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Abstract: X-ray/neutron diffraction and X-ray absorption spectroscopy are complementary
experimental techniques giving pair distribution functions. There are selective tools to obtain
structural information, probing short and medium ranges (up to typically 1nm), such as coordination,
bond distances but also valence state, even at a dilute concentration. Moreover, spatial or time
resolution, specific environments (high pressure/temperature, controlled atmosphere) can be
achieved. In this chapter, the theoretical basis of each techniques is given and case studies applied

to glasses are used to illustrate the structural information that can be extracted.
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1. Introduction

In order to verify the amorphicity of a glass, a primary tool is to use diffraction and to check that
no Bragg peaks are apparent. However, diffraction patterns contain significant structural information.
Indeed, the first structural characterizations were obtained by X-ray diffraction [1][2][3] leading to
the famous Zachariasen-Warren model for oxide glasses.

Diffraction methods can successfully give direct information on the atomic structure, both at
short and intermediate range order. Similarly X-ray absorption spectroscopy has become a popular
tool to investigate the environment around specific elements. These experimental techniques can be
easily compared to simulations. Finally, various environments can be adapted allowing measurements

at high temperature and/or high pressure.

2. Diffraction by non-crystalline materials

2.1. Theoretical background

A theoretical description of the scattering processes can be found in various textbooks

[4][5][6][7]. Early X-ray diffraction studies have already shown that the diffraction pattern can be
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better understood after a Fourier transform to analyze the data in r-space. The structure factor, S(Q),
is the diffraction intensity obtained after normalization and corrections. Its Fourier transform yields

the pair distribution (correlation) function (PDF), g(r) [5]:

g(r)-1

T~ . 0(s(0) -1)sin(0r)do, 1)

where O (A™) is the magnitude of the scattering vector, r is the interatomic distance and p,
(atoms A7) is the atomic number density. Q = 4msin(8)/A with 0 the scattering angle and A the
wavelength of the incident neutron or X-ray photon.

Different functions are frequently used in the literature that are all related [8]:

- the pair distribution function g(r), describing the local fluctuations in density around the unit:

g(r) = p(r)/py, where p(r) is the r-dependent atomic density [9];

- the differential (or reduced) correlation function D(r) = 4mrb?p,[g(r) — 1], that considers
deviations from the average atomic density p, and b? = Y; ,j Ci¢ibib;j, with ¢; the atomic
concentration for the element 7 and b; its the neutron scattering length;

- the (total) radial distribution function RDF(r) = 4mr?b%p,g(r) or the total distribution
function T(r) = RDF(r)/r.

2.1.1. The Faber-Ziman formalism
For a polyatomic material, S(Q) is a weighted sum of all partial structure factors (PSFs), Sus(Q)

[10], S(Q) = Xa,g Wqp Sap(Q), with the weighting factors W for the chemical species o and B:
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The 64p function takes into account that Seg(Q) = Spa(Q). bi is the neutron scattering length and
fi(Q,E) is the atomic form factor. They both describes the interaction between the incident particle
and an atom i.

The PSFs only depend on the structure, while the weighting factors are different when diffraction
is obtained by X-ray photons or neutrons. In consequence, a S™*"(Q) and a S*™(Q) exhibit
significant differences in peak positions and intensities. Each PSF is associated with a partial pair
distribution function (PPDF), gus(r), that gives the probability of finding an atom of type 3 at distance
r from an atom of type o taken at the origin (average distribution of atoms [ around an atom a at the

origin).
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For a material containing n chemical species, n(n + 1)/2 independent PSFs (or PPDFs) are

required for a detailed description of the structure.

2.1.2. Fourier transformation

An important parameter in the diffraction technique is the highest accessible QO value, Omax. A
Fourier transform with a small Omax value yields a peak broadening that prevents to resolve two close
interatomic distances. High Omax values are thus required to achieve high real space resolution. This
is experimentally obtained by using short incident wavelength A (high incident energy).

An example of using high energy x-ray diffraction (HE-XRD) can be found in Petkov et al. [11].
A QOuax value of 40 A has been achieved allowing to separate Si-O and Al-O distances that are
separated by only 0.15 A, in aluminosilicate glasses. A similar resolution can be obtained using
neutron diffraction. The two P-O distances at 1.43 A and 1.58 A that exists in POy tetrahedra (terminal

oxygen and bridging oxygen) can be resolved [12].

2.2. Better to use neutron or X-ray?

Neutron and X-ray diffraction techniques are complementary tools to provide structural
information. Table 1 summarizes the main differences between these two techniques. Since a X-ray
photon and a neutron interacts differently with an atom, there are not sensitive to the same elements:
X-ray diffraction is useful to probe high-Z elements while neutron diffraction can investigate light
elements such as H or Li, and gives a different signal for different isotopes of the same element. While
the neutron scattering length b is a constant, the X-ray form factor / depends on Z and decreases to
zero at large QO-values. This decay limits the O-range that can be achieved in a X-ray diffraction
experiment for samples containing low-Z elements.

