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ABSTRACT 

Nanoscale magnetism is of paramount scientific interest and high 

technological relevance. To control magnetization on a nanoscale, both external 

magnetic fields and spin polarized currents, which generate a spin torque onto the 

local spin configuration, are being used. Novel ideas of manipulating the spins by 

electric fields or photons are emerging and benefit from advances in nano-

preparation techniques of complex magnetic materials, such as multiferroics, 

ferromagnetic semiconductors, nanostructures, etc. 

Advanced analytical tools are needed for their characterization. Polarized soft 

X-rays using x ray dichroism effects are used in a variety of spectroscopic and 

microscopic techniques capable of quantifying in an element, valence and site-

sensitive way basic properties of ferro(i)- and antiferromagnetic systems, such as 

spin and orbital moments, nanoscale spin configurations and spin dynamics with 

sub-ns time resolution. Future X-ray sources, such as free electron lasers will 

provide an enormous increase in peak brilliance and open the fs time window to 

studies of magnetic materials. Thus fundamental magnetic time scales with 

nanometer spatial resolution can be addressed. 

This review provides an overview and future opportunities of analytical tools 

using polarized X-rays by selected examples of current research with advanced 

magnetic materials. 
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1 Introduction 

1.1 Magnetism – key to modern nanotechnology 

An important breakthrough in understanding the phenomenon of magnetism occurred at the 

beginning of the 20th century, when Pauli introduced the concept of the spin of the electron. It 

became clear that the spin which is the carrier of a magnetic moment, has the property of angular 

momentum and as such follows quantum mechanical principles [1],[2]. A direct experimental 

proof of the close connection between angular momentum and magnetism is the Einstein-

DeHaas effect, which was first observed in 1915 [3] . The interaction of individual spins is 

described by Pauli’s exchange interaction where the energetic ground state favors a certain spin 

configuration, either parallel or antiparallel. However, it also became clear that the long range 

dipolar interaction of these spins requires that magnetism has to involve the correlation of all 

spins in a system, which makes magnetism a very complex many-body problem. A solid 

theoretical description of magnetism which is able to take this fully into account, is still not 

available. 

Despite this lack of fundamental understanding of e.g. the very origin of exchange 

interaction, magnetic materials and magnetic properties constitute the backbone of various 

current technologies. Magnets are not only in use for a long time e.g. in transformers, generators 

and electric motors but the orientation of a magnetic moment in an external magnetic field has 

been considered as a basic concept for particularly magnetic storage and sensors devices from its 

beginning in the second half of the 20th century.  

The quest to increase storage density in order to cope with the huge increase of data required 

an enormous decrease of relevant length scales, such as the bit size, which are now approaching 

the nanometer regime. Magnetic storage technology has thus become a topic of nanoscience.  

The basic interactions in magnetic materials are the exchange, anisotropy and dipolar 

interactions. In general these interactions compete, therefore the energetically lowest spin 

configuration is not the single spin configuration, where all spins would align parallel, but the 

system splits up into various domains [4], where the magnetization points in different 

orientations in neighboring domains. A fundamental magnetic length scale is the magnetic 

K
AlK =



exchange length lK which reflects the competition between exchange A and anisotropy K 

constants, 

 

and both of them are specific to the magnetic material. Typical values for exchange lengths in 

common magnetic materials are in the sub-10nm regime.  

Research of magnetism on the nanometer length scale is not only scientifically very 

attractive, since the quantum mechanical properties of the individual spins become significant, 

but new phenomena emerge from confinement and proximity[5], [6]. This has led to important 

fundamental discoveries, such as the Giant Magnetoresistance (GMR) effect [7], [8], which was 

awarded the Noble Prize in Physics in 2007. The transport properties, i.e. the electric resistance 

in a sandwich of two ferromagnetic thin films, which are separated by a non-magnetic layer, 

depend strongly on the relative orientation of the magnetization in both layers. The GMR effect 

was introduced into read head technology almost immediately after its discovery and has pushed 

the storage density significantly. 

A completely new area of electronics, spintronics has emerged from these scientific 

achievements. There, in addition to the charge of the electrons, it is the spin itself, which is used 

as a new degree of freedom in numerous classes of advanced materials, including organic 

semiconductors, carbon based materials, multiferroics, oxides, or complex Heusler alloys to 

name but a few [9]- [28].  

Scaling down the feature sizes was also made possible by the development of novel 

nanostructuring technologies, such as e-beam lithography, which can be considered as a top-

down approach. There is also the reverse, bottom-up approach, such as Molecular Beam Epitaxy, 

which can be used to generate particular structures through a tailored assembling. While MBE is 

a time consuming process, there is increased interest to investigate the potential of having the 

system undergo a self assembly process to create magnetic nanostructures on a large scale [29]-

[33].  

As important as the confinement and proximity effect is the materials science aspect to 

nanoscale magnetism research. Sample fabrication methods have developed in a large variety 

capable of producing specimens of high elemental purity, excellent growth characteristics which 



yield smooth surfaces and interfaces, and tailoring elemental composition to achieve new 

functionalities and physical and chemical behavior. Typical examples are multiferroics [34] - 

[40], which combine several ferroic properties, such as ferroelectricity and ferromagnetism, 

which could potentially lead to an electric field control of magnetism. Heusler [41]-[48] alloys in 

compositions and structures, which are not commonly found in nature, exhibit enhanced 

magnetic properties, such as large spin polarization and magnetic semiconductors could 

potentially provide a room temperature superconducting material, which would revolutionize the 

steadily increasing energy demand worldwide.   

1.2 Manipulating spins in modern magnetic materials 

The scientific approach to understand magnetism is to interact with the magnetization and 

study its response. The conventional way to gain access to magnetization is through external 

magnetic fields, which goes back to the observation by Oersted, that a current running through a 

wire can reverse the magnetization in a ferromagnetic sample. This mechanism is still in use e.g. 

for the writing process in a magnetic hard disk. The associated long ranging dipolar field, 

however, creates severe problems, such as crosstalk between neighboring bits, as the dimensions 

of the bit size approach the nanoscale.  

Another possibility to manipulate spins on the nanoscale is the injection of spin polarized 

currents into ferromagnetic elements. The basic idea is that the spins of the electrons in an 

electric current can exert a torque onto a non-collinear spin configuration and finally reverse it. 

The effect of spin torque was predicted by Berger and Slonciewski a while ago [49]-[50], but has 

received significant attention recently [51]-[59]. With regard to scaling, this effect is 

advantageous and therefore an increasing scientific and technological interest has evolved in the 

recent past. Spin torque effects are one of the many applications in spin electronics, where in 

addition to the charge of the electrons one takes full advantage of its spin as a new degree of 

freedom. A technological example, which involves the manipulation of nanoscale magnetic 

structures are storage devices, such as the racetrack memory[60], [61], where domain walls 

acting as basic information units are pushed along a wire by short electric pulses. There are also 

concepts of logic elements being discussed that fully rely on domain wall manipulation [62]. 

Another very active research area is the magnetic vortex structure [63], [64], which occurs in 

confined geometries such as thin magnetic disks. In the center of such as disk is a singularity, the 



vortex core, and its binary character (up or down) is not only considered for technological 

purposes [65], [66] but also in connection with life science or medical applications [67]. 

Information in today’s semiconductor electronic devices and data storage technologies is 

mainly transported and manipulated by charge currents.  With aggressively  advanced 

miniaturization, heat dissipation and power consumption become significant obstacles and 

alternative technologies that address these problems are hence required. It is projected that the 

energy demand from consumer electronics in 2030 based on today’s technologies would require 

the equivalent of 230 nuclear power plants.  

