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Environment around strontium in silicate and aluminosilicate glasses
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The environment around Sr in silicate and aluminosilicate glass has been studied by neutron and anomalous
x-ray diffraction and reverse Monte Carlo modeling. The first Sr-O distances are smaller in the silicate glass
than in the aluminosilicate glass, which can be related to the different structural role of the element in the glass
structure. We found Sr-Sr distances at about d @nA in both glasses, which implies monhomogeneous
spatial distribution[S0163-18299)08121-7

Knowledge of the medium-range structure in oxide4SiO, glasses using a combination of neutron and anoma-
glasses is an important prerequisite to understand physicidus x-ray wide-angle scattering and reverse Monte Carlo
properties, such as ion conduction, rheology, and thermodymodeling. The quantitative atomic models provide evidence
namic properties. Cations may be divided in two groups acfor a different environment around Sr in a silicate glass,
cording to their structural role within the glass structure.where Sr acts as network modifier, and an aluminosilicate
Modifier cations depolymerize the network by forming non- glass, where Sr charge compensates the,Aéfrahedra.
bridging oxygengNBO) while charge compensating cations  Samples of composition SrO 0.19)@& 1.9SiQ and
ideally occur inside the interstices formed by a fully poly- SO ALO; 4SiO, were prepared by melt quenching. The
merized network, which contains only bridging oxygenshomogeneity and the chemical compositions of the samples
(BO), and charge-compensate, typically, nontetravalent elewere determined by electron microprobe. Densities of 3.30
ments. The environment around a few cations in multicom-and 2.80 g cm? for the silicate glass and the aluminosili-
ponent glasses has been extensively studied using neutreate glass, respectively, were measured by Archimedes
diffraction with isotopic substitutioh-> The combined use method with toluene as reference liquid. Neutron-diffraction
of neutron and x-ray diffraction provides two independentmeasurements were made at the spallation neutron source
kinds of information and gives access to some chemicalSIS (United Kingdom on the LAD instrument. Anomalous
selectivity? However, the structural differences around cat-wide-angle x-ray scatterinAWAXS) measurements were
ions in modifying or charge compensating position have nomade at the synchrotron radiation source DCI/LURE
received much attention. A recent neutron-diffraction study(France on the wiggler beam line DW33 using two ener-
with isotopic substitution of Li finds a similar local environ- gies(about 1000 and 5 eV below the Sr absorptioedgse.
ment around Li acting as modifier or charge compensator i\l the data were appropriately corrected and normalized.
silicate glasse3More important differences were evident at The combined use of these two diffraction methods is impor-
medium-range distances: specifically, the absence of clustetant to obtain an overall picture of the glass structure since
ing of Li in aluminosilicate glasses, whereas clustering isthe partials are differently weighted in x-ray and neutron
observed in silicate glasses by neutron diffraction andliffraction. The latter provides more specific information on
NMR.%7 Furthermore, the linkage with the network-forming the (alumingsilicate network, and the former on the Sr-
tetrahedra differs, depending on whether the Li atoms areentered correlations.
charge compensating or modifying the network. These struc- Figure 1 shows the total neutron and x-ray structure fac-
tural modifications should depend on the size of the catiorors, S(Q) [Figs. Xa) and Xb), solid curve$ and the differ-
but recent detailed studies are lacking for heavy elements iantial x-ray structure factorsAs,S(Q) [Fig. 1(c), solid
silicate and aluminosilicate glasses. curved which are obtained from the difference of two mea-

In this paper, we report a direct study of the environmentsurements at 1000 and 5 eV below thekSedge.(Q is the
around Sr in SrO 0.19N® 1.9SiQ and SrO A}O;  scattering vector an@=|Q|=4m siné/\, where 2 is the
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high+ values in the aluminosilicate glass is due to the longer

Sr silicate

02| 0O-0 distances in the Alptetrahedra compared to those in
- L the SiQ tetrahedra. Differences in the intensities and posi-
% 0 L Sr aluminosilicate tions of the structural features at highsalues are observed

between the two glasses. The neutron weighting factors in-
dicate that the most intense partial pair distribution functions
0.2 (PPDF’9 are those related to th@luminosilicate network

0 ! '5' "10' I S S (0-0, T-O, T-T with T=Si or Al) and the Sr-O pairs. The
L Na-centered PPDF’s in the silicate glass are negligible due to
Sr silicate the small Na concentration. Well-defined structures exist be-
yond 10 A in theG(r) function of the aluminosilicate glass,
while almost no structure is present @(r) over the same
region for the silicate. This suggests a more ordered frame-
work in the aluminosilicate glass.

