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An area of condensed matter research which has seen significant progress in the past two 
decades is the search for a perfectly half-metallic ferromagnet (HMF).  Such a material is 
highly sought after in the now well established field of spintronics, where a material meeting 
this criterion could be employed to inject a spin polarised current into a semiconductor, 
enabling the development of transistors and other devices which exploit the electronic spin 
degree of freedom as well as conventional charge.  Some Heusler-structured XMnSb systems 
(with X = transition metal) have been identified in theory as HMFM’s,1 but experimental 
corroboration has been less than forthcoming.  Here the pnictide MnSb, itself possessing a 
degree of spin polarisation (Fig. 1), will be investigated in preparation for later work with the 
trinary systems mentioned above.   
 Using the technique laid down by C. Utfield et al,2 the Fermi energy spin polarisation 
for MnSb can be obtained by comparison of experimental magnetic Compton scattering data 
with ab-initio calculations.  The Linear Muffin Tin Orbital (LMTO) method allows for the 
rigid shifting of electronic bands in order to obtain the best agreement with experiment.  
Density of states calculations then provide spin polarisation as required.  Further comparison 
can be made with the literature when consideration is paid to Fermi-velocity weighting,3 
which is indicative of ballistic or diffusive transport.  In addition, comparison of experimental 
magnetic Compton profiles with nickel standard data will yield the spin moment which, once 
again, can be checked against calculations to ensure the validity of the approach.    
 X-ray Magnetic Circular Dichroism (XMCD) is a second x-ray technique which may 
be employed to probe the electronic and magnetic properties of a potential half-metal.  The 
technique’s main use is as an indicator of polarisation, as compellingly demonstrated for K-
edge transitions in ferromagnets by G. Schütz et al.4 The application of sum rules5 to 
experimental XMCD spectra will yield the orbital moment and the ratio of spin/orbital 
moments,6 providing further opportunities for comparison with ab initio calculations and 

accepted results.  An XMCD study has been performed on thin-film MnSb, prepared by MBE 
at Warwick, (Fig. 2) and comparison with bulk measurements is desirable.  
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 Fig 3.  MnSb DOS obtained with SPR- Fig 2.  XAS and XMCD Mn L-edges of thin-film  
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Recent developments and improvements in the resolution of angle-resolved 
photoemission experiments in the UPS as well as in the XPS regime require an 
improved (or revised) theoretical description of the photoemission process in the 
framework of the one-step model. In particular, the combination of the KKR band 
structure method with the dynamical mean field theory (DMFT)  provides an 
improved interpretation of photoemission data including all matrix elements effects 
[1,2]. Here we present a formalism that allows to include lattice vibrations into the 
one-step model.  

In photoemission spectra, typically, two different effects of lattice-vibrations can be 
observed. First of all, in the UPS regime electron-phonon interaction reflected by 
“kinks” and related phenomena occur. Here we present a formalism for the 
calculation of the force-constant tensor within the KKR Green's function method. As 
a primary information the formalism gives the real-space force-constant tensor. In a 
next step, from the k-resolved Eliashberg function we can calculate an electron-
phonon self-energy and can include this quantity into the photoemission formalism. 
The method has been applied to angle-resolved photoemission from Ni and is 
compared to corresponding experimental data [3].  
On the other hand for photon energies in the X-ray regime, the phonon-mediated scattering of 
photoelectrons gives rise to a broadening and to density of states like features in angle- 
resolved photoemission. Corresponding work on bcc-W is focussed on this effect. So far a 
simplified Debye-Waller-like treatment is used which leads to a modified single-site 
scattering matrix. An extension to the more realistic scheme of Larsson and Pendry will be 
discussed for the fully relativistic case of correlated photoemission.  
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Artificial spin ice is a patterned 2d array of single domain magnetic nano-ellipses which 
collectively exhibit geometrical frustration and distinctly “icey” behaviour (1, 2), directly 
analogous to real spin ice materials (3). Exploiting shape anisotropy, thermally stable 
moments are confined to well-defined axes, enforcing conflicting dipolar interactions. In 
calculation moments are often defined as Ising dipoles. Such model frustrated systems allow 
for the physics of frustration to be explored with unique control in real and reciprocal space, 
using magnetic microscopy and scattering techniques. 
 
Currently being studied is the square ice system, 
figure 1(a), where frustration occurs between the 
four elements on each cross-like vertex. The 
FeNi elements are spaced by 500 nm, ~ 100 nm 
by 300 nm in lateral size, and 25 nm thick. The 
geometry enforces a two-fold degenerate 
antiferromagnetic groundstate, however, the 
system possesses a complex energy landscape of 
local minima into which it can become frozen.  
 
