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Wavelet analysis of x-ray diffraction pattern for glass structures
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A wavelet analysis of x-ray diffraction patterns is introduced for analyzing glass structures. The analysis
indicates that within a short distance~;0.8 nm for silica glass! atoms in the glass are arranged around the most
probable positions which are almost as regular as the equilibrium positions in crystal. However, in glass the
atomic distribution around the most probable position increases exponentially with increasing interatomic
distance~exponentially damped regularity!, whereas the crystal does not have this kind of damping. Beyond
this distance, it is difficult to determine the structure in atomic scale due to the large atomic distribution. But,
the analysis shows that the arrangement of quasiatomic planes in glass is still statistically regular~with damped
regularity! up to an intermediate distance, e.g., 2.5–3.0 nm for silica glass. Then glass structure might be
quantitatively determined by means of the structure of corresponding crystals and of the extent of the distri-
butions around the most probable positions for atoms, as well as of the sizes of the structurally correlated
group.@S0163-1829~98!04545-7#
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I. INTRODUCTION

Crystals have a long-range order characterized by a p
odic arrangement of atoms. In contrast, it is generally
lieved that glasses are lacking this order. Even though
application of glass has a long history, the nature of gl
structure has not been totally understood. The inability
resolve glass structure has prevented a clarification of
relationship between properties and structure at the mi
scopic level. Currently, there are no experimental or ma
ematical methods to reveal the glass structure with full inf
mation.

X-ray diffraction is the most used method for investiga
ing atomic arrangements in crystal. It can also give valua
information about glass structure.1,2 By means of the Fourie
sine transform of the experimental interference funct
sJm(s) in reciprocal space, a real space differential corre
tion function d(r ), a total correlation functionT(r ), or a
radial distribution functionrd f (r ) is extracted by the follow-
ing equations:

d~r !5
2

pE0

`

sJm~s!sinsr ds, ~1a!

d~r !54pr @r~r !2r0#, ~1b!

r d f ~r !54pr 2r~r !, ~1c!

T~r !54prr~r !, ~1d!

s54p sinu/l, ~1e!

whereJm(s) is the normalized x-ray diffraction intensity,l
is the wavelength of the x ray, 2u is the scattering angle,s is
the magnitude of scattering vector,r(r ) is the radial density
function of electrons at a distancer from an arbitrarily cho-
sen origin, which is essentially a one dimensional form
crystallographer’s Patterson function,3 andr0 is the average
radial density. The differential correlation function or rad
distribution function is useful to determine interatomic d
tances and coordination numbers in glass at the short ra
~,0.5 nm!, evidencing Si-O, O-O, and Si-Si interatomic di
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tances and the@SiO4# structural group in silica glass. How
ever, it is believed that these functions are less sensitiv
medium~0.5–1 nm! or large distances~.1 nm!.4 In order to
gain more insight into the glass structure at these large
tances, some indirect methods have been established su
structural modeling~such as Zachariasen’s random netwo
model5 and Lebedev’s crystallite model6! or simulation by
means of molecular dynamics.7

Wavelet analysis originated about 15 years ago from
collaboration between Morlet and Grossmann.8,9 Wavelet
analysis can be defined as an alternative to the classical
dowed Fourier analysis.10 The former will be labeled as a
time-scale analysis and the latter is called a time-freque
analysis. In contrast to the Fourier transform, the wave
transform consists of expanding functions over wavel
which are constructed from a single functiong(r ) by means
of dilation and translation:11,12

ga,b~r !5a21/2g@~r 2b!/a#, ~2!

where the parametersa andb can be chosen to vary continu
ously (a.0), or to be restricted to a discrete lattice. T
wavelet transform of a real functionf (r ) is defined as

Tg~a,b!5a21/2Cg
21/2E g* @~r 2b!/a# f ~r !dr, ~3!

Cg52pE uĝ~s!u2/s ds, ~4!

while the expression in terms of the Fourier transform is

Tg~a,b!5a1/2Cg
21/2E sin~sb!ĝ* ~as! f̂ ~s!ds, ~5!

where the asterisk denotes the complex conjugate andĝ(s)
and f̂ (s) are the Fourier transforms of the functionsg(r ) and
f (r ), respectively.

Reconstruction of the original functionf (r ) is given by
14 279 ©1998 The American Physical Society
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f ~r !5Cg
21/2E E a22Tg~a,b!ga,b~r !da db. ~6!