Since all PPDF’s are superimposed beyond 2 A, thereby
reducing the information that can be obtained directly, we
applied the reverse Monte Car[@MC) method to extract
more structural information from the available experimental
data. Previous RMC simulations of silicate glasses have
proved useful to generate three- dimensional atomic models
which reproduce quantitatively the experimental ddf3The
RMC method has been described in detail elsewheEach

starting configuration contains 3688 atoms in a cubic box
A Lo '7 - with an edge length of 18.6 A. In a first step, a hard-sphere
QA Monte Carlo simulation constrained the Si and Al atoms,
introduced in the configuration box at random, to be fourfold
coordinated. Then Sr atoms were randomly added. Periodic
boundary conditions were used and constraints applied dur-
ing the fitting procedure to maintain the tetrahedral units and
to respect the closest atom-atom distances which avoid
physically unrealistic structures T¢T=2.6 A, T-O
=15 A, T-S=29 A, 0-O and Sr-&24 A, Sr-Sr

Sr aluminosilicate

FIG. 1. Comparison between the experimerialneutron,(b)
x-ray, and(c) differential x-ray structure factorolid curve$ and
the RMC simulationgdashed curvedor the Sr silicate and alumi-
nosilicate glasses.

scattering angle and the wavelength of the probing radia-

tion) The A5 S(Q) function is a weighted sum of all the =35 A). A simplified Sr silicate glass was used in the

partial structure factors involving Sr and gives a deta”edRMC simulation, in which Na is replaced by Sr leading to

description of the environment around this element. The neu; " ) R )
tron correlation functions, calculated by a Fourier transformthe composition 38SrO 62SJOThis yields to a slight over-

of the Q[ S(Q) — 1] data truncated at 35 A, are compared estimate of the Sr-centered PPDF's. In the Sr aluminosilicate

in Fig. 2 with Gaussian fits of the first peak. The mean Si-Og.IaSS’ we did not distinguish between Si and Al atoms in the

distance is 1.62 and 1.61 A for the strontium silicate andTU1tion since neutron or x-ray experiments cannot sepa-

L . : .~ _._Tate their relative contributions. The RMC simulation was
aluminosilicate glasses, respectively, with a coordination

number of 4 and a standard deviationof 0.055 A. Alumi- carried out using three sets of experimental data: the total

num atoms are located in tetrahedral sites with a mean Al-Q eutron and x-ray structure factors and the differential x-ray
distance of 1.75 A ¢=0.055 A). The second peak at 2.63 Structure factor obtained by AWAXS. We used the recipro-

. al space data rather than the correlation functions since they
A corresponds to O-O and Sr-O correlations. The shoulder agre more sensitive to medium-range ordering, especially at

low-Q values. This allows fitting of both th@lumingsili-
H B AL [ cate ne.twork, mainly with the_ neutron—diffrgction. data, and
.. Gaussian fit f[he_: environment around Sr, with the x-ray dlﬂ_‘ractlon data. It
is important to note that the structure determined by RMC is
not unigue and, as we started with a random model, the final
configuration is the most disordered structure consistent with
the available data.

In Fig. 1, we compare the experimental data with the
RMC simulations. Good agreement is obtained for the neu-
tron data of the two glasses except the double peak at
T B A 8-10 A~!which is somewhat smoothed by the RMC simu-

6 (A 8 10 lation due to limitation of the computation time. The crite-

rion for an acceptable fit was chosen larger when modeling
the x-ray-diffraction data, in order to take into account the

FIG. 2. Total neutron correlation functigsolid curves for the  lower quality of the data compared to the neutron-diffraction
Sr silicate and aluminosilicate glasses, compared with Gaussian figata. This explains some discrepancies between the x-ray
of the first peakdashed curves experimental data and the RMC fits. However, the RMC

Sr silicate

Sr aluminosilicate
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TABLE I. Comparison of the experimental values determined

I, Sr.Si for the silicate and the aluminosilicate glasses of the first O shell of
wrﬁ‘"\v\p, WA neighbors around Sr and the values calculated from the RMC mod-
T els.
] St-O AWAXS  EXAFS
j Vot o8 Neutron (Ref. 8 (Ref.§ RMC
0:0 Sr silicate
o N R (A) 2.62 2.68 2.5 2.55
J{M\Aw Lz N 6.0 4.0 5.8
o (A) 0.135 0.13 0.11
HERE T-O . .
§J/ ! Sr aluminosilicate
R (A) 2.63 2.56 2.54 2.7
]7'\/., e N 7.0 6.0 5.9
0 '2 s e s o (R) 0.125 0.18 0.13

