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Atomic ordering in Ca x/2Al xSi12xO2 glasses„x50,0.34,0.5,0.68…
by energy-dispersive x-ray diffraction
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Extended structure factors for Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! have been obtained by energy-
dispersive x-ray diffraction. The first neighbor Si-O and Al-O interatomic distances and coordination numbers
have been determined thanks to the improved resolution of the experimental atomic distribution functions. It
has been found that Al atoms are always fourfold coordinated by oxygen atoms while the oxygen coordination
of Si atoms varies with the change of Al and Ca contents in the glasses investigated. The experimental
information obtained has made it possible to discriminate between contradicting structure models for
Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! that have been previously proposed.@S0163-1829~98!03842-9#
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I. INTRODUCTION

Glasses of the system CaO-Al2O3-SiO3 have been a sub
ject of numerous studies in the last two decades. Sev
physical properties and thermodynamical characteris
have been systematically measured and the presence of
tionship~s! between some properties of useful technologi
applications and composition has been looked for.1–5 Since
any such relationship~s! found empirically can only be ex
plained on the basis of a structure model for the respec
glasses a number of structural studies on calcium alumin
silica glasses has been carried out. The most structural in
mation has been acquired from spectroscopic methods
as 29Si and 27Al magic angle spinning~MAS!-NMR,6–8

Raman,9,10 x-ray photoemission spectroscopy,11 electron spin
resonance,12 and IR.13 Wide-angle x-ray diffraction investi-
gations have been carried out as well.14–16Outcomes of these
studies have suggested that at atomic scale CaO-Al2O3-SiO2

glasses can be considered as a more or less polyme
network of Si-O and Al-O structural units with Ca cation
occupying large, irregular sites within the netwo
cavities.1,6,7,9,15,16Depending on the chemical compositio
only the details in the just described model picture includ
the type of Al-O structural units~octahedral or tetrahedral!,
the connectivity of Si and Al polyhedra, and the presen
and location of nonbridging oxygen atoms, have been fo
to vary. Unfortunately, structural models for given famili
of CaO-Al2O3-SiO2 glasses that contradict in these importa
details have been put forward. In particular, two compet
structure models have been suggested for glasses alon
join silica ~SiO2) calcium aluminate~CaAl2O4). According
to one of these models1 all glasses along the join
SiO2-CaAl2O4 may be viewed as a fully polymerized ne
work of interconnected SiO4 and AlO4 tetrahedral units
where no nonbridging oxygens are present. According to
other model,6,12 glasses with compositions varying from th
of pure silica~SiO2) to that of anorthite~Ca0.25Al0.5Si0.5O2)
have a fully polymerized network of SiO4 and AlO4 tetrahe-
PRB 580163-1829/98/58~18!/11982~8!/$15.00
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dra. When, however,~CaO1Al2O3) exceeds the SiO2 con-
tent nonbridging oxygen atoms emerge. Therefore, glas
with composition varying from that of anorthite to that o
calcium aluminate are formed of both regular and def
SiO4 and AlO4 units, i.e., these glasses do not have a fu
polymerized tetrahedral network. To resolve this ambiguit
careful determination of the structure of Cax/2Al xSi12xO2
glasses~x50,0.34, 0.5,0.68! and an identification of the type
of SiO4 and AlO4 units obviously need to be carried out.

The structure of glassy materials is commonly describ
in terms of atomic distribution functions which reflect a
interatomic correlations in the glassy material. These fu
tions are most frequently obtained by diffraction metho
employing x rays or neutrons. With the wide-angle diffra
tion method the x-ray photons~neutrons! scattered from the
sample are recorded as a function of the angle 2Q between
the directions of the incoming and diffracted monochroma
radiation beams. On the basis of the diffraction spectr
recorded the so-called structure factorS(q), which actually
contains the experimentally accessible information about
atomic-scale structure of the glassy material, is obtain
FromS(q) the so-called reduced atomic distribution functio
G(r )54pr @r(r )2r0#, is calculated as follows:

G~r !5~2/p!E
q50

q5qmax
q@S~q!21#sin~qr !dq, ~1!