The complementary of the two diffraction techniques can be emphasized in borate and phosphate
glasses containing elements responsible for the ionic conduction (alkali oxides or salts) [12][13][14].
For such materials, the borate or phosphate networks can be determined by neutron diffraction while

the mobile species (especially ionic salts) is probed by X-ray diffraction.
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Table 1. Comparison of neutron and x-ray diffraction

X-ray Neutron

Interaction with electronic cloud Interaction with the nucleus

AO,E) atomic form factor b neutron scattering length
strong variation of scattered intensity with 0 constant, independent of 6
information on high-Z elements not a monotonous function of Z
weak scattering for low-Z elements light elements are visible (H, Li, N, O, etc)

weak contrast for elements with close Z possibility to distinguish elements with close Z

f varies with the energy = anomalous

scattering

No isotopic effect

Small samples
Radiation can cause damage

No magnetic information

b can vary at some energies for some elements

= anomalous scattering limited

b varies among isotopes of the same element

=> isotopic substitution
Large samples
Radiation can cause activation

Magnetic information is possible

2.3. Determination of the structural parameters

The structural information is mainly obtained from the real space functions (figure 1). The peak
position, 7., gives directly the average interatomic bond length between two atoms o and 3, with a
great accuracy. For instance, using neutron diffraction, the Si-O bond length has been determined at
1.605 + 0.003 A [15]. The coordination number, N, defines the average number of neighbors 3

around an atom a.. Ny is obtained by integrating the area under the a3 peak:

N5 =47p,C f,ll g(zﬁ(r)rzdr: )

where 7; and 7, delimit the coordination shell. The choice for »; and r; can be delicate when several
contributions are overlapping, which reduce the accuracy. The peak width, o, reflects the

distribution of interatomic distances resulting from both static structural and thermal disorder.



5 of 35

However, o, is also broaden by the Fourier transform over a finite Q-range. 745, Ny and G.p are

usually extracted by performing a Gaussian fit of the peak.
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Figure 1. Correlation function and real space information.

2.4. Difference methods

The pair distribution function gives average information on the global structure of the material
and it is dominated by the PPDFs having the largest weighting factors. For instance, Si-O, O-O and
Si-O pairs strongly dominate the neutron pair distribution function in silicate glasses. Furthermore,
the overlapping of the various contributions beyond 3 A prevent rigorous interpretation without the
recourse to some sort of modeling.

For a system of n elements, n(n + 1)/2 independent PSFs (or PPDFs) must be determined to
obtain a complete description of the structure. This can be obtained by performing n(n + 1)/2
distinct experiments. Neutron and X-ray diffraction offer two different experiments so that, even for
a binary system, an additional experiment is required. This can be achieved using a contrast variation
method for which a specific element in the material is investigated. This allows the extraction of the
PPDFs associated with this element, which are otherwise buried beneath other contributions having

strong weighting factors.
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In the structure factor, the PSFs and the atomic concentration ¢; depends upon the structure and
composition of the material, respectively. However, the scattering power (b or {Q,E)) of a given
element can both be modified. Important variation in the amplitude of b (and even its sign) can exist
from one element to another or considering different isotopes of the same element. The first property
has been used in isomorphic substitution where an element is replaced by another playing and
identical role in the structure but having a significant different » value [16]. The use of different
isotopes allows a more rigorous contrast method, called isotopic substitution. Similarly, {Q,F) can
vary significantly when E is close to an absorption energy that is characteristic of the electronic
structure of a specific element. This is at the origin of the anomalous diffraction. For these two
contrast methods, neutron diffraction with isotopic substitution (NDIS) and Anomalous X-ray

diffraction (AXRD), the higher the contrast variation for b or f, the higher the reliability of the results.

2.4.1. Neutron diffraction with isotopic substitution (NDIS)

The isotopic substitution method consists in measuring the scattering intensity for two samples,
prepared rigorously identically (allowing the assumption that they have the same structure, i.e.
identical cq, cp and gep(7)) but one species, M, has different isotopic concentrations. Two structure
factors are obtained for the two samples, where only the PSFs involving M have different weighting
factors:

S(Q) = Ecacﬁbﬂbﬁ (Sa/s (Q) - l) + EcacM bby (SaM (Q) - 1) + Cif b/ﬁ (SMM (Q) - 1)

a,f=M a
a=M

S,(Q) = Ec(xcﬁbabﬁ (Saﬂ (Q) - 1) + Ecachrzb;vl (SaM (Q) - 1) + C/%/lb/’; (SMM (Q) - 1) ’
af=M o

“4)

By taking the difference between these two functions, all terms not involving M are eliminated.
The subtraction gives a first difference function, Am(Q), that contains only the PSFs associated with

M and, after Fourier transformation, the M-centered PDF:

2
) = = [ B @0sin(@)d0
©)

Gua(r) = 2 X qzm CaCrba(by — b y) Gua (1) + Cl%d(bl%/l - bl}z\/l)gMM ),

Figure 2 illustrates a first difference function obtained on a K, TiSi,O7 using isotopic substitution
for Ti (**Ti and **Ti isotopes) [17]. This glass contains n(n + 1)/2 = 10 partial functions that
overlaps. The first difference function, Gr(r) presents a first contribution with two Ti-O distances:
a small peak at 1.68 A whose Gaussian fitting indicate 1 O neighbor and a more intense one at 1.96 A
corresponding to 4 O neighbors. This short range order is compatible with a square-based pyramid

geometry, effectively encountered in crystalline structures. The advantage of the first difference
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function is to reveal the short Ti-O distance at 1.68 A which is buried beneath the strong Si-O

contribution in the total function.

