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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 4 and 7 Å in both glasses, which implies anonhomogeneous
spatial distribution.@S0163-1829~99!08121-7#
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Knowledge of the medium-range structure in oxi
glasses is an important prerequisite to understand phy
properties, such as ion conduction, rheology, and thermo
namic properties. Cations may be divided in two groups
cording to their structural role within the glass structu
Modifier cations depolymerize the network by forming no
bridging oxygens~NBO! while charge compensating cation
ideally occur inside the interstices formed by a fully pol
merized network, which contains only bridging oxyge
~BO!, and charge-compensate, typically, nontetravalent
ments. The environment around a few cations in multico
ponent glasses has been extensively studied using ne
diffraction with isotopic substitution.1–3 The combined use
of neutron and x-ray diffraction provides two independe
kinds of information and gives access to some chem
selectivity.4 However, the structural differences around c
ions in modifying or charge compensating position have
received much attention. A recent neutron-diffraction stu
with isotopic substitution of Li finds a similar local environ
ment around Li acting as modifier or charge compensato
silicate glasses.5 More important differences were evident
medium-range distances: specifically, the absence of clu
ing of Li in aluminosilicate glasses, whereas clustering
observed in silicate glasses by neutron diffraction a
NMR.6,7 Furthermore, the linkage with the network-formin
tetrahedra differs, depending on whether the Li atoms
charge compensating or modifying the network. These st
tural modifications should depend on the size of the ca
but recent detailed studies are lacking for heavy element
silicate and aluminosilicate glasses.

In this paper, we report a direct study of the environm
around Sr in SrO 0.19Na2O 1.9SiO2 and SrO Al2O3
PRB 590163-1829/99/59~21!/13517~4!/$15.00
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4SiO2 glasses using a combination of neutron and anom
lous x-ray wide-angle scattering and reverse Monte Ca
modeling. The quantitative atomic models provide eviden
for a different environment around Sr in a silicate gla
where Sr acts as network modifier, and an aluminosilic
glass, where Sr charge compensates the AlO4 tetrahedra.

Samples of composition SrO 0.19Na2O 1.9SiO2 and
SrO Al2O3 4SiO2 were prepared by melt quenching. Th
homogeneity and the chemical compositions of the sam
were determined by electron microprobe. Densities of 3
and 2.80 g cm23 for the silicate glass and the aluminosil
cate glass, respectively, were measured by Archime
method with toluene as reference liquid. Neutron-diffracti
measurements were made at the spallation neutron so
ISIS ~United Kingdom! on the LAD instrument. Anomalous
wide-angle x-ray scattering~AWAXS! measurements wer
made at the synchrotron radiation source DCI/LUR
~France! on the wiggler beam line DW31,8 using two ener-
gies~about 1000 and 5 eV below the Sr absorptionK edge!.
All the data were appropriately corrected and normaliz
The combined use of these two diffraction methods is imp
tant to obtain an overall picture of the glass structure si
the partials are differently weighted in x-ray and neutr
diffraction. The latter provides more specific information o
the ~alumino!silicate network, and the former on the S
centered correlations.

Figure 1 shows the total neutron and x-ray structure f
tors,S(Q) @Figs. 1~a! and 1~b!, solid curves#, and the differ-
ential x-ray structure factors,DSrS(Q) @Fig. 1~c!, solid
curves# which are obtained from the difference of two me
surements at 1000 and 5 eV below the SrK edge.~Q is the
scattering vector andQ5uQu54p sinu/l, where 2u is the
13 517 ©1999 The American Physical Society
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13 518 PRB 59BRIEF REPORTS
scattering angle andl the wavelength of the probing radia
tion.! The DSrS(Q) function is a weighted sum of all the
partial structure factors involving Sr and gives a detaile
description of the environment around this element. The ne
tron correlation functions, calculated by a Fourier transfor
of theQ@S(Q)21# data truncated at 35 Å21, are compared
in Fig. 2 with Gaussian fits of the first peak. The mean Si-
distance is 1.62 and 1.61 Å for the strontium silicate an
aluminosilicate glasses, respectively, with a coordinati
number of 4 and a standard deviations of 0.055 Å. Alumi-
num atoms are located in tetrahedral sites with a mean A
distance of 1.75 Å (s50.055 Å). The second peak at 2.63
Å corresponds to O-O and Sr-O correlations. The shoulder

FIG. 1. Comparison between the experimental~a! neutron,~b!
x-ray, and~c! differential x-ray structure factors~solid curves! and
the RMC simulations~dashed curves! for the Sr silicate and alumi-
nosilicate glasses.

