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Abstract. The International Conference on Anomalous Scattering held
in Malente, Germany, in 1992 examined the broad issue of ‘dispersion
or resonant scattering’ for X-rays. The significant aspects discussed at
that time included: the evaluation of X-ray scattering factors, the role
of local broken symmetries and the application to structure determi-
nations, the impact on magnetic X-ray scattering, but also resonant
Raman scattering and nuclear resonant scattering. However, many as-
pects of resonant elastic X-ray scattering (REXS) were still being re-
vealed and soon it was realised that new productive paths of research
would open up. In the last two decades, applications have developed
thanks to concurrent developments in X-ray instrumentation and the-
oretical approaches. Focusing on REXS only, noteworthy fields are: the
observation of multiple order parameters, the detection of multipolar
moments, but also applications in chemistry and materials sciences,
macromolecules and soft matter in the soft X-ray range. REXS has
evolved from the exploitation of large resonant signals to a powerful
experimental and characterisation method aimed at unravelling new
phenomena. The recent technical and theoretical advances have paved
the way to further REXS developments in many fields of science.

1 Introduction

One of the many benefits of synchrotron radiation is the ease of energy adjustment of
the X-ray beams that allows detailed investigations of scattering processes near ab-
sorption edges and the exploitation of the resonant process. The contributions given
at the Malente Conference [1] in 1992 demonstrated clearly that the advent of syn-
chrotron sources had led to major advances in the field. As the late David Templeton
put it [2], the previous Inter-Congress Conference on Anomalous Scattering held in
Madrid in 1974 had marked “the end of the X-ray tube and the beginning of the stor-
age ring as the source of choice for these experiments”. Until synchrotron radiation
could be used, large efforts had been put on the estimation of resonant of the X-ray
scattering factors [3,4] while the impact of X-ray anomalous and resonant scattering
on structures determination had been very small.

% e-mail: vettier@esrf.eu


http://www.epj.org/
http://dx.doi.org/10.1140/epjst/e2012-01602-7

4 The European Physical Journal Special Topics

The Malente meeting revealed that resonant X-scattering was on the verge of ex-
panding in many directions thanks to the synchrotron sources of the so-called second
generation. At that time, the meeting illustrated the experimental results obtained
at second-generation synchrotron sources and theoretical advances. The major points
that were presented involved magnetic X-ray scattering, the applications of resonant
scattering to structure determinations, Resonant Inelastic X-ray Scattering, the role of
anisotropic scattering factors, and the determination of optical constants and atomic
scattering factors. Furthermore, stimulated by experimental results [5-8] the theoret-
ical understanding of the resonant process had improved [9], and deeper analysis of
experimental results became possible [10].

Malente marked the advent of third generation synchrotron sources with highly
tuneable X-ray beams, good energy resolution and efficient instrumentation; these
developments were more or less paralleled by advances on the theoretical front, in-
cluding realistic modelling of resonant scattering amplitudes. Since then, the growing
availability of synchrotron X-ray sources, but also the impressive progress in instru-
mentation and theoretical modelling have prompted an enormous growth of resonant
X-ray scattering methods. Resonant X-ray Scattering has evolved from being a very
exciting and promising field of research and/or a very efficient intensity enhancer to
being an extraordinary rich probe of the various states of matter. This has been quite
visible in some areas such as local symmetry properties in solids, materials sciences,
soft matter and electronic properties in condensed matter.

Since the Malente conference, so many applications of Resonant X-ray Scattering
have burgeoned that the organisers of the present conference decided to focus on Res-
onant Elastic X-ray Scattering (REXS), an elastic phonon-in phonon-out process. It
should be noted that, at least two other fields have led to promising developments:
Resonant Inelastic X-ray Scattering [11], in particular in the field of magnetic excita-
tions [12], and the various X-ray dichroism methods [13].

More progress is still to be expected: nano-focusing of X-ray beams, enhanced
energy resolution, and the availability of coherent X-ray beams that could allow fast
time-resolved studies will open new avenues for research on the electronic and struc-
tural properties of matter.

2 Resonant elastic scattering: A unique probe

REXS is about the detection, the characterisation and the understanding of scat-
tered X-rays intensities from sample materials when the X-ray energy is tuned near
absorption edges of the material components. Several approaches to REXS have been
put forward [9,10,14-17]. Briefly speaking, REXS originates from virtual multipole
transitions induced by the incident radiation near absorption edges; as such REXS
is very sensitive to the local environment and bonding configuration. REXS exhibits
unique features:

— REXS is element specific. The chemical sensitivity arises from the element speci-
ficity of absorption edges.