.6
r(A)

2 . 4
Q@A)

_ FIG. 3. (3) Partial structure factor§;;(Q), and(b) partial pair  g1355(2.55 A). This is in agreement with analogous crystal
o e o e foabens| Stueures where he meatso is coual 10 28 A i
(solid curves glasses c-SrAI;Si,Og and 2.64 A inc-SrSi0;.1213 The Sr-O dis-

' tances determined by RMC do not agree well with those
obtained by Gaussian fits of the neutron- or x-ray diffraction
simulation reproduced the x-ray data over all Qerange  data or by extended x-ray absorption spectrosd&XAFS)
and especially the features at small valueQofFor the St Ref. 8 and reported in Table I. EXAFS data may suffer im-
aluminosilicate glass, some of the deviations may be due tgortant anharmonic effects due to radial disordeFhe pre-
the use of an average sitefor Si and Al atoms. cision of theds,q distances extracted from AWAXS using
The partial pair structure factorig=ig. 3(@)] calculated  the differential correlation function8g,_(r) is low, due to
from the RMC models may be used to analyze the @w- the low signal-to-noise ratio. The Sr-O distance of 2.56 A
region which is related to medium-range ordering of thefound by AWAXS in the aluminosilicate glass is also small
glasses. For the Sr silicate glass, the first peak in the expertompared to reference compounds. In neutron data, the Sr-O
mental neutron-diffraction data is clearly due to 8s5{(Q)  correlation is buried by the strong O-O correlation and exact
and the low® tail of this peak comes from the silicate net- determination of the Sr-O pair is difficult.
work (O-O and Si-O paifs The AWAXS data are strongly ~ The Sr-O coordination numbeCN) obtained with the
dominated by theSs,s(Q) function and the peak at 2 A  RMC models is about 5.8 O in each glass, using a cutoff
and at 0.76 A, in the total and differential structure fac- distance of 3.2 A. In crystalline compounds, a coordination
tors, respectively, are due to the Sr-Sr pairs and therefore tQumber of 8—9 is usually obtained, including, in some com-
the distribution of Sr atoms in the glass structure. On theyounds 2 O at alonger distance (3.1-3.2 A¥:'*The small
contrary, the Sr-Sr pairs in the Sr aluminosilicate glass haveN suggests that Sr atoms are located in sites of smaller size

a weak weighting factor and thus a negligible intensity. Thethan in crystalline silicates.
peak at 1.73 A in the neutron-diffraction data arises thus  The difference in Sr-O distances between the two glasses
mainly from the(Si,Al)-O and O-O partial functions. In the investigated may be interpreted as an indication of a different
total x-ray structure factor, the Sr-centered partial functionsstructural role of Sr in silicate and aluminosilicate glasses. In
are more heavily weighted than in neutron data and contribthe former, Sr is a typical modifier cation, like in other
ute significantly to the x-ray data. A peak in the Sr-Sr, Sr-O,alkaline-earth glassésjn the latter, it plays the charge-
andT-Sr partial functions near 2 A" explains that the first compensating role required by the Al to Si substitution. As a
diffraction peak observed at 1.73 A in the neutron- consequence, Sr may be bonded mainly to NBO's in silicate
diffraction data shifts towards a high€r value, 1.92 A,  glasses while it is bonded to BO's in the aluminosilicate
in the x-ray data. The small peak at 1.06" Rin A5, S(Q) is  glass. BO’s will be nearly compensated by the presence of
due to a strong contribution of the Sr-Sr pairs. The intensitytwo (Si,Al) atoms in a fourfold coordination. A short Sr-BO
of this feature is limited inAg,S(Q) due to out-of-phase distance would result in a strong overbonding of BO atoms.
contributions of the Sr-O and-Sr pairs. The presence of a Molecular-dynamics calculations have shown in glasses that
positive peak irSs,;s(Q) at~1 A~! and a negative peak in the Si-NBO distances are shorter than the Si-BO distances,
Ssro(Q) andSrs(Q), at the same position, represents a dif-by about 0.05 A in Na-silicate glassEsThis observation is
ference with the silicate glass, where all contributions areconsistent with the distances observed in crystalline silicates.
positive. This result indicates antiphase correlations betweelm consequence, NBO's will need further compensation by
the Sr atoms and the aluminosilicate network which are duaon-network-forming cations and can accomodate shorter
to the position of Sr in interstitial sites. Sr-NBO bonds than Sr-BO bonds. The Sr-O interatomic dis-