Questions remain open regarding short and long 
range magnetic reversal mechanisms, as well 
single element accommodation of field. We 
have used x-ray resonant magnetic scattering, 
tuned to the FeL3 absorption edge, to study 
magnetic hysteretic behaviour at (01) in-plane 
Bragg positions, figure 1(b). Distinctly different 
hysteresis loops are found to occur at different 
diffraction orders, ranging from easy axis-like at 
0th and 1st order, to hard axis-like loops at 2nd, 3rd and 4th order, figure 1(c) reflecting the 
average magnetic behaviour of the two perpendicular sub-lattices of the system. 

 
Figure 1.  (a) Atomic and magnetic force 
microscopy of a 500 nm artificial square 
ice. (b) In-plane (01) rocking curve from 
magnetically polarized state. (c) In-plane 
magnetic hysteresis loops measured at 0th, 
1st and 2nd order Bragg positions. 

 
Such axis specific information shows that, under applied fields, moments are non-Ising. Also, 
non-zero magnetic remanence indicates that the moments may act to locally compensate for 
the vertex interactions, which itself may lift degeneracy as well as reduce frustration. 
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Much of the recent effort toward ferromagnetic (FM) semiconductor devices has been 
focused on the synthesis and characterization of transition metal (TM) doped III-V and II-VI 
materials, with prominent interest in ZnO:TM due to a proposed Curie temperature above 
room temperature [1]. However, much controversy surrounds these systems authors report 
conflicting observation of both room temperature FM [2] and anti-FM or paramagnetism [3] 
in ZnO:TM. Additionally, it is still unclear whether the FM is intrinsic (carrier-induced) or 
due to TM-related secondary phases [4]. Therefore, it is of great importance to find the 
relationship between the local environment around the TM and the magnetic properties of the 
system. X-ray absorption fine-structure (XAFS), X-ray photoelectron spectroscopy (XPS) and 
X-ray diffraction (XRD) measurements have been used to characterize a series of TM (Mn, 
Cr, Co, Cu) doped ZnO nanopowders grown by sol-gel methods with varying TM 
concentration and processing temperature. Comparing data obtained from these experiments, 
correlations are made between the composition and observed magnetic properties.  
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Magneto-Optical constant determination for X-rays in vicinity of the absorption edges 
remains one of the important experimental challenges in materials science. XMCD 
measurements give only the imaginary part of the refractive index (after proper but not 
reliable normalization). In soft X-ray region Faraday rotation and the shift of the Bragg peaks 
are successfully used for the absolute determination of the refractive part of this term. Here 
we have used the shift of the Kiessig oscillations on the reflectivity curves measured for the 
right and left circular polarized radiation in L-MOKE geometry for the direct determination of 
the refractive index in the hard X-ray range. The physics behind this effect is obviously the 
different phase shifts for the multiple reflected right and left circularly polarized waves in a 
magnetized thin film. The sample Nb(4 nm)/YFe2(40 nm <110>)/Fe(1.5 nm)/Nb(50 nm) has 
been epitaxially grown on a sapphire substrate at the LPM, University of Nancy. YFe2 is 
known to be a soft ferrimagnet [1], in which Y atoms carry a magnetic moment of ca. 0.4 �B . 
The X-ray reflectivity curves and corresponding asymmetry ratio have been measured at 
different energies near the Y L2,3 edges (L3: 2071 – 2095 eV, L2: 2145 – 2185 eV). Results for 
the L3 are reproduced in Fig.1. For data analysis we have used a modified version of the 
software package ASYM  [2] that is based on the general theory of reflectivity.
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Current interest in multiferroic materials has reinvigorated studies of magnetoelectrics. 
Together with chromium sesquioxide, gallium ferrate (GaFeO3) is a classic magnetoelectric 
[1] that is ferroelectric above room temperature and ferrimagnetic below Tc = 200K [2]. The 
magnetic moment is along the c-axis, perpendicular to the electric polarization along b. 
Essential to understanding the coupling between magnetic and electric polarization in 
multiferroics is the magnetoelectric order parameter, a toroidal or anapole atomic multipole. 
By way of orientation, an anapole may be viewed as the vector product of the magnetic 
moment and electric polarization. It therefore reflects the symmetry properties of 
magnetoelectric systems, a violation of both time and spatial inversion symmetry. Several 
experimental and theoretical works have been published in the interpretation and 
measurement of the anapole moment, several of those in GaFeO3. Absorption spectroscopies 
in the optical range [3] as well as at the Fe K-edge [4] have been measured showing 
interesting dichroic signals as non-reciprocal linear dichroism and magnetochiral dichroism. 
Resonant x-ray scattering experiments at the Fe K-edge also showed the presence of a 
magnetic difference signal exhibiting non-reciprocity under the inversion of the incoming 
light propagation direction [5]. All these experiments were designed to measure parity odd 
events, as E1-E2 or E1-M1, necessary to observe magnetoelectric and polar multipoles. Later 
theoretical description of these experiments showed that the measured signals turn out to be 
due to several magnetoelectric multipoles, [6] being not a straightforward task to disentangle 
the different contributions. A first step in this direction was done by soft x-ray Bragg 
diffraction experiment at the Fe L3,2 edges, where the azimuthal dependence of a charge 
forbidden reflection was measured. This experiment provided tantalizing information on the 
magnetoelectric monopole, a magnetic charge, and solid evidence for the magnetoelectric 
quadrupole in multiferroic GaFeO3 [7]. 
 