1 1 ] 1 ]
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Figure 2. Total differential correlation functions (top curve) for a K, TiSi;O7 glass containing *°Ti
isotope and first difference functions (lower curve, displaced for clarity) for Ti. Insert shows the

TiOs square pyramid site with the two Ti-O distances. The figure is adapted from [17].

For a simple binary glass, GeSe, [19][20], NDIS using Ge and Se isotopes was used to extract
all partial functions. The network was investigated in details, revealing GeSes tetrahedra sharing both
edges and corners. The determination of GeGe and SeSe PPDFs has revealed the presence of homo-
nuclear Ge-Ge or Se-Se bondings that are specific structural features of chalcogenide glasses. .

If three samples with different isotopic concentration are measures, two first differences, Am(Q)

and A'm(Q) can be calculated:

A(Q)=2 X om CaCMba(bM'va)(SMa(Q)'l) +cjy (b&-b@) (Smm(Q)-1)

, o 5 . ©
Q=2 Trag caentba(b - ) Snta(Q)-1) 6 (b6 s ) (S (Q)-1)

The equation (6) separates the weighting factors between M and a chemical species o (o # M)
and the M-M weighting factor. Indeed, the isotopic composition of the three glasses can be judiciously

chosen to equalize the quantities by, — by, = by, — byy. This is simply obtained if b’ = (b + b"")/2.



8 of 35

The subtraction of Am(Q) and A’m(Q) allows the isolation of the M-M PPDF:

Gym (l‘) = %fA(AM )(Q)QSin(rQ)dQ

by — by, ) ’
=t M&W(”)

(7

Using such double difference method, a single PPDF can be extracted in a multicomponent glass.
This Gam(r) PPDF gives directly the distribution of cations M within the structure. Gaskell ez al. have
obtained Gcaca(r) showing well-defined Ca-Ca distances in a CaSiOs glass that they interpreted as
edge-sharing Ca polyhedra forming corrugated rafts in the silicate network [21]. This approach has
been extended to various cations (Ca, Ti, Ni, Li) in oxide glasses and has revealed cation organization
with periodic M-M distances (and specific distances which are absent). Figure 3 shows these M-M
correlations that are convincing evidences of clustering and percolation domains in silicate glass

structures [22].

0.04 | /o

(r)

MM

- P
; WANENA

r(A)

Figure 3. Second difference functions corresponding to the M-M PPDF showing the cation-cation
distribution in glasses with specific distances. From top to bottom: Ni Ca;NiSi3Oo, Ti in K, TiSi,0O7,
Ca in Ca;NiSi30o, Li in LiAISiO4. The figure is adapted from [23].

A few elements have isotopes with both positive and negative scattering lengths (H, Li, Ti, Cr,

Ni, Sm, Dy, W). An appropriate mixture of isotopes enables to have an element with a zero scattering
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length. For a binary glass, this implies that the substituted element does not have scattering and only
the other element is contributing to the scattering. As an example, the null isotopic substitution
method applies to a binary Dy;Ni3; metallic glass has allowed the isolation of all partial functions [24].

For such a binary system, a matrix form can summarize the treatment:

51(Q) cubii  2¢aCubabu |[Sea(Q)
lSZ(Q)] Cébz 1%119'2 2¢cqCybab’y lSMM(Q)
SB(Q) sz CMb”M 2¢aCpbab’ y " DCM(Q)
[S(@)] = [A][PSF(Q)]

®)

51(Q), S2(Q) and S5(Q) are three distinct measurements using three isotopic mixture for the

element M. A matrix inversion can then be calculated to obtain each PSFs:

[PSF(Q)] = [A]'[S(Q)], ©)

2.4.2. Anomalous x-ray diffraction (AXRD)

The anomalous X-ray diffraction technique takes advantage that the atomic form factor f'depends

upon the incident energy, E

f(Q.E) = f,(Q) + f(E)+if"(E), (10)

with f5(Q) the usual Q-dependent term. f'(E) and f*'(E) are the real and imaginary parts of the
anomalous term and they strongly vary near the energy of an absorption edge, Ecqee, for a given
element, M, which drastically change the scattering by the atoms M [25][26].

By measuring the scattering intensities of a sample at two different energies (figure 4), a first
difference function similar to NDIS can be obtained. Contrary to NDIS, one sample is needed,
avoiding inaccuracies in sample preparation. A second difference function can also be extracted by
measuring the sample at three different energies. This was used for instance to determine the
distribution of Ba in Ba-silicate glasses [27]. Anomalous neutron diffraction also exists for a limited
number of elements (e.g. Sm) [28].

AXRD can be used for a large number of elements (K or L absorption edges for low- and high-
Z elements, respectively). However, the Q range has to be sufficient to ensure a good real space
resolution. A Omax value of 10 A”!, which can be considered as a lower limit, corresponds to an energy
of 10 keV. This implies that AXRD can be used to probe elements for Z > 26 (iron K-edge).

As an example, AXRD was used to investigate the structure of GecSe;x binary glasses.
Experiments at Ge and Se K absorption edges allowed the isolation of the partial functions, showing
a gradual change with x. The Ssese(Q) PSF exhibits a pre-peak at low Q values associated with
intermediate-range structure and shows variations at x = 0.20, in agreement with a stiffness transition

[29].
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fl’

Arbitrary unit

fl

X-ray energy

Figure 4. Variation of f” and f”’ near an absorption edge energy Ecdee (A2, A3). AXRD usually
considers two experiments at the edge (A2 or A 3, where the variation of fis the highest, and far below

the edge (A1) where f” and f” are almost constant, rather than above the edge (A4) due to oscillations

inf”.