The PPDF's are shown in Fig(l3 for the two glasses. tances will then depend on this need for charge balance in

The Gg,o(r) functions indicate that the Sr-O distance isthe immediate oxygen surrounding. This demonstrates the

longer in the aluminosilicate glag8.7 A) than in the silicate ability of the RMC simulations to identify a different sur-
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rounding of the Sr atoms in these two glasses. Gaussian fit of theGg,_,(r).2 a difference likely due to a

In the RMC model of the silicate glass, the Sr-Si distri- simulation box containing more Sr atoms than the real glass.
bution has a first peak centered at 3.7 A with 6.5 Si neigh4n the aluminosilicate glas, a coordination number of about 1
bors around Stcutoff at 4.5 A, which is somewhat lower in the RMC model is in agreement with the small value
than the value of 9 Si at 3.6 A estimated in t6g,_,(r) (=<1.5) evaluated in th&g,_,(r) function and with the co-
function and 8 Si at 3.52 A is-SrSiQ;. The RMC configu-  ordination number of 1 irc-SrAl,Si,0g.813
ration of the aluminosilicate glass has also a first broad dis- Similar cation-cation distances to those found in this
tribution of T-Sr pairs centered at 3.4 A, compared to 3.65 Astudy were determined in silicate glasses for(88 and 6.4
in Gg,_,(r) and 3.64 A inc-SrAlSi,Og. The SrT coordina-  A) (Ref. 1) and Ba(4.15 and 7.3 A® Moreover, the char-
tion number of 9.1 is close to the value of 10 estimated in theacteristic distance at2ds,s~5.7 A, which is due to out-
Ggr_,(r) function and in anorthite crystal. of-plane polyhedra linkage, is never observed. As previously

The Sr-Sr distribution in the silicate glas3g,s(r) [Fig.  proposed for Ca and Ni silicate glassésthe presence and
3(b), upper curvel shows important similarities with the the absence of these specific distances suggest a bidimen-
Gs,— (1) functions® The Gg,5(r) PPDF confirms that the sional ordering of the Sr atoms. This result indicates impor-
peaks observed near 4cii A are mainly due to Sr-Sr pairs. tant similarities in the distribution of alkaline eartta, Sr,
Shorter distances at 3.6 and 6.7 A are obtained in the RM@nd B3 in silicate glasses.
model of the aluminosilicate glass, despite the small concen- Neutron- and anomalous x-ray diffraction experiments
tration of Sr atoms and thus the poorer statistics than in thbave been used to investigate the structure of a strontium
silicate glass. As Sr atoms are supposed to charge compesificate glass (SrNaSi; Os) and a strontium aluminosili-
sate the (AIQ) ~ tetrahedra localized nearby, this inhomoge-cate glass (SrABi,O;,). Two three-dimensional atomic
neous distribution of Sr atoms suggests also an inhomogeanodels were generated by the reverse Monte Carlo method
neous distribution of Al atoms into the glass structure. Theusing the experimental diffraction data. The RMC models
difference in the first cation-cation distandg,s, between confirm that the first peak in the structure factors comes
the two glasses is similar to the slight decrease of the Sr-Snainly from density fluctuations of the Sr-Sr pairs in the
distances which occurs frooxSrSiG; to c-SrAl,Si,Og, 4.12  silicate glass. Due to the lower Sr concentration in the alu-
and 4.08 A, respectively. Furthermore, this distance correminosilicate glass, théSi,Al,0) network plays a more im-
sponds to edgesharing of Sr polyhedra. A first short Sr-Sportant role in the neutron loW features but Sr-Sr correla-
distance implies an inhomogeneous distribution of Sr atom&ions contribute significantly to the x-ray data. The Sr-O
in both glasses. Indeed, Sr-Sr distances at 5.2 and 6.8 distances are longer in the aluminosilicate glass than in the
would be expected for a three-dimensional homogeneousilicate glass, in agreement with a different structural role.
distribution in the silicate and aluminosilicate, respectively.The first Sr-Sr distance is slightly shorter in the aluminosili-
A coordination number of 6.5 Sr neighbors is obtaified-  cate glass than in the silicate glass. We found Sr-Sr distances
ing a cutoff 4 5 A in Fig. 3(b)], which is close to the 6 Sr at about 4 and 7 A in both models indicating an inhomoge-
neighbors inc-SrSi0;.12 A value of 3.8 was determined by a neous distribution of this element in the glass structure.
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