wherer is the real space distance,r(r ) andr0 are the local
and average atomic number densities of the glassy mate
respectively, andq is the wave~scattering! vector defined by
the relationq5(4p/l)sin(Q)5(4p/hc)Esin(Q). Herel and
E are the wavelength and energy of the radiation used,h is
Planck’s constant, andc is the velocity of light. An inherent
limitation of the wide-angle method is that the region ofq
values covered is limited by the wavelength~energy! of the
radiation used so that when a conventional source of ra
tion is employed~e.g., x-ray tube with Mo anode! diffraction
spectra to values ofq not higher than 15–16 Å21 are re-
corded. As a result, atomic distribution functions with res
11 982 ©1998 The American Physical Society
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lution dr , estimated bydr 5p/qmax not better than 0.19 Å
could be obtained. That is why the individual Si-O and Al-
units, having characteristic distancesr Si-O51.61
60.03 Å, r Al-O51.7560.03 Å for tetrahedral
coordination,17–19 could not possibly be differentiated b
conventional x-ray diffraction studies15,16 carried out so far
and, hence, the above discussed ambiguity has not been
sible to be solved. A possible way to extend the high-q limit
in diffraction studies and to improve the real space resolu
of atomic distribution functions is to employ the so-call
energy dispersive x-ray diffraction~EDXD! method. With
the EDXD method the diffraction spectrum is recorded a
function of energyE of x-ray photons scattered at a fixe
diffraction angle 2Q. The sample is irradiated with x rays o
continuous energy~wavelength! spectrum and an energy
sensitive detector is used to register the scattered x-ray
tons of different energies. Among other advantages~reduced
experimental time, simplified mechanical construction, e!
the EDXD method has the important one that even whe
conventional source of x-ray radiation is employed the str
ture factor can be obtained over a region ofq values well
extended above 20 Å21 and thus the resolution of the corre
sponding atomic distribution function be considerab
improved.20–23It is the purpose of the present work to obta
extended structure factors and atomic distribution functi
of improved resolution for Cax/2Al xSi12xO2 glasses~x50,
0.34, 0.5, 0.68! by carrying out EDXD experiments. It is
expected that the employing of this experimental techni
will make it possible for the type of the individual Si-O an
Al-O units to be more precisely determined and, thus, for
model picture of the atomic scale structure of calciu
aluminate-silicate glasses along the join SiO2-CaAl2O4 to be
clarified. This was quite a challenging task to tackle by
EDXD method.

II. EXPERIMENT

A. Samples preparation

Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! were pre-
pared by melting of appropriate precursors at 1900 K. T
melts were rapidly cooled down to 1200 K and then t
temperature was gradually reduced to 300 K at a rate of
K/min. The resulting glassy materials were with homog
neous macrostructure when looked at in visible light and
the results of small-angle x-ray scattering experime
showed, no microinhomogeneities up to atomic scale w
present. The glassy samples’ actual chemical compos
was checked by wet chemical analyses and found to d
from that one given above by less than 1%. The followi
data for the sample density, determined by the Archime
method, have been obtained:r(SiO2; x50)52.201 g/cm3,
r(x50.34)52.466 g/cm3, r(x50.5)52.605 g/cm3, and
r(x50.68)52.711 g/cm3. From the bulk glassy materia
produced thin plates, approximately 30 mm in length, 20 m
in width, and 1 mm in depth, were cut out and subjected
EDXD experiments.

