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Abstract: After a historical introduction of the anomalous dispersion effect, the
formalism used to investigate disordered materials using the resonant scattering
of X-rays is exposed. As these experiments are sensitive to the experimental con-
ditions, some experimental settings are discussed.
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1 Introduction

The story of anomalous scattering started from the evidence of light dispersion
using prism by Newton in 1665. Studying dispersion of iodine vapor, Leroux [1] re-
marked the refraction behaved “anomalously” as it decreased instead of increas-
ing. Evidence of such an effect in magenta alcoolic solution by Christiansen [2],
allowed Kundt [3] to make the link with absorption edges. A few years after, Hu-
rion [4] proved that the anomalous effect did not depend on the experimental pro-
cedure and compared known experimental results with theoretical ones.

A few years after the X-ray discovery by Roentgen [5], Laue evidenced their
diffraction by crystals [6] then Friedel [7] stated that X-ray diffraction is not able to
reveal the lack of a symmetry center, a general property of Fourier transformations
for real functions, as far as there is no X-ray dichroism.
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In 1919, Stenstrém [8] reported dispersion from the Bragg’s law which can be
interpreted as a refraction effect but the discovery of X-ray anomalous dispersion
has been done by Larsson, Sieghahn and Waller [9] in 1924 by refraction measure-
ments. Then Kronig [10] published in 1926 the theory of the dispersion of X-rays
whose basic relations where derived independantly by Kramers [11]. A few years
after, Kronig [12] published the EXAFS interpretation.

First applications of X-ray anomalous scattering were reported in the 1930’s.
They concerned materials studies. It is only in 1949 that Bijvoet [13] showed how
anomalous scattering allows to distinguish between F(hkl) and F(hkl) and then
to solve the absolute configuration problem of crystals, opening the first large ap-
plication field of the anomalous scattering.

But anomalous scattering became only widely used with the avaibility of X-
ray synchrotron sources as they allow to adjust continuously the energy of the
incoming beam, energies near absorption edges can then be selected: below the
edge the real part of the scattering factor decreases strongly, whereas above, its
imaginary part rises up.

However, the real use of anomalous scattering started with X-ray dedicated
synchrotron sources as illustrated by dedicated meetings (Malente, Germany
(1992), Aussois, France (2011) [14], Oxford, Great Britain (2013) [15]). A review of
diffraction applications has been published in [21]. Let us recall the following.

In macromolecules crystallography [16], most diffraction studies start by
anomalous scattering experiments to be able to know the phase of the reflexions
and therefore to solve the structure.

As low energy edges can enhance the magnetic scattering sensitivity by some
hundred, resonant scattering experiments became an important tool in studies of
magnetism [17]. The tensorial properties of the resonant scattering has allowed
a new range of crystallographic studies exploring the so called forbidden reflex-
ions [18].

One of the most important contribution of anomalous scattering is the possi-
bility to perform simultaneously spectroscopic and crystallographic experiments.
This allows Diffraction Anomalous Fine Structure, DAFS, experiments to access to
the structure of nanomaterials [19, 20]: scattering intensities collected at different
edges are characteristic of the structure around each species.

2 X-ray anomalous or resonant scattering

In simple cases, the scattering power of X-rays by an atom can be expressed by
means of its scattering factor f which depends not only on the scattering vector
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Figure 1: Theoretical Se edge compared to the experimental ones on Se found in selenates, one
can notice a chemical shift, an important white line and “ripples” known as EXAFS oscillations.
Edges were recorded on CRG FAME beamline at ESRF and calculated f'.

Q but also on the scattering energy E:

f(QE) = f,(Q + f'(E) +1f" (E)

Both f' and f" are known as the anomalous scattering factors. They are
linked to the optical characteristic values, the refractive index » and the absorp-
tion coefficient y by:
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Then f' and f" are linked to each other through the Kramers—Kronig relations
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This allows to calculate f " values near the edges, where the tabulated values
are not always accurate enough, as shown on Figure 1. They depend on the experi-
mental setting and the selected atom in the material. Shortly, if the energy chosen
in the experiment is far from the edge energy E, i.e. if AE/E is bigger than 5 %o
tabulated values can be used. If the relative difference is lower than 1 %o exper-
imental values have to be used. In between these values, one can often use the
tabulated values but after shifting the experimental values to match the energy
position of the tabulated edge.

Anomalous scattering plays an important role in investigating complex struc-
tures: it helped to elucidate the first atomic structure of a quasicrystal [22]; it
allows to investigate diffusion in multi layers [23]. Anomalous scatterring has
been used in powder crystallography to solve problems related to substitution,
for examples, it has allowed to assess the Fe?* /Fe®" ratio on both sites tetra and
octa of Ferrite depending on the temperature [24] as well as Sr/Rb in complex
X-zeolite [25].

