L3 resonances, both the tabulated pre-edge absorption coeffi-
cient and the absorption maximum are given as numbers without and inside brack-
ets, respectively. The latter has been estimated from the scaled edge jump ratio, as
described above.

To estimate the value of x in the example of Fig. 4.3, we can use the already
mentioned literature values for the attenuation lengths A\c, = Ani = 2.5 nm [293],
and A\cy = 2.3 nm [294]. For the conversion of the layer thicknesses from atomic
monolayers (ML) to nanometers we will use vertical interatomic layer distances of
0.170 nm/ML for Ni [297], 0.173 nm/ML for Co [298], and one half of the Cu bulk
lattice constant for Cu (0.181 nm/ML). With these values, bn;i/ Yni in (4.10) becomes
0.51. This Ni L3 background to signal ratio is close to the experimental value of
0.58 taken from Fig. 4.3. Using the calculated value and (4.9), we finally arrive at
x = 3.4. A 3.4-fold increase of exposure time is thus sufficient to compensate the
signal attenuation of Co and Cu overlayers of about 1 nm thickness each on the Ni
absorption signal, and to result in the same signal-to-noise ratio in the final domain
image as it would be for the uncapped Ni layer.

In the general case of detecting the absorption signal of layer k inside a stack of
n layers, one has to replace (4.9) by

Y0 b
k k
=—=1+—), 4.11
X 7 ( + Yk) 4.11)
where now 0
Y_k — Hedi//\i(ﬁwk) (4.12)
Y
i>k

is the attenuation of the signal of layer k, and

S ai(hwp) (1 — e di/Ai(hwi) I1 e—dj/j(hwy)
by _iFk J>i
Vi ag (hw) (1 — e~dk/Acho)y TT e~di/Ai(her)

i>k

(4.13)
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The numerator describes the background contributed by all other layers i # k. The
background of each of these layers is attenuated by higher-lying layers j > i; this
is expressed by the product. Note that this includes also layer k itself in cases i < k.
In practice, however, the background from layers below layer k may be neglected,
except for very thin di. The summed background by is relative to the signal Y; from
layer k, attenuated by all higher layers i > k. This is expressed in the denominator
of (4.13).

Using (4.11)—(4.13), the feasibility of layer-resolved XMCD-PEEM for any lay-
ered system can be estimated on the basis of the absorption coefficients «; and
attenuation lengths \; of the different layers i. In the following we will present some
typical layered systems containing 3d ferromagnetic layers. The first example is
Co/Cu/Ni, the same system as discussed before. To reduce the number of parame-
ters, Ni is now considered as semi-infinite sample. Figure 4.4 shows the measuring
time elongation factor x that is needed to compensate for the presence of the Co/Cu
overlayers when detecting the Ni L3 absorption signal. It is presented by contour
lines as a function of both, Cu layer thickness dc, displayed on the bottom axis,
and Co layer thickness dc, displayed on the left axis. It is seen that, as long as the
overlayer thicknesses are of the order of 1 nm as in the example of Fig. 4.3, correction
factors are well below 10. Of course it will depend on the particular experiment and
spatial resolution which value for x can be considered “feasible”. As a rough rule of
thumb, keeping in mind that magnetic domains from a semi-infinite sample can be

Fig. 4.4 Overlayer Co/Cu on Ni
compensation factor x needed
for Ni L3 electron yield
measurement of a
semi-infinite Ni sample
buried by Co/Cu overlayers as
a function of Cu and Co
overlayer thicknesses.

x describes the increase in
data acquisition time required
to obtain the same
signal-to-noise ratio as
without the Co and Cu
overlayers

Co layer thickness (nm)

\

0.5 1 2 3 5 10
Cu layer thickness (nm)
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Fig. 4.5 Overlayer compensation factor x needed L3 elestron yieldymeasurement of 'a a
semi-infinite NigjFej9 sample buried\by Co/Cu\pver as a fundtion oRCinand Co overlayer

unetion of Cu and
uired to obtain
ur lines

thicknesses, b a semi-infinite Co samplg buried by\Nig e ;3¢Cu overlayss as
Nig; Fe g overlayer thicknesses. x describes the increase\ln\data acquisitionime 1
the same signal-to-noise ratio as without the Co and Cy o sand is presented asco

imaged with reasonable resolution by exposure tirnes han 19, an increase by a
factor of 1,000 could still be tolerable if a few dom: \1‘; 1 s of the\buried layer ar
sufficient, but would be too long if a whole series of {ma eeds to be acquireds
Figure 4.5 shows the same plot for the combination obalt and ‘permalloy
(Nig1Fej9) as magnetic materials. Panel (a) shows the\ne y correction factor
for Fe L3 detection of a NigjFejg9 sample as a function o and Cu overlayer
thicknesses, whereas in panel (b) Co represents the sample, is covered by
and Nig Fe g layers. While the order of magnitude of overlayer thicknesses leading to
acertain x is the same as in Fig. 4.4, both cases displayed in Fig; 4\ slightly more
favorable. This is due to the higher Fe and Co L3 absorption cross s s compared

to Ni L3, cf. Table 4.1. Overlayer thicknesses in Fig. 4.5b are about 5 % higher
than in Fig. 4.5a; this is mainly a consequence of the higher backgrqund\contribution
of the Fe atoms in the permalloy overlayer at the Co L3 photon energy\c ared to
the case when the Fe edge is measured and Co and Cu are overlayers. In latter
case both overlayers have a higher 2p binding energy than Fe, and contributg only
little to the background, as seen also from Table 4.1.

When the thickness of the bottom layer is reduced, the relative weigh he
background contributed by the overlayers, i.e., the second term in (4.11), increa)
This means that in addition to having a smaller signal from that layer, alsq, t
influence of the overlayers on the measuring time increases. Figure 4.6 shows as a
example the dependence of the compensation factor x on the bottom layer thickness
for fixed thicknesses of spacer and top layer of 2 nm each. The two curves correspo
to the two trilayer systems considered in Fig. 4.5a, b. As the bottom layer thicknes
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Fig. 4.6 Dependence of overlayer compensation factor x needed for electron yield measurement
of the bottom layer in a magnetic trilayer on the bottom layer thickness. Shown are the two systems
considered in Fig. 4.5 for fixed thicknesses of the top ferromagnetic layer and the nonmagnetic Cu
spacer layer of 2 nm each. x describes the increase in data acquisition time required to obtain the
same signal-to-noise ratio as without overlayers

is reduced, the relative measurement time increases from x = 9, the value found in
Fig. 4.5 for an infinitely thick bottom layer, in particular for bottom layer thicknesses
below the attenuation length of about 2 nm.

4.3 Imaging Ferromagnetic Materials by X-ray Magnetic
Circular Dichroism

In this section we will present some recent applications of layer-resolved magnetic
domain imaging by XMCD-PEEM. Microscopic layer-resolved imaging is manda-
tory for the investigation of local or microscopic properties of a multilayered magnetic
system. Besides, a microscopic view of the sample has also several advantages for the
investigation of coupling phenomena in magnetic multilayered systems. The thick-
ness dependence of the interlayer coupling, for instance, may be conveniently inves-
tigated by imaging wedge-shaped samples. We will present examples that illustrate
the capabilities of layer-resolved magnetic imaging by XMCD-PEEM. An important
issue of high relevance also for technological applications is the local magnetic inter-
action between two magnetic layers by the magnetostatic stray fields from domain
boundaries. Its investigation requires a microscopic layer-resolved view into the
magnetic domain patterns of the individual magnetic layers. An example has been
already presented in Fig. 3.22 in the previous chapter. At the end of the following
section, the investigation of this interaction by XMCD-PEEM will be discussed.
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4.3.1 NiFe/Cu/Co Trilayers

A first example of layer-resolved magnetic domain images is shown in Fig. 4.7. The
magnetic part of the sample was a trilayer of 5 ML ferromagnetic NiFe at the top,
separated by 5 ML nonmagnetic Cu from 15 ML ferromagnetic Co at the bottom.
To pin the magnetization of the Co layer, the trilayer was deposited on top of a
15 ML FeMn antiferromagnetic layer, and annealed to 450 K after deposition of
the Co layer in order to increase the size of the as-grown Co domains [299]. The
multilayer was grown epitaxially on a Cu(001) single crystal surface. All domain
images in the following are presented as gray-scale coded asymmetry images for
opposite light helicity, i.e., the difference of absorption images acquired for both
helicities of circularly polarized light is divided by the sum. In this way all topographic
features that may be present in the images cancel out, since they do not depend
on the helicity of the exciting X rays. The resulting asymmetry images represent
thus pure element-resolved magnetic information. Different projections of the local
magnetization direction on the direction of light incidence result in different values
of the asymmetry, and are represented by different shades of gray. In Fig. 4.7 the
light was incident from bottom to top, impinging upon the sample surface under an
angle of 30°.

Figure 4.7a shows the as-grown domain image of the ferromagnetic Co bottom
layer, as seen through the NiFe/Cu overlayers from the asymmetry at the Co L3
absorption maximum. No external magnetic fields have been applied. Most of the
image is covered by two different shades of gray. The bright gray areas correspond to
domains in which the magnetization direction is pointing within the film plane to the

(a) Co (b) FeNi

o=\

Fig. 4.7 Layer-resolved magnetic domain images of 5 ML NiFe/5 ML Cu/15 ML Co/15 ML
FeMn/Cu(001). a Magnetic domain image of the Co layer, b magnetic domain image of the NiFe
layer. Crystallographic directions, direction of light incidence, and magnetization directions of some
of the domains are indicated by arrows. The magnetization directions of the two magnetic layers
form an angle of 45°, with the magnetization pointing along (110) crystallographic directions in
the Co domains, and along (100) directions in the NiFe domains
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upper left of the image, along the [110] crystallographic direction, as indicated by an
arrow. In the surrounding dark gray areas the magnetization is oppositely oriented,
and points along [110]. The azimuthal orientation of the crystal with respect to the
light incidence direction is indicated in the center of the figure. In addition to the [110]
and [110] oriented domains, also a few small domains are recognized which display
a brighter white and darker black contrast: Some white areas are seen connecting the
bright gray domains, and two small black domains can be found inside the dark gray
area at the left of the image. They correspond to magnetization directions along [110]
and [110], respectively, 90° to the magnetization of the larger domains. Because of
the azimuthal orientation of the sample, they are more aligned with the light incidence
and thus exhibit a stronger dichroic asymmetry.

Figure 4.7b displays the magnetic domain pattern of the NiFe top layer, obtained
from the XMCD asymmetry at the Fe L3 absorption maximum. Although a first view
tells us that domains in the two layers are correlated, there are significant differences
in the details. Most part of the NiFe domain image is covered by domains of two
different shades of gray. They are somehow correlated to the large bright gray and
dark gray domains of the Co image, although the exact boundaries are different.
Besides these two types of domains, also smaller domains with a different shade of
gray are seen in Fig. 4.7b. Their contrast differs only little from that of the larger
domains, being slightly less bright and slightly less dark, respectively. The magne-
tization directions in the NiFe domains can thus not be identical to the direction of
the corresponding Co domains of panel (a). There, the contrast of the small domains
was higher compared to the contrast of the large predominant domains. Analysis
of the asymmetry shows that in the NiFe layer the domains are magnetized along
(100) in-plane crystallographic directions, 45° different from the (110) magnetiza-
tion directions of the Co layer. The large bright and dark domains in Fig. 4.7b are
thus magnetized along [010] and [010], respectively, as indicated by arrows. The
smaller domains with slightly lower contrast are identified as domains with [100]
and [100] magnetization direction, respectively, as also indicated by arrows in some
of the domains. The latter have a slightly smaller projection on the light incidence
direction, leading to the slightly lower contrast compared to the £[010] directions.

The advantage of layer-resolved magnetic domain imaging is that by compar-
ing the two images taken under identical conditions, conclusions about the local
magnetic coupling between the two layers can be drawn. Detailed comparison of
panels (a) and (b) of Fig. 4.7 shows that nearly everywhere within the field of
view locally the magnetization directions of the NiFe and Co layer form an angle
of 45°. On top of the large bright domains of the Co layer, for example, mostly
bright NiFe domains along [010] are recognized, but also some dark [100] ori-
ented domains, as at the very right and left edges of the image, as well as at the
bottom. On top of the large dark Co domains the NiFe magnetization is predom-
inantly along the dark [010] direction, but also, as at the left edge of the image,
along [100]. The explanation for this behavior comes from a consideration of the
magnetic anisotropy energies of the individual magnetic layers and the magnetic
interlayer coupling energy. The magnetic anisotropy energy is the difference in free
energy for different magnetization directions with respect to the crystallographic
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lattice, and defines the preferred magnetization axes [2, 30]. Its angular dependence
follows the crystal symmetry of the system. In the fourfold symmetric single crys-
talline films of Fig. 4.7, the magnetic anisotropy energy in the film plane must assume
a fourfold symmetric form, with minima along either the four (100), or the four
(110) directions. The magnetic interlayer coupling energy depends only on the rela-
tive angle between the magnetization directions of two ferromagnetic layers that are
separated by a nonmagnetic spacer layer, and exhibit a minimum for either 0°, 90°,
or 180° [31, 283, 300-303]. The images of Fig. 4.7 can be explained by assuming
(110) easy axes of magnetization in the Co layer, (100) easy axes of magnetization in
the NiFe layer, and a 0° preferential coupling between the two layers. If the coupling
energy is much lower than the anisotropy energies of the two layers, the total energy
will have a minimum if the magnetization directions are close to the individual easy
axes, and locally enclose an angle of 45°, as is observed in Fig. 4.7. The interlayer
coupling energy is felt by the growing NiFe layer on top of the Cu/Co bilayer as
an effective field at the interface, pointing locally into the directions of the Co mag-
netization. Even if the coupling energy is much lower compared to the anisotropy
energy, it is sufficient to determine the as-grown domain pattern of the NiFe layer. In
fact it is found to be nearly exclusively oriented by 45° to the Co magnetization. The
only exceptions are found close to the domain walls in the Co layer; this can be the
consequence of an additional, local coupling energy mediated by the magnetostatic
stray fields from the Co domain walls, as will be discussed later in the following
section.

4.3.2 Co/Cu/Ni Trilayers

4.3.2.1 Canting of Magnetization Direction as a Consequence of Competing
Anisotropy and Coupling Energies

Another example for competing anisotropy and interlayer coupling energies are epi-
taxial Co/Cu/Ni trilayers on Cu(001). The magnetic anisotropy energy of epitaxial
Ni films on Cu(001) favors magnetization directions perpendicular to the film plane
(“out-of-plane”) in a certain thickness range [24, 304, 305]. Co films on Cu(001), as
already seen from the previous example (Sect. 4.3.1), are preferentially magnetized
along (110) directions within the film plane (“in-plane”) [306, 307]. The competition
between the anisotropy energies of the individual magnetic layers and the magnetic
interlayer coupling energy in Co/Cu/Ni trilayers is expected to lead to several interest-
ing collinear and noncollinear magnetic configurations. While the anisotropy energy
favors a noncollinear alignment of the magnetization directions along the individual
easy axes, the magnetic coupling energy is lowest when the magnetization of the two
magnetic layers is collinear.

Layer-resolved magnetic domain images of a Co/Cu/Ni trilayer on Cu(001) are
shown in Fig. 4.8. Here, the Co magnetic layer and the Cu nonmagnetic spacer layer
have been prepared as small crossed wedges [308], in which the thickness increases
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Fig. 4.8 Layer-resolved magnetic domain images of Co/Cu/16 ML Ni/Cu(001). Co and Cu layers
have been deposited as crossed wedges; thicknesses are given at the bottom and left axes, respec-
tively. (a, ¢) Magnetic domain images of the Ni layer, (b, d) magnetic domain images of the Co
layer. Images (a, b) and images (c, d) have been taken for different azimuthal orientation of the
incident X rays, as indicated by arrows labelled “hv”. Crystallographic direction and magnetiza-
tion directions in some of the domains are indicated. Different transitions between collinear and
non-collinear magnetization configurations are observed as a function of Co and Cu thicknesses

laterally along orthogonal directions. The thickness dependence of the layer-resolved
domain patterns on both, the thicknesses of the Co and Cu layers, is such converted
into a lateral dependence, which can be imaged in parallel. This results in general
in tremendous savings of measurement time. Within the field of view of Fig. 4.8,
the Co thickness increases from bottom to top, as labelled at the left axes, while
the Cu thickness increases from left to right, as labelled at the bottom axes. The left
images (a) and (c) show the magnetic domain pattern of the bottom Ni layer, the right
images (b) and (d) the domain pattern of the top Co layer. The top and bottom row of
images correspond to different azimuthal directions of X-ray incidence, as indicated
by small arrows labelled “hv”. Acquiring images at the same sample position under
different light incidence angles is a convenient way of vectorial characterization of
local magnetization directions. In particular in a system in which the magnetization
direction may point out of the film plane under oblique angles, which we will see is the
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case in the present system, it is necessary to determine not only the projection of the
magnetization direction onto the X-ray incidence direction, but to obtain information
about the local magnetization directions of both magnetic layers in space. In practice,
because of the immobile set-up of a synchrotron beamline, the sample has to be
rotated azimuthally, keeping or re-finding the same field of view.

Two measurements performed under different azimuthal angles constitute two
linearly independent measurements of the magnetization vector at each position of
the images. Under the assumption that the absolute value of magnetization stays
constant, this is sufficient to determine the two degrees of freedom of the orientation
of magnetization in space, for example azimuthal and polar angle. For a near 180°
change of incidence azimuth, as in Fig. 4.8, the two special cases of pure out-of-plane
magnetization (magnetization direction collinear to the surface normal) and pure in-
plane magnetization can be easily recognized by their behavior of the contrast upon
variation of the light incidence azimuth: For pure out-of-plane magnetization, the
magnetic contrast does not change, because the projection of the incident X rays
onto the surface normal does not depend on the azimuth angle. Identical magnetic
contrast upon 180° rotation of the sample means consequently that the magnetization
direction is aligned along the surface normal. For pure in-plane magnetization, on
the other hand, the projection of the incident X rays on the magnetization direction
will be just opposite for a 180° change of the incidence azimuth, so that a reversal
in grayscale contrast is expected in that case.

Long stripe-like domains of about 5-10 wm width are recognized in Fig. 4.8. In
the Co domain images, the contrast decreases significantly below about 2.0 ML Co
layer thickness. If one had only the information of the upper two images, panels (a)
and (b), available, one could be lead to the conclusion that above that Co thickness Ni
and Co magnetization directions are identical, because the grayscale contrast in this
part of the images appears to be identical. From the bottom row of images, however,
it becomes immediately clear that this conclusion is entirely wrong. The stripes on
the right hand side, for example, obviously show quite different contrast in the Ni
and Co domain images. If it is not a priori clear that the magnetization direction is
confined to a certain plane or axis, it is thus advisable to have some kind of vectorial
characterization available in order to draw the right conclusions.

Comparison of the images obtained under different X-ray incidence angles reveals
regions of nearly complete perpendicular magnetization at the very bottom of the Ni
domain images, i.e., for the lowest Co thicknesses. No change of contrast between
Fig. 4.8a, c is observed there. The behavior in the upper left part of the images, in the
region of higher Co and lower Cu thickness, is completely different. Here the contrast
reverses completely between panels (a) and (c). According to the above discussion the
magnetization direction in the Ni domains is out-of-plane at the bottom of the images.
A darker contrast corresponds here to domains with magnetization pointing out of
the surface, which thus exhibit an antiparallel projection onto the light incidence,
while brighter domains correspond to a magnetization direction pointing into the
surface, as indicated in the images. The magnetization direction in the domains in
the upper left part of the images is along opposite (110) crystallographic directions
in the film plane, as indicated by arrows. Here the brighter contrast corresponds to
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a more parallel alignment of magnetization direction and in-plane projection of the
light incidence, which means [110] in Fig. 4.8a, and [110] in Fig. 4.8c, as indicated
by arrows.