B. EDXD data collection

The EDXD experiments were carried out in a laborato
setup consisted of a constant-potential generator~Siemens!, a
os-
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sealed source of x rays with a copper anode, and a con
tional automated goniometer device~Seifert FPM!. The x-
ray source was operated at 50 kV and 20 mA. A Ge so
state detector~EG&G Orteg!, firmly attached to one of the
arms of the goniometer, was used to register the diffrac
x-ray intensities. These were processed by a multichan
pulse-height analyzer~Ortec, Spectrum Master & Maestr
Software! and stored in a computer readable format as
function of channel number. The registered intensities w
transferred into energy space by using a channel numbe
energy calibration constant obtained by measuring the fl
rescent lines of pure Fe, Ni, Zr, and Tb and fitting the
channel numbers to the corresponding emission ener
taken from literature sources. EDXD data of energies
tween 10 and 40 keV could be considered in the pres
studies since the CuKa line of the copper anode materia
was present at approximately 8 keV and the intensity of
x-ray photons of energies higher than 40 keV was too low
order to keep the experimental resolution in reciprocal sp
as high as possible the experiments were carried out
transmission geometry and a proper combination of slits w
selected for each of the diffraction angles measured. E
EDXD spectra, collected at fixed angles of 2Q56°, 11°, 20°,
40°, 60°, 80°, 100°, and 120°, were obtained for each of
glasses studied. The diffraction angles were so selected
any two consecutive regions of data in reciprocal~q! space,
corresponding to two consecutive diffraction angles, w
overlapped. Each spectrum was gathered over a perio
time so long that at least 10 000 x-ray photons of energy
keV were stored in the corresponding channel of the dete
system, having 1024 channels in our case. As a whole
total measuring time turned out to be of the order of 60 h
sample. As a corrective step, aimed at improving the sta
tical accuracy of the EDXD data without further increasi
the experimental time, the x-ray intensities stored in ea
neighboring channel of the multichannel analyzer were av
aged out taking advantage of the specific properties of
Savitzky and Golay moving average computation
procedure.24 The procedure was tuned in such a way that,
average, each data point gained or lost only one Pois
counting standard deviation in the averaging process.
physical grounds for applying of Savitzky and Golay ave
aging procedure is that the energy window of each chan
of the multichannel analyzer~50 eV in our case! is much
narrower than the actual energy resolution of the dete
system~approximately 200 eV! so that x-ray photons of the
same energy are, as a matter of fact, registered by few ne
boring channels. That is why the photons stored in a f
neighboring channels could be properly averaged out to p
duce data points of improved statistical accuracy. The
plied averaging of the registered intensities and the relativ
high intensity of the white x-ray spectrum delivered by t
radiation source employed are that mainly contributed to
smooth behavior of the high-q part of the structure factors
resulted from the present studies~see Fig. 2 later on intro-
duced in the present paper!.

C. EDXD data processing

All EDXD spectra measured are composed of x-ray ph
tons coherently, incoherently, and multiply scattered fro
the particular sample and its environment. The relation
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tween the EDXD intensitiesI (E,Q) registered at a given
~fixed! diffraction angle and their individual constituents c
be expressed as follows:20–23

I ~E,Q!5c~E!«~E!$I ~E!@ I coh~E,Q!1I ms~E,Q!

1I bgr~E,Q!#1I ~E8!I inc~E,E8,Q!%, ~2!

wherec(E) is a normalization factor,«(E) is the detector
efficiency factor,I (E) is the intensity of incident x rays o
energyE, I coh(E,Q), I ms(E,Q), and I inc(E,E8,Q) are the
intensities of x-ray photons coherently, multiply, and inc
herently scattered from the sample, andI bgr(E,Q) is the
background intensity. Since the incoherent and multiple s
tering from any sample with known physical characterist
~chemical composition, dimensions, density, etc.! can be cal-
culated with good enough accuracy23 and the background
scattering can be experimentally measured, the only prob
to be solved with the extraction ofI coh(E,Q) from I (E,Q)
is the derivation of the unknown quantityI p(E)
5c(E)«(E)I (E), hereafter referred to as the spectrum of t
incident radiation beam. Since the direct experimental de
mination of I p(E) is not an easy task the approach of det
mining the spectrum of the incident radiation beam from
experimental EDXD spectrum of the particular sample inv
tigated has been adopted. This approach is based on the
that the x-ray intensities~coherently, incoherently, multiply!
scattered by the sample are only a small fraction of the t
EDXD intensities registered at higher diffraction angles~say,
2Q.60°!, so that an EDXD spectrum measured at su
angles will show only small modulations aboutI p(E).20–23

Within the frames of this approach Eq.~2! can be solved for
the unknown quantityI p(E) in two equivalent forms:

I p~E8!5I cor~E,Q!/$I inc~E,E8,Q!1I p~E!/I p~E8!

3@ I coh~E,Q!1I ms~E,E8,Q!#%, ~3a!

I p~E!5I cor~E,Q!/$I coh~E,Q!1I p~E8!/I p~E!