Hereafter, we will be concerned by the case of amorphous materials or liquids
where anomalous scatterring is a major way in their experimental study.

The scattered intensity in suitable dimensionless units may be written gener-
ally as, « and f3 being the atomic species and #, and mg the respective atoms:
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In disordered materials, it is convenient to replace the sum over m = n by
a continuous integral and, as X-ray scattering arises from deviation in electron
density from its average, to add and substract a term proportional to the aver-
age atomic density. Then using the partial functions g“ﬁ(r), the intensity can be
rewritten as, with x, and x; being the atomic concentrations and p, the atomic
density:
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The upper line corresponds to scattering associated to short range order
I%R9(Q) whereas the lower line is associated with the intensity scattered at small
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angle I***5(Q). Introducing the partial structure factors Saﬁ(Q) gives:
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In an anomalous experiment performed at two energies Eyf far from the edge,
and Elm close to the absorption edge of the y atom, the difference A yI SRO(Q) be-
tween the two values of I**°(Q) becomes assuming that only fy varies from A fy:

A, I%0(Q) Z Z( [ QE,) f3(QE,) = fu(Q E,f) f5(Q E f))NsSes(Q)
A,°Q =Y Z((fa(Q) + A (Q)(f3(Q) + Af3(Q) - £.(Q) £4(Q))
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A IOQ) = 2Afy(Q)Zf;;(Q) (o)

From the last relations, it is obvious that AYISRO(Q) enhances the contribu-
tion of the y atom, given a weighted sum of the density function around it.

Different formalisms as e.g. Faber-Ziman [26], Ashcroft-Langreth [27], ... al
low to define radial density functions. The Faber—Ziman method which was de-
veloped for neutrons studies, has been extended to liquid alloys of transition met-
als [28]. With the availability of X-rays produced by synchrotron, this formalism
has been extended to amorphous compounds such as semiconducting [29] and
metallic [30] glasses.

Using the Faber-Ziman method, the contrast A I SRO((Q) and the partial struc-
ture factors Silzg (Q) are expressed as:

k, AL IOQ) = AL = (Y] + A1 A,S(Q)
AS@Q =) Z W,5(Q.E,) $4(Q)
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Figure 2: Due to the weakness of the measured signal, it is mandatory to obtain reliable
difference between very near and near edge measurements. Raw data recorded with 60 eV
resolution on the CRG D2AM beamline at ESRF in April 2014.

inwhich A, [...]indicates the difference of values in the bracket at the energies of
E,rand E,,, close to the absorption edge of the y-th element, and ( ) represents
the chemical average of the atomic form factors; W, ﬁ(Q, Ey) takes only significant
values when o or is y.

It should be noted that compared to S(Q), AyS(Q) highly enhances the par-
tial contributions from the y-th element, and suppresses the other partials, an
example is reported in Figure 2.

However, to obtain significant values, fluorescence and Compton contribu-
tions, visible on Figure 3 have to be removed from experimental data. Using suit-
able experimental settings [31] these contributions were estimated from energy
scans at constant Q to be less than 0.2% along the whole experimental Q range.
Moreover, subtracting the two scattering functions at near- and far-edge incident
energies, this reduced the spurious Compton contribution even at high Q values
down to less than 0.005%. To reach the needed good signal to noise ratio, more
than three million counts were acquired at the S(Q) maximum, which typically
takes less than six hours per scan.
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3 Experimental settings

All the experiments using anomalous scattering depend strongly on the experi-
mental settings. In the following, the energy resolution compared to the count-
ing range of some of them, used for recording the differential structure factors of
amorphous materials, is discussed.

The following setting (Figure 4) is used on the CRG D2AM beamline at ESRF,
noted as D2AM hereafter, to ensure the needed characteristics for the incoming
beam: energy continuously tunable between 5 and 30 keV with an energy resolu-
tion AE/E better than 1 x 10™* and an energy stability AE/E better than 5 x 10™°.

X-rays generated by a bending magnet source are monochromatized using
a Si(111) double-crystal monochromator with a sagittal focussing system for the
second crystal. Si(311) or Si(220), can also be used depending on the edge. The
monochromator is located between two cylindrically bent mirrors made of Si
coated with Pt. This X-ray optics provides a small incident X-ray beam of 0.1 mm
in height and 0.3 mm in width, and an energy resolution of about 1 €V at an inci-
dent X-ray energy near 10 keV. The diffraction experiments are performed using
astandard w—20 diffractometer at two energies (typically 20 or 30 €V, and 200 €V)
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Figure 5: Schematic drawing of the setting
used with flat analysor, the horizontal size
of the beam on the receiving slits is twice its
size on the analyzer crystal.

below the K edge of each element. The energy of the incident X-ray beam is cali-

brated using the absorption edges of samples during the experiments.
For the detection system, some choices are open:

— The classical powder settings which use high quality analyser crystals; the
analyser resolution removes fluorescence but its acceptance is too limited and
this setting seems not suited for amorphous compounds as the count rate is
too weak, typically some thousandth of the two following settings.