In between the regions of pure out-of-plane and pure in-plane Ni magnetization
direction, a gradual change of contrast is observed in Fig. 4.8c. This corresponds to a
gradual change of the Ni magnetization direction between out-of-plane and in-plane
as a function of both Co and Cu thicknesses. Following the left stripe in panel (c)
that starts with a dark contrast at the bottom and is marked as pointing out of the
sample surface, corresponding to [001] magnetization, its grayscale representation
continuously changes to brighter when going to higher Co thicknesses, while the
surrounding bright area becomes continuously darker. Close to the position marked
by a small white asterisk in Fig. 4.8, this domain and the surrounding domain exhibit
identical shades of gray in panel (c). This continuous change of grayscale corresponds
to a continuous canting of the Ni magnetization direction from [001] to [110] in the
stripe, and from [001] to [110] in the surrounding domain. It is well recognized in
Fig. 4.8c, where the light incidence azimuth is such that its projection onto the [001]
and [110] directions results in opposite sign, while it is nearly not recognizable in
Fig. 4.8a, where these two directions result in similar projections.

This continuous canting of the Ni magnetization direction is the consequence of
the competition between the magnetic anisotropy of the Ni layer favoring perpendic-
ular magnetization, and the magnetic interlayer coupling energy, favoring collinear
alignment with the Co magnetization direction [309]. The Co magnetization direction
is obtained from panels (b) and (d) of Fig. 4.8. Comparing these two domain images,
it is obvious that the contrast reverses upon azimuth rotation in all the region at Co
thicknesses above about 2.0 ML. From this a near-in-plane magnetization direction
of the Co layer can be concluded, as indicated by arrows. The coupling of the Ni
magnetization direction to that Co magnetization leads to the observed magnetiza-
tion canting in the Ni domain images [309]. A corresponding canting should be also
present in the Co layer, but is expected to be much smaller because of the size of
the magnetic anisotropies of the two magnetic layers: The absolute value of the Co
in-plane anisotropy is nearly an order of magnitude larger than the Ni out-of-plane
anisotropy [310].

Below 2 ML Co thickness the contrast from the Co layer decreases strongly. This
can be explained by the coalescence of the Co layer at that thickness. At lower thick-
nesses isolated Co islands may be formed that exhibit superparamagnetic behavior at
room temperature [311]. Interestingly, some faint contrast is still observed just below
2 ML Co thickness. It shows identical grayscale contrast in Fig. 4.8b, d, meaning that
it corresponds to an out-of-plane magnetization, as indicated in the figures. At these
small Co thicknesses the Co anisotropy is obviously strongly reduced, leading to the
observed out-of-plane orientation of Co moments [312]. In this thickness range the
observed ferromagnetic signal of the Co layer at room temperature may be just due
to induced ordering by the interaction with the Ni layer [313].

Summarizing the findings from Fig. 4.8, three qualitatively different phases with
respect to the magnetic ordering are observed in the Co/Cu/Ni trilayers as a function
of Co and Cu thicknesses: A collinear out-of-plane phase at low Co thicknesses, a
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collinear in-plane phase at low Cu thicknesses, and a noncollinear phase at higher
Cu thicknesses, in which the magnetization of the Ni layer points along obliquely
canted angles out of the film plane, while the Co magnetization is nearly in the film
plane. Analysis of the canting angle as a function of Co and Cu thickness provides
information on the relative strength of the competing anisotropy and coupling energy
contributions to the free energy of the system [309]. Magnetic domain imaging on
wedged samples is seen to be an extremely effective way to obtain this information.
Because the two-dimensional Co and Cu thickness space is sampled in parallel,
it results in significantly shorter acquisition times compared to laterally averaging
techniques. The present example shows that using imaging techniques can be quite
advantageous even if only macroscopic properties, like the magnetization directions
of the two magnetic layers in the present example, are to be investigated.

4.3.2.2 Local Magnetic Interlayer Coupling by Domain Wall Interaction

If the thickness of the Cu spacer layer in Co/Cu/Ni trilayers is increased beyond the
thicknesses studied in the previous example, the magnetic interlayer coupling that
tries to align the Co and Ni magnetization directions into a collinear configuration
gets strongly reduced. This coupling is caused by confined electronic states in the
spacer layer [31, 300, 301], and by magnetostatic interaction between the magnetic
layers from correlated roughness at the interfaces with the spacer layer [314]. Both
mechanisms decrease rapidly when increasing the nonmagnetic spacer layer thick-
ness. A weak interlayer coupling offers the opportunity to study other, local coupling
mechanisms by layer-resolved magnetic microscopy, as will be shown below and in
Chap. 3.

Figure 4.9 shows layer-resolved magnetic domain images of a Co/Cu/Ni trilayer
with 6 ML thickness of the nonmagnetic Cu spacer layer. The thicknesses of the
Co and Ni layers are 4 and 15.5 ML, respectively. Shown is the layer-resolved
domain structure after application of a 240 Oe external field. This domain pattern is
qualitatively identical to the as-grown domain pattern, which can be found in [315],
but shows the effect we want to discuss here in a more pronounced way. No canting of
the magnetization directions of neither of the magnetic layers is observed at 6 ML Cu
layer thickness [315, 316], confirming the reduced interlayer coupling compared to
the previous example of Fig. 4.8. The domain image of the Ni layer, shown in panel
(a), exhibits a stripe domain pattern typical for out-of-plane magnetized samples.
Bright and dark stripes correspond to domains with magnetization pointing into the
film plane and out of the film plane, respectively, as indicated in the figure. The
magnetic domain pattern of the Co layer, shown in panel (b), exhibits a similar
stripe domain pattern, however with in-plane magnetization. Here, bright and dark
areas correspond to domains with magnetization along [110] and [110] in-plane
directions, respectively, as indicated by arrows. The direction of light incidence and
crystallographic orientation of the sample are also given in the figure.

Although the magnetization directions in the two magnetic layers are oriented
at 90° to each other everywhere in the images, conforming with the orthogonal
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Fig. 4.9 Layer-resolved domain images of 4 ML Co/6 ML Cu/15.5 ML Ni/Cu(001). a Magnetic
domain image of the Ni layer, b magnetic domain image of the Co layer. White lines indicate the
positions of Ni domain walls, obtained from a contour plot of panel a. Direction of light incidence,
crystallographic direction, and magnetization directions in some of the domains are indicated.
Comparison of the Ni and Co domain patterns reveals the presence of a local coupling mechanism
mediated by magnetic stray fields from the Ni domain boundaries, as explained in the sketch at the
bottom of the figure

arrangement of the individual easy axes of the Ni and Co layers, a certain correlation
between the two domain patterns is evident. Dark, [110]-oriented domains in the
Co layer are predominantly found at the positions of bright, [001]-oriented domains
in the Ni. The same holds for domains with the respective opposite magnetization
directions. Looking at the layer-resolved domain patterns in more detail, however,
yields important deviations from that correlation, close to the domain boundaries.
For a more accurate comparison of the domain positions, the domain walls of the
Ni layer have been redrawn as white lines into the Co domain image. The lines
have been obtained from a contour plot as the contour lines corresponding to 50 %
asymmetry change between bright and dark domains of the Ni image. A systematic
shift of the Co domain pattern to the upper left with respect to the Ni domain pattern
is evident, which amounts on average to 1.5 pm. It is the consequence of a local
magnetic coupling mechanism, mediated by magnetic stray fields emanating from
domain walls. The sketch at the bottom of Fig. 4.9 explains the situation. It shows a
schematic view of the trilayer, in which dark and bright sections represent domains
with magnetization directions indicated by the straight arrows inside the layers. At the
domain walls between the dark and bright domains of the Ni layer, a magnetic stray
field is present outside the Ni layer, as indicated by the curved arrows. Its component
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along the surface normal changes sign at the domain wall. In addition, there is also a
component of the stray field along the film plane. Interaction of that component with
the Co magnetization leads to an additional Zeeman energy, which is minimized for
a parallel alignment of the Co magnetization direction and the in-plane component
of the stray field from the Ni domain boundaries. At the domain walls at which a
bright (“down”) domain in Ni on the left is separated from a dark (“up”) domain on
the right, this is the case if the Co magnetization points from right to left, i.e., has a
bright contrast. Such a configuration is illustrated in the left part of the sketch. The
right part represents the opposite arrangement of Ni domains: A dark (“up”) domain
on the left is separated from a bright (“down”) domain at the right. In this case the
direction of the in-plane component of the stray field, pointing to the right, coincides
with the magnetization direction of the dark domains in Co. The observed shift to
the upper and left of the Co domain pattern reduces thus the Zeeman energy of these
stray fields.

A micromagnetic simulation [315] reveals that the strength of the in-plane com-
ponent of the stray field from the perpendicularly magnetized Ni layer at the vertical
position of the Co layer amounts to nearly 500 Oe at the center of the Ni domain
wall, but decreases rapidly as a function of lateral distance. At only 50 nm distance
from the domain wall center, much less than the shift of the Co domains observed
in Fig. 4.9, it has already decayed to below 10 Oe. The effect of such a sharp lateral
field spike on the Co layer is found to be more spread out by the exchange energy of
the Co layer, which is proportional to the square of the gradient of the magnetization,
and tries to avoid sharp deviations in magnetization direction in space. The effect on
the Co layer was found from the micromagnetic simulations to be about comparable
to a field of 200 Oe, with a width at half maximum of about 100 nm. One can imagine
this exchange-averaging effect like a tip pressing on a membrane, or on the surface
of a soap bubble. The value of 200 Oe is close to the experimentally determined
effect (250 Oe, [315]). The remaining discrepancy between 200 and 250 Oe has been
attributed to the neglect of the fourfold magnetocrystalline anisotropy of the Co layer
in the simulation [315].

The total energy is minimized, strictly speaking, only for a configuration in which
the Co stripe domains are shifted by half the period of the Ni stripe pattern, so that
the Co domain walls are located at the centers of the Ni domains, and vice versa. At
some of the narrower stripes of Fig. 4.9 this configuration is indeed approximately
realized. The energy differences for a different location of the Co domains, however,
are quite small once the “correct” Co domain is located in the closer vicinity of the Ni
domain walls, the only region where the stray fields are sizeable. Other mechanisms,
such as pinning of the Co domain walls by structural or morphological features, may
become comparable in energy, leading to the domain pattern as observed in Fig. 4.9b,
where the wider stripes in Co are not located centric to the Ni domain walls.

Another example, in which 90° domain walls interact across a non-magnetic
spacer layer, is shown in Fig.4.10 [317]. In square-shaped microstructures of a 4 nm
NigiFe19/3 nm Cu/15 nm Co trilayer, elongated stripe-like domains with triangular
edge domains at the two sides of the structure are formed. Figure 4.10 shows layer-
resolved XMCD-PEEM magnetic domain images of such a microstucture. Panel (a)
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Fig.4.10 Layer-resolved XMCD-PEEM magnetic domain images of a 10 x 10 um? microstructure
consisting of a 4 nm Nig;Fej9/3 nm Cu/15 nm Co trilayer. a Magnetic domain images of the NiFe
layer, acquired at the Fe L3 edge, b magnetic domain images of the Co layer, acquired at the Co L3
edge. Images have been taken for two X-ray incidence directions differing by 90°. The left images
display the magnetic contrast sensitive along the horizontal, the right along the vertical direction.
Arrows in b indicate the local magnetization direction. Within the two squares labeled “B1” and
“B2” in (a), different types of domain walls develop in the NiFe layer at the positions of 90° domain
walls of the Co layer: A 270° wall at the position labeled “P1”, and a 90° wall with overshoot
at the position labeled “P2”. From [317] (Copyright IOP Publishing & Deutsche Physikalische
Gesellschaft. CC BY-NC-SA)

at the top shows the magnetic domain pattern of the NiFe layer, panel (b) at the bottom
the corresponding domain pattern of the Co layer. Images have been taken for two
X-ray incidence directions differing by 90°, resulting in vectorial information about
the local magnetization directions in each of the layers. The left images display
the magnetic contrast sensitive along the horizontal, the right along the vertical
direction. Within the domains, the magnetization of the two ferromagnetic layers is
aligned along identical directions. This is a consequence of ferromagnetic interlayer
coupling due to interface roughness-induced magnetic stray fields.

Deviations from that ferromagnetic alignment are seen at the domain walls. The
layer-resolved XMCD-PEEM images allow to identify details of the magnetic con-
figuration at the domain walls. The domain walls separating the elongated domains
appear dark in the image of the Co layer, but show up with a bright contrast in
the NiFe layer image (left images). These domain walls are of the 180° Néel-type,
with magnetization in the domain walls pointing to the left in the Co image and to
the right in the NiFe image. The antiparallel coupling in the domain wall, different
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from the overall parallel interlayer coupling in the rest of the sample, is due to the
magnetostatic interaction between two 180° domain walls, which favors antiparallel
alignment. In this case, in both layers regular 180° Néel domain walls can be formed
to minimize the stray field energy, with opposite magnetization direction within the
walls.

A special case occurs at the boundaries between domains with 90° different mag-
netization direction, like the edge domains at the top and bottom part of the images
of Fig.4.10. Here, the situation is not symmetric any more, since the sense of rota-
tion of magnetization in 90° domain walls is fixed. An antiparallel magnetization
orientation at the domain boundaries in the two layers, which would reduce the mag-
netostatic coupling energy, is only possible if the domain walls in at least one layer
assume a configuration other than a regular 90° domain wall. In the example of
Fig.4.10, two different domain wall configurations in the magnetically softer NiFe
layer are observed: One in which the magnetization between two domains rotates
by 270° instead of 90°, seen at the position labeled by “P1”, and one in which the
magnetization first makes an outward turn into the wrong direction, followed by a
correspondingly larger rotation back in order to complete in total of 90° rotation.
The latter is, for example, observed at the position labeled by “P2”. Both cases lead
to a partially antiparallel alignment of the magnetization in the domain walls, and
lower the magnetostatic energy. Both configurations are energetically prohibited in
a single magnetic layer, but appear in the coupled trilayer system because here the
total free energy, including also the magnetostatic coupling energy, can be lower.

A local coupling mechanism by domain wall stray fields, as presented in these
examples of layer-resolved microscopic domain imaging, is of highest technological
and fundamental importance. It had been proposed to explain the high degree of
antiferromagnetic order found in as-grown weakly coupled multilayers [318], which
is irreversibly lost upon magnetization in an external field. The creeping loss of
remanent magnetization of the magnetically hard layer in hard—soft spin valves after
repeated magnetization cycles of the soft layer [319] has been also attributed to a
stray field domain wall interaction [320].

4.3.3 NiFe/Al,03/Co Trilayers

Local magnetic coupling by domain wall stray fields can also be important in tunnel
junction-like trilayers, in which two metallic ferromagnetic layers are separated by an
insulating oxide barrier. Figure 4.11 shows layer-resolved magnetic domain images
of a NiggFey0/Alp03/Co trilayer [321]. The thicknesses of the NiFe and Co layer
were 4 and 7 nm, respectively, while the alumina barrier was 2.6 nm thick. The
films were deposited on a step-bunched Si(111) substrate with 8° miscut, which
was first covered with 3 nm of CoO in order to make the Co layer magnetically
harder. The whole film structure was capped with 3 nm Al as protection layer. The
presence of the step bunches leads to an in-plane anisotropy of the ferromagnetic
layers. After demagnetization with an AC magnetic field of decreasing amplitude,
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Fig. 4.11 Layer-resolved magnetic domain images of a 4 nm NigoFe;o/2.6 nm Al,03/7 nm Co
trilayer. a Magnetic domain image of the Co layer, b magnetic domain image of the NiFe layer.
The direction of light incidence as well as magnetization directions in some of the domains are
indicated. Black and gray arrowheads in a indicate parallel and partly charged domain walls in the
Co layer, respectively. Comparison of the Co and NiFe domain patterns reveals the local coupling
mediated by magnetic stray fields from the Co domain boundaries, evident by the presence of quasi
walls in the magnetically softer NiFe layer. Reproduced from [321] with permission. Copyright
IOP Publishing. All rights reserved

the magnetically soft NiFe layer was saturated along the easy axis by a field of 3 mT,
higher than the NiFe coercivity, but lower than the Co coercivity.

Figure 4.11a shows the resulting domain image of the magnetically harder Co
layer. A domain structure typical for a magnetic layer with an in-plane anisotropy
is observed, with one pointed white domain and a surrounding black domain. Local
magnetization directions are indicated by arrows. Contrast variations inside the
domains are due to inhomogeneous intensity of the X-ray beam. Two main domain
wall orientations between the two domains are present: One parallel to the easy axis
of magnetization at the bottom of the white domain, indicated by a black arrow-
head, and another one tilted with respect to this axis by about 45°, indicated by a
gray arrowhead. In the former no magnetic charges are present from the adjacent
domains, while the latter represents a charged situation in which the magnetization
directions of the adjacent domains partly point towards each other. We call these
configurations “parallel” and “head-on” domain walls, respectively.

Figure 4.11b shows the magnetic domain image of the magnetically soft NiFe
layer at the same position of the sample. Macroscopically, this layer is saturated with
magnetization pointing to the left. Around the positions of the domain walls in the Co
layer, however, significant deviations from this macroscopic magnetization direction
are observed. While at the position of the parallel domain wall of the Co layer a faint
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bright line is recognized, a relatively broad region with opposite magnetization is
observed close to the positions of the head-on domain wall in the Co layer.

It is clear that the unsaturated bright regions in the domain image of the NiFe
layer are a consequence of the local magnetostatic interaction between the two fer-
romagnetic layers by the stray fields of the Co layer at the position of the domain
walls. The distinct behavior observed for parallel and head-on domain walls can be
explained as follows [321]: For the layer thicknesses of this example, domain walls
in both Co and NiFe layers are expected to be of the Néel type [111]. For the parallel
wall, the domains do not contribute to the domain wall stray field. The stray field of
the Néel wall itself has a component perpendicular to the wall. This stray field leads
to a tilt away from the easy axis of the NiFe magnetization [322], which is visible
in Fig. 4.11 as the faint bright line. For the head-on wall, the main contribution to
the stray field outside the Co layer comes from the domains, similar to the example
in the previous section. It is firstly stronger than that of the Néel wall, and secondly
pointing in the direction opposite to the macroscopic NiFe magnetization direction,
hence along the easy axis of the films. The effect on the NiFe layer is consequently
stronger, and the bright region is more extended than the one above the parallel wall.
At the tip of the Co domain the magnetization directions of the domains in the Co
layer are entirely head-on, and thus the largest effect on the NiFe layer is observed
with an opposite domain of nearly 5 pm size induced by the stray field of the Co
layer.

These examples demonstrate the relevance of the local magnetostatic coupling
at domain boundaries. Despite its obvious importance, surprisingly little work has
focused on this interaction up to now. The reason may be the lack of adequate tech-
niques. To detect and investigate this interaction, which in contrast to the well-studied
globally observable magnetic interlayer coupling acts only locally, a microscopic
technique is needed. In addition, layer-resolution is an important prerequisite to
investigate these coupling mechanisms. XMCD-PEEM is thus one method that is
ideally suited for such kinds of experiments. Another example of a study of local
interlayer coupling by domain wall stray fields has been already presented in Chap. 3.
There, the effect of domains in an iron single crystal on the magnetization reversal
of an ultrathin Fe film is studied using layer-resolved magnetic domain imaging
by magneto-optical Kerr effect microscopy with depth-selectivity, another method
capable of investigating such mechanisms.

4.3.4 Ni/Fe/Co Trilayers

Near-two-dimensional ultrathin films, epitaxially deposited on suitable substrates,
may exhibit structural phases that would not be stable in volume materials. Ultra-
thin epitaxial Fe films are a famous example. If Fe is grown on a Cu(001) single
crystal surface, or on a substrate with a comparable surface lattice spacing, different
structural and magnetic phases occur, depending on thickness. For Fe thicknesses
below approximately 4 ML, a ferromagnetic phase (phase 1) is observed, which
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was characterized as a strained fcc-like [323] or strained bec-like phase [324]. Even
more interesting is the phase that occurs in the subsequent thickness range between
about 4 and 11 ML (phase 2). It exhibits an fcc-like structure and a strongly reduced
magnetic moment [325-327], which had been attributed to a paramagnetic or anti-
ferromagnetic phase of fcc Fe. For Fe thicknesses above 11 ML the film structure
turns into the ferromagnetic bce phase [328], which is also the stable volume phase at
ambient conditions. Numerous studies on ultrathin Fe films on Cu(001) and similar
substrates have been conducted, since this system may reveal details of the interplay
between structure and magnetism.