— REXS is orbital specific. The choice of the absorption edges selects the electronic
core level to be excited, and different final states can be probed through multipole
transitions.

— REXS is a sensitive probe of multipolar moments. Applications of symmetry
arguments can distinguish magnetic and non-magnetic effects and predict how optical
activity can be observed [9,10,13,18-20].

— REXS intensities have a dependence on the photon energy that contains rare
information on energy scales in the system.
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Because of its extreme sensitivity to symmetry, REXS has the following charac-
teristics:

— REXS exploits the polarisation of the photon beams. Both linear and circular
polarisations of X-ray beams are to be considered [21].

— REXS depends on the scattering geometry. REXS probes the symmetry of local
fields; varying the orientation of these fields with respect to the scattering plane
(azimuthal scans) is a further probe of the origin of REXS [22].

There have been many improvements in the theoretical modelling of the reso-
nant process. The resonant scattering amplitudes are related to matrix elements
of multipole moments operators between the initial state and intermediate unoc-
cupied electronic states. Classifications of the transition matrix elements have been
achieved [18-20] based on their symmetry properties under space-inversion, rotation
and time reversal. Realistic calculations of the energy dependence near the absorp-
tion edges can now be obtained through efficient computer packages and ab-initio
electronic band calculations [23]. In the special case of resonant X-ray spectroscopy,
extremely useful sum rules have also been derived that relate ground state properties
(averaged values of moments) to integrals of resonant signals over photon energy [24];
similar derivations were proposed in the case of REXS [25]. The large amount of inter-
est in resonant scattering methods at the time of the Malente Conference has initiated
significant theoretical work, which in turn has allowed the surge of experimental work
when experimental environment became available.

3 Synchrotron X-ray instrumentation

Indeed, dramatic progress in X-ray instrumentation has taken place during the last
two decades. The most valuable aspect has been the development of new tools to tailor
X-ray beams: choice of the photon energy, beam stability, energy resolution, control
of the X-ray polarisation. We shall consider the properties of X-ray sources, the char-
acteristics of X-ray beams, properties at sample position and instrumentation/sample
environment.

Obviously, the performance of modern storage rings [26] and the development
of new insertion devices [27] have facilitated experiments involving the tuning of
incident photon energy. Nowadays, effective instrument control allows scanning the
photon energy while adjusting X-ray-source flux at its maximum and maintaining the
scattering geometry. The relative incident energy resolution which is usually available
on most instruments is in the 107° to 10~* range. Although this represents quite
an achievement, some progress might still be made in the future without reducing
excessively the photon flux at the sample position.

The control of X-ray beam polarisation is an essential ingredient to REXS exper-
iments. Helical undulators have been developed recently [28] that can produce any
kind of polarisation of the incident X-ray beams, especially in the soft X-ray range.
However, the transfer of the polarisation of the X-ray beam to the sample through
the monochromator remains an issue. In parallel, X-ray phase plates have been de-
signed to obtain circular polarisation from linearly polarised beams, using the perfect
crystal birefringence near the Bragg diffraction condition as predicted by the X-ray
dynamical theory [29]. Perfect diamond crystals and mosaic crystals such as beryl-
lium can produce high degree of circular polarisation with a wide range of energy
tenability. Furthermore, phase plates can be used to rotate linear polarisation in any
direction perpendicular to the incident X-ray beam [22,30]. Such a set-up permits
scans of the incident polarisation; combined with linear polarisation analysis of the
X-ray scattered beam, this method allows full polarisation analysis. In vacuum linear
polarisation- (and energy-) analysers are now in use at several synchrotron facilities.
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Better X-ray optics and brighter sources can produce highly focused X-ray beams
(below 100 nm) [31]. These highly focused X-ray beams available nowadays allow scan-
ning probe techniques that are used in combination with REXS to probe structural
and magnetic properties of materials. Furthermore, partial coherence of X-ray beams
can now be achieved at many facilities, and can be exploited to investigate config-
urations in materials (composition and stress distributions, growth of nano-objects,
...) [32].

Instruments and instrument control software have become so flexible and reliable
that ‘exotic’ scans can be thought of without resorting to continuous human inter-
vention. Since the days of Malente, most publications dealing with REXS on single
crystal involve extensive X-ray polarisation analysis and/or azimuthal scans of the
sample. Similarly, sample environment has developed (temperature, applied external
fields, ...) up to a point that the main limitations are not with experimental capa-
bilities any more. There is however a blocking point with X-ray experiments at very
low temperatures; it appears that bringing the scattering volume of the sample below
1K remains a difficult task because of the heat load deposited by the synchrotron
beams.