A very popular real wavelet is the second derivative of
Gaussian function~i.e., the so-called Mexican hat!:

g~r !5~12r 2!exp~2r 2/2!, ~7a!

ĝ~s!5s2exp~2s2/2!, ~7b!

Cg5p. ~7c!

The wavelet transform is seen as a mathematical microsc
whose position and magnification areb and 1/a, respectively,
and whose optics is given by the choice of the specific wa
let g(r ).12 The wavelet analysis is related to multiresoluti
analysis.

This paper is an attempt to introduce the wavelet anal
instead of the Fourier analysis of x-ray diffraction patter
for glass structure, taking silica glass as an example.
means of wavelet analysis of diffraction patterns, some
teresting results about the glass structure are obtained.

II. EXPERIMENTAL PROCEDURE

The intensity of x-ray diffraction for an electrically fuse
silica glass~HERALUX-E glass, SinEtsu Quartz Produc
Co., Ltd.! was measured with graphite-monochromated
Ka radiation ~50 kV, 200 mA! using a Rigaku Denki RU-
200 diffractometer. For comparison, the diffraction patte
of crystallinea cristobalite, synthetic low tridymite~mono-
clinic phase!, anda quartz~Hori Mineralogy, Ltd.! were also
obtained under the same experimental conditions~2u
54;145°, step of 2u50.05°!. The Krough-Moe-Norman
method13,14 and a least-squares technique15 to minimize the
spurious detail in radial distribution function at small inte
atomic distance~,0.1 nm! were used for getting the norma
ized interference functionsJm(s).

From Eq.~1a!, the Fourier transform of differential corre
lation function d(r ) is p/2sJm(s), thus from Eq.~5! the
wavelet transform ofd(r ) is described by

Tg~a,b!5a1/2Cg
21/2p/2E sin~sb!ĝ* ~as!sJm~s!ds ~8!

andd(r ) can be reconstructed by means of Eq.~6!. Here, we
also use the real Gaussian type waveletg(r ) defined in Eq.
~7! for analyzing glass structure, as used by Arneodoet al.12

for analyzing the fractal patterns.

III. RESULTS AND DISCUSSION

A. Reciprocal space interference functions and real space
atomic correlation functions

Figure 1 shows the x-ray interference functionssJm(s)
for the silica glass and crystallinea cristobalite, synthetic
low tridymite, anda quartz. There are only a few broa
interference peaks for the glass, whereas for the crysta
large number of sharp interference peaks are exhibited.
difference results in the damped atomic differential corre
tion functiond(r ) for the glass, as shown in Fig. 2, where a
differential correlation functions are calculated by Four
transform in Eq.~1!. Figure 2 shows no significant dampin
for the crystals. We believe that damping ofd(r ) is the spe-
e

pe

-

is
s
y
-

o

s

a
is
-

r

FIG. 1. The x-ray interference functions for silica glass, cryst
line a cristobalite, low tridymite, anda quartz.

FIG. 2. The x-ray differential correlation functions for silic
glass, crystallinea cristobalite, low tridymite, anda quartz, calcu-
lated by the Fourier transform of Eq.~1!.
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cial characteristic of the glass, which results in the difficu
for glass structure clarification.

Figure 3 shows the absolute value of the wavelet tra
form Tg(a,b) of d(r ) for the silica glass and silica crysta
as a function of dilation parametera for two values of the
translation parameterb associated with radial locationr ~here
b50.2 nm andb51.0 nm are shown as examples!, plotted in
a ln-ln scale representative. The oscillation ofuTg(a,b)u rep-
resents its magnitude at different scalea for a defined posi-
tion b. All ln uTg(a,b)us are reduced linearly with lna in the
two sides, and it is difficult to find any special characteris
for the glass from Fig. 3.

Due to the exponential reduction ofuTg(a,b)u with the
parameter lna and the localization characteristic of the re
Gaussian type waveletg(r ) defined in Eq.~7!, it was found
that the wavelet-calculated differential correlation functi
d(r ) @obtained using Eq.~6# is not sensitive to the selectio
of the integration ranges ofa and b when u ln au.2.5 and
ur 2bu.0.3 nm. Figure 4 compares the Fourier transfo
d(r ) with the wavelet-reconstructed one using integrat
range23, ln a,3 and 20.4 nm,r 2b,0.4 nm (b.0)
in Eq. ~6! for the silica glass anda cristobalite. There is
almost no difference between the Fourier transformedd(r )
and the wavelet reconstructed one, expect the relatively la
difference in the short interatomic distance region which
caused by the limited integration rangeb>0. Thus no infor-
mation was lost using the wavelet reconstruction to obt
the real space correlation functions from the diffraction p
terns. Furthermore, the following discussion will show mo
detailed information about glass structure by means of
multiresolution ability of the wavelet analysis.