Layer-resolved magnetic imaging using XMCD-PEEM has also made its contri-
bution by studying the magnetic interlayer coupling across ultrathin fcc Fe films.
Measurements at Fe/Nig; Fej9 multilayers [329] and observations by Kerr effect at
Co/Fe/Co trilayers on Cu(001) [330, 331] had already indicated that fcc Fe films
of phase 2 could possibly mediate an antiparallel coupling between adjacent fer-
romagnetic layers. This could then be indeed confirmed by layer-resolved XMCD-
PEEM magnetic domain imaging [308, 332, 333]. Figure 4.12 shows large-scale
(180 x 290 pum?) as-grown magnetic PEEM images of a crossed double microwedge
of Ni and Fe on 6 ML Co/Cu(001) from [308]. Here an Fe layer was sandwiched
between Co and Ni magnetic layers. Its thickness increases from right to left, as
indicated at the upper axis. The Ni top layer was deposited as a wedge that starts at
the position labelled by “0” at the right axis, and increases in thickness towards the
bottom of the images. Comparing the Co (left) and Ni images (right), it is clearly
observed that the magnetization directions of the Ni and Co layers are opposite
around Fe thicknesses of 5 ML, where the Co image shows a uniform white contrast,
while a dark vertical stripe is recognized in the Ni image. Linescans of the XMCD
asymmetry at the maximum of the respective L3 absorption maxima are shown by
white bullets superimposed to the images. The black line at 4 ML Ni thickness indi-
cates the position at which the linescans have been taken, and at the same time serves
as zero line for the linescans. A negative Ni XMCD asymmetry is thus present at
about 5 ML Fe thickness, opposite in sign compared to the Co XMCD.

A second, less pronounced dark stripe is observed around 11 ML Fe thickness. At
this position also the Co image exhibits some darker contrast, indicating imperfect
saturation. The linescan reveals, however, that the contrast in the Ni image drops
down to about zero, while in the Co image the XMCD signal is still positive. This
has been interpreted as indication for an oscillatory interlayer coupling with a period
of about 6 ML, consistent with the period in the oscillatory interlayer coupling
observed in most non-magnetic fcc transition metals [31]. The Fe thickness of the
second antiparallel coupling region coincides with the transition between phases
2 and 3 of the Fe, and became observable only for higher residual gas pressures
during Fe layer deposition [308], which extends the thickness range in which the
non-ferromagnetic phase 2 of Fe is observed [334, 335].

In addition to the information about the Co and Ni magnetic layers, layer-resolved
magnetic imaging by XMCD-PEEM provides also information about the Fe layer.
From the linescan of the Fe image of Fig. 4.12, beginning and end of phase 2 can
be clearly recognized by the different level of XMCD asymmetry. The drop at about
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Fig. 4.12 Layer-resolved magnetic images of a trilayer of 0-5.7 ML Ni/0-15.5 ML Fe/6 ML
Co/Cu(001), prepared as a crossed double wedge. Images from left to right show the magnetic
domain images of the Co, Fe, and Ni layer, respectively. Two dark stripes in the Ni image at about
5 and 11 ML Fe thickness point towards regions of antiparallel magnetic interlayer coupling across
the fcc Fe layer. Reprinted from [308], Copyright (2000), with permission from Elsevier

4 ML Fe thickness and the increase at about 13 ML are related to the transitions
from phases 1 to 2 and from 2 to 3, respectively. The lower XMCD signal in phase 2
is related to the presence of non-ferromagnetic Fe, enabling non-parallel interlayer
coupling across the Fe layer. The Fe XMCD in phase 2 qualitatively follows that of
the Ni, but is offset to positive values. This indicates that probably some Fe at both
interfaces exhibits ferromagnetism, leading to the observation of a weighted average
of the Co and Ni XMCD in the Fe signal [308].

A clearer sign of an oscillatory magnetic interlayer coupling across an Fe layer
was reported later on in [332]. Figure 4.13 shows layer-resolved magnetic domain
images of a Ni/Fe/Co trilayer on Cu(001) for different Fe thicknesses. The different
images correspond to different positions on the sample, in which the Fe layer was
deposited as a wedge of 2 mm width. In each of the images, the Fe thickness increases
from left to right by 0.24 ML around the value cited below the images. Comparison of
the Co (top) and Ni (bottom) as-grown domain images reveals antiparallel coupling
in the image for 5.3 ML and in the left half of the image for 6.2 ML Fe thickness,
as well as in the image for 11.8 ML and in the right half of the image for 8.7 ML Fe
thickness. Between 6.2 and 8.7 ML Fe thickness only domain patterns with identical
contrast in the Co and Ni images, indicating parallel coupling, are observed. From
that study using layer-resolved magnetic domain imaging, the oscillatory interlayer
coupling across fcc Fe, a nominally magnetic material, was thus confirmed. Similar
investigations revealed also an influence of the strength of the interlayer coupling
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Fig. 4.13 Layer-resolved domain images of 11 ML Cu/8.8 ML Ni/5.3-11.8 ML Fe/§ ML
Co/Cu(001). Top row Magnetic domain images of the Co layer, bottom row magnetic domain
images of the Ni layer. The images show a 40 x 40 pwm? region of the sample. The Fe thickness
increases by 0.24 ML from left to right within each image. Reprinted with permission from [332].
Copyright (2003) by the American Physical Society

across fcc Fe on the onset of ferromagnetic order in very thin Ni layers [333, 336],
and on the spin reorientation transition in thicker Ni films [332].

4.3.5 Ni/FeMn/Co Trilayers

Besides ferromagnetic ultrathin films, also antiferromagnetic materials have
increasingly moved into the focus of interest. This is on the one hand motivated
by fundamental curiosity, since much less is known about the properties of antiferro-
magnetic thin films compared to ferromagnetic films. While techniques like neutron
scattering or Mossbauer spectroscopy have been used already in the sixties for the
investigation of bulk antiferromagnetic materials, the properties of ultrathin antifer-
romagnetic films have mainly remained concealed due to experimental constraints of
these techniques, which in general require thick samples to obtain sufficient signal.
On the other hand, technological interest in antiferromagnetic thin layers has rapidly
increased during the last decade. As outlined in Sect. 1.1, antiferromagnetic films
are increasingly used as a means of pinning and manipulating the magnetization of
adjacent ferromagnetic layers, which is an important issue for all kinds of magnetore-
sistive devices that rely on the independent switching of one out of several different
ferromagnetic layers in a multilayered stack. The presence of the antiferromagnetic
layer on the magnetization reversal of the ferromagnetic layer in such a bilayer usu-
ally manifests itself in two typical phenomena: The first is the exchange bias effect,
as introduced in Sect. 1.1.3, a horizontal shift of the magnetization loop away from
zero field after cooling the sample in a magnetic field through the antiferromagnetic
ordering temperature. The second is a significant increase of the coercivity of the
ferromagnetic layer.


http://dx.doi.org/10.1007/978-3-662-44532-7_1
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Fig. 4.14 a, b Layer-resolved domain images of a 15 ML Ni/FeMn/Co trilayer on Cu(001). The
FeMn and Co layers were deposited as crossed micro-wedges with Co and FeMn thicknesses
increasing from bottom to top and from left to right, respectively, as indicated at the left and
bottom axes. ¢, d The same sample after deposition of an additional Co layer of 3 ML thickness on
top. This layer induces a spin reorientation transition of the top Ni layer from a canted out-of-plane
magnetization direction to an in-plane direction. Left images a, ¢ show the XMCD contrast obtained
at the Co L3 edge, the right images b, d the contrast obtained at the Ni L3 edge. From [337]

In this paragraph we present results of a layer-resolved magnetic domain imaging
study by XMCD-PEEM of a trilayer in which two ferromagnetic layers are separated
by an ultrathin antiferromagnetic layer. Different from that, layer-resolved imaging
can also be used to obtain directly information about the domains in the antiferromag-
netic layer simultaneously to information about the domains of the ferromagnetic
film if magnetic linear dichroism is used as contrast mechanism for the imaging of
antiferromagnetic domains. This will be discussed in Sect. 4.4.

Figure 4.14 shows as-grown layer-resolved magnetic domain images of a
trilayer in which two ferromagnetic layers are separated by a single-crystalline FeMn
antiferromagnetic spacer layer. In the top row, panels (a) and (b), the two ferromag-
netic layers were Co as bottom layer and 15 ML Ni as the top layer. The trilayers
were grown epitaxially on a Cu(001) single crystal substrate. Similar to the sample
presented in Fig. 4.8 in Sect. 4.3.2, the Co layer exhibits a preferred magnetization
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direction in the film plane, while the Ni layer has its magnetic easy axis perpendicular
to the film plane. Panel (a) shows the magnetic domain image of the Co layer, panel
(b) the domain image of the Ni layer at the same position. The Co ferromagnetic
bottom layer and FeMn antiferromagnetic spacer layer were deposited as crossed
micro-wedges, with thicknesses increasing from bottom to top for Co and from left
to right for FeMn, as indicated at the respective axes. The Co layer has mainly
two large domains with bright and dark contrast corresponding to magnetization
directions pointing to the left and right, respectively. The direction of the incoming
X rays is indicated in panel (b). The Ni domain image is more complicated: It shows
a superposition of faint vertical stripes on a domain pattern of many small domains.
The contrast of the stripes changes at the position of the domain boundary of the Co
layer. It is interpreted as a canted magnetization direction in the Ni layer due to the
competition between out-of-plane anisotropy and interlayer coupling to the in-plane
magnetized Co layer, analogous to the situation described in Sec. 4.3.2. The small
domains are domains of the out-of-plane component of the Ni magnetization [337],
and are explained by a laterally fluctuating random pinning of the perpendicular spin
component of the Ni layer during growth on the surface of the antiferromagnetic
FeMn layer [309]. The stripes that are additionally recognized are due to a canting of
the Ni magnetization in these small domains. The in-plane component of the canting
oscillates as a function of FeMn thickness between parallel and antiparallel to the Co
magnetization direction with a period of 2 ML [337]. Such an oscillatory interlayer
coupling across an antiferromagnetic spacer layer is expected for any commensurate
antiferromagnetic spin structure, provided the interface roughness is sufficiently low.

This interpretation is confirmed after inducing a spin-reorientation transition in
the top Ni layer. This can be done by deposition of a thin Co overlayer on top of
the Ni layer. Because of the stronger anisotropy of the Co layer compared to Ni, this
will turn the easy axis of the top layer into the film plane [310]. Figure 4.14c¢, d show
layer-resolved magnetic domain images of the same sample as in panels (a) and (b)
at about the same position after deposition of additional 3 ML Co on top. Now the
preferred magnetization direction of both the bottom and top ferromagnetic layers
is in the film plane. Panel (c) shows the domain image obtained at the Co L3 edge,
panel (d) the image obtained at the Ni L3 edge. Note that now both the bottom and
top ferromagnetic layers contain Co, so that the information obtained at the Co L3
absorption edge is a weighted average of both layers. The Ni image (d), however,
represents solely the domain image of the top layer. From comparison of images (c)
and (d), the domain image of the bottom Co layer can be reconstructed; it is the same
as in panel (a), with a dark domain in the upper right part, and a large bright domain
everywhere else.

Since the magnetization of the top ferromagnetic layer is now fully in the film
plane, the small domains with opposite out-of-plane magnetization component have
vanished. The vertical stripes of the in-plane component, related to regions of alter-
nating parallel and antiparallel alignment of top and bottom magnetic layers as a
function of FeMn spacer layer thickness, are now clearly recognized. At the position
of the domain boundary of the bottom Co layer they consequently reverse contrast.
Interestingly these stripes are not straight, but show some kinks in the bottom half of
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images (c) and (d). This is the region of the Co wedge. The Co bottom layer thickness
increases up to 8 ML, as indicated at the left axis, and then stays constant at a thick-
ness of 8 ML in the region above. The kinks observed in the stripes of alternating
coupling across the FeMn layer are periodic as a function of Co thickness, and disap-
pear once the Co thickness is constant. From the period of these kinks, 1 ML, it has to
be concluded that their origin is related to the roughness at the Co—FeMn interface.
Because of the layer-by-layer growth of Co on Cu(001), the roughness at the surface
of the Co layer oscillates as a function of Co thickness with a period of 1 ML: Films
of integer atomic layer thickness are smoother than films with a half-filled surface
layer. The roughness of the Co—FeMn interface obviously modulates the phase of
the coupling oscillation. Interesting is the saw-tooth-like shape of this modulation,
which allows to draw additional conclusions about the interface coupling between
Co and antiferromagnetic FeMn [338].

From the experiments presented here and other, similar, layer-resolved imaging
experiments on trilayers with FeMn as spacer layer and non-collinear easy axes of the
two ferromagnetic layers, it could be concluded that ultrathin FeMn films exhibit a
three-dimensional non-collinear antiferromagnetic spin structure [337]. While either
the component parallel to the film plane or the component perpendicular to it are
set by the magnetization of the bottom ferromagnetic layer, the other component
is also present, and free to act as if there were no bottom layer. In addition, the
absence of linear magnetic dichroism at the Fe L3 edge points towards a non-collinear
spin structure also within the film plane [337]. Neutron diffraction [339, 340] and
Maossbauer spectroscopy experiments [341] had already revealed a three-dimensional
non-collinear spin structure in bulk FeMn samples. The presented XMCD-PEEM
layer-resolved magnetic images could also confirm the presence of such a non-
collinear spin structure in ultrathin films [337]. This has important implications on
theoretical models of the interaction between ferromagnetic and antiferromagnetic
layers, and for understanding the exchange bias effect along different magnetization
components [342, 343].

4.4 Imaging Antiferromagnetic Materials by X-ray Magnetic
Linear Dichroism

Layer-resolved magnetic imaging of heterostructures containing antiferromagnetic
layers using XMCD as contrast mechanism can already contribute substantially to
the understanding of the magnetic interaction at the AF—FM interface, as could be
seen from the example of Sect.4.3.5. Even more information is obtained if not only
the ferromagnetic layers and the induced ferromagnetic moments in the AF layer
are imaged, but if linear magnetic dichroism in soft X-ray absorption spectroscopy
is used to image also the antiferromagnetic domains.Since the magnetization of
antiferromagnets is zero, and there is thus no defined magnetization direction, circular
magnetic dichroism can not be used to image antiferromagnetic materials. However,
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X-ray magnetic linear dichroism (XMLD), as presented in Sect.2.7.1, is sensitive on
the orientation of the local spin axis, not the spin direction. XMLD may therefore
be used to image antiferromagnetic domains with collinear antiferromagnetic spin
structure.

4.4.1 Magnetic Linear Dichroism as Contrast Mechanism
Jor Layer-Resolved Magnetic Imaging Using PEEM

Magnetic imaging employing XMLD as magnetic contrast mechanism has been
mainly used to visualize antiferromagnetic domains in oxidic antiferromagnets, as
will be presented in the following sections. However, the XMLD effect, although
much weaker than in oxides, is also present in metallic samples. As an introductory
example, Fig.4.15 shows a comparison of layer-resolved magnetic imaging with
XMCD and XMLD [224]. The sample was a bilayer consisting of a ferromagnetic
Co film and an antiferromagnetic FeMn film. The left images show layer-resolved
magnetic domain images obtained with circularly polarized X rays at the same spot of
the sample. Here the contrast was obtained, as explained previously, by calculating the
asymmetry images between raw images taken with opposite helicity of the circularly
polarized X rays. Figure4.15a shows the magnetic domains in the Co layer, panels
(c) and (e) below represent the XMCD signal from the FeMn layer, measured at
the Fe and Mn L3 edges, respectively. It can be seen that the Fe moments follow
the magnetic domain pattern of the Co layer, while the Mn moments are oriented
oppositely. One has to keep in mind that the XMCD asymmetry represents only the
ferromagnetically aligned portion of the respective atomic species.

It has to be mentioned that the crystallographic magnetization directions in the
Co/FeMn bilayer change by 45° between the upper and lower parts of the images. This
is due to the thickness dependence of the antiferromagnetic ordering temperature of
FeMn in contact with in-plane-magnetized Co films, which equals room temperature
at a thickness of about 10 ML [344]. In the sample shown in Fig. 4.15 the FeMn
film was shaped into a micrometer-sized wedge, with thickness increasing from top
to bottom, as labeled at the left axes. Consequently, in the upper parts of the images
with thicknesses below 10 ML the FeMn layer is paramagnetic at room temperature,
while in the lower parts it is antiferromagnetic. The interaction with the Co layer
forces its magnetization direction from (110) to (100) in the bottom part [299].

Figure 4.15b shows an image of the XMLD signal of the Co layer, measured for
constant linear polarization of the X rays as the asymmetry between images taken
with different photon energy close to the Co L3 edge [224]. Because of the higher
symmetry of the set up using linear polarization, domains with opposite magnetiza-
tion direction can not be distinguished any more. Comparing panels (a) and (b) one
can see very nicely how domains that appear black and white in the lower part of
Fig. 4.15a exhibit the same gray contrast in Fig. 4.15b.


http://dx.doi.org/10.1007/978-3-662-44532-7_2
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Fig. 4.15 Magnetic domain images of a FeMn/Co/Cu(001) structure obtained at the L3 edges
of a, b Co, ¢, d Fe, and e Mn. The thickness of the FeMn layer, increasing from the top to the
bottom of each image, is shown on the vertical axis, the thickness of the Co layer was 12 ML.
Crystallographic orientation of the Cu substrate and azimuthal angle of incidence are shown in
panels a and b, respectively. The left and right columns represent the XMCD and XMLD contrast,
respectively. Arrows indicate the domain magnetization. From [224]

As mentioned in Sect. 4.3.5, the spin structure in FeMn films is non-collinear,
therefore no XMLD signal can be detected from the antiferromagnetically ordered
part of the film. However, the small number of ferromagnetically aligned Fe moments
that lead to the domain image shown in Fig. 4.15c, also gives rise to a magnetic linear
dichroism. It can indeed be detected by XMLD-PEEM, as shown in Fig. 4.15d, if
sufficient signal-to-noise statistics is accumulated.

The images of Fig. 4.15 are presented on quite different grayscale ranges: While
the full image contrast between saturated white and saturated black is 20 % in the Co
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XMCD image (a), it has been amplified to 8 % for the Fe (c) and 1.5 % for Mn (e)
XMCD images, and amounts to 3 % in the Co XMLD image (b), and only 0.7 % in
the Fe XMLD image (d). The total acquisition time for image (d) was about 170 min,
during which the relative position between PEEM and sample was sufficiently stable.

The real power of combining XMCD and XMLD domain imaging in layered
structures lies in the investigation of layered samples containing antiferromagnetic
layers with collinear spin structure. This will be discussed in the following for a
number of oxidic antiferromagnetic samples.

4.4.2 Exchange Coupling at the Interface of NiO
and a Ferromagnetic Metal

One of the first antiferromagnetic materials that were studied by XMLD and by
XMLD-PEEM are NiO single crystals and thin layers. Layer-resolved magnetic
domain imaging has been used to investigate the interaction between AF NiO and a
ferromagnet. PEEM studies were performed on thin ferromagnetic layers deposited
onto NiO single crystal surfaces. To be able to distinguish between the two layers,
one makes again use of the chemical selectivity of the signal which is inherent in the
imaging by exciting electrons from core levels. The properties of Co layers on NiO
were investigated in a number of studies [345-348].