2.5. Modeling techniques

In section 2.3, we have developed how to simply obtained information by Gaussian fitting.
However, more information can be extracted based on modeling techniques. The most popular
techniques (Reverse Monte Carlo and Empirical Potential Structure Refinement) are inverse methods
based on fitting the diffraction data using 3-D models of the glass structure. They are usually giving
the most disordered organization in agreement with the measured data and care must be taken to avoid
over-interpretation of the models.

The Reverse Monte Carlo (RMC) method consists to move randomly the atomic position in order
to reproduce the diffraction data [30][31][31]. If the move improves the agreement between the model
and the experimental data, it is accepted. If the move does not improve the fit, it is accepted with
some probability to avoid to be trapped in local minima. The model needs to be constrained by
additional parameters: density, known coordination numbers, distance of closest approach between

atomic pairs etc.
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This approach was particularly useful to understand the atomic structure of bulk metallic glasses
[32][33][34] that are based on packing of spheres as in RMC. Analysis of structural models has
allowed the determination of the short range corresponding to polyhedra of 9-13 atoms with the solute
atom at the center, surrounded by the solvent atoms. Surprisingly, these models show also important
medium range ordering due to the packing of these polyhedra arranged in 5-fold symmetry. This
symmetry, that is not compatible with crystal periodicity, can explained the glass forming ability of
these materials.

Empirical Potential Structural Refinement (EPSR) is now widely used and includes realistic
intra- and inter-molecular potentials [35], giving more realistic atomic models. The agreement with
the experimental data is obtained by fitting an empirical potential acting as a perturbation to the
potentials. Again atomic displacements are generated and a Monte Carlo refinement modifies the
empirical potential to reproduce the experimental data. This method was particularly useful to

simulate molecular systems [36] but was also employed for complex oxide glasses [37].

3. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is another method allowing a measurement that gives a
pseudo pair distribution function. Since it is a chemically selective probe, the information is similar
to a NDIS or AXRD experiment. This technique emerges with the development of synchrotron
radiation sources in the 1970s that allow electromagnetic multi-wavelengths radiation and high flux
of photons. XAS began to be used as a quantitative tool for structural investigation of glasses at the
beginning of the 1980s [38][39][40] and soon some crucial results were obtained, which were at the
origin of the Modified Random Network model proposed by Greaves [38][39]. This is a technique
well suited for disordered systems, offering many advantages: structural and electronic information,
complementary to diffraction, applicable to all the elements with a high sensitivity (few ppm of a
dilute chemical species can be detected), complex environment (high pressure, high temperature,

controlled atmosphere ...), space and time resolution.

3.1. XAS basics

The principle of XAS corresponds to the measurement of an absorption coefficient, x, as a

function of the energy F of the incident X-ray photon beam, following the Beer-Lambert law:
1 I(E)
wE) = 2in (1), (11)

with x the thickness of the sample. Iy and [/ are the intensities of the incident and transmitted
beams, respectively.

The absorption coefficient shows discontinuities, called edges, at discrete energies specific to
each element, which are due to the absorption of the incoming photon through the photo-electric

effect.
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When the energy of the incident photon is smaller than the edge energy, E < Ey (figure 5, below
the edge), no absorption event can take place and only a monotonic decrease of the absorption
coefficient is observed.

When E > Ey (figure 5), the energy of the photon is sufficient to promote an electronic transition
for the absorbing atom (absorber): a core level electron is ejected towards the first empty electronic

states and then towards an unoccupied state located above the Fermi energy level, Ef (continuum).

This creates a photoelectron, with a kinetic energy, E. = E — E, that propagates as a spherical wave.
The photoelectron mean free path, A(E(), presents a minimum as a function of E¢ (figure 6). For low
kinetic energies (Ec¢ < 50 eV), the photoelectron has a long lifetime and a mean free path extending
over several tens of A. It is then possible for the photoelectron to probe the medium range
environment. This corresponds to the XANES (X-ray Absorption Near Edge Structure) region (see
below). For high kinetic energies (Ec > 50 A), the photoelectron has a short life-time and it interacts
predominantly with its first neighbors (acting as scatterers), which corresponds to the EXAFS
(Extended X-ray Absorption Fine Structure) region (see below). These two domains (XANES and
EXAFS) are approximatively separated around 50 eV above the edge (figure 6).

Es E = £

1s _1s 1s
E<E, E=E, E>E,
below the edge  XANES EXAFS

< > - >

Normalized absorbance (A. U.)

Normalized absorbance (A. U.)

0 T T g
8325 8330 8335 8340
Energy (eV)
0 : =

T T T T T T T T T T T T T T
8250 8350 8450 8550 8650 8750 8850 8950

Energy (eV)

Figure 5. Typical X-ray absorption spectrum (Ni K-edge in a glass).
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Figure 6. Evolution of the photelectron mean free path as a function of the kinetic energy.

The energy position of an edge, Ey, corresponds to the binding energies of electrons, which are
characteristics for a given element. K-, L;-, L, 3 -edges... indicate electronic transitions from a 1s, 2s,
2p orbitals to the continuum state. In a complex sample, it is thus possible to probe the environment
around each element by tuning the energy to a specific edge.