One promising candidate to replace existing charge-based technologies (CMOS) is based on 

using spin currents and accumulations [9]  and therefore the concept of pure spin currents, which 

are not accompanied by a net charge current, has recently received increased attention [19].   

From a fundamental point of view these pure spin currents provide direct insights into spin-

dependent physics and are completely undisturbed by charge transport [68]-[70].  With regard to 

technological applications, they offer large advantages, such as reduced power dissipation, 

absence of Oersted stray fields and decoupling of spin and charge noise.   

Pure spin currents can be generated through non-local electrical injection, optical injection, 

spin pumping from a precessing ferromagnet and spin Hall effect [71]. A deep insight into the 

spin dynamics of such non-equilibrium spin accumulations has not yet been achieved.   

Going beyond, it has been demonstrated that even photons themselves, which carry angular 

momentum can be used to manipulate the magnetization on the nanoscale. Since laser pulses are 

the fastest man-made events, this suggests that the control of magnetism by light would enable 

the fastest possible switching of magnetization [72].  First experiments have shown that the 

fastest time to flip the spin is deep in the few fs regime [73]-[75]. Corresponding to the 

fundamental length scale as described above, a fundamental time scale can be derived from the 

strength of exchange interaction, which points into the few fs regime.  

It is not surprising, that studies of fs spin dynamics have become a very hot topic in 

nanomagnetism research, but as of now there are just a few experiments and the overall 

understanding of the underlying principles is more or less in its infancy. Finally, ultrafast spin 



dynamics with nanometer spatial resolution will address the most challenging and fundamental 

questions in nanomagnetism. 

To be able to provide a solid and fundamental understanding of magnetism, advanced 

analytical tools are mandatory.  Polarized soft X-rays are among the most promising probes for 

this purpose. The soft X-ray regime lies between the extended ultraviolet and the hard x-ray 

regime. It encompasses photon energies between about 200eV up to 2keV, which correspond to a 

photon wavelength range between 0.6-6nm. The attractive feature of this region in terms of X-

ray spectroscopies is that it gives access to the strong dipole-permitted (core 2p) to (valence 3d) 

excitations in transition metals such as Fe, Co, Ni, but also to the (core 3d) to (valence 4f) 

transitions in rare earth materials. These two classes of materials are the prototypes of magnetic 

materials both in a fundamental as well as an applied context. Whereas the magnetism in 3d 

transition metals is due to the delocalized 3d bands, the strongly localized 4f levels determine the 

magnetic properties of rare earths. Combining TM systems with RE materials gives rise to a rich 

field of interesting physics reflecting the interplay between localized  and itinerant behavior. 

Furthermore, the short wavelength of soft X-rays in the nanometer regime is of great advantage 

compared to the optical regime in terms of diffraction limited imaging techniques of magnetic 

materials on the nanoscale. Finally, the current development of next generation x-ray FEL 

sources will provide fsec soft x-ray pulses at high brightness, which will give access to 

fundamental magnetic time scales. 

In the following we review the basic properties of soft polarized X-rays for the 

characterization of magnetic material that ultimately should be capable of addressing the 

magnetic properties at fundamental length and time scales. Examples of their use to explore 

novel functionalities in multicomponent, tailored materials are given.  

2 Advanced analytical X-ray tools for magnetic materials 

The key feature in the analysis of advanced magnetic materials is elemental specificity, 

which allows tracking down the impact, that each component contributes to the magnetic 

behavior. The spectroscopic response serves as a direct fingerprint in multicomponent materials.  

Imaging magnetic structures and the corresponding fast and ultrafast spin dynamics in novel 

and advanced magnetic materials is a very appealing analytical approach and therefore a 

manifold of powerful imaging techniques have been developed and flourished recently. One can 



categorize them according to the probes they are using, such as electrons, photons or scanning 

probe techniques.   

To name a few of the prominent techniques, Spin Polarized Scanning Tunneling Microscopy 

(SP-STM) is spearheading spatial resolution, since it can provide static images with almost 

atomic resolution [76]-[82]. On the other hand time resolved Kerr microscopy using the 

magneto-optical Kerr effect provides images with a time resolution down to fs regime, however, 

with a (diffraction) limited spatial resolution in the sub-micrometer range only[83][84].  None of 

these techniques is able to distinguish the magnetic response from individual components in 

multicomponent materials, which, however, is of paramount interest in the continuing endeavor 

to explore material with novel functionalities. 

2.1 Magnetic X-ray spectroscopy 

Since the availability of synchrotron radiation as a high brilliant source of polarized X-rays 

the effect of X-ray magnetic circular dichroism (X-MCD) in core-level absorption, which detects 

basically the dependence of the X-ray absorption coefficient of circularly polarized radiation on 

the magnetization in a ferromagnetic species in the vicinity of an absorption edge, has become a 

powerful  tool to investigate the magnetism of solids, surfaces, thin films, nanostructures, even 

down to single molecules[85].  

Polarized X-rays are nowadays abundantly available at synchrotron laboratories. At bending 

magnet stations a circular degree of polarization up to about 60-80% can be obtained by viewing 

the radiation emitted off-orbit under an angle of <1 mrad at the cost of reduced photon intensity. 

At third generation storage rings dedicated insertion devices, such as helical undulators in the 

soft X-ray energy range are high-brilliant sources with outstanding polarization features. They 

allow tuning of the X-ray polarization characteristics by a mechanical movement of e.g. magnet 

arrays, which subsequently forces the electron into different paths upon transversal of the 

undulator. Thus not only the circular degree of photon polarization can be switched, but also 

linearly polarization can be obtained with its plane oriented into various directions. This opens 

the door for X-ray magnetic linear dichroism (X-MLD) studies in antiferromagnetic systems. 

One way to detect X-ray absorption coefficients is to record the transmission through a 

sample by counting the incoming and transmitted numbers of photons; it follows an exponential 



law. Given the limited penetration depth of soft X-rays below 1 keV in matter this provides an 

information depth of about 100 nm. 

The physical origin of X-MCD and its global characteristics can be explained within a 

simple two step model. In the first step the absorption of a right (left) handed photon yields a 

photoelectron undergoing a dipolar transition into an unoccupied electronic state above the Fermi 

level. Elemental specificity is inherently provided by the characteristic energy of the absorption 

edge. Due to orbital momentum conservation and spin-orbit interaction the photoelectron 

acquires a finite spin <σz> and orbital <lz> polarization in the photon beam direction z. In 

particular for the transition from an initial p1/2 and p3/2 spin-orbit state into a d-like final state 

<σz> amounts to -1/2 and +1/4, respectively while  <lz>=+3/4 for both cases. 

For very low photoelectron energies (E<20 eV) and itinerant final states the absorption 

coefficient is described by Fermi's golden rule, i.e., µl(E)∼|M(E)|2 ⋅ρl(E), where ρl(E) reflects the 

density of states of the unoccupied bands with a defined angular momentum l near the Fermi 

level. Due to exchange splitting 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. Thus a local magnetic spin moment is induced, given by the excess of spins at the Fermi 

energy.  

The second step for X-MCD now considers the fact, that due to Pauli's exclusion principle 

the spin/orbital polarized photoelectrons created in the absorption process with a circularly 

polarized photon can be seen as a probe for the final-state spin/orbital polarization projected onto 

the photon k-vector. Applying an external magnetic field it is possible to adjust the sample's 

magnetization and to align the magnetic moments, i.e., the spins of the majority electrons are 

parallel or antiparallel to the z direction. Thus according to Fermi´s golden rule an integration of 

the spectroscopic dichroic signal, which is related to the difference in spin-up and spin-down 

density of states, measures directly the local spin moment. A similar consideration holds for the 

orbital momentum.  