Figure4.17 shows domain images for 8 ML Co deposited on a freshly cleaved
NiO(100) surface. The AF domains of the NiO substrate are revealed as shown
above by exploiting the linear dichroism occurring at the Ni L, edge, and presented
in the left column. The images show the well-known stripes running parallel to
the [010] direction in the surface. Using s-polarized light for excitation, only the
in-plane components of the magnetic moment are imaged. Switching to circularly
polarized light and tuning to the Co L3 edge, the ferromagnetic domains in the Co
overlayer are exposed, as shown in the right column. At first sight the domain pattern
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Fig.4.17 Comparison of antiferromagnetic (left column) and ferromagnetic (right column) domain
patterns for 8 ML of Co on NiO(001) and two different azimuthal geometries. Arrows and wavy lines
indicate the directions of the magnetic axes and photon wave vectors, respectively. Linear polar-
ization is labeled p, circular and plane polarization s. Each NiO domain has two corresponding
Co domains with antiparallel spin alignment. Botfom panel The sample is rotated so that the polar-
ization vector is along [110]. The contrast from one subgroup of ferromagnetic domains vanishes.
Reprinted with permission from [345]. Copyright (2001) by the American Physical Society

appears much more complicated, as there are more contrast levels than in the NiO
images, and also the domain shapes appear more complicated. However, the domain
topology is related to the one of the underlying NiO, as some domain walls in the
Co layer coincide with walls in the NiO. One recognizes in the bottom images that
in the NiO domains appearing with bright contrast, the Co shows bright and dark
regions. On the other hand, for the NiO domains appearing with dark contrast, a
uniform intermediate contrast level is observed for Co. The high and low contrast
level in the Co layer arises from ferromagnetic domains the magnetization direction
of which is collinear, either (nearly) parallel or antiparallel to the light helicity. The
uniform contrast in the remaining regions shows that the magnetization direction in
these domains is perpendicular to the light helicity. This is confirmed by imaging
under a different azimuthal orientation of the sample, shown in the top images,
where one finds that also those regions which appear uniform in the middle image
are composed of oppositely magnetized domains. The experiment reveals a uniaxial
anisotropy whose direction is governed by the underlying antiferromagnetic order.
The next step is to derive the relative orientation of the magnetic moments in the
FM and AF layers. The circular dichroism is maximum if the magnetization is either
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Fig. 4.18 Circular (XMCD) and linear (XMLD) X-ray dichroism images of a cleaved NiO(100)
sample covered by 8 ML of Co as grown. The images on the top and middle slices show FM XMCD
images recorded with handed circular polarization at the Co (fop) and Ni (middle) L3 absorption
edges. The bottom slice shows an AFM XMLD image of NiO recorded with linear polarization at
the Ni L, edge. Reprinted with permission from [346]. Copyright (2001) by the American Physical
Society

parallel or antiparallel to the light helicity. This allows determination of the direc-
tion of the magnetization in the ferromagnetic layer. The direction of the magnetic
moments in the antiferromagnet had originally been inferred from a comparison of
the experimental spectra to theoretical modelling [214]. From atomic multiplet calcu-
lations performed for (100) spin orientation it followed that the lower energy feature
of the Ni L, absorption edge is stronger when the electric field of the linearly polar-
ized radiation is perpendicular to the magnetic moments. This led to the conclusion
that the moments in the bright domains are parallel to the direction of light incidence,
as indicated by arrows, and that therefore the moments in the ferromagnetic and anti-
ferromagnetic layers are collinear. As already mentioned in Sect.2.7.1, it had been
recognized later that XMLD strongly depends on the crystallographic orientation
of the spins, and that for a (110) spin orientation the dichroism at the Ni L, edge
even exhibits opposite sign compared to (100) orientation [221]. Reinterpreting the
results of [345], the Ni spins therefore are not, as depicted in Fig.4.17, collinear to
the Co ones, but perpendicular. This revised finding is less surprising than the orig-
inal interpretation, since for a compensated AF interface one may expect spin-flop
coupling, i.e., the moments in the AF and the FM layer should form an angle close
to 90° [349].

To address the issue of exchange bias, one would like to know whether the
antiferromagnet develops uncompensated magnetic moments at the interface to the
ferromagnet. If there were such uncompensated moments the orientation of which
is linked to that of the ferromagnet, they should be detectable by circular magnetic
dichroism at the Ni edge. The result of such an experiment is shown in Fig.4.18.


http://dx.doi.org/10.1007/978-3-662-44532-7_2
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Fig. 4.19 Top XAS and XMCD spectra of Co and NiO. The XMCD difference shows the same
behavior for both species (negative values at the L3 and positive values at the L, edge), indicating
the parallel alignment of Co and Ni spins. Bottom Hysteresis loops of Co and Ni acquired in two
different geometries. The saturation magnetizations of the two Co loops are identical, while the
Ni loops exhibit a small vertical loop shift, originating from pinned interfacial spins. Horizontal
lines serve as a guide to the eye. The horizontal symmetry of the two loops is identical. Co and
Ni loops show a distinct horizontal loop shift and coercivity which is identical for both species,
indicating again the parallel interfacial exchange coupling between “free” interfacial moments and
the ferromagnetic Co layer. From [347]

One indeed observes a small contrast by using circularly polarized light tuned to the
Ni edge [346]. This contrast shows a domain pattern identical to that of the ferro-
magnetic Co domains. The magnitude of the dichroic signal is of course small, since
uncompensated moments may occur only at the interface. From the line shapes of the
Ni and Co absorption edges one can see that there is some intermixing at the inter-
face, which results in partially reduced NiO and partially oxidized Co. The partial
reduction of NiO at the interface is the cause for the occurrence of uncompensated
spins. A detailed characterization of the chemical state of the uncompensated spins
may be derived from the line shape of the circular dichroism spectrum. As far as
the statistical quality of the data allows, one can conclude that the majority of the
Ni moments is in fact in a state similar to the metallic one, however, because of the
small ferromagnetic signal one cannot rule out oxide species completely. From an
analysis of the non-dichroic line shape details one finds that for the Co/NiO system
there is an intermixed region with a thickness of about two layers at the interface.
To which extent these spins are related to exchange bias may be determined from
measurements of element-specific hysteresis loops. If the ferromagnetic layer was
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affected by the interaction with the antiferromagnetic layer across the interlayer, its
hysteresis loop should be shifted horizontally, parallel to the external field axis. As
shown in Fig.4.19, the Co loop of a field-cooled Co/NiO sandwich sample shows
such a shift, amounting to about 120 Oe [347]. In addition, the coercive field is rather
large, about 500 Oe. If in such a sample some of the spins of the antiferromagnet are
pinned due to the interaction with the ferromagnet, they always point in the same
direction, irrespective of the external field. This should manifest itself in a shift of
the hysteresis loop vertically, i.e., like a different saturation magnetization for up and
down. The Ni loop is much more noisy than the Co one since only the uncompensated
spins at the interlayer contribute. Nevertheless, the loop exhibits a horizontal shift
in the same direction as the Co loop. Furthermore, the saturation magnetizations
show a small difference between the two magnetization directions. The total range
of the hysteresis loop is one, and the difference is about 0.1, i.e., one tenth of the
uncompensated spins at the interface are pinned by the coupling to the underlying
antiferromagnetic layer. The coercive field is larger for magnetization in the direction
in which the saturation is smaller. This shows that there is a ferromagnetic coupling
between the pinned uncompensated interface spins of the antiferromagnet and the
ferromagnetic Co film.

The XMCD spectrum shows dichroism of the same sign at the Co and Ni edges.
This is consistent with the previously determined collinear coupling. Furthermore,
it shows that the coupling between the Co moments and the uncompensated Ni
moments is ferromagnetic.

Further experiments of this type have been carried out on other FM/AF systems
[348]. On the whole, the results are analogous to those presented here. However,
with metallic antiferromagnets like IrMn, imaging of the antiferromagnetic domains
by linear magnetic dichroism is not possible due to the small contrast.

4.4.3 CoO/NiO Heterostructures

Measurements on CoO have been attempted, however, because of the Néel temper-
ature of 291 K, one has to cool the sample to ensure a sufficiently high degree of
magnetic order. Since intrinsically the oxides are semiconductors or insulators, this
leads to a strongly reduced conductivity, such that imaging by total electron yield is
not possible. To overcome this problem, ultra-thin films grown on NiO may be used
as samples. From investigations of NiO/CoO super-lattices by neutron scattering it is
known that for short-period superlattices the Néel temperature is the average of the
Néel temperatures of the constituent oxides, weighted by the content of the respective
oxides [350]. Therefore, one may expect that an ultra-thin film of CoO on NiO will
show the same ordering temperature as the substrate. This behavior is also found for
ultra-thin transition-metal films on ferromagnetic substrates. CoO can be prepared
by deposition of Co in an atmosphere of oxygen. Figure4.20 shows the absorption
spectrum of such a film, which is in agreement with that of bulk CoO. By tuning to
the Ni edge, the antiferromagnetic domains in the underlying NiO are imaged. Now
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Fig. 4.20 XAS spectrum (a) and magnetic linear dichroism (b) of CoO grown as ultrathin film
on NiO. Squares show the spectrum derived from PEEM images, the /ine is obtained from a total
electron yield measurement. From [215]

Fig. 4.21 PEEM images of the NiO/CoO surface antiferomagnetic domain structure, obtained by
X-ray magnetic linear dichroism. Left Image obtained at the Ni L, edge, right image obtained at
the Co L3 edge. From [347]

Co L 3 absorption spectra were taken from regions which belong to different NiO
domains. These spectra are also found to differ, as shown by the dichroism spectrum
in the lower portion of Fig.4.20. This spectrum is in good agreement with other
experimental spectra as well as with a calculated spectrum for CoO.
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In the next step, images were acquired with the photon energy tuned to the different
features in the dichroism spectrum. Figure4.21 shows on the left the antiferromag-
netic domains of the NiO substrate, acquired in the same way as described before.
The right panel of Fig.4.21 shows the image obtained by calculating the asymmetry
of the local intensities of the Co Ly 3 XMLD spectrum in a pointwise fashion. It
shows exactly the same pattern as observed for the NiO substrate. Therefore the pat-
tern can be interpreted in terms of antiferromagnetic domains in the CoO thin film.
This shows that in the CoO film the Néel temperature is significantly higher than in
bulk CoO, as expected from the above argument. One may expect that for a film of
8 ML thickness the Néel temperature will be that of the substrate. With increasing
thickness the Néel temperature of bulk CoO should prevail. An interesting issue is the
type of magnetic order present at the surface, and to what extent it is modified by the
substrate. As will be shown below, the surface magnetic order of NiO is influenced
by a ferromagnetic metal deposited on the surface, therefore it is likely that there will
also be a mutual influence between the NiO substrate and the CoO film. However,
to date no experiments have been carried out to address these issues.

4.4.4 Co/LaFeOs Heterostructures

Another system in which layer-resolved magnetic imaging has revealed impor-
tant insight into the interface interaction between antiferromagnetic and ferromag-
netic layers is Co layers on LaFeOs films. The latter can be grown epitaxially on
SrTiO3(001) single crystals, because the lattice constant of SrTiO3(001) matches
both, half the LaFeOj3 unit cell along the ¢ direction as well as along the a—b diag-
onal with only about 0.5 % mismatch [351]. The antiferromagnetic spin axis in thin
films deviates from the one of bulk LaFeOs3. In LaFeO3/SrTiO3(001) it was found to
be inclined with respect to the film plane, with its in-plane projection pointing along
the ¢ direction [351].

LaFeO3, like NiO, is an oxidic antiferromagnet, and exhibits a large XMLD effect
at the Fe L, 3 edges. Its use for magnetic imaging [230] yielded antiferromagnetic
domain patterns that reproduce the crystal orientation of the twinned orientations in
which LaFeOs3 can grow on the fourfold symmetric StTiO3(001) substrate.

Figure 4.22 shows layer-resolved magnetic domain images of a 1.2 nm ferro-
magnetic Co layer on top of a 40 nm LaFeO3 film [352]. The left image shows the
contrast obtained at the Fe L3 edge using linearly polarized X rays, and thus repre-
sents the local directions of spin axes in the buried antiferromagnetic LaFeOs film.
Bright and dark contrast corresponds to high and low intensity at the second peak
of the crystal field-split Fe L3 absorption maximum, as shown in the local absorp-
tion spectra below the image. The X-ray incidence direction is along the vertical of
Fig.4.22. The electric field vector E of the linearly polarized X rays of panel (a)
is parallel to the surface, and thus horizontal with respect to Fig.4.22. Comparison
to calculations and experiments on a-Fep O3 [209] allows to assign higher intensity
at that peak to a more parallel spin direction with respect to the X-ray electric field
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vector, i.e., the spins in the brighter areas are pointing along right—left directions,
while it is up—down in the darker areas. This is sketched in the inset of the bottom
panel of Fig.4.22a.

Tuning the X-ray photon energy to the maximum of the Co L3 absorption maxi-
mum, and using circularly polarized excitation results in the magnetic domain image
of the ferromagnetic Co layer at the very same position. This is reproduced in
Fig.4.22b. Here, three different levels of grayscale contrast can be recognized. They
can be attributed to four different magnetization directions of domains, as shown
below, two of which lead to the same intermediate gray contrast.

The mutual orientation of Fe spins in the antiferromagnetic LaFeO3 layer and
the Co spins in the ferromagnetic Co layer can be directly extracted by comparing
images (a) and (b) of Fig.4.22. Black lines help to overlap identical areas. It is seen
that in this system the preferred orientation of Co magnetization is along the spin
axis of the antiferromagnet, i.e., along its ¢ axis. Dark areas in panel (a) appear either
black or white in panel (b); they correspond to a spin direction parallel to the light
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Fig. 4.22 Layer-resolved magnetic domain images and local X-ray absorption spectra from the
antiferromagnetic and ferromagnetic layers of 1.2 nm Co/40 nm LaFeOs3/SrTiO3(001). a Fe L
edge XMLD image, showing the antiferromagnetic domains in the LaFeO3 layer; b Co L edge
XMCD image, showing the ferromagnetic domains in the Co layer. The in-plane orientations of the
antiferromagnetic axis and ferromagnetic spins are indicated below the images. The spectra shown
underneath were recorded in the indicated areas and illustrate the origin of the intensity contrast.
Reprinted from Ref. [352] by permission from Macmillan Publishers Ltd, Copyright (2000)
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incidence azimuth. Medium gray contrast is found in panel (b) at the positions of
bright areas of panel (a). Both correspond to a spin axis along the horizontal of the
images.

Important information about the coupling between ferromagnetic and antiferro-
magnetic spins at the interface is deduced from such layer-resolved images. The
images shown in Fig.4.22 are from as-grown samples that had not been subject
to external magnetic fields before imaging. Additional insight into the magnetic
coupling mechanism can be obtained if the sample’s reaction on magnetic fields is
monitored by layer-resolved magnetic domain imaging. In PEEM it is not possible to
record images under applied magnetic fields, but images of the remanent state of the
sample after application of magnetic fields of different directions can be acquired.
An example is shown in Fig.4.23. It shows layer-resolved magnetic domain images
of the same Co/LaFeO3 sample as Fig.4.22. The top four images show the ferromag-
netic domains in the Co layer after application of an external magnetic field along the
[100] direction of strength as labeled in the images. Since the detection direction was
also along this axis, bright and dark areas correspond to domains of magnetization
direction in negative and positive field direction, respectively, while gray domains
have their magnetization perpendicular to the field. The bottom right panel shows
the antiferromagnetic domains of the underlying LaFeOj3 layer, imaged with linearly
polarized photons at the Fe L3 edge.

It is seen that by the external field mainly white domains of the Co are switched
into black ones, while the gray domains remain nearly unaffected. Following the
evolution of the contrast at specific positions as a function of external magnetic field
allows to extract local remanent magnetization curves. Two of them are shown in
the bottom left panel for the positions labeled “1” and “2”. These two loops are
shifted to the right and left, respectively, with respect to zero field. This means that
the Co layer is locally exchange biased by the antiferromagnetic LaFeOs3 layer, with
opposite sign at the two positions.

The authors of [353] performed a statistical analysis of more than thousand Co
domains and found a correlation between the domain size and the statistical distribu-
tion of the local exchange bias field. Smaller domains had a wider distribution of bias
fields than larger domains, such that the highest exchange bias fields were observed
in small domains. This finding allows to verify theoretical predictions about the ori-
gin of the exchange bias effect; in particular it is in agreement with the random field
model put forward by Malozemoff [354].

4.5 Time- and Layer-Resolved Magnetic Imaging
by XMCD-PEEM

The pulsed nature of synchrotron radiation allows for the straightforward exten-
sion of layer-resolved magnetic microscopy with synchrotron radiation towards
time-resolved pump—probe experiments. Typical pulse widths of the X-ray pulses in
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Fig. 4.23 Layer-resolved magnetic domain images and local magnetization loops from the anti-
ferromagnetic and ferromagnetic layers of 1.2 nm Co/40 nm LaFeO3/SrTiO3(001). Top and middle
row Co XMCD domain images in remanence, sensitive to the [100] magnetization direction, after
applying fields between 223 Oe along [100]. Bottom right: LaFeO3 XMLD image using linear
polarization along [010]. Bottom left Local remanent hysteresis loops of two domains labeled “1”
and “2” and marked by circles in one of the domain images, showing oppositely oriented local
exchange bias fields. Reprinted with permission from [353]. Copyright [2004], AIP Publishing
LLC

standard operation of a synchrotron light source are around 50-100 ps. These pulses
act like flashes to acquire snapshots of the sample at a certain time, for example, after
the excitation by a magnetic field pulse. Since the intensity of a single X-ray pulse
is by far not enough to obtain a magnetic domain image, such an experiment has to
be performed repeatedly in a stroboscopic way, in which the sample is periodically
excited, and periodic snapshots of the magnetic domain configuration are acquired at
certain fixed phase correlations between the excitation (pump) and the X-ray pulses
(probe). For this, the excitation to the sample has to be synchronized to the X-ray
pulses from the synchrotron light source. First time-resolved pump—probe XMCD
experiments, still without lateral resolution, have been presented in 2001 by Bonfim
etal. [355]. In these experiments, fluorescence yield detection was used to extract the
layer-resolved stroboscopic magnetic response of Co/Al,O3z/NiFe trilayers on mag-
netic field pulses that were periodically applied by a microcoil close to the sample.
Vogel et al. combined two years later the same method with magnetic imaging
using a PEEM in order to obtain in addition lateral resolution [357]. Figure 4.24
shows the schematic set-up of such an experiment. The objective lens of the PEEM
is depicted at the top. Below, a 12.5 pm thick Cu foil isolated by capton sheets is



182 4 Depth-Sensitive Photoelectron Emission Microscopy

PEEM

Fig.4.24 Principle of a time-resolved pump—probe experiment for layer-resolved magnetic domain
imaging by XMCD-PEEM. Current pulses from a pulse generator, synchronized to the synchrotron
X-ray pulses, create field pulses at the sample position in a microcoil. Images are taken for various
time delays Ar between field pulses (pump) and the exposing synchrotron X-ray pulses (probe).
From [356]

wrapped once around the sample. A window of 2 x 3 mm? is cut out from the top
layer of the Cu foil in order to expose the sample surface to the X-ray pulses from
the synchrotron source. A pulse power supply is triggered by the clock signal from
the electron storage ring, and sends periodic current pulses every 1.6 jus through the
Cu foil. In the example sketched in Fig. 4.24 these current pulses exhibit a bipolar
temporal shape of 80 ns overall length, i.e., they consist of a positive followed by a
negative current pulse. This has the advantage of leaving the sample periodically in
the same magnetic state, without the need for an external restoring bias field. The
three rows of graphs at the bottom of Fig. 4.24 symbolize the experiment performed
for three different phase relations between the current or field pulses (bipolar 80 ns
wide curves) and the X-ray pulses (vertical bars). They represent the periodic field
or X-ray intensity plotted as a function of time. The phase relation between field and
X-ray pulses can be characterized by the delay time Ar between the start of the field
pulse and the synchrotron radiation pulse. Repeating the experiment for different
delay times allows to image the response of the sample to the field at a certain time
during the pulses. The three rows of graphs correspond to three different values of
At. In a typical experiment, about 10® pulses are accumulated for an image. Since
the repetition frequency of X-ray pulses at BESSY in the single bunch mode of
operation is 800 ns, the electrons emitted by every second X-ray pulse, which does
not correspond to a magnetic field pulse, has to be blanked out in order to match
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Fig. 4.25 The inset shows a sketch of the experimental set-up in which a microcoil is used to
apply short magnetic field pulses to a sample in front of the objective lens of a PEEM. The graph
shows as a continuous line the temporal shape of the current pulse through the microcoil, converted
into magnetic field strength at the sample position (left axis), the symbols give the lateral apparent
displacement of the PEEM image exerted by the Lorentz force on the electrons leaving the sample
surface (right axis). Reprinted with permission from [358]. Copyright [2004], AIP Publishing LLC

the pulse separation of 1.6 ws. This was achieved by applying a periodic negative
voltage to a retarding grid electron energy analyzer in the PEEM [357].