Following a X-ray absorption event, the atom is left with a core hole, that is a vacancy in the
initial electronic level, which is energetically unstable. This excited state rapidly relaxes, in typically
~1 fs:

- cither by a higher-lying electron filling the core hole and the simultaneous emission of a

fluorescence photon,

- orin atwo electrons process (Auger emission). Two higher-lying electrons are implied: one

fills the core hole and the other one is ejected in the continuum. This process dominates at

low energies (< 2 keV).

3.2. Data acquisition

The usual acquisition mode to obtain the absorption coefficient 4 is by measuring the incident
intensity, Iy, and the intensity transmitted through the sample, / (figure 7). The main constraint
concerns the sample thickness: it must be adapted according to the element, its concentration, the
glass composition, and must be uniform. A good signal is typically obtained for concentration higher
than 5 weight%. It is often useful to measure a reference using a second transmission detector.

The two deexcitation processes give values proportional to the absorption coefficient and they

can be used experimentally to determine u:
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- fluorescence mode: the incident and fluorescence intensities are determined and u(E) «
I¢ /I,. This detection is advantageous for dilute species, down to 10 ppm, and is more surface
dependent (~1 pm) than transmission that probes the bulk structure;

- total electron yield (TEY): this mode detects the current of emitted electrons in the Auger
process. This is well suited for low-energy edges and thus for light elements with a
concentration ~1 weight%. This is a surface method, typically ~100 A, and problems of
charging may be encountered for low-conducting samples.

Incident and transmitted intensities are usually detected by ionization chambers containing
excited gas during the transmission of the beam. The fluorescence intensity is measured with different
types of energy-resolving detectors (Si or Ge solid-state detectors, photoelectric diodes...). The
acquisition of a XAS spectra can be obtained in few tens of milliseconds either using a dispersive
energy set-up and a white incident beam or using a quick-EXAFS setup in a step by step measurement

(scanning of the incident energy).

I;
Fluorescence
detector

X-ray \V
beam
ly I
lon chamber lon chamber

sample

Figure 7. Drawing of a detection by a transmission and fluorescence mode.

The experimenter has to wonder which detection mode is required for its sample and its element
of interest. The most important criteria is to optimize the signal to noise S/N ratio and to achieve an
edge jump close to 1. Transmission is the most accurate method, giving the best S/N ratio and must
be always favored. Fluorescence yield must be privileged for dilute species, large sample that cannot
be damaged or thinned down to a desired thickness (e.g. cultural heritage sample, thin films). TEY is
adapted to investigate surface or low-energy edges. Sample preparation and data reduction are clearly

explained in “XAFS for everyone” by Calvin [41].
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3.3. EXAFS

EXAFS region concerns the modulation in the absorption coefficient that is observed above the
edge for non-isolated atoms. For an isolated atom (case of a monatomic gas), the absorption
coefficient equals the atomic absorption coefficient, u(E) = puy(E), and exhibits a monotonic decay
above the edge Ey. For an atom bonded to other atoms (case of a solid or liquid), the photoelectron
ejected by an absorber is scattered by the neighboring atoms and returns back to the absorber. The
photoelectron backscattered wave function interferes with itself, giving oscillations (called fine
structure) that are superimposed over uy. This autointerference phenomenon is the signal of interest
as it depends on the electronic and geometrical environment around the absorber. The EXAFS region
is arbitrarily chosen about 50 eV above the edge jump and extends typically over ~1000 eV.

The EXAFS signal X(k) is extracted with the following formula:

_ uk)—po(k)
X(k) = HEke, (12)

where Ap, is the edge step and

2me(E—Ep)
k= /% (13)

k(A" is the photoelectron wavenumber and is thus equivalent to Q in a diffraction experiment.
m. is the electron mass. y, is not measured but estimated by fitting a smooth spline function above
the edge. The procedure to extract the X(k) is explained in various books and reviews [41][42].

Due to the short electron mean free path, the EXAFS region is dominated by single scattering.
In this approximation, the theoretical expression of the EXAFS signal is a sum of damped sinusoidal

oscillations due to the scattering contributions from the various absorber-scatterer paths:

X(k) = X 4;(k)sin (2kR; + 26;(k))

N: —2R;i\» (14)
4,01 = 5 3  Grep (=201 exp (552

The sum is over the j shells of neighbors (or scattering paths) of the central absorbing atom. S2
is a reduction factor (0.75-1.00) due to many body effects. fj(k) and &;(k) are scattering amplitude
and phase shift functions that depend both of the absorber and the scatterer j. Thanks to these functions,
the nature of the scatterer can be distinguished, an information which is not contained in a diffraction
experiment. fj(k) and &;(k) are theoretically calculated by different programs such as FEFF [43],
GNXAS [44] and EXCURVE [45]. The bond length between the absorber and its neighbor, R;, the
coordination number, N;, and the Debye-waller factor, o;, are the structural parameters for the shell
j that the experimenter wants to extract. The Debye-Waller factor includes the mean-square deviation
of the absorber-scatterer distance due to thermal motion and static disorder. These different
parameters are correlated and the fitting procedure must be taken with care. The average bond length,

R:

;» is usually known with an accuracy + 0.02 A, while the error on the coordination number is more
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severe (= 20%). Note that EXAFS gives average information: if an average four fold coordination is
obtained, N=4, it is not possible to draw conclusions on the site geometry (tetrahedron or square
planar for instance). However, such information on the site geometry can be deduced from the
XANES region (see below). If the EXAFS equation is still used, ab initio EXAFS codes (FEFF,
GNXAS) allow nowadays fitting the data routinely by using multiple scattering formulations.