The generic features of REXS can now be fully exploited at all modern synchrotron
sources where new instrumentation has been implemented. In the following, I shall
give a few examples of experimental studies that illustrate the evolution of REXS
during the last two decades.

4 Deciphering local site symmetry properties

One of the highlights at the Malente conference was the evidence of forbidden re-
flections observed in hematite by K.D. Finkelstein [8]. Forbidden Bragg reflections
had been observed already before in particular by D.H. Templeton and L.K. Tem-
pleton [6], but this work on hematite [8] marked the start of renewed interest in
that field. Anisotropic crystalline environments lead distortions of the electronic wave
functions, and therefore the atomic scattering factors cannot be considered as scalar
quantities any longer and should be treated as tensors. In some space groups, where
resonant atoms occupy sites with different orientations (presence of screw-axis and/or
glide plane), forbidden reflections can occur near absorption edges [7]. Experimental
observations have included many ingredients of today’s activities in REXS, namely
energy lineshape of intensities, X-ray polarisation dependence and variation with az-
imuthal angle [33]. Analysis of the forbidden reflections has started with the modelling
of symmetry adapted anisotropic tensors representing the anisotropic susceptibility.
Originally all effects were considered to arise from dipole contributions only, but
rather quickly, it became obvious that quadrupole contributions [8] and also mixed
dipole-quadrupole terms had to be taken into account [34]. However, the various
contributions to forbidden reflections near absorption edges can become very much
entangled, especially if several order parameters, such as magnetic or orbital order,
are involved (see below). In order to understand fully the various contributions and
to account for the experimental data, extremely careful studies of the polarisation
dependence, the azimuthal angle dependence over a very large angular span must be
undertaken.

One such example is a recent work on hematite by Kokubun et al. [33] which
has shown that mixed dipole-quadrupole and quadrupole-quadrupole scatterings to-
gether with non-resonant magnetic scattering (due to magnetic order in hematite)
can explain all observations. It appears that REXS in these materials can become an
exquisite probe for ferromagnetic S-domains because of the coupling between non-
resonant magnetic scattering and resonant electric scattering. As a consequence, it
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can be envisaged to study the Dzyaloshinskii-Moriya interaction that leads to weak
ferromagnetism in systems such as hematite [35].

Similar studies can also be performed in the soft X-ray range, where only a
few Bragg peaks can be observed. One example is provided by the work of Tanaka
et al. [36] who have shown that the use of circular polarisation can reveal handedness
of crystals. More generally, such methods could be applied to a wide range of chiral
motifs such as liquid crystals [37] or ferroelectrics and multiferroics [38].

In some high symmetry systems, such as diamond structures, the forbidden Bragg
reflections that violate glide-plane or screw-axis selection rules can also reveal infor-
mation about the dynamics of atoms, as shown in the case of Germanium [39]. It was
observed that forbidden reflection intensities in Ge vary strongly with temperature, as
it is expected if the anisotropy of the scattering factors originates from Ge atoms mo-
tions. Indeed, careful modelling [40] has evidenced that the thermal-motion-induced
anisotropy is proportional to atomic displacements. It should be noted that resonant
X-ray diffraction experiments are performed with an energy resolution in the order
of eV; such an energy scale is not fully suited to lattice dynamics; improving the
incident energy resolution down to 10-50meV would certainly allow more detailed
investigations.

Although this conference focuses on elastic photon-in/photon-out experiments, it
is worth mentioning the fascinating developments in the analysis of the various forms
of X-ray dichroism [41]. The mixing of contributions from different multipolar mo-
ments with opposite parities can lead to a full scale zoology of optical activities, even
in the X-ray range [42]. In connection to these experiments that detect the imaginary
part of scattering factors in the forward geometry, it is tempting to relate the ob-
served signals to observable quantities, the expectation values of related operators in
the electronic ground state of the system. Sum rule formalisms have been developed
over the years [10,19,43,44].

5 Characterising materials

The availability of instruments for materials sciences at many synchrotron sources has
led to an escalating interest in the exploitation of resonant scattering for structural
studies. The importance of ‘anomalous’ scattering was first noted by J.M. Bijvoet [45].
There have been significant developments in the field of powder diffraction [46], but
also in the field of structure determinations of macromolecular assemblies [47,48] with
the multi-wavelength anomalous diffraction (MAD); this last point will be further dis-
cussed in the next paragraph and in the paper by the late Richard Kahn [49]. The
MAD phasing methods have revolutionised the field of macromolecular crystallogra-
phy. As predicted 20 years ago [50], the MAD techniques have now become a routine
tool to solve the ‘phase problem’ in order to reveal the molecular arrangement in a
large variety of proteins of great biological interest [51,52]. Since the early days, MAD
methods have matured as a routine tool and can deliver rapid solutions for biological
structures [49]. Once again, this has been made possible through the combination of
progress in instrumentation [52], in particular automation, and software development.