FIG. 2. Total neutron correlation function~solid curves! for the
Sr silicate and aluminosilicate glasses, compared with Gaussian
of the first peak~dashed curves!.
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high-r values in the aluminosilicate glass is due to the lon
O-O distances in the AlO4 tetrahedra compared to those
the SiO4 tetrahedra. Differences in the intensities and po
tions of the structural features at high-r values are observed
between the two glasses. The neutron weighting factors
dicate that the most intense partial pair distribution functio
~PPDF’s! are those related to the~alumino!silicate network
~O-O, T-O, T-T with T5Si or Al! and the Sr-O pairs. The
Na-centered PPDF’s in the silicate glass are negligible du
the small Na concentration. Well-defined structures exist
yond 10 Å in theG(r ) function of the aluminosilicate glass
while almost no structure is present inG(r ) over the same
region for the silicate. This suggests a more ordered fra
work in the aluminosilicate glass.

Since all PPDF’s are superimposed beyond 2 Å, ther
reducing the information that can be obtained directly,
applied the reverse Monte Carlo~RMC! method to extract
more structural information from the available experimen
data. Previous RMC simulations of silicate glasses h
proved useful to generate three- dimensional atomic mo
which reproduce quantitatively the experimental data.9,10The
RMC method has been described in detail elsewhere.11 Each
starting configuration contains 3688 atoms in a cubic b
with an edge length of 18.6 Å. In a first step, a hard-sph
Monte Carlo simulation constrained the Si and Al atom
introduced in the configuration box at random, to be fourfo
coordinated. Then Sr atoms were randomly added. Peri
boundary conditions were used and constraints applied
ing the fitting procedure to maintain the tetrahedral units a
to respect the closest atom-atom distances which av
physically unrealistic structures (T-T>2.6 Å, T-O
>1.5 Å, T-Sr>2.9 Å, O-O and Sr-O>2.4 Å, Sr-Sr
>3.5 Å). A simplified Sr silicate glass was used in th
RMC simulation, in which Na is replaced by Sr leading
the composition 38SrO 62SiO2. This yields to a slight over-
estimate of the Sr-centered PPDF’s. In the Sr aluminosilic
glass, we did not distinguish between Si and Al atoms in
simulation since neutron or x-ray experiments cannot se
rate their relative contributions. The RMC simulation w
carried out using three sets of experimental data: the t
neutron and x-ray structure factors and the differential x-
structure factor obtained by AWAXS. We used the recip
cal space data rather than the correlation functions since
are more sensitive to medium-range ordering, especiall
low-Q values. This allows fitting of both the~alumino!sili-
cate network, mainly with the neutron-diffraction data, a
the environment around Sr, with the x-ray diffraction data
is important to note that the structure determined by RMC
not unique and, as we started with a random model, the fi
configuration is the most disordered structure consistent w
the available data.

In Fig. 1, we compare the experimental data with t
RMC simulations. Good agreement is obtained for the n
tron data of the two glasses except the double peak
8 –10 Å21 which is somewhat smoothed by the RMC sim
lation due to limitation of the computation time. The crit
rion for an acceptable fit was chosen larger when mode
the x-ray-diffraction data, in order to take into account t
lower quality of the data compared to the neutron-diffracti
data. This explains some discrepancies between the x
experimental data and the RMC fits. However, the RM
ts
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simulation reproduced the x-ray data over all theQ range
and especially the features at small values ofQ. For the Sr
aluminosilicate glass, some of the deviations may be du
the use of an average siteT for Si and Al atoms.

The partial pair structure factors@Fig. 3~a!# calculated
from the RMC models may be used to analyze the lowQ
region which is related to medium-range ordering of t
glasses. For the Sr silicate glass, the first peak in the exp
mental neutron-diffraction data is clearly due to theSSrSr(Q)
and the low-Q tail of this peak comes from the silicate ne
work ~O-O and Si-O pairs!. The AWAXS data are strongly
dominated by theSSrSr(Q) function and the peak at 2 Å21