Hence X-MCD spectroscopy offers the potential to address local magnetic moments 

separated into spin and orbital contributions by applying magneto-optical sum rules which were 

developed by Thole [86] and Carra [87] in the early 1990s shortly after the first observation of a 

strong X-MCD effect in the 3d elements, Fe, Co and Ni [88]. In particular the information that 



can be obtained on the orbital contribution to the local magnetic moments is crucial to 

understand e.g. the origin of magnetic anisotropies. Although the general applicability of the sum 

rules from a rigorous theoretical point of view might be questionable, at least for the itinerant 

transition metal systems, like Fe, Co, and Ni the experimentally obtained results are satisfying 

and agree with theoretical expectations. 

While X-MCD spectroscopy allows studying ferromagnetic system, antiferromagnetic 

systems can be studied by the analogous effect of X-ray Magnetic Linear Dichroism (X-MLD). 

Historically, linear magnetic dichroism is older than circular magnetic 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 manipulating 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 

polarization. At that time atomic calculations which agreed very well with 3d →4f X-ray 

absorption spectra for the localized ground states of rare earth predicted strongly different 3d 

absorption spectra for the electric field of the radiation being either parallel or perpendicular to 

the magnetic moment of the rare earth [89] which was soon after experimentally verified by 

polarization-dependent studies of Tb-Fe garnet [90]. In the transition metals the 2p→3d 

absorption appears somewhat weaker because of the the quenching of the ground-state orbital 

magnetic moment by crystal field effects. The first 3d system for which linear dichroism was 

established was Fe2O3 [91].  

The origin of the X-MLD effect is a nonspherical distortion of the atomic charge induced by 

the spin-orbit interaction and therefore the X-ray absorption of linear polarized light depends on 

the orientation of the electric field vector of the photons and the magnetic axis in the system, 

which exists for both ferro- and antiferromagnets. However, the size of X-MLD is in general 

much weaker than the corresponding X-MCD effect. It is important to recall the following two 

relationships for the intensities of the X-MCD and X-MLD effects [92], resp. 

θ

θ
22 cos

cos

mPEmPI

mPLmPI

circlinMLDX

circcircMCDX





∝⋅∝

∝⋅∝

−

−
 



The intensities for both X-MCD and X-MLD scale with the degree of polarization, circular 

Pcirc and linear Plin, resp. While the X-MCD effect depends on the projection of the magnetic 

moment m onto the photon angular momentum L


, the X-MLD effect scales with the expectation 

value of the square of the magnetic moment 2m . A schematic in Fig. 1 shows the different 

experimental configurations for X-MCD and X-MLD. Very recently, advances in the 

instrumentation of X-MLD experiments have clearly shown the strong angular dependence of the 

X-MLD on the relative orientation of polarization, magnetic moments, and crystallographic axes, 

which indicated the need to revisit previous interpretation of interface coupling phenomena 

based on X-MLD experiments [93].   

2.2 Magnetic X-ray microscopy 

Despite the advantage of inherently better spatial resolution with x-rays compared to optical 

microscopies, the lack of appropriate X-ray optics has prevented X-ray microscopy for nearly 

100 years, although immediately after the discovery of X-rays by W.C. Roentgen in 1885 the 

short wavelengths of the X-rays have been used to determine e.g. crystal structures. In the mid 

1980s it was realized that Fresnel zone plates (FZP), which are circular gratings with a radially 

increasing line density can be used as diffractive optics to build X-ray microscopes [94], [95] and 

the concurrent maturity of nanotechnological tools such as e-beam lithography has then enabled 

the fabrication of high quality X-ray optics, which are now readily available[96],[97] . 

FZPs can be designed and customized for specific purposes and applications. Varying a few 

parameters, such as ∆r, which is the outermost ring diameter, N, the number of zones, and λ, the 

photon wavelength at which the FZP is operating, one obtains a spatial resolution which is 

proportional to ∆r, a focal length, which is ~4N(∆r)2/λ and a spectral bandwidth which is ~1/N 

[98]. The most advanced FZPs for soft X-ray microscopy have achieved now a spatial resolution 

better than 10nm [99],[100] andcurrent developments seem to make the 5nm spatial resolution 

regime become feasible in the foreseeable future. 

The optical setup of the full-field soft X-ray microscope end station XM-1, located at the 

Advanced Light Source in Berkeley CA, where the x-ray microscopy data presented in this 

review have been obtained is shown in Fig. 2  and described in detail elsewhere [101]. 



The principle of this instrument follows that of an optical microscope. The main components 

are  

• a light source, which is the bending magnet source at a third generation X-ray synchrotron 

such as the ALS 

• a condenser part, which is the first FZP, the condenser zone plate (CZP), acting in 

combination with a small pinhole close to the sample as both monochromator and 

illuminating optic 

• a high resolution objective lens, the micro zone plate (MZP) and  

• a two dimensional photon detector, which is a commercially available CCD system. 

Spatial resolution is largely set by ∆r of the MZP. The range of photon energies, which is 

related to elemental specificity, is determined by the spectral resolution of the illuminating part, 

which for this instrument is dominated by the CZP-pinhole arrangement. Finally, time resolution 

is limited by the time structure of the X-ray source, therefore progress towards better time 

resolution requires X-ray sources with shorter time structures. 

For magnetic imaging [102], [103] X-ray magnetic circular dichroism (XMCD), i.e. the fact 

that the absorption of circularly polarized X-rays depends strongly on the relative orientation 

between the photon helicity and the photon propagation direction is utilized to provide a strong 

magnetic contrast[104]. Since the XMCD effect occurs predominantly in the vicinity of X-ray 

absorption edges, such as the spin-orbit coupled L2 and L3 edges, which reflect the element 

specific binding energies of inner core electrons, XMCD adds an inherent elemental sensitivity 

to this analytical tool. Large XMCD effects with values up to 25% occur e.g. for 3d transition 

metals such as Fe, Co, Ni [88]. It is worth noting that besides the dominant absorption contrast, 

which is related to the imaginary part of the scattering amplitude, also a magnetic phase contrast, 

which is related to the real part of the scattering amplitude and is connected to the imaginary part 

via a Kramers-Kronig transformation, can also be used for magnetic imaging [105], [106]  

The penetrability of soft X-rays through matter, described by the X-ray absorption length, is 

typically in the few 100nm regime. Therefore the transmission geometry in MTXM probes the 

volume of the sample with a thickness up to few 100nm, which, however, matches perfectly 

most of the magnetic systems of interest, such as thin films or multilayered structures. It is 



interesting to note that the penetration depth of electrons used in transmission electron 

microscopy [107]- [112] and photons used in soft X-ray microscopy are quite similar, which 

allows to utilize the complementarity of Lorentz-TEM and magnetic soft X-ray microscopy 

[113]. 

As a pure photon-in/photon-out based technique magnetic fields of in principle any strength 

and pointing into any arbitrary direction can be applied during the recording of X-ray images. At 

XM-1 typical magnetic fields up to 2-3kOe in perpendicular geometry and about 1-2kOe along 

the plane of the sample can be applied. Samples with both perpendicular and in-plane 

magnetisation [114] can thus be investigated. To image in-plane components the sample has to 

be tilted at about an axis perpendicular to the photon beam propagation, which is commonly 

chosen to be 60 degrees, thereby reducing the magnetic contrast in those images by a factor 2 

Time resolution, i.e. the direct observation of spin dynamics benefits from the inherently 

pulsed structure of X-ray synchrotron storage rings. For example, at the Advanced Light Source 

in Berkeley CA electrons circulate in the storage ring at a typical energy of 1.9GeV in so-called 

bunches at a velocity close to the speed of light. The typical bunch length corresponds to about 

70ps; therefore the emitted X-ray flashes have the same length. Setting up a stroboscopic pump-

probe scheme one can study fast processes such as spin dynamics on the sub-100ps time scale in 

nanoscale magnetic elements. It is important to note that the low photon intensity per bunch 

prevents single shot time resolved experiments and therefore only the perfectly repeatable part of 

spin dynamics processes can be studied so far. 

