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Abstract

The structure of aluminosilicate melts/glasses playsakey rolein the Earth Sciencesfor the
understanding of rock-formingigneous processes, aswell asin the Materials Sciencesfor
their technical applications. In particular, the akaline earth aluminosilicate glasses are an
extremely important group of materials, with a wide range of commercial application, as
well as serving as analogue for natural basaltic melts. However, definition of their struc-
ture and propertiesisstill controversia, and in particular therole and effect of Al haslong
been a subject of debate. [1-8] Here we report a series of experimental x-ray absorption
near-edge structure (XANES) spectra at the Al K edge on a series of synthetic glasses of
peralkaline composition in the CaO- Al;Os-SiO, system, together with a general theoret-
ical framework for data analysis based on an ab initio full multiple scattering (MS) the-
ory. We propose an Al/Si tetrahedral network model for aluminosilicate glasses based on
distorted polyhedra, with varying both the T-O (T = Al or Si) bond lengths and the T-O-T
angles, and with different Al/Si composition. Thismodel achievesasignificant agreement
between experiments and smulations. In these glasses, experimental data and theoretical
results concur to support amodel inwhich Al is network-former with acomparatively well
ordered local medium-range order (upto 5 A).
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The assumption of prevailing disorder in glasses [9] has recently met with a num-
ber of direct and indirect challenges [10-21]. All of this has arisen from the increasing
interest in local structure determination (5-10 A) beyond the pair distribution function,
stimulated by the growth of XANES studies both from a theoretical and an experimental
point of view. The low-energy side of an absorption spectrum is very sensitive to the ge-
ometrical arrangement of the environment surrounding the selected atom, due to the mul-
tiple scattering processes of the photoel ectron emitted by the x-ray-absorbing atom. Un-
like neutron diffraction (ND) or extended X-ray-absorption fine-structure (EXAFS) spec-
troscopy which may giveonly the pair-correlation function of the system, in MS processes
the photoel ectron interactswith many other atomsand thereby simultaneously probestheir
presence and their geometrical arrangement around the photoabsorber; in other words, the
photoel ectron probes an n-particle distribution function. This sensitivity makes XANES a
unique probein many systems, especially glassand melt[10,16,20,22—-25]. Sincetheyears
80 many investigations [26—29] have provided powerful algorithmsto numerically smu-
late experimental XANES data. However, only recently a better understanding of atomic
potentialsin the Al systems have been made to let comparison with experimental spectra
become quantitative.[30]

Table 1: The compositions (in mol percent) of the samples used.

Samples SO, Al,O; CaO
65.09 6485 9.09 26.06
5312 5296 1186 35.18
4412 4445 1247 43.08
36.16 36.06 16.04 47.90
2219 2192 1937 58.71
09.23 919 2280 68.01

The samples of ajoin in the CaO-Al,05-SO, system were prepared by quenching
high temperature melts obtained at 1 atm rapidly to the glassy state. TEM (transmission
electron microscopy) investigations confirmed that they were completely free of crystals
(Romano et al., in prep.). The compositions of the samples along thejoin SiO,-Ca; Al;Og
aretabulated in Tablel.

The experimental data were collected at the Stanford Synchrotron Radiation Laboratory
(SSRL) at beamline 3-3 equi pped with amonochromator using Y Bgs (440) crystals. XANES
spectra have been simulated via the full multiple-scattering (MS) theory [31-34]. We use
the Mattheiss prescription [35] to construct the cluster density. The Coulomb part of the
potential isobtained by superposition of neutral atomic charge densities either taken from
the Clementi-Roetti tables[36] or ssimply generated by theatomic rel ativistic Hartree-Fock-



Slater code of Desclaux [37]. For the exchange-correlation part of the potential we have
used the complex optical Hedin-Lundqvist (H- L) potential[38—40]. In order to smulate
the charge relaxation around the core hole in the photoabsorber of atomic number 7 (Al
= 13) we use the well tested screened 7 + 1 approximation (final state rule)[38] which
consists in taking the orbitals of the Z + 1 atom and constructing the charge density by
using the excited electronic configuration of the photoabsorber with the core electron pro-
moted to avalence orbital. The consequent solution of the effective Schrodinger equation
for final state is solved numerically.

The unpolarized photoabsorption cross section for photons with energy w, in Ryd-
berg units of energy and lengths, isproportional to theimaginary part of the scattering path
operator [41]

k.
o(w) = 8rlaw— > S(MFores, ML) Q)
T oL, L

with amplitude for the creation of the electron at central atom

Mp? =< R/(Yoi(7)

¢ o, (1) > (2)

and amplitude of multiple scattering propagation matrix, which describes the interactions
of photoelectron with neighbouring atoms,

o0

oy = (T + G) o = ?[(—TaGﬁTa]%%/ €)
where ¢ is the photon polarisation vector, « is the fine structure constant, 22;,(r;) isradial
part of normalised scattering wave function for the photoelectron, ¢7, () isthe core elec-
tron wave function with angular momentum Lo = (lo, mo); T, and ¢ arethe amplitude of
atomic scattering and propagation, respectively.