Magnetochiral dichroism in the Fe L3,2 edges is a direct measurement of the anapole moment. 
In order to measure the magnetochiral dichroism, the signal difference in a magnetic field is 
taken. Since the magnetochiral dichroism is polarization independent, right and left circular 
polarized light contribute equally. In this work, we will show dichroic signals at the Fe L3,2 
edges of GaFeO3 which are proportional to the magnetic, polar and magnetoelectric moments.  
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Motivated by a theoretical study published in 2009 by B. Hardrat et al. [1], we have 
investigated the magnetic properties of Fe nanostructures grown on Ru(0001) and Rh(111) 
substrates. According to calculations, as a result of spin spiral structures with q vectors 
corresponding to wavelengths of several atomic distances, the magnetic configuration of an 
epitaxial Fe monolayer is a 120° Néel structure in case of Fe on Ru(0001) and a double-row-
wise antiferromagnetic (AFM) structure in case of Fe on Rh(111). Thus, epitaxial Fe islands 
with a width of about 1-2nm are expected to show AFM alignment of the spins, differently 
from ferromagnetic (FM) bulk Fe. 
We have studied morphology and magnetism of compact Fe islands grown on Ru(0001) and 
Rh(111) single crystals. An example of the system’s morphology is shown in Figs. (a-b). X-
ray Magnetic Circular Dichroism (XMCD) experiments revealed that the magnetic coupling 
between Fe atoms in compact Fe islands is different than in bulk. In particular, as seen in 
Figs. (c-d), a very low XMCD has been measured, even 10 times smaller than in bulk Fe. This 
indicates an AFM rather than FM coupling. Another interesting aspect concerns the role of 
disorder in the AFM coupling, which can be studied by allowing the Fe-Fe distances to vary 
randomly. We will show that quenched condensed Fe impurities are only weakly AFM. 
Figure Top: Scanning Tunneling Microscopy images of Fe islands on Ru(0001) (a) and Rh(111) (b); 
Bottom: Corresponding X-ray Absorption Spectra for positive and negative circular polarization and 
dichroism, for Fe islands on Ru(0001) (c) and on Rh(111) (d). 
References 
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Ferromagnetic exchange spring multilayers have attracted great interest as potential high-
density recording media.  By combining the magnetic properties of the magnetically hard and 
soft constituent layers these materials can show increased thermal stability compared to 
single-phase media [1] and can be engineered to yield low coercivity [2].  Here we report 
time-resolved magneto-optical Kerr effect measurements, which show, to the best of our 
knowledge, the first time domain observations of precessional magnetisation dynamics 
induced by an exchange spring. 
 
A [DyFe2 (20 Å)/YFe2 (80 Å)]x40 multilayer film was fabricated by molecular beam epitaxy 
[3].  The layers form in the C15 MgCu2-type cubic Laves phase.  In zero applied field the 
superlattice forms a giant ferrimagnetic state with anti-parallel net moments in adjacent DyFe2 
and YFe2 layers.  In applied fields, clear exchange spring behaviour has been observed using 
the conventional magneto-optical Kerr effect (MOKE).  The all-optical, time-resolved, 
magneto-optical Kerr effect (TRMOKE) measurements were performed using an amplified 
Ti:sapphire pulsed laser.  An oscillatory TRMOKE signal, shown in Fig. 1(a) was observed 
following absorption of the laser pulse.  The frequency of the oscillation was found to 
increase with bias field (Fig. 1(b)), indicating ferromagnetic resonance. 
 
It is believed that the torque exerted by the wound exchange spring induces magnetisation 
precession.  Precession is only observed at field values above the bending-field transition, 
when the sample exists in a wound exchange spring state.  Heating by absorption of the 
ultrafast laser pulse causes demagnetisation and moves the magnetisation away from 
equilibrium. 