3@ I inc~E,E8,Q!1I ms~E,E8,Q!#%, ~3b!

whereI cor(E,Q) are the EDXD intensities already approp
ately corrected for background and for the escape-peak e
and the diffraction angle 2Q has a high value.23,25 When the
glassy material is composed of light atomic species and
incoherent scattering from the sample is stronger than
coherent one, as it is in the case with the glasses prese
investigated,I p(E) can be calculated through an iterativ
procedure25 based on Eq.~3b! with an initial assumption
I p(E8)/I p(E)51 and by substituting I coh(E,Q),
I inc(E,E8,Q), and I ms(E,E8,Q) for their calculated values
When the amorphous material is composed of heavy ato
species Eq.~3a! is applied. As an example, the derivation
the structure factor for silica glass is described as follo
Multiplied by proper correction factors accounting for th
absorption and polarization of x-ray radiation the calcula
I inc(E,E8,Q), I ms(E,E8,Q), and I coh(E,Q), substituted for
I coh(E,Q)5( ici f i

2(E,Q), where ci and f i(E,Q) are the
concentration and atomic scattering factor of atomic spe
i, as well asI cor(E,Q), the experimental EDXD spectrum fo
silica glass obtained at 2Q5120° and I p(E) was calcu-
lated. With theI p(E) data already determined the combin
-
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contribution of the incoherent and multiple scattering, i.
I p(E)@ I coh(E,E8,Q)1I inc(E,E8,Q)#, has been calculated
By subtracting it from the experimental EDXD data the on
coherently scattered intensities have been obtained. T
these have been reduced to the coherent single scatterin
atom and a segment of the frequently used Faber-Zim
type26 structure factorS(q) has been calculated. WithI p(E)
determined from the EDXD data obtained at a diffracti
angle 2Q of 120° all the other seven EDXD spectra for silic
glass have been similarly processed and corresponding
ments ofS(q) have been obtained. All segments ofS(q) for
silica glass thus obtained are shown in Fig. 1. The differ
segments ofS(q) have been coupled together, averaged o
and a total structure factor has been constructed. A comp
son between the totalS(q) and one of its constituents~see
Fig. 1! exemplifies the maximal discrepancy between the d
ferentS(q) segments and their compound average obser
with the present EDXD experiments. The part ofS(q) below
the lowestq value covered by the present EDXD expe
ments, in the present case belowq50.76 Å21, has been
derived by a smooth extrapolation toq50. The resulting
reduced structure factor for silica glass is shown in Fig.
The reduced structure factors for the other three gla

FIG. 1. Segments of the structure factor for silica glass de
mined from EDXD spectra obtained at eight different diffractio
angles~full lines! and a total structure factorS(q) obtained by their
coupling ~broken line!. The segments corresponding to angles 2Q
other than 120° and the totalS(q) have been shifted up by a con
stant factor for clarity.

FIG. 2. Structure factors for Cax/2Al xSi12xO2 glasses~x50,
0.34,0.5,0.68!. Experimental EDXD data, full line and maximum
entropy method processed data, broken line with symbols.
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samples investigated, obtained in the same way as tha
silica glass, i.e., by processing the eight correspond
EDXD spectra measured at the same diffraction anglesQ,
are also shown in Fig. 2. The corresponding reduced ato
distribution functionsG(r ) are given in Fig. 3. It may be
added that all calculations with the experimental EDXD d
processing and derivation of theS(q) data have been per
formed with the help of an improved version of the progra
PEDX.23

III. RESULTS

As one can see from Fig. 2 the experimental redu
structure factors for Cax/2AL xSi12xO2 glasses~x50,0.34,
0.5,0.68! exhibit prominent oscillations up to the maximumq
value of 30 Å21 reached. Before analyzing the experimen
data in more detail we carefully checked their reliability
follows. First the present structure data for silica glass w
compared with data obtained by an independent wide-a
x-ray diffraction study.27 The comparison is shown in Fig. 4
As one can see from the figure the EDXD data and the p
vious wide-angle data are in good qualitative agreem
which indicates that the present EDXD studies has yiel
structure data that are at least so reliable as these one

FIG. 3. Reduced atomic distribution functionG(r ) for
Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! obtained by Fourier
transforming the experimentalS(q) data of Fig. 2~full line! and by
the maximum entropy method~broken line with symbols!.