After extracting the X(k) signal, a Fourier transform is performed to visualize a real space
function. In figure 8, the EXAFS X(k) signal and its Fourier transform are obtained at Ti K-edge for
a K,TiSi,07 glass. The real space function is a pseudo-radial distribution function corresponding to
the sum of all the PPDFs associated with Ti (note that, due to the &;(k) function, the apparent
distances are shifted towards lower r-values by 0.2-0.5 A compared to the real distances) and, thereby,
is similar to the first difference function obtained in a NDIS experiment (figure 2). Figure 8 compares
the EXAFS and NDIS results in reciprocal and real space for Ti in K,TiSi2O7. The EXAFS signal is
cut at low-k values to avoid the XANES part dominated by multiple scattering effects. In consequence,
the medium range ordering is difficult to probe by EXAFS and the information for glasses is usually
limited to first and second neighbors. The k-range is also limited in a XAS experiment compared to
NDIS, which also prevents high resolution in real space. This is illustrated in figure 8: the high
resolution of a NDIS experiment allows the separation of two Ti-O distances that are merged and
unresolved in the EXAFS real space function. The best resolution that can be achieved in an EXAFS
experiment is AR > m/2Ak, i.e. AR > 0.13A for a k-range up to 12 A™'. Alternatively the
advantage of a XAS experiment compared to NDIS is to enable systematic investigation of glass
systems, without requiring expensive isotopic enrichment, and allows various

pressure/temperature/atmosphere equipments to be used.
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Figure 8. Comparison of NDIS and EXAFS data for Ti in a K, TiSi,O7 glass: (a) Difference structure
factor obtained by neutron diffraction with Ti isotopic substitution, (b) corresponding Fourier
transform, (c) EXAFS signal at Ti K-edge, (d) corresponding Fourier transform. EXAFS data are
from [46] and NDIS from [47]. Note the different O- and k-range for the reciprocal functions and

the different r-range for the distribution functions.

A quantitative analysis can be performed as illustrated in figure 9 and table 2 at Zr K-edge for
an aluminosilicate glass. An average coordination number can be calculated allowing the
determination of the Zr local site. Moreover, the nature and number of second neighbors can be
determined, which give valuable information on the connectivity between the Zr polyhedral and the

aluminosilicate network.
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k2 X(k) (arbitrary unit)

k (A1)

Figure 9. (Left) EXAFS signal and its GNXAS fit (top curves, exp and fit) at Zr K-edge from [48].
The lower curves are the decomposition of the fit in different shells. (Right) Model that can be
deduced from the EXAFS analysis, indicating the ZrO; polyhedra (in blue) connected together or
with the (Si,Al) polyhedra (in yellow).

Figure 10 illustrates another case at Mo K-edge for a simplified nuclear waste borosilicate glass.
The peak can be fitted to give a M-O bond length of 1.78 A with 4 O neighbors [49]. This is in
agreement with Mo®" in tetrahedral position. Contrary to Zr, no second neighbors can be detected.
The reason is that (MoO4)** groups are not directly connected to the silicate network. The charge
compensation of this site is provided by alkali and alkaline-earths that form a loose shell of neighbors
with a large distribution of distances; all these distances interfere destructively. Therefore, the lack of
peak does not indicate the lack of neighbors but a large disorder in the second shell of neighbors. This
environment is also consistent with the propensity of Mo to separate in alkali or alkaline-earth

molybdate phases in silicate glasses.

Table 2. EXAFS-derived structural parameters for the Zr environment in magnesio-aluminosilicate

glass (from [48]). Errors are CN £ 0.5, R £0.01 A, Var. + 0.03 A%,

R (A) N o” (A%
Zr-O shell 2.11 7.33 0.021
Zr-(Si,Al) shell 3.13 2.30 0.016

Zr-7Zr shell 3.42 0.81 0.007
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Figure 10. (Left) EXAFS signal at Mo K-edge for a borosilicate glass [49]. (Right) Model for Mo

environment that can be deduced from the EXAFS analysis.

An important result obtained over the years by EXAFS is that cation environment can be well
defined in glasses. EXAFS has been used successfully to determine the local environment for almost
all elements. Reviews are obtained and list the structural parameters for various cations [S0][51].
Moreover, transition elements have usually low coordination number compared to usual coordination
numbers observed in crystals. A review paper by Calas et al. describe the cation environment and
their influence on the physico-chemical properties of glasses [52]. The example of colors of glasses
illustrates this structure-composition-property relationships. Ni in silicate and borate glasses promotes
various colorations that are directly explained by the Ni local environment and, optionally, the

mixture of different sites.

3.4. XANES

The XANES domain starts at the edge and extend up to about 50 to 100 eV above the edge and
exhibits usually a complex shape. It allows access to the local electronic properties (orbitals
hybridization, crystal field, density of available eclectronic states) and structural arrangement
(coordination, valence, medium range ordering up to ~8 A). The EXAFS equation cannot be used in
this region in which important multiple scattering phenomena can occur due to the large photoelectron
mean free path. These multiple scattering pathways imply that three-dimensional information are
contained in this region, contrary to two-dimensional information in EXAFS or diffraction methods.
XANES can be analyzed using a fingerprint approach or theoretical calculations to reproduce the
spectra.