Various soft X-ray microscopy techniques utilizing magnetic dichroism effects have been 

developed in the recent past to image magnetic materials. First magnetic images have been 

reported in 1993 using an X-ray photoemission electron microscope (X-PEEM) [115], where the 

secondary electrons generated in the primary X-ray absorption process are sent through a high 

resolution electron optics to generate an image of the magnetic structure. X-PEEM offers a good 

surface sensitivity given by the limited escape depth of electrons in solids to a few nm.  

There are two complementary microscopy techniques, which utilize the Fresnel zone plates 

as described above.  Similar to the situation with transmission electron or optical microscopes 

there is a scanning transmission X-ray microscope (STXM) [116], where the FZP is used to 

focus the X-rays onto the specimen, which is then raster scanned to build an image. STXM has 



the advantage to provide good spectral resolution for micro-spectroscopic studies and is rather 

flexible in the choice of point detectors. On the other hand, the full field transmission soft X-ray 

microscope (TXM) uses the FZP as a high resolution X-ray objective lens [117] Recently, both 

STXM and full field TXM have shown similar spatial resolution depending on the degree of 

coherent illumination. Whereas STXM has some advantage as a micro-spectroscopic tool, the 

full field system can cover easily a larger field of view at highest spatial resolution [118]. State 

of the art full field microscopes at undulator sources have demonstrated recently high spectral 

resolution micro-spectroscopy capabilities [119]. 

Complementary to lens-based x-ray microscopies, lensless imaging techniques which can 

utilize XMCD for magnetic studies, are beingnow developed [120], [121]. Essentially, these 

techniques work in reciprocal space and record a diffraction pattern from the sample, which is 

back-transformed into real space via sophisticated phase retrieval algorithms or holographic 

methods.  

Similar to X-ray spectroscopies using both X-MCD and X-MLD effects X-ray microscopies 

can be used to study ferromagnetic systems with X-MCD and antiferromagnetic system with X-

MLD[122], [123]. The latter has been realized with X-PEEM only so far, although in principle 

any X-ray microscopy technique should be capable of such studies.  

In the following section we will demonstrate the strength of X-ray spectroscopic and 

microscopic techniques by selected examples from current research.  The choice of examples 

should not be considered a complete representation of research topics, but rather the intent is to 

give the reader the ability to evaluate the strengths - and limitations - of X-ray based analytical 

techniques for studies of magnetic materials. It is the unique combination of element specificity, 

high sensitivity and accessibility of small length and fast time scales, which will be essential to 

understand the fundamental physical principles and to enable advances in technologies of the 

future, e.g. in spintronics [124],[125]. 

 



3 Examples of X-ray based studies of modern magnetic materials 

3.1 Magnetic thin films 

Thin magnetic films have attracted scientific research considerably, since they allow to 

study proximity effects, such as interface exchange coupling, which is both fundamentally 

important, but has also a tremendous impact to technological applications[5],[126]. Whereas 

ferromagnetic systems have found widespread applications in technologies, antiferromagnetic 

systems, although originating from the same fundamental mechanism, namely, the quantum 

mechanical exchange interaction, are far less understood. Recently, antiferromagnetically 

coupled multilayers with materials exhibiting a strong perpendicular anisotropy have seen a 

significant interest [127], [128]. In perpendicular anisotropy systems with an antiferromagnetic 

interlayer coupling, there is an interesting competition between the exchange interaction favoring 

the antiparallel alignment, whereas the dipolar and Zeeman interaction favor the parallel 

configuration. And while dipolar interactions would create lateral domains, the Zeeman and 

exchange coupling favors a uniform lateral magnetization. This competition between interactions 

of various range give rise to numerous stable magnetic configurations and reversal mechanism 

that offer rich physics [129]. 

As a prototype system we want to show results from a bilayer structure consisting of a 

perpendicular anisotropy [Pt/Co]50 multilayer and a TbFe ferromagnetic alloy [130]. Both the 

Pt/Co multilayer and the TbFe layer exhibit a strong out-of-plane anisotropy. The break in 

symmetry at the Co-Pt interface gives rise to perpendicular magnetic anisotropy, and the thin Pt 

layers couple adjacent Co layers ferromagnetically.  On the other hand, the TbFe alloy is 

ferromagnetic with the Tb moments oriented antiparallel to the Fe moments. The interfacial 

exchange coupling between the Pt/Co and the TbFe films is dominated by the ferromagnetic Co-

Fe exchange interaction, i.e. the Co and Fe moments are parallel aligned. As the Tb sublattice 

moments dominate the total Tb30Fe70 magnetization, the interfacial exchange coupling leads to an 

antiparallel alignment of the TbFe layer relative to the PtCo multilayer in the absence of a 

magnetic field. By inserting another Pt layer between these two constituent, one can tailor the 

degree of exchange interaction by varying the thickness of the Pt layer.  

Sample preparation was done by co-evaporation of the pure metals onto a 100nm thin Si3N4 

membrane to allow for sufficient penetration of the soft X-rays in the transmission microscopy 



and spectroscopy measurements. The actual composition was chosen to be [Pt 0.75nm/Co 

0.25nm]50/Tb30Fe70 25nm/ Pt 5nm (see Fig. 3 c)).  

XMCD spectroscopy and microscopy are able to investigate the complexbehavior of these 

coupled system with elemental, i.e. layer sensitivity by choosing either the Fe L3 edge at 707 eV 

or the Co L3 edge at 778 eV, respectively. 

Both analyses were performed on the same sample in transmission geometry, where the 

transmitted photon intensity is proportional to the projection of the magnetization onto the 

photon propagation direction.  

Fig. 3 shows the X-ray absorption for both circular polarizations and the XMCD spectra in 

an applied field of 7kOe, where the sample is magnetically fully saturated, as has been verified 

by magnetic hysteresis loop measurements [130]. The displayed photon energy spectrum covers 

the Fe and the Co L absorption edges between 700-800eV. A strong XMCD signal is observed at 

both edges, however with the sign at corresponding edges pointing in opposite directions. This 

immediately verifies the antiparallel alignment of the Fe and the Co moment, which is expected 

for the parallel alignment of the Pt/Co stack and the TbFe layer magnetization. While the XMCD 

signal provides information on the average element specific magnetization, magnetic soft X-ray 

microscopy allows now to study in detail the microscopic behavior of the individual layers.  

Fig. 4 displays two x-ray images covering a field of view of 6µm at a spatial resolution of 

about 25nm. Recording the X-ray images at the Fe and Co L3 edge provides a direct image of the 

magnetic domain structure in the individual layers. The images were recorded in an external field 

of 3kOe, where domains are formed in both the PtCo and the TbFe layer with an average domain 

size of about 200nm. It is very impressive to see that X-ray microscopy reveals directly that the 

magnetic microstructure is completely identical in each of the layers; however, the magnetic 

contrast is reversed. This again demonstrates that the Fe and the Co moments of the magnetic 

domains are antiparallel aligned. This observation is a direct proof that the local Fe and Co 

moments align even on the microscopic scale antiparallel in each of the layers.  