B. Multiresolution analysis of differential correlation functions

Using the mathematical microscope, wavelet analysis,
real space correlation function such asd(r ) can be decom-
posed into wavelet transformTg(a,b) using Eq. ~8! with
positionb and magnification 1/a as well as opticsg(r ). Fig-
ures 5~a!–5~d! represent the locations of the maxima of t
modulus of the wavelet transforms@referred to as WTMM

FIG. 3. Wavelet transform lnuTg(a,b)u vs lna at b50.2 nm and
b51.0 nm@defined in Eq.~8!# for the x-ray differential correlation
functions of a silica glass, crystallinea cristobalite, low tridymite,
anda quartz.
s-

l

n

ge
s

n
-

e

e

~Ref. 16!# of d(r ) for the silica glass,a cristobalite, low
tridymite, anda quartz, respectively. The local maxima lyin
on connected curves are usually referred to as ‘‘maxi
lines.’’17,18Due to the localication characteristic of the wav
let g(r ) or ĝ(s), the wavelet transformTg(a,b) of d(r ) at
larger r are mainly defined by the small scattering vectors,
similar to the Fourier transform. By considering the limit
tion of s in the small scattering range in the present expe
ments, the maxima lines in the range 0–5 nm are plotted
Fig. 5, maxima lines in the range of22, ln a,2 were rep-
resented because only a few maxima lines were obse
when lna.2, and a lot of spurious maxima lines related wi
the ripples ind(r ) were observed when lna,22.

The wavelet analysis is related to multiresolution analys
When smalla ~high resolution, such as lna522! is used, the
wavelet detects the locations of WTMM or peak positio
associated with interatomic correlation even though so
overlapping peaks might still not be separated. Compar
with the maxima lines of the silica crystals in Figs. 5~b!–
5~d!, the maxima lines of the silica glass in Fig. 5~a! are
denser in low lna and highb ~or r! region~.0.8 nm!. Three
repeated measurements on the same glass indicated th
maxima lines in the rangeb,0.8 nm reappeared, but thos
lines in the range of low lna andb.0.8 nm did not reappea
on the same locations, as shown in Fig. 5~e!. However, there
was almost no change of the maxima lines for the repea
measurements on crystals, as indicated in Fig. 5~f! for three
measurements ona cristobalite. These results clearly exhib
the increased randomness of atomic arrangement or ato
overlap for glass in the intermediate range. However,
regularity of maxima lines at the short and medium rang
less than;0.8 nm for the glass is similar to that of th
crystals, indicating the short range order as defined by us
large a ~low resolution, such as lna50!, wavelet does not
distinguish the atomic correlation peaks, but the peaks
correlated atomic groups. For understanding what the ato
groups are, the maxima lines in Figs. 5~b!–5~d! for the three
silica crystals are investigated. For these crystals, in la
ln a region periodic and straight arrangements of the max
lines are observed with the periods at lna50 shown in Table

FIG. 4. X-ray differential correlation functions of a silica glas
anda cristobalite from Fourier transform~solid lines! and wavelet
reconstruction ~dashed lines! using the integration range
23, ln a,3 and20.4 nm,r 2b,0.4 nm (b.0) in Eq. ~6!.
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FIG. 5. Locations of the maxima of the moduli of the wavelet transforms or maxima lines of x-ray differential correlation functio
~a! a silica glass,~b! a cryistobalite,~c! low tridymite, ~d! a quartz, and from three repeated measurements on~e! the silica glass and~f! a
cristobalite.
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I @~i! the first maximum is excluded during the calculati
because it is belonging to the first Si-O interatomic pe
which was still detected due to its high intensity and limit
integration rangeb>0 in Eq. ~8!, ~ii ! the large errors were
caused by the low resolution at lna50#. The data in Table I
indicate that these periods represent the distances of at
planes giving the highest x-ray diffraction intensity. Then t
wavelet-distinguished correlated atomic group for the cr
k

ic

-

tals at low resolution are the atomic planes with the high
x-ray diffraction ability. It is surprising to find that the
maxima lines in the high lna region for the glass in Figs
5~a! and 5~e! are also almost periodic and, moreover, r
peated up to an intermediate range~2.5–3.0 nm! for the three
measurements. Thus it is considered that the wave
distinguished correlated atomic groups at low resolution
the glass might also be related with statistically regu
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TABLE I. The periods at lna50 in Fig. 5, atomic plane distancesd ~nm! and Miller indices for
the planes with highest x-ray diffraction intensities.