In the fingerprint approach, the shape of the XANES spectrum from an unknown sample is
compared with spectra from model compounds. This method gives only qualitative information on
the local coordination but can be very successfully and straightforwardly applied. As an example,

figure 11 shows the Zr L, 3-edges for an a lithium aluminosilicate glass (LAS) of unknown geometries
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compared to crystalline references with Zr in different sites. A very simple comparison indicates that
the shape of the spectra for the glass is similar to the reference spectra for Zr in octahedral
environment. A similar fingerprint approach can also be used at Zr K-edge [53]. This qualitative
determination of the site geometry can be further supported by an EXAFS analysis that confirms 6 O
neighbors around Zr [54].

(a) T T '|""(b)14_""|' — T T T T T
16k Zr L3-edge y I Zr Lz-edge T
121
12+ I
101 Zircon
Zircon

Normalized absorbance (Arbitrary unit)
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m-ZrO2

Lemoynite
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Energy (eV) Energy (eV)

Figure 11. (a) Zr Ls-edge and (b) L»-edge for crystalline references with different Zr environment
compared with a lithium aluminosilicate glass (LAS) for which Zr environment is not a priori

known. Data adapted from [54].

The position of the edge can also give qualitative information on the valence state as there is a
systematic shift in the edge towards higher energies as the considered cation becomes more oxidized.

A quantitative interpretation of XANES is challenging since it includes single and multiple
scattering effects. To progress in the understanding of XANES spectra and completely exploit this
spectroscopy, it is necessary to go beyond the preliminary fingerprint step. The exploitation of the
richness of the XANES spectrum requires its simulation from a theoretical model. This is very
delicate in the case of glasses for which a precise representation of the structure at medium range

distance is difficult to obtain. However, theoretical calculations have made enormous progress during



21 of 35

the last two decades and several codes are available to users to calculate XANES spectra. Two
different methods can be distinguished [55].

(1) The ligand field multiplet (LFM) theory does not require the detailed structure but only the
site symmetry, the crystal field effects due to the ligands and the atomic spin-orbit interactions of the
photoabsorber. This is a semi-empirical model as multiplet calculations require the adjustment of a
number of parameters by comparing calculated and experimental spectra (crystal field value, type and
intensity of site distortion, value of the spin-orbit coupling ...). This approach considers only localized
orbitals for the final state and local symmetry in the real space. It is thus well suited to describe the
L, 3-edges for 3d transition elements or M for rare earth elements.

(2) Contrary to the LFM theory which is multielectronic (all the electrons of the absorber are
considered in the initial or excited state), several monoelectronic theories are developed and based on
ab initio calculations. These theories consider extended final states which are more sensitive to the
environment involving several shells of neighbors. The most used approach is the real space multiple
scattering theory that calculates the electronic structure of a cluster around the absorbing atom. The
requirement is to have a good structural model, which can be obtained by Molecular Dynamics
simulation for a disordered sample. This method enables the development of popular codes: FEFF,
FDMNES. Alternatively, band structure calculations based on the DFT (Density Functional Theory)
can be used to calculate XANES spectra [56]. These calculations consider XANES as a probe of the
projected density of unoccupied electronic states. This approach has been implemented in a package
XSpectra [57] of the Quantum-Espresso code. A major difficulty is to accurately describe the final
excited state to take into account many-body effects and relaxations due to the creation of the core-
hole. Many-body Green’s function methods [58], including time-dependent DFT (TD-DFT), GW
calculations and the Bethe-Salpeter equation, are still in developments to rigorously describe the

excitations.

3.5. Pre-edge feature

Pre-edge transitions can be observed before the edge and arise from bound state transitions
towards empty or partially filled atomic levels. For the first row transition metals, the ls — 3d
transition is theoretically prohibited for a K-edge according to the dipole selection rule. However
3d + 4p mixing and quadrupolar coupling can break this restriction and allows transition to occur.
This pre-edge is highly sensitive to the site geometry. Its intensity increases as the site becomes more
distorted from a centrosymmetric environment: intensity(tetrahedra) > intensity(square pyramid) >
intensity(octahedra). The effect of symmetry can also give 1s — 4p transitions which can be intense
for a square-planar geometry.

The pre-edge is obtained together with XANES measurement and provides a rapid, possibly
quantitative, estimation of the coordination, site symmetry and valence state.

Chromium is an archetypical example how the pre-edge is related to the site geometry (figure 12).

Cr’* is located in octahedral centrosymmetric geometry with no p-d mixing. This yields very weak
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pre-edge (quadrupolar) transitions. Cr°" is in tetrahedral non-centrosymmetric symmetry that allows
important p-d mixing. A very intense pre-edge at 5993 eV, with an intensity almost similar to the K-
edge jump, can be observed. The intensity of this pre-edge transition is thus very sensitive to Cr

speciation and can be used to quantify the proportion of Cr*" in glasses even in dilute content [59].
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Figure 12. (a) Cr K-edge XANES spectra of Cr*" and Cr’" (adapted from [60]). (b) Cr K-edge
XANES spectra for glasses with different ratio Cr°/Cr*" (adapted from [59]).