 
Figure 4 – (a) shows TRMOKE scans made with varied bias field applied parallel to the DyFe2 easy 

axis.  (b) shows the peak frequencies obtained by fast Fourier transform of the data in (a). 
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We report on a new method to determine the degree of bulk spin polarization in single crystal 
Co(1	x)FexS2 [1], by modelling magnetic Compton scattering with ab initio calculations. Spin-
dependent Compton profiles were measured for CoS2 and Co0.9Fe0.1S2, along four and three 
different crystallographic directions respectively. The ab initio calculations were then refined 
by rigidly shifting the bands to provide the best fit between the calculated and experimental 
directional profiles for each sample. The bulk spin polarizations, P, corresponding to the spin-
polarized density of states at the Fermi level, were then extracted from the refined 
calculations. The values were found to be P = 	72±6% and P = 18±7% for CoS2 and 
Co0.9Fe0.1S2 respectively. Furthermore, determinations of P weighted by the Fermi velocity (vF 
or vF2 ) were obtained, permitting a rigorous comparison with other experimental data and 
highlighting the experimental dependence of P on vF. 
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Recent studies on Alzheimer’s disease (AD) have highlighted a possible connection 
between neurodegeneration and increased levels of iron and other trace metals at 
certain sites in the brain [1]. It is well established that iron can be precipitated 
biochemically in the form of nanoscale magnetite (Fe3O4) by organisms ranging from 
simple microbes, such as the Fe(III) reducing bacterium Geobacter sulfurreducens 
[2], through to fish and other animals [3]. However it is probably less well known that 
human magnetite biomineralization has been observed, following studies of post-
mortem brain tissue samples taken from AD sufferers [4-6]. The occurrence of 
nanoscale forms of this redox active iron mineral, co-localised with a peptide known 
as beta-amyloid, could be linked with the formation of free radicals that attack and 
damage neurons.  
 
Brain tissue obtained from mice that were genetically modified to contain the human 
gene associated with AD has been shown to provide a highly relevant model of AD in 
humans. We present here a study utilising scanning transmission x-ray microscopy 
(STXM) to identity and map the distribution of iron biominerals and other biological 
iron compounds in the brain of AD transgenic mice. In particular we will discuss the 
distribution of such compounds in the vicinity of aggregates of the beta-amyloid 
peptide. STXM is unique in that it not only enables us to map the distribution of both 
the iron minerals and associated biological material on nanometre length scales, but 
we can also (using spectromicroscopy) unambiguously separate magnetite formation 
from other iron minerals that possess very similar crystal structures, such as 
maghemite. Using this approach we aim to understand the formation of iron minerals 
in the brain and their role in the pathology of Alzheimer’s disease. 
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 The exchange interaction between antiferromagnetic (AFM) and ferromagnetic (FM) 
layers has been extensively investigated, especially for the pinning effect of the AFM layer on 
the FM one, which lead to a shift of the centre of the hysteresis loop away from zero applied 
magnetic field [1]. PtMn alloy in the tetragonal chemically ordered phase is one of the best 
AFM materials for technological applications. At room temperature (RT), however, the 
exchange bias in PtMn/FM bilayers is strongly reduced below 20 to 30 nm and vanishes when 
the PtMn layer is thinner than 8 to 10 nm. Despite numerous recent experimental studies, the 
origin of such a critical thickness is not properly understood. Current explanations relate it to 
AFM thermal stability, grain size distribution, finite scaling of the Néel Temperature or 
chemical disorder [2-6]. With only few exceptions, all these studies were performed on films 
grown by sputtering and with different degrees of texture and chemical order. High quality 
epitaxial ultra-thin films of few monolayers, provide ideal systems to get insights into such a 
complex correlation between structure and magnetic properties. 
 Grazing incidence X-ray diffraction (GIXRD) was carried out to follow the growth of 
ultra-thin PtMn(Fe) layers on Pt(001) at the UHV workstation of the French CRG BM32 
beamline at ESRF. The films were grown by alternate electron-beam deposition of Mn(Fe) 
and Pt and studied in situ by GIXRD. At room temperature, Pt grows by island formation and 
the resulting ultra-thin PtMn layer is disordered and rough. Subsequent annealing (500°C) 
smooths the surface but gives rise to a (twinned) chemically ordered phase with the tetragonal 
c-axis mainly in the plane of the surface. On the other hand, on a substrate at 300°C, Pt grows 
layer-by-layer, while Mn has negligible diffusion into bulk. As consequence, an ultra-thin 
layer with the tetragonal c-axis perpendicular to the surface is formed. Subsequently, a 
tetragonally distorted PtFe layer with c-axis perpendicular to the surface was grown on that 
PtMn layer, yielding a well-suited system for perpendicular exchange coupling.   
 Magnetic properties were studied ex situ by polar magneto-optic Kerr effect 
(MOKE). After field cooling, increased coercivity and exchange bias shift of the hysteresis 
loops were observed. X-ray magnetic circular dichroism (XMCD) at the Mn and Fe L23-edges  
was performed at the ID08 beamline at ESRF. The results show a perpendicular AFM 
coupling between Fe and Mn magnetic moments. They also point to a large amount of 
uncompensated Mn spins at interface, the majority of them being rotatable. A rough 
estimation indicates that only a small fraction (less than 3%) of these Mn spins is pinned. 
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The local electronic configuration of the metal ion is reflected in the pre-edge region of the 
XAS spectrum, which arises from resonant excitations into the lowest unoccupied orbitals. 
Detailed XANES studies on transition metal complexes have demonstrated the sensitivity of 
X-ray absorption K edges and their (pre)edge features to their chemical environment, e.g. 
oxidation state, site symmetry, crystal field splitting. However, XANES is still not fully 
understood, and has been used mainly as a fingerprint for metal oxidation states or 
geometries. Here, developments in X-ray emission techniques, i.e. resonant inelastic X-ray 
spectroscopy (RIXS), are pursued.  
In RIXS spectroscopy, the emitted energy is measured as function of the 
incident energy using a secondary spectrometer, thus yielding 2-
dimensional (2D) X-ray information. The 2D picture is crucial to identify 
the correlation between the incident and emitted energies, and gives 
information on the electronic density of states of the system. Information 
similar to L- and M-edge spectroscopy is obtained because similar final 
states can be reached. The advantage of RIXS is that both incident and 
emitted energies are relatively high in energy, thus allowing in situ 
measurements on working catalysts. When different emission lines can 
be resolved and assigned to specific chemical environments, selective 
XAFS can be performed. 
Initially, systematic RIXS studies using structurally known reference 
compounds, in combination with theory and complementary techniques 
like the direct L- and K-edge XANES, have been performed obtaining 
fundamental insights in the X-ray data obtained. The technique was 
explored from the previously studied 3d transition metals to the 
unexplored 4d and 5d transition metals. Full RIXS planes have been 
acquired as a function crystal orientation angle to determine the 
orientation of the molecular orbitals (MOs) and assign the different 
XANES features. In addition, important insights in charge transfer 
within the systems have been obtained. 