Substance Glass a cristobalite Low tridymite a quartz

period ~nm! 0.41460.047 0.41760.031 0.40560.071 0.34360.013
d~nm! (I /I 0) 0.41860.02a 0.403974~100!b 0.4107~100!, 0.4328~90! c 0.3342~100!d

Miller index ~101! ~101!

aCalculated from the first sharp diffraction peak.
bJCPDS Card No. 39-1425.
cJCPDS Card No. 18-1170.
dJCPDS Card No. 33-1161.
u
m
ri
u

he
ua
f

it
ic

n
bl
s
-
e

st

ic

th
or
th

ne
tio
e
p
m

ple

o

n of
sing
still

ite
on

sed
in

if-
ati-

g

ave

he
ere
tle
en-

of
or
ti-

n

h

as
r-
t

atomic planes, or the quasiatomic planes as defined by
The above results mean that the arrangement in the ato
group or plane scale in a glass still has a statistical regula
extending to the intermediate range even though it is diffic
to detect the regularity in atomic scale in this range. In ot
words, atoms are still statistically distributed around the q
siatomic planes even though there are a large fluctuation
atomic positions in the intermediate range. Furthermore,
interesting to note that the period 0.414 nm for the sil
glass is near the calculated atomic plane distance 0.418
from the first sharp diffraction peak. Then it is reasona
that there are statistically regular planes in glass, the
called quasi-Bragg planes.19–21 The quasiatomic plane hav
ing highest x-ray diffraction ability is associated with th
first sharp diffraction peak.

In order to exactly understand the structural characteri
for glass, Figs. 6~a!–6~c! compare theTg(a,b) of d(r ) of the
silica glass with those of the three silica crystals for lna52,
ln a251, and lna50, respectively. At small and medium
ln a, Tg(a,b) basically represents the profile of the atom
correlation, similar to the profile ofd(r ) in Fig. 2, even
though some weak peaks such as the first O-O peak~at
;0.263 nm! are lost at medium lna. At large lna, Tg(a,b)
represents the correlation of the atomic planes having
highest x-ray diffraction intensity. For a crystal a strong c
relation can be clearly observed up to long range due to
periodic or regular arrangement of atoms and atomic pla
For a glass, even though the peaks of the correlation func
can be detected up to intermediate range by the wav
analysis as shown in Fig. 5~a!, the peak intensities dam
dramatically with increasing interatomic distances. Fro
Figs. 6~a! and 6~b!, it is difficult to mathematically describe
the damping characteristics of a glass due to the com
vibration. However, the vibration in Fig. 6~c! seems to be
simple. Figure 7 plots the logarithmic peak intensity
Tg(a,b), ln Tg

p(a,b) at lna50, as a function ofb ~the first
peak is excluded again!. It is found that lnTg

p(a,b) at lna50
are almost constants with increasingb for the crystals, but
decrease exponentially for the glass up to;3.0 nm. This
relationship can be expressed by

Tg
p~a,b!5G exp~2b/b! ~ ln a50! ~9a!

or

ln Tg
p~a,b!5 ln G2b/b ~ ln a50!, ~9b!

where G is the pre-exponential factor, andb is called the
characteristic correlation length. For crystal,b is a very large
s.
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or infinite value. The peak value ofTg(a,b) at lna50 for a
crystal,Tg

cp(a,b), could be expressed by

Tg
cp~a,b!5G ~ ln a50!. ~9c!

Then for glass,

Tg
p~a,b!5Tg

cp8~a,b!exp~2b/b! ~ ln a50!, ~9d!

where Tg
cp8(a,b) is the peak value ofTg(a,b) of a corre-

sponding crystal associated with the glass.
For the silica glass theb estimated in lna50 is only 0.336

nm. This phenomenon means that for glass the correlatio
the quasiatomic planes decrease dramatically with increa
distances, whereas for crystals the atomic planes are
strongly correlated at long range with a very long or infin
characteristic correlation length. According to the definiti
of differential correlation function in Eq.~1!, an exponen-
tially damped correlation defines the exponentially increa
distribution of interatomic plane distances. The difference
correlation lengths or distribution is the main structural d
ference between the glass and crystals, which is mathem
cally described in Eq.~9!.