Figure 13 shows the pre-edge XANES feature at the Ti K-edge for the K,TiS1,07 glass. Its
position perfectly matches with that for fresnoite (Ba,TiSi,Os) in which Ti is five-fold coordinated in
a square based pyramid. The position is clearly different to a simple mixture of references with six-
fold and four-fold coordinated Ti. The square based pyramid geometry agrees with the two Ti-O
distances that can be found in a NDIS experiment (figure 2). This pre-edge is easily measured together
with XANES providing straightforward determination of site geometry and this has been exploited

by Farges ef al. to systematically investigate the Ti environment in numerous silicate glasses [61].
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Figure 13. (a) Ti K-edge XANES spectra for a K,TiSi,O7 glass an zoom on the pre-edge (insert).

(b) Ti K-edge pre-edge features for crystalline references with different Ti geometries: Ba,TiO4 =

1Ty, fresnoite Ba,TiSi:Os = P!Ti, benitoite BaTiSi3O9 = [*'Ti.

Iron in glasses is still a challenging problem since iron can be present in Fe*" and Fe’* oxidation
states and, for each case, four-fold, five-fold and six-fold coordination are possible, so that in total
six different Fe states can be present with specific structural role and influence on the physico-
chemical properties of oxide glasses. XAS is very efficient to determine the iron oxidation state: as
emphasized in figure 14a, the pre-edge position is highly sensitive to the iron valence with a pre-edge
near 7112.3 eV due to Fe*" and a pre-edge near 7113.8 eV due to Fe**. These two separate pre-edges
allow the quantitative estimation of Fe’*/ZFe ratio in glasses. Usually, the pre-edge is extracted from
the main edge by a curve fitting (see Farges et al. for discussion on the correct choice of background
[62]) and a simple linear combination of the two end members is used to determine intermediate states.
This approach has been successfully applied to follow the redox evolution with the temperature
(Figure 14b) or the kinetics of iron oxidation in a supercooled melt [63]. For complex natural glasses
[64], such fitting procedure lead to about 90% confidence using Fe** augite glass and two references
for "IFe** and [°/Fe’" (see figure 15), enabling to determine both the oxidation and geometry of the

different iron sites.
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Figure 14. (a) Fe K-edge XANES spectra for a reduced and oxidized pyroxene glass an zoom on

the extracted pre-edge features (insert). (b) Evolution with temperature of the Fe oxidation state with

the replacement of Fe*" by Fe'" at high temperature. Figures adapted from [63].
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Figure 15. Fe K-edge XANES spectra for a volcanic glass, Erta’Ale, with a fit obtained by a linear

combination of an Augite glass ([*’Fe*") and two components for Fe**. Adapted from [64].

However, the multiple coordination geometries can complicate the fitting procedure and the

correctness of the result. A different approach has been proposed and developed by Farges and

coworkers: it consists in systematic measurements of crystalline references with various

environments that allows drawing a mapping as a function of the pre-edge position and its normalized

height. Using such plots, domains are obtained for various cations, informing on the valence or
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geometry. As examples, the domains for Ti, Ni and Fe environments for oxide glasses are plotted in
figure 16. The pre-edge intensity decreases as the coordination increases and its position slightly shifts
towards higher energy with increasing coordination number, except for Fe where the position depends
only upon the valence state. The different coordination domains are determined from crystalline
references. The information extracted for a glass (pre-edge position, intensity/area) are then

positioned on this diagram to obtain a direct estimation of the coordination/redox.
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Figure 16. Plots of the pre-edge information (normalized height or integrated intensity vs energy
position) for K pre-edge features in crystalline references showing domains for fourfold, fivefold

and sixfold coordination for Ti*" [46], Ni** [65] and Fe*"/Fe** [62].
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4. Summary

In this chapter, the fundamental concepts of neutron/X-ray diffraction and X-ray absorption
spectroscopy have been introduced. These structural techniques are complementary as they focus on
different information. A comparison of the contributions brought by each method is summarized in
Table 3. They are widely accessible on large facilities (synchrotron, neutron source) though proposal
evaluation, which usually required preliminary investigation and/or a careful preparation of the
experiment. Developments of new neutron sources and upgrade of synchrotrons will offer new
opportunities, allowing specialized environments to be used for extreme conditions of pressure and/or
temperature or controlled atmosphere and providing the opportunity for X-ray absorption
spectroscopy to reach higher spatial resolution (currently down to ~20-30 nm) to investigate
heterogeneous samples and better time resolution (currently ~10ms) to elucidate kinetics phenomena.
These major and versatile experimental tools remain essential for structural determination and give

invaluable information on the structure of disordered materials.
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Table 3. Comparison of the structural information that can be obtained from diffraction,

NDIS/AXRD and X-ray absorption spectroscopy.

Diffraction NDIS/AXRD EXAFS XANES Pre-edge
1D PDF 1D PDF 1D PDF
(all atomic  (centered onone  (centered on one
pairs) specific specific
element) element)
Element Element Element Element
selectivity selectivity selectivity selectivity
Short range  Short range  Short range  Short range  Short range
order +++ order +++ order ++ order + order +++
Medium range Medium range Medium range Medium range
order +++ order +++ order + order ++
Interatomic Interatomic Interatomic
distances distances distances
Coordination Coordination Coordination Coordination, Coordination,
site geometry site geometry
Types of ligands
3-body
correlations

Oxidation state

Electronic

structure

Oxidation state

Electronic

structure
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