3.2 Magnetic nanostructures 

Aside from proximity effects, which dominated the previous example, it is also the 

confinement, which leads to interesting effects in nanoscale magnetic materials. Confinement 



can be achieved in various ways and artificially nanostructuring is probably the most prominent 

one. Electron beam lithography is the technique of choice and has become one of the standard 

tools in the synthesis of nanomagnetic samples [131].  

Most commonly permalloy which is a soft magnetic material, is chosen for such studies. It is 

a NiFe alloy with generically 20% Fe and 80% Ni content. It shows a high magnetic 

permeability around 2000-3000,a low coercivity at the order of 100 A/m, almost zero 

magnetostriction and a significant anisotropic magnetoresistance. The magnetostatic energy of 

permalloy is usually two to three orders of magnitude larger than the anisotropy energy. In the 

search for high permeability materials, permalloy was discovered in 1914 at Bell Laboratories. 

Choosing proper composition and heat treatment permeabilities of more than 100,000 have been 

obtained. and has since found widespread applications in various technological areas. Lateral 

confinement of Permalloy, particular in thin films (and as a function of film thickness) creates a 

variety of symmetric configurations [132], such as Landau patterns, which can be readily 

calculated by micromagnetic simulations [133]. In the realm of the development of high-density 

and ultrafast magnetic data storage devices magnetic nanostructures and in particular domain 

walls [134]- [139] or magnetic vortex structures [140]- [150] are objects of intense experimental 

and theoretical [151]- [155] research and permalloy is widely used for these studies as material 

of choice. In essence, Permalloy is not only found e.g. in nearly every magnetic technological 

application, but it also serves very often as an initial material in fundamental magnetic research, 

which will be illustrated in the following. 

Spin dynamics, i.e. the temporal development of the magnetization M


is described by the 

Landau-Lifshitz-Gilbert equation (LLG) of motion [156], [157] 
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where the first term accounts for the precession of the magnetization in an external magnetic 

field Heff with γ being the gyromagnetic ratio and the second term describes the relaxation and 

damping of the system with α being a damping constant depending strongly on the local 

geometry, anisotropy and morphology. Typical precession frequencies for micronsized elements 

are in the GHz regime, while relaxation times can extend into several ns. Studies of spin 



dynamics phenomena have attracted recent interest, particular when combined with short length 

scales. This is driven by both the demand from technologies, such as the demand for higher 

storage densities and minituarized magnetic sensors, but also by the quest to increase the speed at 

which e.g. information can be written. Scientifically, there are many fundamental questions, that 

need to be answered, such as  

- is there an ultimate speed at which the magnetization can be reversed? 

- are there other ways than applying external magnetic fields to reverse the spin configuration? 

Although these question are only a few examples, it is obvious that they are intimately connected 

to specific and tailored properties of advanced magnetic materials which needs capabilities to 

analyse them properly. The search for magnetic materials with unprecedented properties is 

therefore one of the greatest challenges in nanomagnetism research today.  

Time resolved studies of spin dynamics with soft X-ray microscopy take advantage of the 

inherent time structure of current synchrotron storage rings, however, the fact that the number of 

photons per electron bunch at current third generation synchrotrons is rather low, a stroboscopic 

pump-probe scheme has to be used[158]- [161]. To accumulate sufficient photons e.g. for a 

single image, typically 108-9 pump-probe cycles are needed. As stated before, this means that 

only fully reproducible processes can be studied or in other words, only the fully reproducible 

part of the magnetization dynamics can be seen. 

The results presented here, were obtained at the ALS operating in the so-called 2-bunch mode 

operation, where two electron bunches, each 70ps in width circulate at a 3MHz frequency, i.e. 

separated by 328ns. The clock signal of the synchrotron triggers a fast electronic pulsar, which 

launches pulses with a rise time of about 100ps into a waveguide structure. These pump pulses 

create either a local Oersted field pulse or, if the current is sent through the magnetic element 

exhibits a spin torque onto the magnetic microstructure They can be delayed relative to the X-ray 

probe pulse to follow the time development of the excited magnetic domain pattern. The advent 

of the X-ray pulse onto the sample is monitored by a fast Avalanche photo diode giving an 

accurate measure of the arrival time of the photons on the sample.  

A typical example for imaging the fast spin dynamics of a domain wall is shown in Fig. 5 

[162]. Microstructures of 20nm thick permalloy (Ni80Fe20) were prepared on 100nm thick Si3N4 



membranes by electron beam lithography, thermal evaporation, and lift-off processing. They 

were contacted by wave guides fabricated via a second lithography step and by dc-magnetron 

sputtering of 2 nm Al and 20 nm Au. A magnetic DW was prepared in the infinity shaped 

Permalloy sample by applying an external magnetic field perpendicular to the direction of the 

coplanar waveguide. Once the magnetic field was released a DW was confined between the two 

openings in the infinity structure. Subsequently, short current pulses were sent through the 

coplanar waveguide (pump pulse) and synchronized to the X-ray flashes (probe pulse). Both a 

spin torque and a magnetic field were thus exciting the DW motion In Fig. 5 the reaction of the 

DW to the applied pulse is shown. The X-ray images taken at varying delay times between the 

pump and the probe pulse are shown as inserts. They are displayed as differential images 

normalized to the unexcited state. Therefore the white and black area denotes that the DW is 

moving up and down similar to an excited guitar string. The data points in Fig. 5 are the DW 

deflection as a function of the delay time superimposed to the pump profile between 1-2ns (gray 

line). It is evident, that the DW oscillations set in shortly after the onset of the pump pulse but 

extend for several ns after the excitation pulse length. A thorough analytical analysis of the DW 

oscillation allows both to derive essential parameters, such as the DW velocity, but moreover the 

experimental data could only be interpreted by taking into account a pinning potential which had 

to go beyond the harmonic order [162]. 

 

   

3.3 Magnetic semiconductors 

The following paragraphs describe various approaches to design novel magnetic materials 

that exhibit functionalities, which are of particular interest to technological applications.  

The first class are magnetic semiconductors. They are essentiallysemiconductor materials, 

which are integral components to most of our current technologies, but combine both 

ferromagnetism and semiconductor properties. In the realm of spintronics a magnetic 

semiconductor at ambient conditions would provide a way to not only control conduction 

through charge carriers, but also through the spin of the electrons. Dilute magnetic 

semiconductors (DMS) have recently risen to a major focus of magnetic semiconductor research 



[163] - [167]. These are based on traditional semiconductors, but are doped with transition 

metals instead of, or in addition to, electronically active elements. Among the current challenges 

for DMS are reproducible sample fabrication, since several studies on identical materials have 

shown diverging results and, most importantly, to increase their Curie temperatures into the 

room temperature regime, which is needed for a broad and practical applicability. 

The first measurements of ferromagnetism in a semiconductor were done in Mn doped InAs 

and GaAs by Ohno et al. More recently a focus was given to doped oxide semiconductors such 

as Co doped ZnO [168]- [172] or TiO2 [173] - [174]. Other promising candidates for magnetic 

semiconductor applications due to its compatibility to the mainstream Si technology are Ge-Mn 

systems [175].  

X-ray based analytical techniques, in particular X-ray absorption and X-MCD techniques 

are currently applied to any of these systems and provide a unique wealth of experimental data.In 

a very recent study in O-deficient ZnO:Cu films it was observed, that there are two distinct 

spectroscopic features of the Cu atoms, which could be associated with the degree of ordering, 

which are essential to observe ferromagnetism in these systems. The authors have interpreted 

their data by a microscopic indirect double-exchange model, where the alignment of localized Cu 

moments is mediated by vacancy orbitals. This constitutes a first direct evidence of 

ferromagnetism in O-deficient ZnO:Cu at room temperature and points to the importance of Cu 

and oxygen vacancies to induce ferromagnetism in these systems. It is worth noting that it is the 

unambiguous fingerprint characteristics of X-ray absorption spectroscopy and XMCD as its 

magnetic counterpart obtained at both the O K-edge and the Cu L edges, which has led to this 

conclusion [176]. 