It is important to know the exact shape of the applied field pulse. This can be
obtained by monitoring the current as a function of time by a fast oscilloscope.
However, depending on the impedance of coil and cable, the current measured at the
oscilloscope may not follow exactly the current at the position of the sample. Another
possibility is to monitor the influence of the magnetic field on the trajectories of the
emitted secondary electrons by the Lorentz force. This is recognized as a shift of the
image of the sample. Figure 4.25 shows as open circles the image shift, evaluated as
the position of a certain characteristic detail of the sample in stroboscopic images,
as a function of the delay time At between current pulse and X-ray pulse (right
ordinate). The continuous line represents the oscilloscope trace of the current of
the pulse power supply, given in units of the magnetic field at the sample position
(left ordinate). A current of about 7.5 A is necessary to create a field of 50 Oe. It
is seen that in this example with moderate rise times of the field pulses both graphs
correspond quite well to each other. A field of 50 Oe leads to an image displacement
of about 3 pm.

Using this method for studying the magnetization reversal dynamics in extended
trilayers, in which two ferromagnetic layers are separated by a nonmagnetic spacer
layer, it could be shown that the domain wall energy, that is the energy that is needed
to create new segments of domain borders, is playing an important role for the speed
of domain wall motion if the domains are small [359]. It may even lead to a significant
delay in the initial expansion of newly nucleated reversed domains [360].
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Fig. 4.26 Time- and layer-resolved XMCD-PEEM images of the magnetization state of the NiFe
(b—k) and Co layers (1) of a4 nm NiggFe»(/2.6 nm Al O3/7 nm Co/3 nm CoO/Si(111) sample. The
field of view in these images is about 100 pwm and the spatial resolution 1 wm. The projection of
the X-ray incidence direction on the sample surface is pointing up in the images (parallel to the
arrow) and is parallel (antiparallel) to the direction of the field for positive (negative) pulses. The
magnetization direction is in the plane of the layers and points up (parallel to the arrow) for black
domains, and down for white domains. The NiFe images were taken for delays between photon and
magnetic pulses of —3, 11, 13, 37, 51, 56, 60, 62, 87, and 97 ns, as indicated in (a). The Co image
was taken for a delay of 60 ns. From [322]

Another example of time- and layer-resolved magnetic imaging by XMCD-PEEM
is presented in Fig. 4.26. It shows stroboscopic domain images of a trilayer consisting
of 4 nm NiggFes, 2.6 nm Al,O3, and 7 nm Co on top of 3 nm CoO/Si(111). The
nonmagnetic Al,O3 layer separates the ferromagnetic NiFe and Co layers. Such
structures are used, for example, in devices utilizing the tunnel magnetoresistance
effect (cf. Fig. 1.1b). The temporal shape of the magnetic field pulses is plotted in
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Fig. 4.26a as a function of time. It consists of a positive and a negative plateau of
about 6 mT field amplitude and lengths of 40 ns each, with rise and fall times of
about 6 ns [322]. At the end of the negative pulse, at about 100 ns delay time, a small
positive overshoot followed by some ringing terminates the pulse sequence.

Figure 4.26b—k show layer-resolved magnetic domain images of the NigyFey(
(permalloy) layer at the delay times listed in the figure caption and marked in panel
(a) by small vertical bars. White and black regions correspond to domains with an in-
plane magnetization direction pointing parallel and anti-parallel to the black arrow,
respectively. Figure 4.261 shows a layer-resolved image of the domains in the Co
layer at a delay time of 60 ns. The amplitude of the field pulses was chosen such
that it affected the magnetization of the magnetically softer permalloy layer, but had
no effect on the magnetically harder Co layer, which was in addition coupled to the
underlying CoO layer [322].

Figure 4.26b represents the domain pattern in the NiFe layer before the pulse. The
domain pattern resembles the one of the Co layer (Fig. 4.261). This is attributed to
the rather strong magnetostatic roughness-induced coupling that tends to align the
magnetization directions in the two magnetic layers. Some residual white domains at
places where the Co layer is magnetized in the black direction are probably created
during the ringing of the previous magnetic field pulse. When the field increases
into the positive direction, first a propagation of the domain walls in the permalloy
layer takes place (Fig. 4.26c). At the maximum of the positive pulse also some
newly nucleated reversed domains become visible (Fig. 4.26d). At the end of the
positive pulse, the permalloy layer is almost saturated except for some remaining
white domains at the right and left bottom (panel (e)). When the field is reversed,
new white domains appear during the rising flank of the pulse (Fig. 4.26f). These
domains are located in the region where the Co layer has a white domain, but also
show up with a quite high probability at the positions of the domain boundaries,
the domain walls. At the end of the negative pulse (Fig. 4.26g), the permalloy layer
seems to be completely saturated in the white direction. Closer inspection actually
shows that faint gray lines are still present at the position where domain walls are
present in the Co layer. These lines grow wider during the positive overshoot at 97 ns
delay time (Fig. 4.26k). From this series of images it is seen that the probability
for domain nucleation during the fast magnetization reversal of the NiggFey( layer
of a NiggFe>0/Al,O3/Co tunnel junction is enhanced at the positions of domain
walls in the underlying Co layer. These measurements reveal thus a local magnetic
coupling between the two ferromagnetic layers at domain walls. Micromagnetic
simulations confirmed this coupling, which is due to local magnetic stray fields
emanating from domain walls [322]. A similar local magnetic coupling mediated by
the stray fields of domain walls has been already presented in Sect. 4.3.2. During the
magnetization reversal, this local coupling to the domain walls acts as an additional
effective field transverse to the field from the current pulses, and induces locally a
small transverse magnetization component in the soft permalloy layer. These regions,
in which the magnetization is not exactly opposite to the external field, experience a
higher torque and are hence subject to a faster switching and thus to a faster nucleation
of reversed domains shortly after the external field is applied. It should be noted that
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the observation of the dynamic effect of such a local coupling mechanism requires
all three features of time-resolved imaging by XMCD-PEEM, namely the lateral
resolution, the layer sensitivity, and the time resolution.

The magnetic field at the sample position in the example described above is basi-
cally determined by the current flow in the bottom turn of the microcoil. The geometry
is thus similar to that of a so-called strip line, in which a current is run through a flat
strip of conducting material on top of which the samples resides. For a given current
the magnetic field decreases with increasing distance from the strip. The minimum
distance between the magnetic film at the sample surface and the bottom part of the
microcoil is limited by the thickness of the substrate. Because of that relatively large
distance high currents are needed to generate sizeable fields, in the above example
7.5 A for 5 mT. This limits the accessible pulse widths or rise times to a few nanosec-
onds. Pulse power supplies for such currents are based on CMOS technology, which
at present does not allow the creation of faster pulses in the current regime of ten
amperes. At lower currents, however, there are several ways of creating faster pulses
such as power supplies based on burst diodes or photoconductive switches. In order
to use such faster pulses for time-resolved magnetic imaging, one has to give up
on the advantage of inserting standard samples into the time-resolved experimental
set-up, as it is possible with the microcoil approach. This is because larger fields at
lower currents can only be achieved if the sample surface is approached to the strip
line. In the limit of close to zero distance of the sample to the strip line, the induced
field H can be approximated by the current / through the strip line divided by two
times the width w of the strip line:

H~ —. (4.14)

Sufficiently close contact between sample and strip line, however, can only be
achieved if the sample is lithographically defined on top of the strip line.

The know-how for the use of such set-ups comes from time-resolved experiments
using the magneto-optical Kerr effect, or magnetic imaging by Kerr microscopy. In
those cases the laser probe pulse in the visible light range can be as short as a few hun-
dred femtoseconds. Transfer of such experiments to XMCD-PEEM imaging has been
already successfully demonstrated. To revert to a reversible starting configuration
before each pulse, only micro-structured single-layered films have been studied up
to now, in which a flux-closure vortex domain pattern has the lowest magnetostatic
energy and thus works as a reversible ground state. Schneider and coworkers used
a strip-line set-up and a fast pulse power supply to study the magnetization reversal
of permalloy elements [362-364]. Pulse widths down to about 1 ns full width at half
maximum were achieved in that way.

Figure 4.27 schematically shows a set-up in which a photoconductive switch is
used for the excitation of current pulses in the strip line. A femtosecond laser is shone
on a region that contains a lithographic gold structure patterned into a finger-like
structure. The laser pulses excite charge carriers in the underlying semiconducting
substrate, which are subsequently carried away through the strip line by the electric
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Fig. 4.27 a Schematics of a (a) XMCD image
time-resolved XMCD-PEEM
experiment using laser e

excitation of a
photoconductive switch
connected to a stripline. Laser
pulses from a femtosecond
laser are synchronized to the
masterclock signal of the
storage ring of the
synchrotron radiation source,
and can be shifted by a fixed
time delay with respect to
each other. b Sketch of the
lithographic switch—stripline
assembly and a scanning
electron microscopy image of
magnetic microstructures on (b)
the stripline. Reprinted with

permission from [361].
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field of an externally applied voltage. For time-resolved imaging with synchrotron
radiation, the laser pulses have to be synchronized to the X-ray pulses from the
synchrotron light source, as sketched in Fig.4.27a. Fig.4.27b shows how the switch
part of the gold structure connects to the stripline, and includes a scanning electron
microscope image of the stripline with magnetic microstructures on top. With such a
set-up, current pulses as short as 70 ps full width at half maximum could be achieved
[361].

With a similar experiment, Choe et al. could image the gyrotropic motion of the
vortex core in the center of a flux-closure domain pattern as a function of time [365].
No such gyrotropic motion was observed in another experiment by Raabe et al., who
used a synchronized laser and a fast photodiode for the pulse generation [366]. This
apparent contradiction was later explained by Cheng et al., who concluded that the
free motion of a magnetic vortex always corresponds to a circular core trajectory,
but that for core displacements above a certain threshold due to nonlinear dynamical
effects transient distortions of the vortex core occur, which give the appearance of a
linear core trajectory in pump—probe experiments [367].

An example of the layer-selective application of time-resolved PEEM is presented
in Fig. 4.28. It shows the result of a time-resolved PEEM experiment on an 8 x 8 um?
FeCo/Cr/NiFe trilayer element with 2.5 nm Cr spacer layer thickness, corresponding
to weak ferromagnetic interlayer coupling between the two ferromagnetic layers. The
structure was excited by bipolar magnetic field pulses, created by current pulses in an
underlying 25 pwm wide strip line [368]. The magnetic microstructure of the element
under study is shown in the inset in the bottom right of Fig.4.28. The bottom curve
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Fig. 4.28 Temporal
evolution of layer-resolved _| O~ NiFel —O— NiFell
magnetic contrast in an —@— CoFel —@— CoFell
8 x 8 um? ferromagnetically
coupled FeCo/Cr/NiFe
trilayer element in response to
bipolar magnetic field pulses,
as depicted in the bottom
panel. Solid symbols
represent the domain contrast
of the CoFe bottom layer,
measured at the photon
energy of the Co L3 edge,
open symbols the domain
contrast of the NiFe top layer,
measured at the photon
energy of the Ni L3 edge. The
top and middle panels are
the results from evaluations of
the XMCD contrast in regions
of the bright and dark domain,
respectively, as shown in the
inset. Reprinted from [368],
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of the figure displays the shape of the bipolar field pulses of about 7 mT, which were
applied at 1.25 MHz repetition rate. Stroboscopic pump—probe imaging at the Co
and Ni L3 edges yields time-resolved information about the response of the magnetic
system in the two ferromagnetic layers. Figure 4.28 shows time traces of the magnetic
XMCD contrast at two positions of the structure, as indicated in the inset. The top
panel corresponds to a position in the domain with the bright contrast, the middle
panel to a region from the dark domain. Overall, the XMCD contrast follows roughly
the time evolution of the magnetic field. A closer inspection, however, reveals distinct
differences in the responses of the different ferromagnetic layers: The XMCD signal
of the bottom CoFe layer, depicted by solid symbols, always lags behind that of
the top NiFe layer, represented by open symbols, by about 250 ps [368]. This can
be explained by the different coercivities of the two layers, which lead to different
switching times for domain wall motion and rotational processes [369].

The presented examples demonstrate how time resolution can be implemented to
layer-resolved magnetic imaging. The further development of such advanced time-
resolved magnetic imaging techniques and its application for the time- and layer-
resolved magnetic imaging of multilayered structures will no doubt be one of the most
promising future directions in the investigation of ultrafast magnetization reversal in
technologically relevant magnetic systems.



Chapter 5
Magnetic Transmission Soft X-Ray Microscopy

The final chapter deals with transmission soft X-ray microscopy (TXM). Similar to
the optical microscopes described in previous chapters, M-TXM is a pure photon-
based technique, but harnesses the specific properties of X-rays, which provides
higher spatial resolution, larger penetration depth, quantifiable and element-specific
magnetic information, and a temporal resolution which is set by the time structure
of the X-ray sources in use. TXMs are becoming now even commercially available
products, and are available at most current synchrotron facilities worldwide. This
chapter describes the basic instrument components of TXMs and will exemplify
their use for layer-resolved (and time-resolved) magnetic microscopies by a few
selected examples.

5.1 Introduction

This chapter describes the basic features of magnetic transmission soft X-ray
microscopy (M-TXM). It uses the same magnetic contrast mechanism as the PEEM
technique, however, as it is a purely photon in/photon out-based technique, M-TXM
is insensitive to external magnetic fields which can be applied during the image
recording. M-TXM is complementary to PEEM in terms of probing depth. Whereas
PEEM relies on detecting electrons which can escape only more or less from the
surface region, M-TXM probes the volume of the specimen. The upper limit is set by
the penetration depth of soft X-rays to about 200 nm, and the lower limit depends on
the signal/noise ratio. Domains from layers as thin as about 1 nm have been recorded
with M-TXM. The spatial resolution that can be obtained is largely determined by
the optical performance of the Fresnel zone plate optical elements, and the time
resolution is limited to the time structure of the X-ray source similar as it is for
PEEM.

The basic concept of M-TXM is to combine the element-selective magnetic infor-
mation of XMCD with the imaging capabilities of a high resolution transmission
X-ray microscope [233, 370-373]. The idea is to image magnetic domain struc-
tures in ferromagnetic thin films, layered systems, and nanostructured elements by
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recording with high spatial resolution the local transmission coefficient of circularly
polarized X rays after their passage through a ferromagnetic sample.
The major differences between M-TXM and PEEM are that M-TXM is

e sensitive to the bulk properties of the sample and
e a purely photon-based technique.

The former property, which reflects the high penetrability of soft X rays in matter
up to about 200nm, allows to study even deeply buried layers. This is of particular
importance since in technological applications layered magnetic systems are often
composed of stacks of multiple different layers the thickness of which may exceed the
escape depth of low-energy secondary electrons. To study the magnetic properties
of each individual layer and its coupling to the other layers in the stack, which
determines the general functionality of the device, layer-resolved magnetic imaging
of deeply buried layers may be required.

The latter property is a major advantage that allows to study the response of mag-
netic domain structures in individual layers upon applying external magnetic fields.
Thus fundamental details in magnetization reversal processes can be addressed. As
we shall see later, these studies can be performed with a spatial resolution that
approaches fundamental length scales such as exchange lengths and grain sizes.

This chapter is organized as follows. First we present some basic considerations
for the absorption of circularly polarized photons in matter. Second, the experimental
technique of M-TXM will be explained in detail with emphasis on the optical com-
ponents as they provide the spatial resolution. After discussing specific requirements
to prepare X-ray-transparent samples, the main part deals with the characteristic
features of M-TXM, thereby demonstrating the strengths and the limitations of this
technique with regard to layer-resolved magnetic microscopy at high spatial and
temporal resolution. The chapter closes with some remarks on future perspectives of
M-TXM such as to push the spatial resolution to below 10 nm and the time resolution
into the femtosecond regime.

5.2 Absorption of X Rays in Transmission Experiments

In contrast to the detection of secondary electrons created in the X-ray absorption
process, as discussed in the preceding section, we now describe the detection of
photons which transmit the sample. While the previous detection method provides
an inherent surface sensitivity, the transmission method is inherently bulk sensitive.
In other words, while there is a maximum probing depth for electrons, the signal in
a transmission experiment has a lower limit with respect to the thickness of suited
samples. It turns out that both techniques complement each other in that respect. In
fact, there is an overlap in the accesible thickness of magnetic films (see Sect.5.3.4)

In the photon energy range below about 50keV the dominant absorption process
of X rays in matter is the photoelectric effect. A beam of photons passing through a
thickness of matter  is not degraded in energy &, but only attenuated in intensity /.
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The attenuation suffered by a photon beam can be shown to follow an exponential
law with respect to d (Beer’s law, see also 2.22)

LE, Z,d) = IH(E) -e *E2Dd (5.1)

with Ip(€) being the incident and I, (€, Z, d) the transmitted beam intensity. The
absorption coefficient « (€, Z) is the characteristic quantity describing the absorbing
material (atomic number Z) and it is directly related to the total internal cross section.
It shows a strong dependence both on the atomic number (ocZ>) and the photon energy
(xE~7/%). Approximate helicity-averaged values for the absorption coefficients of
the 3d ferromagnets have been given in Table 4.1.

From the experimental point of view the most straightforward determination of
a(€, Z) is to measure the incoming and transmitted photon intensities (/o(&), I
(€, Z, d)) and applying (5.1) to give

1 (& Z,d)
a(S,Z)_dln 0©)

(5.2)

The quantity « includes the magnetization-dependent part from the XMCD effect,
see Sect. 2.7.3. We will write o™ for the absorption coefficient for X rays of positive
helicity, and o~ for the absorption coefficient for negative helicity. For imaging
purposes often the asymmetry A is presented, defined as

A_a*—of_a*—a’ (5.3)
T at4a 2a '
with
oy
o= E(a +a—) 5.4)

being the helicity-averaged absorption coefficient.

The asymmetry A defines the magnetic contrast in experiments where the absorp-
tion coefficient is measured, for example in total electron yield measurements as
described in the preceding section. Typical values for this asymmetry are around
27 % for metallic Fe and Co [240], and about 15 % for Ni [242], assuming 100 %
circular polarization.

For transmission experiments, the sample has to be supported by a suitable sub-
strate to account for the limited penetration depth of soft X rays. In most cases
Si3Ny is used because of its low absorption coefficient.! The transmission I, /1o of
Si3N4 membranes with 100 and 200 nm thicknesses, typically used as substrates for
transmission experiments, is depicted in Fig.5.1. Around the L edges of transition
metals, such as Fe, Co or Ni, more than 70 % of the photon intensity is transmitted.

! These substrates are also commonly used in transmission electron microscopy (TEM).
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Before we move to the case of transmission through a multilayered magnetic
structure, let us first consider a single magnetic film of thickness d; on top of a
substrate of thickness dg. The helicity-averaged absorption coefficient of the film is
o] = (ot?' +a;)/2, and the absorption coefficient of the substrate crs. The transmitted
intensity, including the effect of magnetic circular dichroism of the film, is then for
positive helicity

It+ =1- e—(afrdl-&-otsds)’ (5.5)
and for negative helicity

17 = Ip- e~ ditasds), (5.6)
If the resulting asymmetry of the transmitted intensity, defined as
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is calculated, the attenuation of the transmitted X-ray beam due to the supporting
substrate, exp(—oasts), as well as the incident intensity /o cancel out and one arrives
at
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For small d; compared to the absorption length 1/« this simplifies to
of —ap
AR ——— - dj. (5.9)
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From this equation, one iynmediately recognizes the important difference between
the asymmetry A of the abjorption coefficient (5.3) and the asymmetry of the trans-
mitted photon intensity A\(5.9). Firstly, the sign of A; is opposite to that of A;
this follows directly from the\respective definitions (5.3) and (5.7), since A includes
the absorption coefficient, whyle for A; the transmitted intensity, which is smaller
for larger absorption, is the releyant measure. Secondly, for small thicknesses d; the
absolute value of A, is small and proportional to d;. At a thickness d; = 1/« we find
Ay &~ —A. For larger thicknesses\the absolute value of the asymmetry of the trans-
mitted intensity exceeds that of the absorption asymmetry, and finally approaches
asymptotically —1 for very thick layers (cf. 5.8).