and at 0.76 Å21, in the total and differential structure fac
tors, respectively, are due to the Sr-Sr pairs and therefor
the distribution of Sr atoms in the glass structure. On
contrary, the Sr-Sr pairs in the Sr aluminosilicate glass h
a weak weighting factor and thus a negligible intensity. T
peak at 1.73 Å21 in the neutron-diffraction data arises thu
mainly from the~Si,Al!-O and O-O partial functions. In the
total x-ray structure factor, the Sr-centered partial functio
are more heavily weighted than in neutron data and cont
ute significantly to the x-ray data. A peak in the Sr-Sr, Sr-
andT-Sr partial functions near 2 Å21 explains that the first
diffraction peak observed at 1.73 Å21 in the neutron-
diffraction data shifts towards a higherQ value, 1.92 Å21,
in the x-ray data. The small peak at 1.06 Å21 in DSrS(Q) is
due to a strong contribution of the Sr-Sr pairs. The intens
of this feature is limited inDSrS(Q) due to out-of-phase
contributions of the Sr-O andT-Sr pairs. The presence of
positive peak inSSrSr(Q) at;1 Å21 and a negative peak in
SSrO(Q) andSTSr(Q), at the same position, represents a d
ference with the silicate glass, where all contributions
positive. This result indicates antiphase correlations betw
the Sr atoms and the aluminosilicate network which are
to the position of Sr in interstitial sites.

The PPDF’s are shown in Fig. 3~b! for the two glasses
The GSrO(r ) functions indicate that the Sr-O distance
longer in the aluminosilicate glass~2.7 Å! than in the silicate

FIG. 3. ~a! Partial structure factorsSi j (Q), and ~b! partial pair
distribution functionsGi j (r ), calculated from the atomic position o
the RMC model of the silicate~dashed curve! and aluminosilicate
~solid curves! glasses.
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glass~2.55 Å!. This is in agreement with analogous cryst
structures where the meandSrO is equal to 2.8 Å in
c-SrAl2Si2O8 and 2.64 Å inc-SrSiO3.12,13 The Sr-O dis-
tances determined by RMC do not agree well with tho
obtained by Gaussian fits of the neutron- or x-ray diffracti
data or by extended x-ray absorption spectroscopy~EXAFS!
Ref. 8 and reported in Table I. EXAFS data may suffer i
portant anharmonic effects due to radial disorder.14 The pre-
cision of thedSrO distances extracted from AWAXS usin
the differential correlation functionsGSr2a(r ) is low, due to
the low signal-to-noise ratio. The Sr-O distance of 2.56
found by AWAXS in the aluminosilicate glass is also sm
compared to reference compounds. In neutron data, the S
correlation is buried by the strong O-O correlation and ex
determination of the Sr-O pair is difficult.

The Sr-O coordination number~CN! obtained with the
RMC models is about 5.8 O in each glass, using a cu
distance of 3.2 Å. In crystalline compounds, a coordinat
number of 8–9 is usually obtained, including, in some co
pounds, 2 O at alonger distance (3.1–3.2 Å).12,13The small
CN suggests that Sr atoms are located in sites of smaller
than in crystalline silicates.

The difference in Sr-O distances between the two glas
investigated may be interpreted as an indication of a differ
structural role of Sr in silicate and aluminosilicate glasses
the former, Sr is a typical modifier cation, like in othe
alkaline-earth glasses,1 in the latter, it plays the charge
compensating role required by the Al to Si substitution. A
consequence, Sr may be bonded mainly to NBO’s in silic
glasses while it is bonded to BO’s in the aluminosilica
glass. BO’s will be nearly compensated by the presence
two ~Si,Al! atoms in a fourfold coordination. A short Sr-BO
distance would result in a strong overbonding of BO atom
Molecular-dynamics calculations have shown in glasses
the Si-NBO distances are shorter than the Si-BO distan
by about 0.05 Å in Na-silicate glasses.15 This observation is
consistent with the distances observed in crystalline silica
In consequence, NBO’s will need further compensation
non-network-forming cations and can accomodate sho
Sr-NBO bonds than Sr-BO bonds. The Sr-O interatomic d
tances will then depend on this need for charge balanc
the immediate oxygen surrounding. This demonstrates
ability of the RMC simulations to identify a different sur

TABLE I. Comparison of the experimental values determin
for the silicate and the aluminosilicate glasses of the first O she
neighbors around Sr and the values calculated from the RMC m
els.