N N

OH OHX

Z Z

X

Figure 1: 
Example of Cr 
1s2p RIXS for a 
Cr(salen) catalyst. 

We are currently studying the electronic properties of catalytic materials, i.e. single site 
homogeneous systems, in detail. Information on the orientation of MOs, the charge transfer 
between them, and their accessibility for reactants, is obtained, providing insights in the 
properties required for (enantio)selective catalysis. Additionally, preliminary results on in 
situ, flow-chemistry catalytic studies will be presented. 
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(III,Mn)As ferromagnetic semiconductors offer the attractive possibility of combining storage 
and logic operations in a single device. The large scale applicability of semiconductor 
spintronics is however, limited by the Curie temperature, which for GaMnAs stands at a 
maximum 186K.  A recent x-ray magnetic circular dichroism (XMCD) study showed that an 
Fe overlayer may produce an above-room-temperature proximity polarization in an interface 
layer of GaMnAs, with antiparallel alignment to the Fe [1]. Such a material may have the 
potential to offer non-volatile spin polarization in a semi-conductor at room temperature. 
However until now no information was known about the coupling below the interface layer. 
 
Here we investigate the magnetic coupling of Fe and GaMnAs layers grown in the same 
molecular-beam epitaxy chamber to ensure a clean interface [2]. Using XMCD and bulk 
magnetometry, we find that, below an exchange bias field of up to 240Oe, the GaMnAs layer 
is homogeneously magnetized antiparallel to the Fe layer. Furthermore, by comparing XMCD 
spectra measured in fluorescence and electron yield modes, we identify an interface Mn layer 
which is strongly exchange coupled to the Fe film. The interface polarization is shown to 
persist above room temperature. 
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Figure 1. Magnetometry measurements 
of an Fe/GaMnAs bilayer (thin line + 
circles) and an uncapped GaMnAs film 
(thick line). 

Figure 2. Fe/GaMnAs(20nm) room temperature XMCD 
(thick) plus GaMnAs low temperature XMCD scaled to the 
size of the Fe/GaMnAs XMCD for comparison (thin) 
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