3.4 Multiferroic materials 

Multiferroics are materials which combine multiple order parameters, such as electric, 

magnetic and structural order, which result in a coupling of e.g. ferromagnetism and 

ferroelectricity [177]-[180]. Materials with such properties offer the possibility to control 

ferromagnetism with electric fields, which would have tremendous technological advantages. 

Replacing magnetic fields, which require comparatively large electric currents by electric fields 

in existing magnetic device applications would reduce significantly power consumption and 

would also enable enhanced miniaturization. Novel device paradigms could be envisaged, such 



as magnetoelectric storage elements, electrically tunable filter devices, and electric field 

manipulation of spintronics. The search for suited materials is therefore a very active research 

area. Unfortunately, single-phase multiferroics at ambient operating conditions are very rare, and 

therefore concepts to artificially synthesize composite phase materials have received increased 

scientific interest recently. Fueled by advances in thin film growth techniques, high-quality 

single-crystalline samples has led to the identifi cation of new types of multiferroics and has 

allowed to tailor their properties e.g. through strain engineering. One example are e.g. epitaxially 

grown BiFeO3 (BFO) thin filmsThey exhibit simultaneously both antiferromagnetic and 

ferroelectric properties at room temperature, which makes this material an interesting candidate 

for room-temperature applications. Structurally, BFO is a rhombohedrally distorted perovskite 

ferroelectric with large intrinsic polarization and eight possible polarization directions occurring 

along the pseudocubic <111> body diagonals. It is also known to be a G-type, canted 

antiferromagnet, which means that the individual moments on each Fe ion are aligned parallel 

within a given pseudocubic plane and antiparallel between adjacent planes. What are possible 

mechanisms to control the ferromagnetism through electric fields? One possibility is to have the  

antiferromagnetic ferroelectric BFO in contact with a ferromagne. It is well known, that  

ferromagnetic layers in contact with an antiferromagnet exhibit the effect of exchange bias, 

which is a magnetic coupling occurring at the interface. In BFO, where such an antiferromagnet 

is the magnetoelectric multiferroic, in principle the interface coupling can be controlled and 

manipulated by applying an electric field to the ferroelectric. A recent study confirmed very 

impressively this approach by utilizing the full capabilities of soft X-ray microspectroscopy. 

Heterostructures of Au (2 nm)/CoFe (2.5–20 nm)/BFO (50–200nm)/SrRuO3 (SRO) (25–50 nm) 

were grown on SrTiO3 (STO) (001)-oriented substrates using pulsed laser deposition at 700 C in 

100 mtorr of oxygen. After cooling to room temperature in oxygen athmosphere the 

ferromagnetic CoFe films were grown in a vacuum sputtering system with a base pressure of 

5×10−9 torr under an applied magnetic field of 200Oe to induce a uniaxial anisotropy in the 

system. High resolution transmission electron microscopy showed a high quality of the 

BFO/CoFe interfaces to exclude interdiffusion between these two components. To demonstrate 

the electrical switching of the ferromagnetic domains, the authors first switched a distinguished 

region of the BFO by scanning with the tip of a piezo force microscope before depositing the 

ferromagnetic CoFe layer. Imaging the magnetic contrast in the CoFe layer by element-specific 



X-ray photoemission electron microscopy at the Co L3 absorption edge revealed unambiguously 

that the ferromagnetic domain pattern follows exactly the imprinted ferroelectric domain in the 

BFO. The element specificity and spin sensitivity of X-ray microspectroscopy was the key role 

to unravel the two different coupling phenomena here, namely the internal, magnetoelectric 

coupling between antiferromagnetism and ferroelectricity in the BiFeO3 film and the exchange 

interactions at the interface between a ferromagnet (Co0.9Fe0.1) and the antiferromagnet.  

An alternative approach to control the spin configuration in a ferromagnet by electric fields 

is to  use a ferroelectric layer as a tunnel barrier between two ferromagnetic layers. This concept 

has been recently studied  in a system, where a the ferroelectric BaTiO3 film was sandwiched 

between a magnetic Fe and a La0.67Sr0.33MnO3 layers. Theoretical calculations have predicted 

the possibility of significant changes in the interfacial magnetization and spin polarization in a 

ferromagnet in response to the ferroelectric polarization state across the interface. Using epitaxial 

synthesis, scanned probe imaging and high-resolution electron microscopy, the feasibility of this 

concepts was also reported recently. The experimental signature was the observation of a large 

tunnelling magnetoresistance at low temperatures, which is very sensitive to the polarization 

state of the ferroelectric [177]. 

3.5 Heusler alloys 

Although Heusler alloys have been known since more than 100 years, when Fritz Heusler 

discovered that a mixture of Cu2Mn with various metals such as Al, Si, Sn or Sb exhibited 

ferromagnetism despite the fact that all constituents are non-magnetic, they have received 

significant interest in the mid 80s with the discovery of a half-metallicity in NiMnSb and 

PtMnSb which rendered these systems to be useful for magneto-optical storage due to their high 

Kerr rotation.  

In 2003 a CoCrFeAl compound showed a large magnetoresistance effect and since then 

Heusler alloys have become one of the most promising materials for spintronic applications due 

their high spin polarization, which is essential for efficient spintronics devices[183], [184].  

The intermetallic and multicomponent character of Heusler alloys is an intriguing argument 

for studies of Heusler alloys with X-ray spectroscopy techniques and it is not surprising that in 

the recent past an abundance of experimental data have been accumulated on Heusler alloys to 

determine e.g. the individual spin and orbital contribution for each element and to measure the 



electronic states and to compare with theoretical first principle calculations to name but a few 

scientific topics [185]-[192].  

We want to illustrate the importance of X-ray based analytical techniques to understand the 

magnetic properties in such Heusler systems by two examples from current research. The unique 

property of half-metallic ferromagnetism, where the majority spin band exhibits a metallic 

character, while the minority-spin band has an energy gap at the Fermi level, is not only 

scientifically very interesting, but makes materials with such a property extremely attractive for 

spintronic applications, where a high spin polarization is mandatory. Therefore numerous efforts, 

both experimentally and theoretically is devoted to understand the origin of band gaps in half-

metallic ferromagnets and Heusler alloys are among those systems. Whereas spin resolved 

photoemission can probe the spin polarization fo the half-metal surface, the even more 

interesting interface region between for example the half-metal and a barrier layer in a magnetic 

tunnel junction cannot be addressed by this techniques. It has also been predicted, that the 

localization of magnetic moments in Heusler alloys is deeply connected to the band-gap of the 

minority-spin states. Probing the localization of magnetic moments in an element-specific way is 

therefore a key to a fundamental understanding. A recent experimental study, which combined 

X-MCD and X-MLD has evidenced  significant difference in the localization of the Co moment 

when comparing the Heusler compounds Co2MnSi against Co2MnAl. Epitaxial layers of 

Co2MnSi and Co2MnAl were grown on Cr-buffered MgO(001) substrates by inductively 

coupled plasma assisted magnetron sputtering from composition-adjusted sputtering targets. X-

ray diffraction confirmed the expected crystal structures of the Heusler alloy thin films. XMCD 

and XMLD spectroscopy was then applied at the L absorption edges to probe the localized 

character of the Co and Mn interface moments in those half-metallic Heusler films. The XMCD 

spectra showed a multiplet fine structure at both the Co and the Mn edges in Co2MnSi  and an 

enhanced XMLD effect. In the corresponding Co2MnAl  system, only the Mn absorption edges 

showed this behavior, whereas the signal at the Co was largely reduced suggesting that the Co 

moments are less localized in Co2MnAl. These observations are fully consistent with the 

theoretically predicted larger minority spin-gap in the Co partial density of states for the former 

compound  as obtained from first principle calculations[193], [194].  