FIG. 4. Comparison between reduced structure factorsq@S(q)
21# for silica glass obtained by the present EDXD experime
~full line! and by previous wide-angle x-ray diffraction experimen
~Ref. 27! ~broken line!.
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tained by the conventional wide-angle x-ray diffractio
method. With the EDXD method the region of reciproc
space covered is, however, much more extended than in
case of wide-angle experiments which, as one will see in
following discussions~see Figs. 5 and 6 introduced later
the text!, has important implications on the real space re
lution of the atomic distribution functions. By inspecting Fi
4, however, one can notice that some quantitative differen
between both sets of data are present. The observed dis
ancy may be due to some differences in the respective
reduction procedures, to the fact that two different sili
glass samples have been investigated by the present ED
and the previous wide-angle experiments, and/or to the p
ence of some small residual statistical or systematic error
both or one of the data sets. The last of these possibili
deserves special attention. It is well known that any syste
atic and statistical errors inS(q) data, if present, propagat
in the corresponding atomic distribution functions, and,
gether with the Fourier termination ripples, corrupt its fi
features.28 Since the present study addresses the fine st
tural features of Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68!
a more stringent check of the accuracy of the present ED
data was mandatory. The check was carried out with the
of statistical procedures based on the maximum entr
method~MEM! which have proved to be quite efficient i
identifying and removing statistical and systematic err
from structure data for disordered materials.29–31 Structure
factors and atomic distribution functions derived by subje
ing the experimental ones to maximum-entropy-type ana
ses are shown in Figs. 2 and 3. The particular MEM cal
lations were carried out with the help of the newly develop
programIFO.31 As one can see in Fig. 3 the application
MEM reduces the amplitudes of the spurious oscillations a
termination ripples in real space which is well documen
by the smooth behavior of theG(r ) data at low values ofr.
As one can see in Fig. 2 the originalS(q) data and the MEM
processedS(q) data are almost identical for values ofq rang-
ing from 0 to approximately 25 Å21. This observation indi-
cates that the residual systematic and statistical errors in
experimentalS(q) data, responsible for the small amplitud
ripples in real space@see the low-r part of the originalG(r )
functions#, are concentrated presumably at values ofq higher
than 25 Å21. There are several reasons for the possible p
ence of some errors in the experimentalS(q) data at high
values ofq. One is that the tabulated incoherent intensiti
atomic scattering, and absorption factors for x rays may
be very accurate for values ofq higher than 25 Å21, i.e., for
energies higher than 40–50 keV, since these standard
as available at present,32,33 are derived on the basis of som
what coarse extrapolation schemes. Some deficiencies in
EDXD data processing, in particular, the computation
scheme for the derivation of the unknown intensity distrib
tion of the primary x-ray beam may also be present. Summ
rizing, one may state that the EDXD studies carried o
along the way described above~Sec. II! could guarantee
good quality structure data extended toq values as high as 25
Å21 in case of glassy materials composed of light atom
species. An improvement in the EDXD data processing p
cedures and in the accuracy of the tabulated Compton in
sities, atomic scattering, and absorption factors for x rays
energies higher than 40 keV is obviously to be done in or

s
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that the attractive potential of EDXD method is fully e
plored. Taking into account the outcomes of the accur
check carried out we decided to make use ofS(q) data ofq
values not higher than 25 Å21 only in order that the influence
of the possible experimental and computational artifacts
the atomic distribution functions is reduced to a minimum
may be added thatG(r )’s obtained by a direct Fourier trans
formation of S(q) data confined toqmax525 Å21 and the
MEM derived G(r )’s based on the full set ofS(q) data
~shown in Fig. 3! turned out to be almost indistinguishab
which corroborated the feasibility of our choice for the val
of qmax. The overall quality of the atomic distribution func
tions thus obtained~MEM derived orqmax525 Å21 based!
was judged by calculating the average atomic number d
sity r0 on the basis of the expression

G~r !524prr0 , ~4!