AWAXS EXAFS
Neutron ~Ref. 8! ~Ref. 8! RMC

Sr silicate
R (Å) 2.62 2.68 2.5 2.55
N 6.0 4.0 5.8
s (Å) 0.135 0.13 0.11

Sr aluminosilicate
R (Å) 2.63 2.56 2.54 2.7
N 7.0 6.0 5.9
s (Å) 0.125 0.18 0.13
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rounding of the Sr atoms in these two glasses.
In the RMC model of the silicate glass, the Sr-Si dist

bution has a first peak centered at 3.7 Å with 6.5 Si nei
bors around Sr~cutoff at 4.5 Å!, which is somewhat lower
than the value of 9 Si at 3.6 Å estimated in theGSr2a(r )
function and 8 Si at 3.52 Å inc-SrSiO3. The RMC configu-
ration of the aluminosilicate glass has also a first broad
tribution of T-Sr pairs centered at 3.4 Å, compared to 3.65
in GSr2a(r ) and 3.64 Å inc-SrAlSi2O8. The Sr-T coordina-
tion number of 9.1 is close to the value of 10 estimated in
GSr2a(r ) function and in anorthite crystal.

The Sr-Sr distribution in the silicate glass,GSrSr(r ) @Fig.
3~b!, upper curves#, shows important similarities with the
GSr2a(r ) functions.8 The GSrSr(r ) PPDF confirms that the
peaks observed near 4 and 7 Å are mainly due to Sr-Sr pairs
Shorter distances at 3.6 and 6.7 Å are obtained in the R
model of the aluminosilicate glass, despite the small conc
tration of Sr atoms and thus the poorer statistics than in
silicate glass. As Sr atoms are supposed to charge com
sate the (AlO4)2 tetrahedra localized nearby, this inhomog
neous distribution of Sr atoms suggests also an inhomo
neous distribution of Al atoms into the glass structure. T
difference in the first cation-cation distancedSrSr between
the two glasses is similar to the slight decrease of the S
distances which occurs fromc-SrSiO3 to c-SrAl2Si2O8, 4.12
and 4.08 Å, respectively. Furthermore, this distance co
sponds to edgesharing of Sr polyhedra. A first short Sr
distance implies an inhomogeneous distribution of Sr ato
in both glasses. Indeed, Sr-Sr distances at 5.2 and 6.
would be expected for a three-dimensional homogene
distribution in the silicate and aluminosilicate, respective
A coordination number of 6.5 Sr neighbors is obtained@us-
ing a cutoff at 5 Å in Fig. 3~b!#, which is close to the 6 S
neighbors inc-SrSiO3.12 A value of 3.8 was determined by
a
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Gaussian fit of theGSr2a(r ),8 a difference likely due to a
simulation box containing more Sr atoms than the real gla
In the aluminosilicate glas, a coordination number of abou
in the RMC model is in agreement with the small valu
(<1.5) evaluated in theGSr2a(r ) function and with the co-
ordination number of 1 inc-SrAl2Si2O8.8,13

Similar cation-cation distances to those found in th
study were determined in silicate glasses for Ca~3.8 and 6.4
Å! ~Ref. 1! and Ba~4.15 and 7.3 Å!.16 Moreover, the char-
acteristic distance atA2dSrSr'5.7 Å, which is due to out-
of-plane polyhedra linkage, is never observed. As previou
proposed for Ca and Ni silicate glasses,1,2 the presence and
the absence of these specific distances suggest a bidi
sional ordering of the Sr atoms. This result indicates imp
tant similarities in the distribution of alkaline earths~Ca, Sr,
and Ba! in silicate glasses.

Neutron- and anomalous x-ray diffraction experimen
have been used to investigate the structure of a stront
silicate glass (SrNa0.4Si1.9O5) and a strontium aluminosili-
cate glass (SrAl2Si4O12). Two three-dimensional atomic
models were generated by the reverse Monte Carlo me
using the experimental diffraction data. The RMC mod
confirm that the first peak in the structure factors com
mainly from density fluctuations of the Sr-Sr pairs in th
silicate glass. Due to the lower Sr concentration in the a
minosilicate glass, the~Si,Al,O! network plays a more im-
portant role in the neutron low-Q features but Sr-Sr correla
tions contribute significantly to the x-ray data. The Sr
distances are longer in the aluminosilicate glass than in
silicate glass, in agreement with a different structural ro
The first Sr-Sr distance is slightly shorter in the aluminos
cate glass than in the silicate glass. We found Sr-Sr distan
at about 4 and 7 Å in both models indicating an inhomog
neous distribution of this element in the glass structure.
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