The MAD methods have also been used in materials sciences studies. As examples,
it has been possible by observing the variations of intensities near absorption edges,
to extract information on atomic displacements in incommensurately ordered crys-
tals [563,54] or even in magnetic superlattice systems [55] but also to detect changes
in small inorganic molecules [56].

Following the increased performances of synchrotron sources, there has been
a rapidly growing attraction for resonant diffraction experiments [57], including
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resonant contrast diffraction, diffraction anomalous fine structure (DAFS), anom-
alous small-angle X-ray scattering (ASAXS), grazing incidence diffraction combined
with MAD methods or even grazing incidence small angle scattering near resonances
(A+GISAXS). These methods have progressed owing to developments in instrumen-
tation (X-ray optics, detectors) but also to the progress in specific schemes for data
collection and on-line data analysis [58].

DAFS [59,60] combines diffraction and X-ray absorption fine structure in order to
provide long-range structural information together with site-sensitive and chemically
selective information. DAFS methods have evolved towards applications dedicated to
materials sciences, such as element selective observations of interfaces [61]. Similarly,
it has been shown that DAFS spectroscopy combined with MAD can be exploited to
obtain structural information of nanostructures, in particular nano-islands or nano-
wires grown on Si (001) [62]. These methods combined with MAD have made it
possible to fully analyse strain and composition of nanostructures and the growth of
nanostructures that play a crucial role in new functional materials [63].

In grazing incidence geometry, REXS experiments can provide direct determi-
nations of strain and/or composition profiles in self-assembled structures [64,65] to
complement microscopy techniques. Other applications concern the conformations of
nano-particle networks either in three-dimensional forms or aggregated on surfaces.
A+GISAXS [66] and ASAXS [67] studies have been shown to be pertinent methods
to investigate nanostructures of metal/organic hybrids.

The obvious advantage of resonant scattering is to provide intensity contrast
which allows for the possibility to distinguish neighbouring chemical elements in the
periodic table. It is very similar to the isotope labelling methods used in neutron
scattering techniques. However, the resonant X-ray methods have the unique advan-
tage that they can be exploited with a unique sample by tuning the photon energy
next to the various absorption edges of interest. The chemical sensitivity of resonant
X-ray diffraction allows the extraction of the contributions of the ‘resonant’ element
in a given crystallographic site to the diffraction pattern. Fields of application of res-
onant contrast diffraction have expanded in the last decades [68] to cover powders
with mixed-occupancy sites, or multi-phase studies, environmental studies to localise
heavy atoms, extraction of partial structure factors in disordered materials [69] and
even the determination of valence states through by the use of diffraction anomalous
near-edge structure spectroscopy [70].

6 Coping with soft matter

Soft matter systems, including biological systems, represent a special case, because
the usual components do not show resonant edges at X-ray energies that are suitable
for wide angle diffraction experiments.

In the case of polymers with high Z counterions or in the case of metalloproteins,
high Z edges can be exploited in the hard X-ray range. If no suitable high Z element is
present in the macromolecules, extrinsic labelling techniques are used either to insert
heavy atoms such as Se, Sr or lanthanides, or to substitute light metal atoms with
heavier ones [49,71-73].

Nevertheless, recent developments in instrumentation have led to the development
of beam lines dedicated to soft X-ray resonant scattering experiments, essentially
SAXS [74] an reflectometry [75,76].

In the field of polymer solutions, microcapsules, and membranes or composite ma-
terials, which are essentially composed of low Z elements, soft X-ray resonant scat-
tering has become a powerful complementary tool to microscopy methods on the one
hand, but also to neutron scattering or hard X-ray resonant scattering, on the other
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hand. Moreover, recent applications have been developed to study the morphology of
nano-scale devices such as organic junctions [77].

7 Revealing new electronic properties

On the experimental side, the starting point of the many developments in this field has
been the observation of resonant scattering in 3d and 4 f magnetic systems [5,14,78],
followed by the huge resonant effects found at M edges of actinides [79]. Since then,
REXS has become an ideal tool to analyse electronic properties of condensed matter,
essentially because of its sensitivity to the electronic states (symmetry of ground and
intermediate states, energy scales, ... ). The combination of these spectroscopic char-
acteristics and the features of the elastic scattering methods has led to the burgeoning
of exciting results.