which holds only for small values ofr.28 The estimated val-
ues ofr0 for all glassy samples investigated deviated fro
the corresponding experimental ones by 4 to 6 % at m
mum. The so-called deviations could serve as an objec
goodness-of-merit factor for the quality of the atomic dist
bution functions yielded by the present EDXD studies. Th
small values give as enough confidence to state that the
tails of the experimental atomic distribution functions d
cussed below correspond to characteristic features of the
spective glassy structures and are not experimenta
computational artifacts. Here, one more point illustrating
advantages of the EDXD method deserves to be mentio
In Fig. 5 the first peaks in the pair distribution function
g(r )5r(r )/r0, obtained as specified above, are given.
Fig. 6, the same peaks, obtained by Fourier transformin
reduced part of the experimentalS(q)’s, extended toqmax
516 Å21 only, are also given. As one can see in the figu
the first peaks in theg(r )’s obtained on the basis ofS(q)
data extended toqmax525 Å21 show a clear asymmetr
which indicates that two different structural units are pres
in the glasses investigated, something which has alre
been suggested by previous studies.1–7 The first peaks in the
g(r )’s obtained on the basisS(q) data, extended toqmax
516 Å21 only, which is the usual high-q limit approached
by the laboratory wide-angle experiments, do not show

FIG. 5. First peaks in the pair distribution functionsg(r ) for
Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! obtained by Fourier
transforming the experimentalS(q) data withqmax525 Å21. Full
line: x50 ~silica glass!; broken line:x50.3; full line with squares:
x50.5 ~anorthite glass!; full line with triangles:x50.68.
y
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signatures of asymmetry and appeared with reduced he
and an increased full width at half maximum~about 25%!
when compared to the corresponding ones of Fig. 5. T
comparison well demonstrates the potential of the EDX
method in obtaining atomic distribution functions with co
siderably improved resolution.

IV. DISCUSSION

By inspecting Fig. 2 one can notice that systema
changes in the structure factors of Cax/2Al xSi12xO2 glasses
~x50,0.34,0.5,0.68! take place with the change of Ca an
Al content. The first sharp diffraction peak positioned
1.55 Å21 with silica glass shifts to 1.77 Å21 with
Ca0.17Al0.34Si0.66O2 glass, then to 1.85 Å21 with anorthite
glass, and finally 2.0 Å21 with Ca0.34Al0.68Si0.32O2 glass. The
amplitude of this peak gradually reduces with increasing
and Al content. The same systematic changes have been
served with the previously carried out wide-angle x-ray d
fraction experiments.16 The peak in the structure factor fo
silica glass at 5.17 Å21, which is the strongest among th
others, reduces in height with the increase of Al and
content and its position slightly shifts towards lowerq val-
ues. The subsequent strong peak positioned at approxim
8.4 Å21 also diminishes with the increase of Ca and Al co
tent but its position remains almost unchanged. The w
defined peaks at 12.7, 16.35, 20.6, and 24.6 Å21 in the struc-
ture factor of silica glass are seen with substantially redu
amplitudes, smeared shapes, and shifted positions
CAx/2Al xSi12xO2 glasses~x50.34,0.5,0.68!. The shift in the
peak position is so substantial that the structure factors
silica glass and Ca0.34Al0.68Si0.32O2 glass oscillate almos
out-of-phase atq values higher than 15 Å21. It is well known
that the oscillation inS(q) at higherq values are presumabl
determined by the shortest interatomic distances in the
ticular glassy system. The fact thatS(q) for silica glass and
Ca0.34Al0.68Si0.32O2 glass are out-of-phase in the higherq re-
gion unambiguously indicates that interatomic distances s
stantially different from Si-O ones are that determine t
oscillation behavior ofS(q) for Ca0.34Al0.68Si0.32O2 glass at
higherq values. This indication is corroborated by an inspe
tion of the shape of the first peak in the experimental p