The signal-to-noise level in\magketic imaging experiments is governed by the
figure of merit, in this case

where we approximate I; by the heliyi
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comparison, the dotted line represents the relative figure of merit for total electron yi
scaled to one at the maximum
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for Fe, about 37 nm for Co, and 73 nm for Ni. For small thicknesses I; & Iy, and the
behavior of F is dominated by the square of a;. In that regime F follows roughly a

quadratic behavior as
2
+ -
o —o
F%(%) -d3. (5.11)

This means that a reduction of the magnetic layer thickness by a factor of two has to
be compensated by a four times longer exposure time to achieve the same signal-to-
noise ratio. At 1 nm thickness, F' is about or below 1 % of that at dj max. Note that
the transmission of the substrate enters only as an additional factor in F'; the shape
of the curves and the relative height are preserved if the same substrate is used.

To compare to the thickness dependence of total electron yield detection, the thin
dotted line in Fig.5.2 depicts the relative figure of merit of the L3 edge XMCD of
an Fe film on a Cu substrate detected by total electron yield. For the electron escape
depth and the absorption coefficients the values of the preceding chapter were used.
Note that the figures of merit of different detection schemes can not be compared on
an absolute basis, as the intensity of the source, the transmission of the instruments as
well as the efficiency of the detectors enters. The curve is therefore scaled to the same
maximum as the curve for Fe measured in transmission in order to enable a relative
comparison. One has also to keep in mind that in electron yield detection a weighted
average emphasizing the contribution of the surface-near region is obtained, while
transmission results in an unweighted average of the entire film.

We will now consider transmission through a multilayered structure in which the
layersi = 1, 2, ... have thicknesses #; and absorption coefficients ¢;. The transmitted
intensity can then be expressed by

I =1Ip-e % . [Je o, (5.12)
i

where ag and ds denote the absorption coefficient and thickness of the substrate,
respectively. From (5.12) and (5.7) it is seen that, unlike the case of total electron
yield detection, the asymmetry in transmission a; at fixed photon energy caused by
the XMCD effect of a certain layer does not change if other layers are added as long
as these layers do not contribute an XMCD effect at that photon energy. Equation 5.12
also tells us that in a transmission experiment the sequence of the layers does not
play any role. Measuring the XMCD effect of layer A in an A/B/C stacking sequence
gives the same intensity and asymmetry as, e.g., in a C/A/B stacking sequence.

In analogy to the treatment in Sect. 4.2 and to be able to compare to total electron
yield detection we can now examine the overlayer compensation factor x. x is defined
as the prolongation factor for the measuring time needed after adding overlayers to a
magnetic film in order to obtain a magnetic image with the same statistics as before.
From the above discussion it follows that x = Fy/F, where Fj and F are the figures
of merit for the uncapped and capped film, respectively. x is thus simply
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-1

x=]]e 4] . (5.13)

i>2

For better comparison with Sect. 4.2 we present in Fig. 5.3 two-dimensional plots of
x as a function of the thicknesses of two overlayers. Like in Fig. 4.5 we present x
for two examples, a NigjFeg film covered by Co/Cu (a), and a Co film covered by
NigiFe9/Cu (b). Note that in the case of transmission the influence of the thicknesses
of the two different overlayers acts independently on x, thus one could have used also
\ another way of representation. However, the comparison between Figs. 4.5 and 5.3
very instructive, and reveals the major difference between the two approaches to
CD magnetic imaging. Note the different numbers on the axes and at the contour
lines in Figs. 4.5 and 5.3. While adding 5Snm of Co and 5nm of Cu on top of a
Nig Fej9 sample requires a more than 500-fold increase in acquisition time for equal
image\statistics in total electron yield imaging, putting the same overlayers on an
igiFery film in a transmission experiment hardly influences the image quality; the
ired Increase in measuring time is less than 3 %.
ile n total electron yield measurements the sample is probed from the top,
cethere s a strong dependence on the sequence of the layers in a multilayered
stivcturenthis\does not play any role in transmission. The two ways of detection
are thusthighly\complementary. Depending on the questions one wants to address,
and on the s, one may find one or the other approach more appropriate. In
total electron yie e escape length of the electrons limits the detected volume to
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Fig.5.3 Overlayer compensation factor x due to ovexlayers needed for the L3 measurement
of a an Nig;Fej9 film with Co/Cu overlayers as a function of Cu and Co overla icknesses,
b a Co film with Nig;Fe 9/Cu overlayers as a function\of Cu and Nig;Fej9 overlayexthicknesses.
x describes the increase in data acquisition time requireq to obtain the same signal-to-ndigeNtatio
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the near-surface region of the sample. This can be an advantage if, for example,
the layered system under investigation is a magnetic trilayer or spin-valve sample
sitting on top of a pinning structure, synthetic antiferromagnet, or other underlayers
that contain similar elements. It may be a disadvantage if the layers of interest are
buried under relatively thick capping or protecting layers, or if the layered magnetic
structures themselves are too thick for total electron yield detection. In general the
absorption of thinner layers is easier to image by total electron yield detection than
in transmission, as seen from the thin dotted line in Fig. 5.2. Detecting the signal
from layers in a depth of more than a couple of nanometers, on the contrary, is only
possible in transmission.

In addition to the depth-probing behavior, other aspects may need to be consid-
ered. One is the sample structure. While in total electron yield the type of sample
underneath the structure one wants to investigate does not matter as long as the sur-
face can be made conductive and reasonably flat, samples for transmission have to
be prepared on suitable membranes. Studies of samples on single crystal substrates,
as they are presented in Chap. 4, are thus easier for total electron yield imaging by
photoelectron emission microscopy (PEEM). However, the advantages of photon-
only based microspectroscopy has recently triggered intense efforts to grow epitaxial
films on X-ray transparent substrates. One example is the technique of ion beam-
assisted deposition on MgO (IBAD MgO) [374].

Another important aspect is the demand for recording magnetic images in varying
external magnetic fields. While total electron yield detection of X-ray absorption
without spatial resolution works well also under quite strong applied magnetic fields,
the fact that magnetic imaging with secondary electrons in a PEEM relies on the
capability to exactly localize where the electrons are generated prevents in general
the application of even weak magnetic fields. Some efforts have been reported with
specially designed microgap electromagnets which can be used to a limited extent
for PEEM imaging in magnetic field. It has been demonstrated that in this way up
to 33mT magnetic field could be applied locally to the sample without significant
distortion or reduction of lateral resolution [375]. In transmission experiments the
application of arbitrarily high magnetic fields is much easier, since the detected
photons do not interact with magnetic fields. Therefore, investigations of quasistatic
magnetization reversal behavior by layer-resolved magnetic imaging under applied
magnetic field is thus readily achieved with transmission soft X-ray microscopy
(TXM).

With regard to spatial resolution both PEEM and TXM are working to approach
the 10nm regime. So far, TXM is leading the field with a better than 15 nm spatial res-
olution [376]. With the availability of state-of-the-art imaging electron energy filters
the resolution available in XMCD-PEEM imaging has improved and in the future,
better zone-plate production schemes for TXM on the one hand, and sophisticated
aberration-correction schemes for PEEM on the other hand will push the available
resolution in both techniques further into the low nanometer regime.>

2 A completely different approach of X-ray based imaging is the current development of lensless
imaging. Although in principle these techniques should be only limited by the wavelength, so far
the spatial resolution obtained for magnetic imaging is far away from that limit [377, 378].
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5.3 Basic Elements in Magnetic Transmission Soft X-Ray
Microscopy

Magnetic transmission soft X-ray microscopy combines a high-resolution
transmission X-ray microscope with XMCD as magnetic contrast mechanism. This
was successfully demonstrated for the first time in 1996 with a full-field microscope
at BESSY I in Berlin/Germany, where the magnetic domain structure in an amor-
phous GdFe alloy was recorded at the L 3 edges of Fe [233]. Currently, the full-field
transmission soft X-ray microscope (XM-1) jointly operated by the Center for X-ray
Optics and the Advanced Light Source in Berkeley, CA, is the only operational
system worldwide used for magnetic full-field X-ray imaging.’

Instead of using an X-ray optical imaging system, a corresponding scanning trans-
mission X-ray microscope (STXM) to record magnetic microstructures can also be
used [381]. With the help of an interferometric control of the sample stage, a signif-
icant improvement in spatial resolution has been achieved for STXM [382]. Since
first STXM systems have become commercially available, their number at various
synchrotrons is increasing rapidly. Magnetic STXM imaging has been reported, for
example, at the Advanced Light Source in Berkeley [383-386], the Swiss Light
Source [387, 388], the Canadian Light Source [389] and at BESSY II [390, 391].

5.3.1 Fresnel Zone Plates as Optical Elements

The fact that the refractive index of soft X rays is close to unity has prevented the
development of X-ray microscopy for a long time. However, it is now well accepted
that Fresnel zone plates can be used as diffractive optical elements to build an X-ray
microscope [371].

Fresnel zone plates are circular gratings with a radially increasing line density.
Positive interference of the diffracted radiation of a particular wavelength from such
elements occurs at a well-defined downstream position, which is the focal length.
Fresnel zone plates can be fabricated involving state-of-the-art nanofabrication tech-
nologies [392, 393], and their X-ray optical performance is determined by the number
of zones N and the outermost zone width Ar [371].

One easily derives for the diameter D, the focal length f and the numerical
aperture N A of a Fresnel zone plate the following expressions

3 The latest generation of a full-field TXM has been recently installed at BESSY [379, 380]. This
instrument provides high spectral resolution, which makes it unique for spectro-microscopy studies,
with a clear advantage particularly for multi-dimensional imaging. However, the current undulator
source does not provide polarized light and therefore magnetic imaging is not (yet) implemented.
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D =4NAr, (5.14)
4N (Ar)?
f= &7 (5.15)
A
A
NA= > (5.16)
2Ar

with A being the wavelength of the photons (E[keV] = 1.24/X[nm]). The spatial
resolution Ax that can be obtained with a Fresnel zone plate is largely determined
by the outermost zone width Ar and is given by

_ k1A

Ax = —
NA

(5.17)

where k1 is an illumination-dependent constant ranging from 0.3 to 0.61 [394]. For
partially coherent illumination, e.g., for the soft X-ray microscope XM-1 located at
a bending magnet, k; &~ 0.4 and therefore the theoretical resolution is

Ax = 0.8Ar, (5.18)

which means that for a Fresnel zone plate with Ar = 15nm [131] the spatial reso-
lution is 12 nm. The shift of the Rayleigh criterion towards smaller half periods in a
binary pattern with partially incoherent light is shown in Fig. 5.4.

Recent advances in the nanofabrication of Fresnel zone plates have demonstrated
that a spatial resolution approaching 10nm can be achieved [131, 395-397]. Since
isolated lines can be written easily down to the sub-10nm regime, one of the concepts
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Fig. 5.4 Calculated modulation of a dense line binary pattern for a 15nm zone plate and the
dependence on partial coherence showing the shift of the Rayleigh criterion towards smaller half
periods, i.e., better spatial resolution can be obtained with partially incoherent light. From [370]
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N

Fig. 5.5 Scanning electron microscopy micrograph of a Fresnel zone plate with a 15 nm outermost
zone width. From [131]. Reprinted by permission of Macmillan

to achieve high density line patterns for high-resolution Fresnel zone plates consists
of an overlay technique where in the first step only half of the line patterns are
written by electron-beam lithographic techniques, and then in a subsequent step the
remaining lines are positioned in between these lines [131]. Consequently, this is
only possible if the electron-beam system allows for a high accuracy placement of
the second line pattern, which has to be typically one third of the generated features,
i.e., for 15nm features this requires a 5nm accuracy. Figure 5.5 shows a scanning
electron micrograph of a zone plate with 15nm outermost zone width fabricated by
the Center for X-ray Optics in Berkeley, CA.

5.3.2 Experimental Set-Up

The principle of the optical set up in a full-field soft X-ray microscope is similar to
a conventional microscope. It consists of a light source, a condenser, an objective
lense, and a detector. The major difference is that condenser and objective lense are
Fresnel zone plates. The X-ray optical set-up of the endstation XM-1 at the Advanced
Light Source is shown in Fig. 5.6.

It follows the pioneering X-ray microscope design developed by Schmabhl et al.
[372]. XM-1 uses soft X rays emitted from a bending magnet. After passing a plane
mirror, which is coated, e.g., with Ni to reject higher energies, the photons illuminate
a condenser zone plate (CZP) that has a central stop. The CZP provides both a
partially coherent hollow cone illumination of the sample and, in combination with
a pinhole located close to the sample, serves as linear monochromator with a typical
monochromaticity of about A/AX = 500. Thus, at a photon energy of 700eV the
spectral resolution is about 1.3 eV. The photon energy range at XM-1 is between 500
and 1,300eV, thereby covering the water window around a photon wavelength of
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Fig. 5.6 Schematics of the optical set up for the soft X-ray microscope XM-1. A visible light
microscope, which is mutually indexed to the sample stage, serves for prealignment of the sample.
From [370]

2.4nm, most of the L edges of 3d transition metals, and the M edges of rare earth
systems. After the photons have transmitted the specimen, a second Fresnel zone
plate, the microzone plate (MZP), projects a full-field image onto an X-ray-sensitive
two-dimensional charge-coupled device (CCD) detector. It is a backside-illuminated
thinned CCD. The current CCD chip has 2,048 x 2,048 pixels, with a pixel size
of 13.5 x 13.5um?. Typical values for the magnification are between 1,500 and
2,000, yielding a field of view of about 10 wm per image. Depending on the flux of
available photons the illumination time per image is about 1-2 s for samples with a
strong contrast (see discussion in Sect.5.2).

To obtain magnetic contrast through XMCD, circularly polarized X rays emitted
off orbit are selected by an aperture in front of the CZP masking either the top or
bottom half of the incoming radiation. Figure 5.7 displays the magnetic domain
structure observed in an amorphous GdFe system recorded at the Fe L3 edge at
706 eV with radiation 2.5 mm above and below the storage ring’s orbital plane. As
can be clearly seen, the magnetic contrast is reversed upon reversal of the sense of
circular polarization. Dividing such two images by each other allows to eliminate
the non-magnetic background and to enhance the magnetic contrast.

One of the major advantages of magnetic soft X-ray microscopy is that as a pure
photon-in/photon-out technique external magnetic fields can be applied to the sample
during image acquisition, with in principle any strength and any direction. Thus
magnetization reversal processes, such as the evolution of the domains in complete
magnetization switching cycles, can be studied in detail [398]. So far, at XM-1
solenoids with specially shaped pole pieces provide magnetic fields up to several
hundred mT pointing both parallel to the photon beam as well as parallel to the
sample plane.
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Fig.5.7 Magnetic domain structure of an amorphous GdFe sample observed with circular polariza-
tion above and below the orbital plane at the Fe L3 edge showing the reversal of magnetic contrast.
From [227]. Reprinted by permission of AIP
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Fig. 5.8 M-TXM magnetic domain image and intensity profile across the boundary of a magnetic
domain in a (Cog3zCry7)g7Pty3 alloy film showing a lateral resolution of better than 15nm. From
[376]. Reprinted by permission of AIP

A typical example for high-resolution magnetic imaging with M-TXM is shown
in Fig. 5.8, where the magnetic domain structure in a 50nm thin nanogranular
(Cog4Cri6)g7Pt13 layer with a pronounced perpendicular magnetic anisotropy has
been recorded at the Co L3 edge. A common knife-edge analysis of the intensity
profile covering the 10-90 % values reveals a 15nm spatial resolution [376]. The
grain-size distribution of that sample, which was determined from a TEM analysis
[399], peaks at around 20 nm, which allows to conclude that from M-TXM images
it is possible to study the magnetic domain structure on the grain-size level, i.e., on
a magnetically fundamental length scale in that system.

Since the dichroic contrast is given by the projection of the magnetization onto the
photon propagation direction, both out-of-plane- and in-plane-magnetized domains
can be imaged by illuminating the sample at tilted angles with respect to the photon
beam direction (see Fig. 5.9). Currently, at the XM-1 microscope, the samples can be
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Fig. 5.9 The in-plane magnetization M, which is the dominant orientation in thin films, can be
imaged with M-TXM by tilting the sample surface at an angle relative to the photon propagation
direction k in order to obtain a non-vanishing component of M along k

tilted up to 30° thereby decreasing the contrast by a factor of two [400]. Comparing
the domain structure taken under various angles, the M-TXM technique allows to
distinguish between in-plane and out-of-plane contributions. A specific example are
magnetic vortex structures, where there are both in-plane spin structures, the chirality,
as well as out-of-plane spins in the center, the polarity. M-TXM can image both and
is therefore a valuable tool to investigate the physics of magnetic vortex structures,
in particular also their spin dynamics [401-403].

5.3.3 Sample Properties

In order to prepare suitable samples for soft X-ray transmission microscopy, the
limited penetration depth of soft X rays has to be taken into account so as to choose
proper substrates and design the specimen itself (see Sect.5.2). However, similar
considerations apply to samples for transmission electron microscopy, and therefore
the expertise that has been built up by this community over decades can be transferred
into M-TXM easily.*

According to the strong dependence on the atomic number, substrate materials
with a low Z are preferred and, in principle, any substrate that can be fabricated at a
thickness that is transparent to soft X rays can be used. So far, the most commonly
used substrates are Si3N4s membrane windows, even more since they are commer-
cially available in a wide range of frame and membrane sizes and thicknesses. The
attenuation for typical Si3N4 thicknesses of 100200 nm in the soft X-ray regime is
shown in Fig. 5.1. Typical substrates have frame sizes up to a few mm with a typical
frame thickness of 200-500 wm, which makes these substrates easy to handle.

Whereas the polycrystalline Si3N4 substrates work very well for many specimens
in soft X-ray microscopy, there are numerous specimens which require epitaxial
growth, and large efforts are currently undertaken to address this challenge. Amongst

4 The complementarity of Lorentz TEM and M-TXM with regard to in-plane versus out-of-plane
sensitivity of the magnetization allows for interesting studies of various aspects in identical systems.
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other techniques, ion-beam-assisted deposition of biaxially oriented MgO layers has
been developed recently and was used for nanocalorimetry of FeRh thin films [404].

Concerning the low-dimensional magnetic systems of interest, which are gener-
ally thinner than 100 nm, the upper limit of the penetration depth of soft X rays is in
general no limit for M-TXM samples. In fact, such systems match in a perfect way
the penetrability of soft X rays in matter and are the major advantage to study layered
magnetic systems with M-TXM. Regarding the signal-to-noise ratio the challenge
to M-TXM is how thin a layer can be detected.

5.3.4 Sensitivity to Thin Layers

The sensitivity of M-TXM to thin layers shall be illustrated by two examples. Cou-
pled antiferromagnet/ferromagnet systems exhibit an exchange bias effect, as men-
tioned in Sect. 1.1.3, the microscopic origin of which is not yet fully understood.
Figure 5.10a displays the results obtained at the Fe L3 edge (707 eV) of an array
of squared 20nm Mnlr/10nm permalloy (NiggFe», Py) elements showing a four-
domain Landau domain configuration for all sizes, with various senses of rotation.
Since the nominal thickness of Fe in 10 nm Py is only about 2 nm, these results demon-
strate the sensitivity of M-TXM to detect small signals in in-plane configuration
[406]. The observed domain structure is consistent with magnetic force microscopy
(MFM) results, however, M-TXM shows the local Fe magnetization directly rather
than the stray fields, which the MFM technique is probing.

Another example demonstrating the sensitivity limits of M-TXM are ultrathin
ferromagnetic films with perpendicular anisotropy, which are of interest for novel

lum

Fig.5.10 aMagnetic domainpatternin 1x 1 umz 20nm Mnlr/10 nm Py (NigoFe;o) square elements
recorded at the Fe L3 edge (707eV). The bar corresponds to 1 pwm. From [406]. Reprinted by
permission of Elsevier. b Magnetic domain pattern of a 3nm Ta/50nm Cu/3 nm Ta/10nm Py/10nm
Cu/[0.2nm Co/0.6nm Ni]4/0.2nm Co/5nm Pt ferromagnetic multilayer film recorded at the Co
L3 edge (778 ¢eV). The total Co thickness is about 1 nm. From [407]. Reprinted by permission of
Elsevier

3> Nanoheater devices on SizNy membranes, which have been developed for nanocalorimetry of
thin films [405], provide a reliable platform for TXM measurements at elevated temperatures up to
several 100°C.
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spin-based devices, such as spin-transfer torque magnetic random access memories
and spin-torque nano-oscillators [408]. In many cases, layer stacks that consist of
magnetic layers with different easy axis directions can improve spin-transfer device
performance and are therefore the focus of current device physics studies [64]. Prac-
tical devices need low current for magnetization switching as well as stability against
thermal noise; devices with perpendicular magnetic anisotropy combine both. Multi-
layers of [Co/Ni] have perpendicular magnetic anisotropy and high spin polarization
and are thus promising candidates for spin current devices. Of particular interest is
the determination of the magnetic properties of individual magnetic layers in the
composite layer stack in order to understand the interplay between magnetic inter-
actions, such as magnetic anisotropies, the magnetic response and the underlying
magnetic microstructure.