Al K-edge absorption spectra of the samples are shown in Fig. 1(a). The spectra
are characterised by a main feature composed of two peaks A and B with variable inten-
sities at about 1567 and 1570 eV. The energy positions of the A and B peaks do not shift
significantly as the composition changes, whereas their relative intensities exhibit a dis-
tinct variation, with the first peak decreasing and the second one increasing as the silica
content decreases (see Table I). Fig. 1(b) reports ab initio MS theoretical computations
of the same Al K-edge spectra. They are based on our proposed model cluster composed
of an AlO,/SiO, tetrahedral network as shown in Fig. 2, with possible variation of T-O
bond lengths and T-O-T angles, and with different Al/S ratios. All parameters of the six
clusters, which best reproduce the experimental spectra, arelistedin Table 1. They arethe
final results of about 1000 simulations.
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Figure 1: (a) Experimental (Exp) and (b) multiple-scattering (MS) calculated Al K-edge
XANES spectra of the six samples along the join SiO,-Ca; Al Os.

An amost perfect agreement is obtained when the Al/Si ratio increases (in order to
match the composition of the corresponding glass), the T-O bond length increases and the
T- O-T angle decreases (as reported in Table I1).

Table 2: The mean T-O bond length (in A), TOT angles (in degree) and Si/Al ratios used
to reproduce experimental datain cluster models.

Samples d(T-O) TOT

ratio (Si/Al)

65.09
53.12
44.12
36.16
22.19
09.23

1.624
1.652
1.678
1.690
1.746
1.768

144
138
138
136
134
132

4.0
3.0
3.0
20
1.0
0.0

Thistrend isin agreement with the molecular dynamics simulations of Geisinger [42] and
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Figure 2: The proposed medium-range atomic environment around Al upto 5 A in alumi-
nosilicate glasses CaO-Al;05-SIO,.

Scamehorn and Angel[43]. Going back to the XANES data, the increase in the intensity
of the B peak and of the width of thewhite line can be attributed to M S contributionsfrom
outer-shell Al tetrahedral orbitals. The successful reproduction of the experimental spectra
(especially for the two main peaks with their relative intensities), determined by contribu-
tions of the outer-shell atomic configuration, indicatesthat Al has not only awell-ordered
first-neighbour tetrahedral coordination polyhedron as a smple network-former, but it is
also linked through its corners to other Al or Si tetrahedra (i.e., the four oxygens of the
central tetrahedron are bridging the central Al with other tetrahedral cations).

Additional evidence for the corner-linked polyhedral medium-range structure can
be derived from other calculations shown in Fig. 3. The first one (curve a) concerns the
simple 5-atom cluster, i.e., the central tetrahedron: the cal culated spectrum does not fit the
experimental data. The three ones following upwards (curves b to d), concern a 9-atom
cluster that contains the central tetrahedron surrounded by four Al/Si atoms with decreas-
ing T-O-T angles (150°, 137° and 123°, respectively): none of these clustersimprovesthe
result of thefirst model. Curve erefersto the structural model in Al-rich composition (the
top linein Fig. 1(b)) where one outer Al network unit is not considered, i.e., it consists
of acentra network-forming AlO, connected with three Al network units only, and with
one corner oxygen left alone as non-bridging oxygen. Also thiscalculation doesnot fit the
experimental result. The last model (curvef) isbased on acentral tetrahedron with two Al
network units only and two non-bridging oxygens with one Ca around them: the result
again does not match the experimental data.
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Figure3: Simplified MScalculationsat Al K edge using different cluster models: (a) cen-
tral Al tetrahedron (5 atoms); (b-d) 9-atoms cluster (Al + 40 + 4 Al/Si) as a function of
T-O-T angle (150°, 137° and 123°, respectively); (€) 17-atom cluster derived from the one
used for thetop curveinFig. 1(b) by suppressing one Al network units(Al +4 O+ 3AlOs);
(f) 14-atom cluster obtained from that used for the top curvein Fig. 1(b) by suppressing
two Al network units and add one Ca around the two non-bridging oxygens.

In conclusion, we present for the first time a series of experimental XANES spec-
traand M Stheoretical ssmulationsthat probe the many-body correlation distribution at the
Al K-edgeinthe CaO-Al,05-SIO, system in the glassy state, and determine the short- and
medium-range structures. All evidence from this direct spectroscopic probe of structure
supportsthe conclusionthat Al (inthe system here investigated) occurs as network-former
with awell-defined first coordination shell consisting of 4 oxygens. However, according to
our model, in the medium-range, the tetrahedra are regularly linked through al their four
corners to other tetrahedral Al/Si units (even in the Al-rich composition: in other words,
Al enters fully polymerized Q4 siteq/4,44,45]). The unique information extracted from
XANES, when combined with M S calculations, strengthens the current evidence for the
ordered structure of aluminosilicate glasses and can be used for the first time to develop
guantitative models to better describe bulk properties of glasses and melts such as viscos-
ity, density and compressibility[46—48]. The derived basic network cluster model may be



used in future to develop a more general model of the medium-range structural order of
aluminosilicate glasses as well as of other amorphous systems.
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