The second example addresses the topic of demagnetization dynamics in the Heusler alloy 

Co2MnSi, which was experimentally studied by combining the element-specifity of XMCD 



spectroscopy with ultrafast (ps) time resolution. The mechanisms, which determine 

demagnetization in ferromagnetic metals are still unclear. Spin-flip scattering of hot electrons is 

one of the possible scenarios, which can occur at very fast time scales (100 fsec), however empty 

minority states at the Fermi level are prerequisite for this process. The time scale at which the 

demagnetization can occur is therefore driven by the amount of spin minority phase space. This 

topic is similar to the one described above and therefore Heusler alloys are again the materials of 

choice for such studies. In this study, the response to a ultrafast laser excitation pulse of a Ni film 

and a Co2MnSi Heusler alloy was studied by XMCD, where the ultrafast time resolution was 

provided by a streak camera. There the transmitted x-ray pulses were converted into electrons, 

which are then dispersed by applying a fast sweeping voltage. The electrons are recorded by a 

linear detector and the location of incidence on the detector can be related to the time structure. 

A time resolution of a few ps can thus be obtained [195]. The streak images were collected at the 

Mn L3 edge in the Heusler compound and the Ni L3 edge of the Ni metal. The demagnetization 

data were collected in transmission, which probes the bulk of the sample. Very interestingly, this 

study revealed that the demagnetization process in the Heusler alloy, which was measured to be 

3.5ps  was significantly slower than in a conventional ferromagnet such as Ni, where a <1ps 

demagnetization time has been observed [196]. Fig. 7 shows the time resolved demagnetization 

profile of the Heusler compound in comparison with the ferromagnetic Ni film [192]. The faster 

decay for the Heusler alloy is clearly visible. This unexpected behavior could  be attributed to a 

minority states band gap in the Heusler alloy, which prevents the ultrafast Elliot-Yafet type 

scattering mechanism.  

While these results are already impressive by itself and demonstrate nicely the unique 

capabilities of X-rays, they are just a glimpse of what ultrafast X-ray based techniques can 

provide at upcoming X-ray sources (see chapter 4 below) in the near future. 

3.6 Magnetic molecules 

In the final example of research of magnetic materials with X-ray based analyses, the current 

limitations in terms of sensitivity are demonstrated.  

The ability to manipulate electron spins in organic molecular materials has triggered a 

conceptually exciting branch of spintronics, the so-called field of molecular spintronic [197] - 

[199].  Magnetic molecules have several advantages which make them feasible candidates for 



nanoscale information technology. The weak spin–orbit and hyperfine interactions in organic 

molecules opens the possibility of preserving spin-coherence over times and distances much 

longer than in conventional metals or semiconductors. At low temperatures the relaxation of 

magnetic molecules is very slow, and therefore they will keep their magnetization over a long 

period of time. However, the characterization of magnetic molecules is a real challenge for any 

analytical tool in terms of sensitivity and the requirement to operate at low temperatures. Using 

X-ray absorption spectroscopy and X-MCD techniques valuable insights could be obtained 

recently with various magnetic molecules [200]. Fig. 6 shows the structure of a star-shaped 

molecule comprising a Mn4O6 core. X-ray absorption and X-MCD spectroscopy was performed 

at BL 4.0.2 at the Advance Light Source in Berkeley with the samples mounted into a cryostat 

equipped with a 6T superconducting magnet. The experiments were performed at a temperature 

of 5K and in a field of 5T around the Mn L edges around 640eV. The XAS and X-MCD spectra 

are displayed in Fig. 6. The XAS spectra, which are sensitive to the chemical environment of the 

absorbing atom, clearly revealed a Mn2+ ionic valence state. The corresponding X-MCD spectra 

and their analysis within the sum rules revealed that this molecule exhibits at a field of 5T a spin 

moment of 17.15 µB/formula unit and an orbital moment of 0.36 µB /f.u. These data confirm the 

weak coupling between the central ion and the three outer ions, which reflects the general weak 

ferromagnetic coupling of this molecule [201]. 



 

4 Future directions in magnetism research with X-rays 

4.1 Approaching fundamental length and time scales in magnetism 

Research on magnetism has come a long way and maintains to be a very active area in solid 

state physics. Its attractiveness can be seen by the fact, that magnetism not only is one of the 

dominant physical mechanisms which has led the information technology to the level we enjoy 

today, but that there are still very fundamental questions unsolved, such as the origin of 

exchange interaction. To answer those questions, the fundamental length and time scales, which 

govern magnetism need to be explored. The future directions of magnetism research and 

progress in the understanding of this phenomenon are therefore intimately linked to the 

enhancements of the capabilities of experimental analytical tools and theoretical models, which 

can address these areas. While the fundamental length scale in the nanometer regime has been 

reached both experimentally and also almost technologically, the gap to fundamental magnetic 

time scales in the fs regime at nanometer spatial resolution is wide open.  

4.2 From optomagnetics to pure spin currents 

We would like to end this review by mentioning a few examples of current research, which 

explore new areas of magnetism research and will therefore require a thorough and fundamental 

understanding of spins on fundamental length and time scales. 

- Is there a fundamental limit as to how fast one can change the direction of a spin of the 

electron? 

Reversal by an external magnetic field, which is commonly done in magnetic storage 

devices, requires a torque acting on the spin, which generates a precessional motion. A recent 

experiment where the magnetic field pulse was generated by ultrarelativistic electrons in a 

particle accelerator [202] has shown that below 2 ps the magnetization becomes fractured, 

which results in a random switching behavior [203]. On the other hand, ultrafast optical 

pulses were used to demagnetize a ferromagnetic sample and this was found to occur in the 

subpicosecond regime [1]. Very recently, an all-optical reversal of the magnetization was 

observed by applying a single 40fs short circularly polarized laser onto a ferromagnetic 



sample [204]. The direction of the switching in this experiment was found to be determined 

only by the helicity of the light pulse. This process seems to occur not through precession, 

but rather via a strongly nonequilibrium state [205]. This effect is also currently explored in 

antiferromagnetic systems [206] and theoretical models are further being developed to 

support this explanation [207]. Technologically, this result could be of paramount importance 

to an ultrafast and efficient writing process in future magnetic storage devices. This 

experiment clearly tackles the fundamental time limit in magnetism; however, so far there is 

no experiment, which would be able to investigate this effect on a nanometer length scale. 

 

- How fast can spin angular momentum be transferred to orbital momentum and vice versa and 

what are the basic mechanisms for these processes? 

An intense fs optical laser pulse, which is absorbed by a metal pumps energy into electronic 

excitations of the system and it takes some time to relax into thermal equilibrium. The very 

basic process proceeds through various possible channels, but the timescale is ultimately 

determined by an energy transfer from the electronic system to the lattice of the specimen. 