Another characteristic indicated in Fig. 7 is the levellin
off of the logarithmic decrease ofTg

p(a,b) for b larger than
;3.0 nm~repeated measurements for the same sample g
a broad range of 3.060.5 nm, also in Fig. 7!. Beyond this
range,Tg

p(a,b) appeared random. This range might be t
diameter of a structurally correlated group or particle. Th
is structural correlation inside the particle, and there is lit
or no correlation outside the particle. The size was very s
sitive to the experimental interference functionsJm(s) in the
small s region. Due to the difficulty of the measurement
sJm(s) in the smalls region, the exact size might be larger
smaller than 2.5–3.0 nm, which should be further inves
gated.

Furthermore, it is found that in low resolution regio
~largea region such as lna;0 in Fig. 5!, the data in Fig. 7
are not sensitive to lna, as shown in Fig. 8 for the data wit
ln a50.2–0.4 with a step 0.2 fora cristobalite and the silica
glass~for the glass a few data with very small values such
the data forb;2.4 nm, which still represents the atomic co
relation, are not plotted here!. Then, it could be expected tha
Eq. ~9! would be applicable to other lna andb. In this case
we have the following equation for the glass:

Tg~a,b!5Tg
c~a,b!exp~2b/b!, ~10!



14 284 PRB 58YONG DING, TOKURO NANBA, AND YOSHINARI MIURA
FIG. 6. Wavelet transformTg(a,b) vs b of the x-ray differential correlation functions for a silica glass, crystallinea cristobalite, low
tridymite, anda quartz at~a! ln a522, ~b! ln a521, ~c! ln a50.
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whereTg
c(a,b) is similar to theTg(a,b) for crystal, and it is

the wavelet transform of a corresponding crystal associa
with the glass.

From wavelet reconstruction using Eq.~6! andTg(a,b) in
Eq. ~10!, the relationship between the atomic differential co
relation functiond(r ) of a glass and that of its correspondin
crystaldc(r ) can be expressed by
d

-

d~r !5a exp~2r /b!dc~r !, ~11!

wherea is a calibration factor~;1!, which is required be-
cause there should be no damping for the correlation fu
tion within the first interatomic distance and other facto
such as the periodic difference between glass and cry
should be considered.b is the characteristic correlatio
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length for the atomic arrangement in glass, which determ
the extent of atomic distribution or damped regularity.b is
related to the distance at which the atomic correlation
glass is;1/e of that in the corresponding crystal.

C. Glass structure from wavelet analysis

From the above results and discussion, it can be imag
that within a short distance~including short and medium
range, ;0.8 nm for the silica glass! there is a statistica
atomic scale order in glass for which the atoms are arran
around the most probable positions which are also regula
periodic. Their arrangement is similar to that of the equil
rium positions for the atoms in crystals. We define this
short range order. The only difference between crystal
glass in the short range is the degree of atomic displacem
around the equilibrium positions, as indicated in the wave
transform of the differential correlation functions in Figs.
and 7. For crystal, the atoms are periodically located at
equilibrium positions with displacement only due to therm
vibrations. But for glass, the atoms are arranged around
most probable positions or equilibrium positions which a
periodic with distributions increasing exponentially with i

FIG. 7. Logarithmic peak intensity ofTg(a,b), ln Tg
p(a,b) vs b

at lna50 for silica glass and crystallinea cristobalite measured fo
three times~a!–~c!, and low tridymite anda quartz.

FIG. 8. Logarithmic peak intensity ofTg(a,b), ln Tg
p(a,b) vs b

at lna520.2–0.4 with a step 0.2 for a silica glass and crystallinea
cristobalite.
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creasing interatomic distances. Beyond the short range,
difficult to determine the structure at an atomic scale due
the large interatomic distance fluctuation. However, the m
probable locations of the quasiatomic planes in glass are
periodic up to an intermediate range~2.5–3.0 nm for the
silica glass!. We define this as intermediate range order. T
only difference for the arrangement of atomic planes
tween crystal and glass in the intermediate range is again
degrees of distribution of the atomic planes around the e
librium or most probable positions. Beyond the intermedi
range, there is almost no correlation for atomic or atom
plane positions. So this intermediate range might be an
erage size~diameter! of atomic groups or particles whos
atomic positions are statistically correlated.