FIG. 6. First peaks in the pair distribution functionsg(r ) for
Cax/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! obtained by Fourier
transforming the experimentalS(q) data withqmax516 Å21. Full
line: x50 ~silica glass!; broken line:x50.3; full line with squares:
x50.5 ~anorthite glass!; full line with triangles:x50.68.
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distribution functionsg(r ) presented in Figs. 5, 7–10. A
one can see in the figures the first peaks in theg(r )’s for
Cax/2Al xSi12xO2 glasses~x50.34,0.5,0.68! exhibit a clear
asymmetry indicating that these peaks are composed of
components. As one can see well in Fig. 5 the first of th
components, peaking at approximately 1.6 Å, becomes lo
in intensity while the intensity of the second one, peaking
approximately 1.75 Å, increases with the increase of Ca
Al content. By referring to the first peak ing(r ) for silica
glass and to results of previous studies6,7,15–19one may at-
tribute the low-r component of the first peak ing(r ) for
Cax/2Al xSi12xO2 glasses~x50.34,0.5,0.68! to the first neigh-
bor Si-O atomic correlations. The component at higherr val-
ues then may be attributed to the first neighbor Al-O atom
correlations. Thus the present EDXD experiments h
yielded atomic distribution functions with resolutions go
enough for the two distinct Si-O and Al-O structural units
the glasses investigated to be differentiated. The main c
acteristic of these structural units, namely, the oxygen co
dination number, has been determined by fitting the co
sponding components of the first peaks in the experime
g(r ) functions with analytical functions of Gaussian typ
The results of the fitting are presented in Figs. 7–10. T

FIG. 7. Gaussian fit to the first peak in the PDFg(r ) for silica
glass. Experimental data: full line; fitted data: broken line; resid
difference: full line ~bottom!. The local fourth derivative of the
experimental data is also given in the upper part~full line with
symbols!.

FIG. 8. Gaussian fit to the first peak in the PDFg(r ) for
Ca0.17Al0.34Si0.66O2 glass. Experimental data: full line; fitted dat
broken line; residual difference: full line~bottom!. The local fourth
derivative of the experimental data is also given in the upper
~full line with symbols!.
o
e
er
t
d

c
e

r-
r-
-

al
.
e

goodness-of-fit indicator achieved is of the order of 5%
all fits carried out. In the case of the glasses containing
and Al the positions of the maxima of the local fourth d
rivative of the experimental data, which are very sensitive
the change in the shape of compound peaks, indicated
initial positions of the two Gaussians. These initial positio
were further refined in the course of the fitting process.
make the outcomes of the fitting process more unambigu
the Gaussians approximating the Si-O first neighbor ato
correlations have been forced to spread over a real sp
region extended from approximately 1.5 to 1.8 Å only whe
Si-O first neighbor atomic correlations are found to
present in silicate glasses.2 It may be mentioned, however
that this constraint on the fitting process turned out to hav
minor effect on the results obtained. The first neighbor S
and Al-O interatomic distances and coordination numb
resulted from the fits are presented in Table I. Concern
the results for the first neighbor Si-O interatomic distan
(r Si-O51.60160.005 Å! and coordination number (ZSi-O
54.0260.1) in silica glass obtained from the prese
EDXD data a fairly good agreement with those (r Si-O
51.60760.005 Å, ZSi-O53.8760.2) obtained by highly
accurate time-of-flight neutron diffraction experiments34 is to
be noted. This agreement is strong evidence in support o

l

rt

FIG. 9. Gaussian fit to the first peak in the PDFg(r ) for anor-
thite glass. Experimental data: full line; fitted data: broken lin
residual difference: full line~bottom!. The local fourth derivative of
the experimental data is also given in the upper part~full line with
symbols!.

FIG. 10. Gaussian fit to the first peak in the PDFg(r ) for
Ca0.34Al0.68Si0.32O2 glass. Experimental data: full line; fitted data
broken line; residual difference: full line~bottom!. The local fourth
derivative of the experimental data is also given in the upper p
~full line with symbols!.
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TABLE I. First neighbor Si-O and Al-O interatomic distancesr ~in Å! and coordination numbersZ in
CAx/2Al xSi12xO2 glasses~x50,0.34,0.5,0.68! obtained by a Gaussian fit to the first peaks in the correspo
ing experimental pair distribution functionsg(r ).