The interaction with the spin system is thought to be a subsequent process triggered by spin-

orbit interactions and angular momentum conservation. However, there is also the possibility 

of a direct transfer from the electronic system into the spin system, which would then allow 

for a faster interaction. Whereas this is an exciting fundamental scientific question, this 

would also have a significant technological impact, since it would allow for switching 

magnetization much faster; and in turn this would  increased writing speedfor information 

technologies. The sensitivity of X-MCD spectroscopy to the individual spin and orbital 

moments is the technique of choice to tackle this problem. 

Although the time structure of current synchrotron sources seems to be too slow to study fs 

phenomena, the technique of slicing, which basically modulates with a fs optical laser source 

the electron bunches in the storage ring so that fs short X-ray pulses can be obtained, opens a 

possibility to access this interesting area of science [208], [209]. 

A recent pump-probe experiment [210], where a fs laser pulse was used to excite a the 

electronic states in a Ni film, which was then probed utilizing the fs capabilities at the slicing 

source at BESSY/Berlin shed light on this question [211] . The X-MCD signal was measured 

as a function of delay time and the results are shown in Fig. 7. For the first time, the 



quenching of spin angular momentum and its transfer to the lattice with a time constant of 

120 ± 70 fs could be determined unambiguously. This experiment revealed an unexpected 

increase in valence-electron localization during the first 120 fs, possibly providing the 

driving force behind femtosecond spin–lattice relaxation and confirmed, within the timing 

accuracy of about 50fs a synchronous decrease of the X-MCD signal, which is a measure of 

the magnetic moments. These experiments are very challenging and suffer mostly from very 

low photon intensities for fs studies at current synchrotron sources, but they still provide an 

unambiguous insight into fs spin dynamics phenomena. 

Whereas the future capabilities at 4th generation X-ray sources, such as X-ray free electron 

lasers (X-FEL) [212]- [217] or Energy Recovery Linacs [218], will provide fully coherent 

and ultrashort X-ray  pulses with sufficient photons per pulse to allow for single shot 

experiments, an alternative route could be table-top sources[219], which have seen recent 

progress to expand into the EUV and soft X-ray photon regime by using higher harmonics. 

First experiments on ultrafast spin dynamics at e.g. the M edges of transition metals have 

been published [220] probably involving even higher order in the X-MCD signal [221].  

 

- Are there new mechanisms, which could serve as guidance in the quest of exploring novel 

magnetic materials with advanced functionalities? 

Elemental carbon is one of the most important constituents in nature and is abundantly 

available. A ferromagnetic order in carbon would therefore be highly advantageous, e.g. for 

application in biotechnology, although the origin of a magnetic order has been a mystery ever 

since. However, recently, a microspectroscopic study at room temperature utilizing the 

capability of a Scanning Transmission X-ray microscope to distinguish element-specific local 

magnetic moments at high spatial resolution of metal-free carbon which was irradiated by a 

proton beam allowed to unambiguously identify a ferromagnetic character and its origin 

could be traced back to the electron system of the carbon [222].  

 

- Is it possible to disconnect the flow of spins from the charge of the electrons? 

Spin-polarized currents, which are intensely investigated in spintronics [223] - [228], allow 

manipulating through spin torque effects the spin configuration at the nanoscale. However, the 



idea of using pure spin currents only instead of flowing electrons would advance tremendously 

present technology particularly with regard to energy consumption. To achieve this one has to 

engage a mechanism which decouples the spin current from the electronic current. Spin-orbit 

coupling gives rise to spin-dependent scattering which couples charge and spin currents in 

conducting materials. Pure spin currents can therefore be generated e.g. via the spin Hall effect 

or through spin pumping [229]- [231]. Although these effects are currently under intense 

investigation in various materials, it remains open, whether and when technological applications 

based on pure spin currents will be developed.  

X-ray based analytics will continue to play a significant role in the future in the study of 

nanomagnetism. Next generation instruments and sources are currently on their way, and more 

insight into fundamental processes of the scientifically exciting and technologically relevant 

phenomenon of magnetism can be expected. 
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FIGURE CAPTIONS 

 

Figure 1: Schematic of the experimental geometry between photon polarization, magnetic 

field and photon propagation direction to detect (a) X-ray magnetic circular dichroism 

(X-MCD) (b) and X-ray magnetic linear dichroism (X-MLD). 

Figure 2: Schematics of the optical setup of the full field soft X-ray microscope XM-1 

located at beamline 6.1.2 at the Advanced Light source. Electrons in the storage ring emit 

X-rays in the bending magnet. The off-orbit emitted polarized X-rays are 

monochromatized by the condenser zone plate (CZP) – pinhole arrangement before they 

illuminate the magnetic sample. The microzone plate (MZP) downstream the sample 

projects a magnified image of the transmitted X-rays onto the 2dim CCD detector.  From 

Ref. [118] 

Figure 3: a) X-ray absorption spectra taken with left and right circularly polarized X-rays 

of a [Pt 0.75nm/Co 0.25nm]50/Tb30Fe70 25nm/ Pt 5nm layered film covering the Fe and 

Co L edges around 700-800eV. 

b) XMCD recorded for this system showing in a layer resolved way the antiparallel 

coupling of the Fe and Co containing layers.   

c) Scheme of the [Pt 0.75nm/Co 0.25nm]50/Tb30Fe70 25nm/ Pt 5nm multilayered film. 

From Ref. [130]. 

Figure 4: Magnetic X-ray microscopy images of the  [Pt 0.75nm/Co 0.25nm]50/Tb30Fe70 

25nm/ Pt 5nm multilayered film recorded at the Co L3 (left) and Fe L3 (right) edge at a 



magnetic field of about 3kOe. The two images show the same domain pattern with 

reversed contrast demonstrating the antiparallel alignment of the Fe and Co moments and 

their direct coupling. From Ref. [130]. 

Figure 5: (a) Scheme of the infinity structure and its magnetization (arrows). (b) 

Corresponding differential X-ray images showing the static magnetic configuration with 

the domain wall spanning horizontally. (c) Time evolution of the vertical deflection of the 

domain wall. The gray curve depicts the applied current pulse. The dotted red curve 

represents a fit for the free oscillation of the domain wall upon excitation with a short 

current pulse. The images show differential X-ray images corresponding to the yellow 

square in (b) recorded at 200, 1800 and 2600 ps delay time between the electronic pump 

and the X-ray probe pulse. From Ref. [161] 

Figure 6: (a), In-plane piezo force microscopy image showing the 

ferroelectric domain structure of a BFO film with a large (10 μm, red square) and 

small (5 μm, green square) electrically switched region. (b), Corresponding 

XMCD–PEEM image taken at the Co L-edge for a CoFe film grown on the written 

Pattern showing the direct match of the domain structures. (c) Rotation of the sample in 

reference to the incoming right-circularly polarized light enables allows to resolve the 

orientation of the magnetization in the CoFe layer. From Ref. [181] 

Figure 7: (a), (b) XMCD transmission streaks at the Mn L3 edge (639.4 eV), with 

magnetization orientation anti-parallel and parallel to the polarization of incident x-ray 

pulses. A difference streak is shown in (c). (d) Normalized Ni and Co2MnSi asymmetry 

signals and fits. From Ref. [192] 



Figure 8: Left: Molecular structure of a star-shaped molecule of MnII
4O6 core. Right: a) 

X-ray absorption spectra at the Mn L-edge for right and left circular polarized photons. b) 

Experimental and calculated XMCD spectra. From Ref. [200] 

Figure 9: Femtosecond evolution of the electronic and magnetic structure in Ni. 

a) Change of the XAS intensity with linearly polarized X-rays incident perpendicular to 

the sample surface versus pump–probe time delay b) Time-resolved XMCD 

signal with circularly polarized X-rays incident at 60  relative to the sample surface 

versus pump–probe time delay. From Ref. [210] 
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