— The use of detectors with electronic windows has been considered but their
energy resolution is too weak, typically for a X-ray Si(Li)AE is bigger than
150(250) eV at Sey edge. Even if important improvments have been made,
they have concerned mainly the size of the active surface and the counting
capacity. The resolution of solid state detectors is limited intrinsically by the
statistics of the generated charge carriers, a Fano modified Poisson distribu-
tion [32] and by noise and non-uniformities in charge collection efficiency.
With such an energy resolution, the data correction needed to remove fluo-
rescence and Compton contribution becomes important and takes long time
to ensure the correctness of the resulting data.

— Focussed beam used together with pyrolithic carbon analyzer (mosaicity =
0.4 deg), Figure 5. This setting seemed to be a valuable choice and it has been
used up to 2005 on the D2AM beamline. An energy resolution AE = 50 eV
was obtained using a common distance d , between sample-crystal Dy and
crystal-analysor slits D, slits of 500 mm with a beam height at sample posi-
tion 8 of 100 um and analysor slits height §, of 400 um the angular resolu-
tion being A26 = 0.4 deg. For a horizontaly focussed beam, the parafocussing
error depends mainly on the horizontal apperture of the slits L ,.
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Figure 6: Schematic
drawing of the setting
used with curved analysor
allowing transverse
focussing.

Energy resolution : AE/E = (8 +8,)/2d, tan0,

1 1 ) L,cosO,

Dsc D¢y 2
The main limitations of this setting were the weakness of measured flux,
which was limited by the horizontal apperture defined by the crystal size and
by the width of the receiving slits.

— Vertically focussed beam used with a sagittaly curved pyrolithic carbon ana-

lyzer: this setting, Figure 6 has improved the previous one removing its limit.
The scattered beam was focussed horizontally on the receiving slits, this had
allowed to use wider analyzer. Crystals with a witdh of 40 mm were used on
the D2AM beamline since 2005.
The energy resolution remained the same but the collection efficiency was im-
proved by the gain due to transverse focalisation. Two crystals with different
radius allowed to cover the energy range from 10 keV to 30 keV: the value of
sagital radius R; = d 4 sin 8, was not critical, leading only to an horizontal
enlargement of the spot.

— 1D vertical detector associated with a sagittaly curved pyrolithic carbon an-
alyzer, can be used. The graphite mosaicity (= 0.4 deg) allows a direct mea-
surement of energy profile avoiding to rescan it as a function of Q, but as the
energy scan occurs in the same direction as the Q scan, slits will be needed
before the crystal analyzer.

— 2D detector associated with a curved pyrolithic carbon analyzer, can be used
to improve the collection efficiency. In this case, the crystal analyzer will be set
in order to deviate the scattered beam in the transverse plane, Figure 7. Com-
pared to the setting used on D2AM, the deviation will be affected by a small
polarization loss (= 0.9) but several steps in Q can be measured at each detec-
tor position: receiving slits being no more needed as the resolution is given by
the pixel size (typically 100-200 pm). Moreover, due to the graphite mosaic-

Parafocussing error : AE/E = (
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Figure 7: Schematic drawing of the setting
proposed with curved analysor combined
with 2D detector. The 2D data drawn on the
detector are scattering and fluorescence
signals.

ity a direct measurement of energy profile will be measured in the transverse
plane for each step. This setting, which will soon be tested on the D2AM beam-
line, will allow to collect a lower number of steps or to count a lower time at
each position.

Another advantage of the detecting system based on pyrolithic carbon analyzer,
is the simpler data analysis compared to SSD setting. Typically, it had taken less
than a half day to extract the final A ;S(Q) functions out of the raw scattering data.
For a similar experiment on As,Se, glass [20] where a SSD detector was used, the
data analysis took more than two weeks, mainly to correct for the fluorescent X-ray
contributions.

4 Conclusion

The study of glasses and other amorphous materials using anomalous scattering
has reached a mature state as the needed experimental data can now be obtained
with the required quality on synchrotron sources within a reasonable experimen-
tal time. Numerous results obtained can be compared with numerical ones de-
duced from molecular dynamics.
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