r Al-O ZAl-O r Si-O ZSi-O

SiO2 1.60160.005 4.0260.1
Ca0.17Al0.34Si0.66O2 1.77360.005 4.0560.1 1.63260.005 3.9260.1
Ca0.25Al0.5Si0.5O2 1.72260.005 3.9060.1 1.64760.005 3.9060.1
Ca0.34Al0.68Si0.32O2 1.76260.005 3.9060.1 1.63060.005 2.8260.1
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reliability of the present EDXD experiments. The results p
sented in Table I offer an opportunity to trace the evolut
of the Si-O and Al-O structural units with the change in t
composition of the glasses investigated. As these res
show when the concentration of Al and Ca atoms is re
tively low ~Ca0.17Al0.34Si0.66O2 glass! both Si and Al atoms
are with fourfold oxygen coordination. Fourfold oxygen c
ordination of Si and Al atoms is found with anorthite gla
~Ca0.25Al0.5Si0.5O2) as well. Therefore, according to the r
sults of the present study, one can view glasses with che
cal compositions ranging from that of SiO2 to that of anor-
thite as an assembly of well-defined SiO4 and AlO4 units
which is well in line with the structure models that have be
previously proposed.1,6,7,9,15,16When ~CaO1Al2O3) content
exceeds that of SiO2 ~Ca0.34Al0.68Si0.32O2 glass! Al atoms
are again fourfold coordinated while the number of oxyg
atoms around Si atoms is considerably reduced from
typical value of 4. This result of the present study correla
well with the findings of previous29Si NMR and ESR
experiments6,12 pointing the presence of nonbridging oxyge
in the first coordination shell of Si atoms in glasses with h
Ca and Al content. Summarizing one may conclude that
atoms always have fourfold oxygen coordination while t
oxygen coordination of Si atoms changes, from fourfold
considerably lower, in the glasses along the join SiO2-
CaAl2O4. Taking into account this main outcome of th
present studies one can easily explain the shift in the os
lating behavior of the experimental structure factors at higq
values. At the SiO2 end of the join SiO2-CaAl2O4 well de-
fined SiO4 structural units are the main building units of th
glassy structure and the shortest Si-O separation within
SiO4 units is what determines the oscillation behavior of t
structure factorS(q) at higher values ofq. At the Al2O3 end
of the join SiO2-CaAl2O4 the Si-O units are highly defect an
the well-defined AlO4 units turn out to be the main buildin
units of the glassy structure. Correspondingly, the shor
Al-O separation within AlO4 units determines the oscillatin
behavior of the structure factorS(q) at high q values. At
intermediate concentrations of Ca and Al~close to anorthite
glass! the high-q behavior ofS(q) is an interference patter
es
-

lts
-

i-

n

n
e
s

l

il-

e

st

resulted from the shortest Si-O and Al-O separations wit
the SiO4 and AlO4 units present. Another interesting ou
come of the present study is the fact that the Si-O separa
with anorthite glass turns out to be the longest among
Si-O ones found with all glasses presently investigated.
the other hand, the Al-O separation with anorthite glass tu
out to be the shortest among the Al-O separations found w
all glasses investigated. This observation suggests that s
specific chemical short-range order effects are quite proba
present in the anorthite glass. Results from thermodyna
investigations on CaO-Al2O3-SiO2 glasses with a composi
tion close to that of anorthite have given a very simi
interpretation.1

V. CONCLUSION

Good quality structure factors extended up to 25 Å21 have
been obtained for glasses composed of light atomic spe
by energy-dispersive x-ray diffraction experiments. The i
proved resolution in real space has made it possible for
type of Si-O and Al-O units in Cax/2Al xSi12xO2 glasses~x
50.34,0.5,0.68! to be unambiguously determined. It ha
been found that glasses with composition varying from t
of SiO2 to that of anorthite (Ca0.25Al0.5Si0.5O2) are consti-
tuted of defectless SiO4 and AlO4 units. Glasses where
(CaO1Al2O3) exceeds the SiO2 content are formed of de
fectless AlO4 polyhedra and Si-O units with a considerab
number of nonbridging oxygens. Thus the results of
present study do not corroborate the model picture view
the glasses along the join SiO2-CaAl2O4 as a fully polymer-
ized network of tetrahedral SiO4 and AlO4 units. A model
picture viewing the glasses along the join SiO2-CaAl2O4 as
an assembly AlO4 tetrahedra and Si-O units of variable ox
gen coordination is given definitive support.
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