For M-TXM studies, [Co/Ni] multilayers, capped with Pt, were deposited onto
a permalloy (Py)/Cu base layer by evaporation in an ultra high vacuum cham-
ber. The samples, with a complete layer stack 3 Ta/50 Cu/3 Ta/10 Py/10 Cu/[0.2
Co/0.6 Ni],,/0.2 Co/5 Pt (thicknesses in nanometers) were deposited on silicon nitride
(Si3N4) membranes supported by Si substrate frames to allow for sufficient X-ray
transmission. The thickness of the Cu spacer layer, 10 nm, was chosen to magnetically
decouple the in-plane magnetized Py layer from the out-of-plane magnetized [Co/Ni]
multilayer. A Co/Pt capping layer was used to further enhance the interface-induced
perpendicular magnetic anisotropy of the [Co/Ni] multilayer. To address the influ-
ence of the number of bilayers, samples with varying repeats n = 4, 6, and 8, were
studied. The challenge for M-TXM is to achieve sufficiently high signal-to-noise
ratio to resolve the magnetic domain structure in the ultrathin films. Figure 5.10b
shows the domain structure in the n = 4 repeat [Co/Ni] multilayer sample. Evidently,
the XMCD contrast is sufficiently strong to resolve domains with a width of about
100-200nm in a Co layer thickness of about 1 nm.

5.4 Imaging Layered Magnetic Microstructures

5.4.1 Elemental Specificity

The magnetic contrast in M-TXM, i.e., the XMCD effect, provides an inherent
elemental specificity, which allows imaging of an individual element in multi-
component systems. Thus information on the chemical morphology, which influ-
ences drastically the behavior of the global magnetization in the presence of external
fields, can be obtained.

Figure 5.11 shows M-TXM studies of an amorphous Gd,sFe75 system prepared
by magnetron sputtering onto a 350nm polyimide membrane. The X-ray images
were obtained both at the Fe L3 (707eV) (a) and L, (720eV) (b) edges as well as at
the Gd M5 (1,190eV) (c) and M4 (1,222eV) (d) edges [409]. With an on-line contrast
of more than 25 % given by the maximum dichroic absorption close to the absorption
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Fig. 5.11 M-TXM images of an amorphous GdysFe75 layer recorded at the spin—orbit-coupled Fe
L3 (a) and L, (b) as well as at the Gd M5 (c¢) and My (d) absorption edges. Reprinted from [409]
with kind permission from Springer Science and Business Media

edge, dark and light areas can be clearly identified. Hence, they can be attributed to
magnetic domains, where the direction of the local Fe magnetization points in and
out of the paper plane, respectively. With a spectral resolution of about 500, as shown
above, the signals at the L3 and the L, edges in Fe, separated by about 13eV by
spin—orbit coupling, can be easily resolved. The different spin—orbit coupling for the
respective p1,2 and p32 core levels is reflected by the expected change in contrast
between the L3 and the L edge. This reversal is furthermore an unambiguous proof
of the magnetic character of the features observed. An identical domain pattern is
found for the images taken at the corresponding spin—orbit-coupled M5 4 edges of
Gd (Fig. 5.11c, d), which is to be expected for such an amorphous system. However,
the contrast change from parallel (ds,2) to (d3,2) spin—orbit interaction at the relevant
M5 4 edges occurs in reverse direction than at the Fe L3 > edges. One can conclude
that the atomic magnetic moments of the rare earth (Gd) and the transition metal (Fe)
atoms couple antiparallel.

5.4.2 Magnetization Reversal Processes in Nanostructured
Elements

Due to a modified energetic balancing between stray field, exchange, and anisotropy
energies the magnetic domain patterns will be drastically modified if they are confined
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Fig. 5.12 M-TXM image of a series of rectangular NiggFe, elements showing the variation of the
domain structure with the geometrical aspect ratio of the elements. Reproduced from [409] with
kind permission from Springer Science and Business Media

inside structures of various shape and dimensions. Artificially structured elements,
like magnetic nanostructures, are of specific use for such studies.

A prototype system to study the impact of geometry and shape on the magnetic
domain configuration are thin permalloy (NiggFeyo, Py) elements such as squares,
rectangles, or dots. Permalloy is a soft magnetic material with a magnetic permeabil-
ity around 2,000-3,000 and a coercivity at the order of only 100 A/m. Its magneto-
static energy is usually two to three orders of magnitude larger than the anisotropy
energy. Since the most favorable configuration of the magnetization in such elements
is oriented in the plane of the film, such systems need to be studied with M-TXM
in tilted geometry (see Fig. 5.9). Due to the competition of stray field and exchange
energies, the multidomain state is more favorable for specimens with dimensions
larger than the exchange lengths, while small particles form a single domain state
to achieve the magnetic ground state. The question which specific configuration is
formed, and, in particular, the investigation of their characteristic switching behavior,
is of large scientific interest.

The M-TXM image displayed in Fig. 5.12 [409] was obtained at the Ni L3 edge
(852 eV) showing the magnetic domain configuration in a series of rectangular
elements of 50nm thick Py with an aspect ratio (width/length) varying from 1 to
1/3. Atremanence a symmetric four-domain pattern is observed up to an aspect ratio
of 1/2. The known sign of circular polarization allows the unambiguous assignment
of the sense of rotation of the magnetization inside the closed domain structure.
For example, the rotation sense of the magnetization in the square is oriented in
counterclockwise direction, as sketched in Fig.5.13.

The switching mechanisms of each element can be followed from M-TXM images
taken in various external fields (Fig. 5.14 [410]). The direction of the magnetic
field was in the plane of the system and along the short edge (the width) of the
elements. Due to the large field of view in the XM-1 instrument, the whole series
could be recorded within one image and the unambiguity of the magnetic contrast
compared to magnetic force microscopy, which detects stray fields, provides valuable
information. Applying the field along the long side in a rectangular permalloy ele-
ment changes the observed domain pattern drastically. A typical flux closure Landau
pattern obtained in a rectangular element, where the magnetic field is applied along
the long axis, is shown in Fig. 5.15a with increasing field strength from top to bot-
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Fig. 5.13 Direction of the magnetization in the closure domains in a Landau pattern as observed
in the square in Fig.5.12

+Hext

Fig. 5.14 Top to bottom Series of M-TXM images of an array of rectangular permalloy elements
in various applied magnetic fields with the field direction along the short edge, showing the dif-
ferent magnetization reversal processes in each element. From [409]. Reprinted by permission of
IOP Publishing
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Fig. 5.15 a Variation of the static domain pattern in a 1 wm x 2 um rectangular and 50nm thin
permalloy (NiggFeao) element in various external fields, as given on the right. b Comparison with
micromagnetic simulations. From [411]. Reprinted by permission of Elsevier

tom. The circulation of the magnetization in the flux-closure domain pattern inside
the element is clockwise, as can be seen from the fact that with increasing external
field the white domain enlarges. This is in accordance with the projection of the
magnetization derived from the sense of circular polarization.

The domain patterns observed with M-TXM can also be compared to micromag-
netic simulations. In Fig. 5.15b [411] the development of the Landau pattern, starting
from a symmetric pattern at 0 mT, can be followed. The external field applied along
the long edge moves the two vortices down, thereby enlarging the white domain at
higher fields. This demonstrates that the micromagnetic model describes perfectly
the experimental results.

While patterned magnetic thin film elements are widely studied, antidot arrays,
which consist of a continuous film containing a regular array of non-magnetic inclu-
sions or holes, are not so widely studied. However, they are of particular interest
because of the complementary and novel domain configurations, additional magnetic
anisotropies and modification of the magnetization reversal, which in turn affects the
switching fields and the magnetoresistive behavior. Basic configurations for square
antidot arrays with the antidot size greater or equal to the antidot separation exhibit
a periodic checkerboard domain pattern [412, 413].

M-TXM offers the advantage to image fine details of the reversal behavior of
the magnetic spin configurations in antidot arrays. To fabricate antidot arrays on
silicon nitride membranes, one has to avoid regular lift-off techniques [414]. We will
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Fig. 5.16 Schematic diagram showing the fabrication of antidot arrays on silicon nitride mem-
branes: a First hole arrays are fabricated in the membrane by electron-beam lithography, and b
a 40nm-thick cobalt layer is deposited onto the membrane substrate. ¢ SEM image of a 200nm
period antidot array. From [414]. Reprinted by permission of Elsevier

now briefly present some results on a Co antidot array obtained by M-TXM. In a
first step the antidot pattern was written by an electron-beam writer in a polymethyl-
methacrylate (PMMA) resist, which was spin-coated onto a silicon nitride membrane
substrate coated with a 20 nm thick chromium film. Using reactive ion etching (RIE)
this antidot pattern in the PMMA resist was transferred into the chromium thin film,
which was subsequently used as a mask to etch holes into the silicon nitride mem-
brane (100 nm thick) by RIE (see Fig. 5.16a). Finally, a 40 nm thin cobalt film, which
was the ferromagnetic layer, was deposited on the membrane with the holes (see
Fig.5.16b) by DC-magnetron sputtering and capped with a 1 nm thick aluminium
layer to prevent oxidation.

Antidot arrays covering a square area with side length of 10-20 pwm, and antidot
periods p ranging from 2 wm down to 200 nm can thus be fabricated and observed
with M-TXM. A scanning electron microscope (SEM) image of a typical array is
shown in Fig.5.16c¢.

M-TXM results from a study of the spin configuration in Co antidot arrays at the
Co L3 absorption edge are shown in Fig. 5.17. The direction of the applied field, Hg4,
is horizontal in the paper plane, which is parallel to the magnetization sensitivity
direction (MSD). In the as-grown state, flux closure patterns, reminiscent of those in
square elements, are present between the antidots (Fig.5.17a) and include S states
associated with diagonal domains (position 1), Landau states (position 2), and the
flower states associated with whisker (or spike) domains (position 3). The first and
last states have been predicted for antidot arrays by micromagnetic simulations [415].
After application of an in-plane field, chains of domains appear and interesting spin
configurations occur at the chain ends. For example, at the chain ends in the antidot
arrays with circular holes (position 1 in Fig.5.17b), a spin configuration with four
90° walls is seen.
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Fig. 5.17 Antidot arrays with
2 um period: a As-grown flux
closure states in an array with
square holes S state at
position 1, Landau state at
position 2, flower state at
position 3, and b A domain
chain forms upon application
of a magnetic field in an array
with circular holes with the
end of the chain comprising
of four 90° walls. From [414].
Reprinted by permission of
Elsevier

MSD

5.4.3 Domain Structures in Multilayered Systems

So far, we have demonstrated the capabilities of M-TXM with regard to high-spatial-
resolution imaging of magnetic domains upon applying external magnetic fields, and
elemental specificity in multicomponent alloy thin films. We now turn to layered mag-
netic structures. A microscopic understanding of the magnetic coupling of individual
layers in multilayered systems is of fundamental interest, but is also at the forefront
of current technological developments for magnetic storage and sensor devices. To
design a certain functionality, the development of the magnetic microstructure during
a full magnetization reversal process in such systems needs to be explored for each
individual layer in-situ. The high penetrability of soft X rays, the chemical sensi-
tivity, and the purely photon-based approach of M-TXM makes it the ideal tool for
such studies.

As a first example and to demonstrate the capabilities of M-TXM for layer-
resolved magnetic domain imaging, we discuss results obtained in a technolog-
ically relevant PtCo/TbFe system. Its layer sequence is Pt/[0.75nm Pt/0.25nm
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Fig. 5.18 Schematic of the layer structure and the antiparallel orientation of the magnetization of
each layer in a Pt/[0.75 nm Pt/0.25 nm Co]s50/3 nm Pt/25 nm Tb3oFe7o/5 nm Pt system. From [416]

Fig. 5.19 M-TXM images of a Pt/[0.75nm Pt/0.25nm Co]so/3nm Pt/25nm TbzpFe7¢/5nm Pt
system recorded at —3.0 kOe at the a Fe L3 edge and b the Co L3 edge showing an antiparallel
alignment of the magnetization in the two magnetic layers

Co]so/3nm Pt/25 nm TbzgFe;¢/5 nm Pt. This system exhibits a pronounced perpen-
dicular anisotropy. It is expected that the magnetization of the PtCo and the TbFe
sublayers couple antiparallel. The schematic design is displayed in Fig. 5.18.

Given the different elemental composition in that system, the elemental sensitivity
of M-TXM can be utilized to image at high spatial resolution and in varying applied
magnetic fields the magnetic microstructure in the individual layers. Figure 5.19
displays two M-TXM images recorded at remanence, where Fig. 5.19a was taken
at the Fe L3 edge, thereby being sensitive to the magnetic microstructure of the
TbFe sublayer only. While maintaining the same magnetic ordering, Fig. 5.19b was
recorded by tuning the photon energy to the Co L3 edge, yielding magnetic infor-
mation about the [Pt/Co] multilayer. One can easily see that both images exhibit an
irregular domain pattern with the smallest features having sizes below 100nm. By
overlaying the two patterns onto each other, one realizes that the patterns obtained
at the Co and the Fe absorption edges exhibit a reversed contrast. This is an unam-
biguous proof that the magnetic moments of the Fe and the Co atoms are antiparallel
to each other, since the sense of circular polarization of the X rays was identical in
both images.

Complementary to magnetic X-ray microscopy, which images at high spatial res-
olution the local magnetic spin configuration, X-ray resonant magnetic scattering
(XRMS) is another powerful tool that utilizes XMCD as contrast mechanism to
obtain, however, information about the averaged magnetic microstructure in ferro-
magnetic specimens [417-419]. Utilizing s linearly polarized incident radiation,
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Fig.5.20 XRMS data of the Pt/[0.75 nm Pt/0.25 nm Co]5¢/3 nm Pt/25 nm Tb3pFe70/5 nm Pt system
recorded at the Fe and Co L3 absorption edges as a function of magnetic field perpendicular to the
sample plane swept from 7 kOe to —7 kOe and back to 7 kOe. The open symbols correspond to the
Co results (intensity displayed on the left axis), while the solid circles represent the respective Fe
signal (right axis). Note the weaker signal at the Fe edge compared to the Co edge. From [416]

the scattered intensity then contains contributions from magnetic—magnetic and
charge—charge correlations [420]. In the symmetric small-angle scattering geom-
etry, where the scattering vector is contained to the film plane, there would be no
magnetic scattering intensity for a uniformly magnetized sample, while it is max-
imum if a regular domain pattern is present. Fig. 5.20 displays XRMS results for
the identical sample as has been used for the X-ray microscopy studies shown in
Fig. 5.19. Again, the XRMS spectra were obtained at the Fe and Co L3 edges to
investigate in a layer-sensitive manner the magnetization reversal of each individual
layer. The XRMS spectra indicate that upon increasing the external magnetic field a
domain pattern develops firstly in the TbzoFe7q layer, while the [Pt/Co] multilayer is
still saturated. At a somewhat higher external field there are both, domains emerging
in the [Pt/Co] layer and a reduced number of domains in the TbzgFe7q layer. The
largely reduced scattering intensity at the Fe edge at higher fields either indicates a
small magnetization perpendicular to the surface, i.e., a not fully magnetized film as
a consequence of the competition between Zeeman and coupling energies, or a small
number of magnetic inhomogeneities, such as domains.

It is both, the spatially averaging information of XRMS and the locally resolv-
ing magnetic domain structure of M-TXM which provide a complete and coherent
microscopic picture of magnetization processes in such layered structures. Whereas
Fig. 5.19 was taken at remanence, where the individual Fe and Co magnetizations
are coupled antiparallel but with the identical magnetic domain structures, Fig. 5.21
now shows the magnetic microstructure in the [PtCo]/TbFe bilayer system for two
different applied external magnetic fields. The top row clearly shows that at 1.6 kOe
the Co magnetization is still in the saturated state, i.e., no domain formation has yet
occurred, while the Fe-containing layer exhibits already a clear domain structure.
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Fig. 5.21 Layer-resolved M-TXM images of a Pt/[0.75nm Pt/0.25nm Co]so/3nm Pt/25nm
TbzpFe70/5nm Pt system taken at two different applied magnetic fields as indicated at the left
(compare Fig. 5.20), revealing the domain configuration in each of the layers individually. The field
of view is about 6 um in the horizontal direction. Left XMCD contrast at the Co L3 edge, right
XMCD contrast at the Fe L3 edge

The observed magnetic contrast is rather weak, but in agreement with the XRMS
data, where the weak signal suggests that the domains formed in the TbFe layers
are either not fully magnetized normal to the film or small in number. At a some-
what higher magnetic field (panels (¢) and (d) of Fig. 5.21), both layers exhibit a
magnetic domain structure, however there is no correlation observable between the
two patterns. The antiparallel alignment between the domain patterns of the [PtCo]
and the TbFe layers, as shown in Fig. 5.19, develops only at higher magnetic fields
around 3 kOe. This is important information since it shows the magnetic coupling on
a microscopic length scale. M-TXM is the most suited microscopic technique that
provides these results without ambiguity in such a relatively thick sample.

Utilizing dipolar interactions between various adjacent layers in magnetic mul-
tilayers is very attractive from a technological point of view. Some examples of
dipolar interaction mediated by the magnetostatic stray fields from domain walls
have been already presented in Sect. 4.3. To improve the reliability of magneto-
electronic devices and for applications in multilevel magnetic recording, systems
with perpendicular anisotropy are considered as potential candidates. Of particular
interest are spin valve systems, where the different size of the coercive fields in
two layers is utilized. As an example we consider a double layer consisting of Snm
Ta/20nm Co74Tbye/3.5 nm Cu/20 nm CoggTb2/2nm Cu/2 nm Pt.

The macroscopic characterization of its magnetic behavior is shown in Fig. 5.22 by
its M (H) profile obtained by vibrating sample magnetometry (VSM) measurements.
There are two steps in the hysteresis loop indicative of the switching of the two
magnetic layers at different magnetic fields.

Although, other than in the previous example on the PtCo/TbFe system, both
magnetically relevant layers contain the same elements, namely Tb and Co, albeit
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Fig. 5.22 VSM measurement of the spin valve system 5nm Ta/20nm Co74Tboe/3.5nm Cu/20nm
CoggTb12/2nm Cu/2nm Pt indicating the switching of the individual magnetic layers at different
magnetic fields. From [421]

at different compositions, magnetic X-ray images recorded at the Co L3 absorption
edge still allow to study the development of the domain structure in each layer
separately. This is because the hysteretic behavior of the two separate layers with
different composition is different, e.g. they switch at different external magnetic
fields. Furthermore, the dipolar coupling between each layer has a strong impact on
the observed domain structures, if compared to the domain structure and behavior
in uncoupled layers of the same composition. Fig.5.23 shows a sequence of X-ray
images taken around the coercive field of the soft layer at about 480 Oe. The shrinking
of the magnetic domains in the soft layer in Fig. 5.23a—c can be clearly seen, until at
490 Oe only the domain pattern of the hard magnetic layer remains, indicating that
the soft layer has now fully saturated. The boundaries of the remaining domains of
the soft layer in Fig. 5.22a—c close to saturation are mostly positioned at domain walls
of the hard layer. This indicates that indeed a magnetostatic interaction between the
domain walls in the two layers is present.

Another feature related to dipolar interactions in trilayers is the stray field-induced
replication of domains or bit patterns, which is a subject of great interest.

As an example we show experimental results of the domain replication in an all-
perpendicular anisotropy system. Again, combining a soft/Pd/hard multilayer sys-
tem, such as 3nm Pd/[0.2nm Co3gNi7o/1.5nm Pd]30/10nm Pd/[0.3nm Co/0.8 nm
Pd]»0/1.2nm Pd, the magnetic configuration of the hard and soft layers can be inde-
pendently investigated during external magnetic field cycles with M-TXM at the Co
and Ni edges, respectively. Field cycles lead to the formation of a soft layer magnetic
domain state which is identical to the domain configuration previously trapped in the
hard layer.