Firstly, REXS has been exploited as an intensity enhancer in particular for mag-
netic structures determinations from powder diffraction experiments in the hard X-ray
range [80,81] and in the soft X-ray spectrum [82]. Whatever promising this technique
is, the useful results have been so far restricted to few observed magnetic Bragg
peaks which do not permit full ab-initio magnetic structure determinations. The
strength of REXS is to complement neutron diffraction experiments with a much
superior resolution in g-space and a wide variety of ‘geometrical configurations’ (po-
larisation effects, pure scattering geometry) that enables disentangling equivalent so-
lutions for magnetic structures [83]. Selected resonant edges have moved from the
‘easy’ 7T-20keV range that was exploited in the early days of REXS (with the no-
table exception of [14] where K edge resonant of Ni metal was used) to actinide
range [79-84] but also to the soft X-ray range [85]. Furthermore, the REXS scatter-
ing amplitude contains terms that allow the uncovering of multi-q structures; clear
signatures of couplings of Fourier components of the ordered magnetic moments with
equivalent propagation vectors have been observed [84], leading to complete and un-
ambiguous determinations of magnetic structures. It should be also noted that mag-
netic correlations at and near surfaces have been detected thanks to REXS methods
[86-89].

Secondly, REXS can help disentangling different order parameters. This was
clearly shown in the context of transition metal oxides where charges, lattice dis-
tortions, orbital occupancy and spins can exhibit long-range order [90-94]. The
remarkable polarisation and energy dependences of the REXS scattering amplitude
can even distinguish between order parameters that have similar symmetries. Until
the development of REXS, there was no direct probe of the ordering of electronic
orbitals, only secondary order parameters (lattice distortion effects or Jahn-Teller
effects) could be readily detected with the use of standard scattering methods. A
major impact of REXS has been to offer the possibility of experimental observations
of orbital ordering and related phenomena [90-95]. In turn, these studies have led to
deeper understanding of the resonant process, in particular at K edges of transition
metal oxides [96,97]. Indeed, REXS has contributed greatly to the development of
the electronic structure of materials with complex electronic properties where spon-
taneous magnetization and polarization coexist.

Thirdly, REXS has elucidated the origin of long-range order in some materials.
High-order moment ordering has been identified in 5f- [98] and 4f- [99] systems.
In d-electron materials, the existence of ordered anapole moments has been inferred
from REXS data [100,101].

Finally, the element specificity of REXS has been exploited to reveal contributions
to magnetic scattering arising from ‘non-magnetic’ anions [84,102,103], although neu-
tron scattering studies have indicated the absence of long-range ordered magnetic
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moments on these anions. These observations have provided pertinent information
about the hybridization of electronic wavefunctions.

The energy dependence of REXS intensities [104] has not been yet fully exploited
because of the complication related to the mixing of the real and imaginary parts of
the scattering amplitudes, but also because of the moderate resolution of experiments
and the complexity of the absorption corrections [105].

8 Perspectives

This succinct introduction to the REXS 2011 meeting in Aussois does not pretend to
be exhaustive. It covers a selection of domains that are very much active today in the
fields of materials sciences and electronic systems where many advances have made
in the last decades. As predicted by D.H. Templeton at Malente [2], new topics have
emerged and other applications of REXS will continue to materialise. The (partial)
coherence of the X-ray beams is likely to play a major role also in REXS experiments.
‘Coherent’ REXS methods have been exploited at synchrotron sources [32] already,
and also at FEL X-ray sources [106,107]. A few years before, it was noted [108] that
the probed coherence volume could play an important role when it approached the
size of macroscopically ordered regions in the sample. It can be anticipated that REXS
combined with coherent X-ray beams will become an important feature in the field
and will lead to exciting new results.

Although it is outside the scope of this meeting, Resonant Inelastic X-ray Scat-
tering methods [11] should be mentioned as a very promising tool to probe magnetic
excitations [109], an area that has been the realm of inelastic neutron scattering. In
the field of dynamics, but on different time scales, the advent of X-ray lasers opens new
avenues to time-resolved studies that exploit REXS methods to investigate magnetic
systems [107].

Resonant scattering appears to be ubiquitous and it will continue to bring new
exciting results, some of them will certainly arise from developments that took place
during the last two or three decades and did not lead to visible advances; in particular,
the observation of anomalous shift of diffraction peaks [110] in REXS experiments
has not yet converted into new physics.

A final remark: the contributions to the REXS 2011 meeting in Aussois have amply
demonstrated the remarkable achievements of REXS until today. Clearly, more is to
be expected in the future!
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