There have been a lot of glass structure models,5,6,22–25

and two representative models are Zachariasen’s random
work model5 and Lebedev’s crystallite model.6 But, there are
still many discrepancies among them. Our wavelet analy
indicates that there is a similarity in the atomic structures
glasses and crystals in statistical means, but the atomic
domness in glass increases exponentially with interato
distance. The extent of randomness in a glass structure m
be expressed mathematically with the characteristic corr
tion length b in Eqs. ~9!–~11!. These results conceptuall
support the modified crystallite models such as the qu
crystalline model22,23 or paracrystalline model.24 But a new
model for glass structure might be required for a better a
quantitative understanding of the complex glass structure
the structural relations of various properties. This kind
research is under way.

D. Estimation of structural parameters of glass

Here is the preliminary estimation of the structural para
eters of the silica glass at the atomic scale. Taking the m
sured d(r ) of the silica glass and assuming successiv
dc(r ) from the crystalsa quartz, low tridymite, anda cris-
tobalite, a least-square refinement of Eq.~11! is conducted in
a range 0.1<r<0.8 nm. This gives the estimateda, b, and
the discrepancy factorRx

X defined in Ref. 26~the superscript
X means that the discrepancy factorRx is for x-ray diffrac-
tion! for the total correlation functionT(r ) in Eq. ~1! as
listed in Table II. Here the density of silica glass 2.20 g/c3

is used for calculation of the average radial densityr0 even
for the crystals.

From the results in Table II, it is clear that the discrepan
factor is larger whena quartz is used as the correspondi
crystal. The discrepancy factors for low tridymite anda cris-
tobalite are similar. These two discrepancy factors are co
parable with the molecular dynamic simulation resultRx

N

56.8% ~a very good simulation, the superscriptN means
that Rx is for neutron diffraction! in the samer range.26,27

TABLE II. Estimateda, b, andRx
X in 0.1<r<0.8 nm.

Assumed
corresponding crystal

a b ~nm! Rx
X ~%!

a cristobalite 1.43 0.397 5.89
low tridymite 1.53 0.473 6.83
a quartz 1.86 0.208 12.47
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For comparison, Fig. 9 shows the measured x-ray radial
tribution function of the silica glass and the calculated fun
tions using Eq.~11! when a quartz, low tridymite, anda
cristobalite are used as the corresponding crystals. Th
just a preliminary estimation, and it cannot be conclud
which one is the corresponding crystal for silica glass. I
also possible that another crystalline phase such as a
temperature cristobalite or tridymite phase of silica will
the corresponding crystal. But the above estimation indica
that Eq. ~11! from wavelet analysis might give a suitab
mathematical description for glass structure. Further sea
ing and refinement of the structural parameters of the co
sponding crystal should be conducted.

The searching for corresponding crystals for glass sho
be done by further refinement of the structural parameter
the corresponding crystals, parametersa andb in Eqs.~10!
and ~11!, which might be realized in a similar way with th
Rietveld method28,29 for the refinement of the structural pa
rameters of crystal. The Rietveld method is a least-squ
refinement method for the measured and calculated diff
tion patterns. At present, we are developing a refinem
method for the measured differential correlation function
glass and the calculated one of the corresponding crysta
cording to Eqs.~10! and ~11!.

IV. CONCLUSIONS

The multiresolution wavelet analysis is a unique tec
nique for giving a deep understanding of the glass struct
The analysis indicates that there are two length scales
glass structure, named short and intermediate ranges. In
short range~;0.8 nm for a silica glass! atoms in glass are
arranged around the most probable positions which are
most as regular as the equilibrium positions in crystal, w
fluctuations of the interatomic distances increasing expon
tially with increasing interatomic distances~statistical regu-
larity!. Beyond the short range, it is difficult to determine t
structure in atomic scale due to the large fluctuations of
teratomic distances. However, up to an intermediate ra
~2.5–3.0 nm for silica glass! the arrangement of quasiatom
planes in glass is still statistically regular and periodic. T
intermediate range is considered as the sizes~diameters! of
the structurally correlated group. The analysis indicates
glass structure might be determined by means of the st
s-
-
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es
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of
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nt
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ture of corresponding crystals and the extent of the distri
tion around the most probable positions for atoms, as wel
the sizes of the structurally correlated group.
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FIG. 9. A comparison of the measured x-ray total correlat
function of a silica glass~solid line! and the calculated function
from Eq. ~11! and Eq.~1! when a quartz, low tridymite, anda
cristobalite are assumed as the corresponding crystals~dashed
lines!.
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