Hysteresis loops for this system measured at 300 K with the field perpendicular to
the sample plane are displayed in Fig. 5.24a. These data indicate already the different
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Fig. 5.23 M-TXM images of a spin valve system 5Snm Ta/20nm Co74Tbye/3.5nm Cu/20nm
CoggTbi2/2nm Cu/2nm Pt recorded at the Co L3 edge in various fields a 315 Oe, b 343 Oe, ¢
455 Oe, and d 490 Oe within the hysteresis loop. The magnetically hard Co74Tby¢ layer does not
change its domain configuration in this field range, while the soft CoggTbj, layer switches com-
pletely into a fully saturated state at 490 Oe in agreement with the M (H) curve obtained from VSM
(Fig.5.22)

switching in the individual layers. Starting from positive saturation, the major loop
reveals two distinct steps corresponding to the independent reversal of the soft layer
at HI‘\), = 350 Oe followed by the switching of the hard layer at H = 4 kOe. The
minor field cycles for saturated hard layer (dotted line) and for half-reversed hard-
layer magnetization (open symbols) are distinctly different. Sweeping the external
perpendicular magnetic field from +8 to —4.2 kOe, where the hard layer has reversed
half of its magnetization, a domain state is created in the hard layer with about 50 %
up and 50 % down domains. These domains interact via their stray field with the
soft layer, which leads to the different behavior. Fig. 5.24b points out this difference.
It displays the derivative d M /d H of the descending branch of the magnetization
loop during the reversal of the soft layer. If the hard layer exhibits domains (open
symbols), the reversal of the soft layer starts at lower fields H,‘\i, compared to the
saturated hard layer. This is attributed to the magnetostatic interaction between the
two layers [422].

This interpretation of hysteresis data can be directly visualized by layer-resolved
M-TXM. Tuning the photon energy to the Co L3 absorption edge and recording
the domain structures in external magnetic fields perpendicular to the sample plane,
Fig. 5.24c¢ indeed confirms that after reversing half of the hard layer magnetization,
an equal amount of up and down labyrinth domain patterns are visible. Since the
soft layer magnetization is already saturated for the field applied in Fig.5.24c, the
domain configuration measured at the Co L3 edge reflects the hard layer state only.
The reversal of the soft layer can be visualized by tuning the photon energy to the Ni
L3 edge (Fig.5.24d, e). Starting from positive soft layer saturation, one observes the
domain nucleation around O Oe in the soft layer (Fig.5.24d), in perfect agreement
with the magnetization data in Fig. 5.24a. Reducing the field further to about —300 Oe
(Fig.5.24e) leads to a domain pattern in the soft layer that very much resembles the
one of the hard layer (Fig.5.24c¢). This indicates that the changes in the soft layer
reversal originate from the influence of dipolar fields induced by the hard layer
domains on the soft layer. At about —300 Oe, the domain state of the hard layer has
been completely copied (replicated) into the soft layer. It is interesting to note that,
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Fig. 5.24 a Normalized hysteresis loops of a [CoNi/Pd]30/Pd/[Co/Pd]yo soft/Pd/hard multilayer
system measured at 300K. Square solid symbols show the major loop, while the dashed line
and open circles correspond to minor loops with the hard layer in a uniform and a domain state,
respectively. b Derivative of the descending major and minor (solid and open symbols) hysteresis
loop branches. c—e M-TXM images, each 6 x 6 Lm?, showing the magnetic domain configuration
as observed for the three states marked in (a), respectively. Image c is collected at the Co L3 edge
(778eV), while images d and e are obtained at the Ni L3 edge (854eV). Lines mark a particular
magnetic domain in order to facilitate comparison of the images. From [422]

although the same replicated domain state is observed during several successive field
loops, there is no evidence for an identical nucleation sequence.

5.5 Time and Layer-Resolved Magnetic Imaging by M-TXM

The results presented so far in this chapter utilized the elemental specificity of XMCD
and the high spatial resolution of soft X-ray microscopy to study layer-resolved static
domain structures in multilayered and nanostructured ferromagnetic systems. Like
the methods presented in the previous chapters, M-TXM allows to implement time
resolution in order to study, in addition, the spin dynamics in the sub-nanosecond
regime. Time-resolved M-TXM is performed a stroboscopic pump—probe experi-
ment, where the time resolution is given by the inherent time structure of the X-ray
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source. As for time-resolved magnetic imaging using PEEM (Sect. 4.5), this concept
has two fundamental limitations that one should be aware of:

e The time resolution is dictated by the shortest X-ray pulse one can achieve with
current synchrotron sources. This is typically in the sub-nanosecond regime. There
are techniques available to pursue synchrotron experiments with a femtosecond
time resolution, e.g., slicing a part from the electron bunch or to sweep the detector
signal very fast laterally (streak camera). However, due to the massive reduction
in photon intensity, this approach is not a viable way for two-dimensional high-
resolution imaging.

e The limited number of photons per X-ray pulse is even at today’s high-brilliance
synchrotron sources very limited and therefore only a stroboscopic scheme is
feasible. Consequently, this implies that only the reproducible component of spin
dynamic processes can be addressed. The scientifically fascinating and technologi-
cally challenging areas of non-reproducable, e.g., fluctuating fast and ultrafast spin
dynamics, can only be approached in single-shot imaging experiments. Upcoming
facilities for highly intense and ultrashort X-ray pulses such as X-ray free electron
laser sources or other femtosecond sources, including high harmonic generation
lab based X-ray sources, hold the promise to close this gap.

We will in the following present some examples of time-resolved M-TXM studies.
The first example deals with the excitation of a single layer microstructured square
permalloy element with an out-of-plane magnetic field pulse [423]. To excite the spin
dynamics, a pump pulse generating a short magnetic field pulse with a rise time of
100 ps was generated by a voltage pulse launched into a 50 Ohm-matched micro coil,
as schematically shown in Fig. 5.25. The probe is the X-ray flash of the synchrotron,
which is delayed with respect to the pump pulse in steps of less than 20 ps to study
the temporal evolution of the magnetization. Due to the limited photon flux in a
single burst, the typical accumulation time per image is about 3-5s, and about 500

Pulser

- microcoil

risetime 100ps sample

t

Fig. 5.25 Experimental set-up for stroboscopic imaging with a pump-and-probe scheme at the
ALS running in two-bunch mode
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images need to be integrated for each time step. Taking into account the 3 MHz rep-
etition rate of the synchrotron, the sample has undergone for one single image about
103-10° pump—probe cycles. To further increase the signal-to-background ratio, in
this study images with the magnetic field pulse applied in forward (™) and backward
(I7) direction were recorded to obtain a normalized signal (I™ — I7)/(IT + 7).
Generally, as is done with static images, a saturated magnetic image is subtracted
from each image taken for each time step to remove non-magnetic contributions.

Upon excitation with the pump pulse the magnetization starts a precession and
accordingly changes its direction with time. As a function of the delay time between
the pump and the probe pulse one therefore expects a time-varying projection of the
magnetization onto the photon propagation direction, i.e., a time-dependent XMCD
signal as can be seen in the schematic of Fig.5.26.

The bottom row of Fig.5.27 [423] shows time-resolved M-TXM results for a
4pm x 4pum x 50nm Py element. Both the coil and the sample were prepared
by electron-beam lithography onto a Si3N4 membrane. Field pulses of 100 ps rise
time and a maximum field strength of about 50 Oe are generated by an electronic
pulser. The sample is viewed at normal incidence to the photon beam and thus the
static in-plane domain structure (c.f. Fig.5.13) is invisible, while the field pulse
applied normal to the sample plane creates a time-dependent z component of the
magnetization that can be recorded.

If the probe pulse arrives at the sample before the pump pulse, the magnetization
is still in its ground state, and therefore no magnetic contrast is observed. However,
right after the pump pulse the magnetization starts to precess, and the result clearly
shows two different precession frequencies at different locations in the sample. While
the first mode refers to the square as a whole, which can be seen by the overall change
of contrast across the whole square being maximum at 4400 ps, a second mode is
located only at the diagonals in the square, i.e., at the region of the domain walls.
The contrast at the domain walls appears only at later times, visible in the image
for At = 4600 ps. This implies a lower precession frequency at the positions
of the domain walls compared to the regions within the domains. The top row in
Fig.5.27 shows corresponding micromagnetic simulations based on the Landau-
Lifshitz-Gilbert equation (1.1). The agreement between modeling and experimental
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At=—400ps At=+400ps At=+500ps At= +600ps At=+800ps

Fig. 5.27 Top Simulation and borfom Experimental data of the local distribution of magnetization
dynamics in a 4pm x 4pm x 50nm Py element. Different columns show the differential change
in contrast, i.e., the difference between images taken at different delay times, as a function of delay
time between magnetic field pulse and X-ray probe pulse. From [423]. Reprinted by permission of
AIP

22.5 deg 45 deg

90 deg 112.5 deg 135 deg 157.5 deg

Fig. 5.28 Spatially resolved differential images of a 1 x 1 um2 NigoFeyo/Cu/Co trilayer element,
taken at the L3 Ni (fop row) and Co edges (bottom row). The images are recorded at different
delay times of the 250 MHz excitation with respect to the probing X-ray flashes. The time delay
steps correspond to specific phase changes of the sinusoidally alternating excitation field. The image
contrast represents the difference in XMCD intensity of two images taken for 180° different phases.
From [424]. Reprinted by permission of AIP

data is excellent, which indicates that the spin dynamics at sub-ns time scales can be
adequately described by this model.

Such time-resolved studies can also be performed on layered magnetic materials,
playing up the advantage of layer-selective magnetic imaging. Figure 5.28 shows an
example of a scanning transmission X-ray microscopy study ona I x 1 pm? element
of a trilayer composed of a ferromagnetic permalloy (NigoFeo) layer and a Co layer,
20nm in thickness each, separated by 10 nm of nonmagnetic Cu [424]. In static con-
ditions, the two ferromagnetic layers exhibit identical Landau flux-closure domain
patterns, similar to the one shown in Fig.5.13. For the dynamic measurements, the
structure was subject to an in-plane sinusoidal magnetic field of 250 MHz and an
amplitude of 8,000 A/m. To enhance the very weak magnetic contrast, Fig. 5.28, like
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Fig. 5.27, shows the differential XMCD contrast, i.e., the difference between XMCD
images recorded at the eight different phase angles during a field cycle, as labeled
at the top of the images, and the corresponding XMCD images recorded at 180°
different phase. The upper row shows images taken at the photon energy of the Ni
L3 edge, corresponding to the magnetic domain configuration in the NigoFey( layer,
the bottom row shows images acquired at the Co L3 edge, representing the Co layer.
It is evident that the dynamic response to the AC magnetic field is different in the two
layers. Whereas the contrast change in the center of the magnetically softer NiggFeyq
layer is positive (bright contrast) at phases around 90°, the magnetically harder Co
layer exhibits dark contrast. The contrast patterns of the NiggFeoo layer at O and
157.5° point towards a displacement of the vortex core in the center of the Landau
domain pattern to the left and right, respectively, and indicate thus a circular-like
vortex core motion in the NiggFeo layer [424]. The motion of the domain pattern
in the Co layer is not so easily identified from the images shown in Fig.5.28, but is
clearly different from that of the NigoFeyg layer, suggesting a magnetostatic repulsion
between the two vortex cores in dynamic conditions.

5.6 Future Perspectives

Magnetic transmission X-ray microscopy is a powerful technique that allows to
investigate the static and dynamic character of magnetic structures in a variety of
nanoscale, multicomponent, and multilayered magnetic materials. The diffraction
limit of soft X rays is far below the spatial resolution that can be addressed with
current Fresnel zone plates used as optical element, which leaves therefore a lot
of room for further improvements. Fundamental length scales such as magnetic
exchange lengths are within reach with the current strategy to fabricate zone plates
with an outermost zone width down to 10nm and below.

The time resolution so far is limited by the available sources. However, the emerg-
ing X-ray free electron laser sources will provide soft X-ray pulses with a time
structure in the femtosecond regime and more than enough peak brilliance to allow
for single-shot experiments. This will grant access to fundamental time scales in
nanomagnetism.

Together with XMCD as element-specific contrast mechanism and the huge mag-
netic cross section, the magnetization dynamics in complex heterostructures that can
be investigated with magnetic transmission X-ray microscopy will provide detailed
insight into fundamental principles of magnetism in layered devices.
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Magneto-optical Kerr microscopy, see Kerr
microscopy
Magneto-optical magnetometry (MOKE),
40,97, 101, 103, 105-107
Magneto-optical microscopy, 97-140
Gradient microscopy, see Gradient effect
Kerr microscopy, see Kerr microscopy
Voigt microscopy, see Voigt effect
Magneto-optical tensor, 49-50, 63
Magneto-optical Voigt effect, see Voigt
effect
Materials
(Ga,Mn)As, 90
Antiferromagnets, 8, 16, 89, 90, 92, 108,
135-140, 166, 172-180, 203
Calcite, 36, 37, 40, 41
Cerium, 17, 86
Co/Cu/Co trilayer, 126
Co/Cu/Co-NiFe spin valve, 108
Co/Cu/Fe trilayer, 126
Co/Cu/Ni trilayer, 153-161
Co/Cu/NiFe trilayer, 131-133
Co/LaFeO3 bilayer, 178-180
Co/Ni multilayer, 203, 204
Co/NiO bilayer, 91
Co/Pd multilayer, 214-216
Co/Pt multilayer, 211-213
Co/Si/GdCo trilayer, 133-134
Cobalt film, 22, 90, 108, 126, 131-134,
136, 172-176, 209
CoCrPt, 201
CoFeSiB/SiO,/CoFeSiB trilayer, 109
Co0, 176-178
Copper, 123
CoTb/Cu/CoTb trilayer, 213-215
Dysprosium, 86
Fe/Al/Fe trilayer, 134, 140
Fe/Cr/Fe trilayer, 128, 134, 137-140
Fe/MgO/Fe, 136
Fe/V multilayer, 87
FeCo/Cr/NiFe trilayer, 187-188
Ferromagnetic-Antiferromagnetic  het-
erostructures, 8
Garnet, 13, 20, 23, 61, 86, 124
GdFe, 200, 201, 204, 205

Index

Gold/Cobalt multilayer, 136
Hematite, 89
Iron (bulk), 19, 84, 93, 117, 127, 130
Iron film, 14,90, 122, 123, 128, 135, 136,
164
Iron oxid, 86, 90
Iron whisker, 135, 137
Iron-silicon, 20, 21
LaFeO3, 90
Magnesium oxide, 89
Mica, 37, 41, 42
Mnlr/NiFe bilayer, 203
MnZn ferrite, 117, 123
NiggFe20/Al,03/Co trilayer, 183-186
Ni/Fe/Co trilayer, 163-166
Ni/FeMn/Co trilayer, 166—172
Nickel oxide, 89, 90
NiFe (Permalloy), 40, 109
NiFe microstructure, 206, 217, 218
NiFezO4, 90
NiFe/Al,03/Co trilayer, 161-163
NiFe/Co bilayer, 108
NiFe/Cu/Co trilayer, 151-153, 195, 219
NiFe/Ru/NiFe trilayer, 110
NiO, 172-178
Orthoferrite, 20
PtCo/TbFe multilayer, 211-213
Quartz, 36, 37, 40
Rare earth metals, 86
Si3zNy, 202
SrTiO3, 178-180
TbFe, 211-213
Terbium, 86
Transition metal compounds, 88
Matrix methods, see Depth sensitivity of
Kerr effect (theory)
Maxwell equations, 25, 27, 30, 46, 49, 61,
63,79, 109, 120
Microcoil, 181-183, 186, 217
Micromagnetic simulations, 159, 185, 208,
209,218
Microscopic origin of Kerr effect, see Kerr
effect, magneto-optical
MOKE, see Magneto-optical magnetometry
Multiple beam formalism, see Depth sensi-
tivity of Kerr effect (theory)

N

Néel cap, see Domain walls
Néel wall, see Domain walls
Numerical aperture, 197
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(o)
Optical activity, 26, 3640, 47, 49, 54
Optical anisotropy, 26, 49
Oscillatory interlayer coupling, 165
Antiferromagnetic interlayer coupling,
6, 135-140
Biquadratic interlayer coupling, 134—
140
Ferromagnetic interlayer coupling, 134—
140
Overlayer compensation factor, 194, 195

P
Parallel Kerr vector method, see Depth sen-
sitivity of Kerr effect (theory)
PEEM, see Photoelectron emission
microscopy (PEEM)
Penetration depth, see Skin depth
Permeability tensor, 26, 46
Permittivity tensor, see Dielectric displace-
ment
Perturbation theory, 26, 112, 115, 119-124
Phase factor, see Depth sensitivity of Kerr
effect (theory)
Photoconductive switch, 186, 187
Photoelasticity, 39
Photoelectron emission microscopy
(PEEM), 12, 16, 22, 88, 94, 141-
142
Imaging in magnetic field, 196
Polarized light, 30-36
Circular polarization, 33-36
Circularly polarized X rays, 91
Elliptical polarization, 31-33
Handedness, 32, 57, 77
Linearly polarized light, 33
Precession, see Magnetization precession
Projection concept, see Depth sensitivity of
Kerr effect (theory)
Propagation vector, 27
Pump—probe experiment, 180-188, 216

Q

Quarter-wave plate, 14, 33, 41, 43, 45, 57,
69

R

Rayleigh criterion, 100, 198
Reflection, 4449

Reflection coefficient, 47
Reflectivity, 25, 72, 76, 77, 87, 88
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Refraction index, 27, 25-30, 36, 48, 53-55,
57,62,75,76, 113, 114
Regular amplitude, 59-61, 65-73

S

Scanning transmission X-ray microscope
(STXM), 197

Secondary electron conversion factor, 144

Selection rules, 73, 74

Sign convention, 23, 24, 57, 59, 116

Skin depth, 30

Snells law, 47, 51, 62, 68, 113, 121

Spin valve, 3, 108, 109, 161, 213-215

Spin-orbit splitting, 73, 74, 86

Spin-reorientation transition, 86, 167, 168

Stray-field coupling, see Domain wall inter-
action

Strip line, 186, 187

Stripe domains, see Domain patterns

STXM, see Scanning transmission X-ray
microscope (STXM)

Sum rules, 95

Synchrotron radiation, 11, 16, 86, 91, 92

T

Time-resolved imaging, 10-12, 180-188,
216-220

Transmission, 44-49

Transmission coefficient, 47

Transmission of X rays, 191

Transmission X-ray microscopy (TXM), 12,
16, 189-190, 196204

Tunnel magnetoresistance (TMR), 2—4

TXM, see Transmission X-ray microscopy

(TXM)

U

Ultrathin film, 2, 5, 6, 9, 14, 86, 123, 128,
129, 135, 136

\Y

V-line, see Domain patterns

Verdet constant, 39

Vibrating sample magnetometry (VSM),
213,214

Voigt amplitude, see Voigt constant (parame-
ter)

Voigt constant (parameter), 50, 51-54, 57—
68,72,75,76,79,117,119-122, 125,
126

Voigt contrast, see Voigt effect
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Voigt effect, 13, 20, 21, 37, 39, 40, 50, 53,
59, 66, 68, 69, 75-81, 137-140
Gyrotropic Voigt effect, 54, 76, 79, 80
Intrinsic Voigt effect, 53, 75-79
Voigt contrast, 21, 68, 78, 80-82, 137-
140

Voigt microscopy, 21, 137-140

VSM, see Vibrating sample magnetometry

w

Wave equation, 23-30, 37, 49-51, 53, 58,
111,119

Wave vector, see Propagation vector

Wide-field Kerr microscopy, see Kerr
microscopy

Index

X

X-ray absorption, see Absorption

X-ray magnetic circular dichroism, see
Dichroism

X-ray magnetic dichroism, see Dichroism

X-ray magnetic linear dichroism, see
Dichroism

X-ray penetration depth, 202

X-ray resonant magnetic  scattering
(XRMS), 211, 212

XMCD contrast, see X-ray magnetic circular
dichroism

XRMS, see X-ray resonant magnetic scatter-
ing

V4
Zeeman effect, 19
Zone plate, 197-199
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