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Medium-Range Order in Silica, the Canonical Network Glass
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Most of the diffraction data for silica, the prototypical network glass, can be understood through local
structural parameters. Failures to fit the prominent first (sharp) diffraction peak (FSDP), giving vital
clues to medium-range order, are spectacular, however. We show a correspondence between FSDPs in
glasses and crystals and examine anisotropic scattering from atomic mode$ios. The FSDP is
related to quasi-Bragg planes, specified by features taxm in the correlation function, thus defining
the medium-range structure. Arguments are general, applicable to most amorphous materials.

PACS numbers: 61.43.—j, 61.10.Dp, 61.12.—q, 61.16.—d

First sharp diffraction peaks (FSDPs) are seen in a wideorresponding projections of the model normalidhen
range of glasses from framework structures like silicaprovide clues to the origin of the FSDP.
to close-packed amorphous alloys, molecular glasses, andWe consider spherical cores {00 and 1600 atoms, re-
even melts at high temperatures [1]. The temperaturgpectively) cut from 1000- and 2000-atom models con-
dependence of the peak intensity may be anomalous-structed by Gladden [6] and the 3000-atom model of Wicks
increasing with temperature [2], although it is not clear tha{7]. These models provide a good fit to the experimen-
this behavior is general. In silica glass, neutron-inducedal diffraction data [8]—including the position, intensity,
disorder causes the peak to become significantly weakemnd breadth of the FSDP—and are unusual in this respect.
[3,4]. One of the more surprising features, the generalityVe have ignored similar models which conflict with other
of which has not been emphasized in earlier work, is thaproperties of silica (one contains an unphysical proportion
the position of the first peak corresponds closely to thabf three-membered rings).
of a strong diffraction peak in a related crystalline phase We have calculated the orientation-dependent intensity
and, therefore, to associated Bragg planes (Table I). WEQ) with Q = Q, corresponding to the first peak of the
believe this to be a most important clue to the origin of theorientationallyaveragedscattered intensity Qu.x, corre-
FSDP. AlthougHayers,similar to two-dimensional layers sponding to the maximum intensify,,, (Q), was selected
of the corresponding crystals, have been postulated as tlaad a projection of the model plotted normalQg..x. For
origin of FSDPs in chalcogenide glasses [2], the concepa microcrystallite, this would show Bragg planes with a
of layers in tetrahedral, framework glasses is much lesspacingd; = 27 /Q;. In some models fo#-SiO,, planes
palatable. Indeed, the presence of a FSDP for silica andith a spacingd; = 0.4 nm are recognizable, though
the three dimensionality of its structure have been usethey are diffuse and ill-defined. Figure 1(a) is a projec-
as arguments to discredit a possible general explanatidion, corresponding t®).,.x, Of the atomic coordinates of
in terms of atomic layers. For a review of alternative Gladden’s 1000-atom model. Figure 1(b) shows another
explanations, see Elliott [5]. representation in the form of a simulated high resolu-

We propose that quasilattice planes in glasses (as distinton electron microscope (HREM) image. Parameters
from two-dimensional layers) analogous to Bragg planeshosen provide a faithful representation of the atomic
in compositionally equivalent crystals, reveal the origin ofdensity, and again planes are clearly visible. A simu-
the FSDP in silica and, by extension, in other glasses. lated microdiffraction pattern (not shown) contains a pair

We have investigated this hypothesis by examiningof diffraction spots normal to the planes and a weaker pair
anisotropicscattering from atomic models of amorphouscorresponding to planar features running from top left to
silica (a-Si0;). The simulated scattered intensity from bottom right in Figs. 1(a) and 1(b). For orientations corre-
relatively small disordered atomic models depends ormsponding to the average scattered intensity, corresponding
the orientation of the model in relation to the incidentto 7(Q) = I(Q), planes are much less distinct [Fig. 1(c)].
and scattered wave vectof3; and Q,. The intensity Some planar features are also seen in Figs. 1(d) and
scattered from a microcrystallite would be nonzero forl(e) for Gladden’s 2000-atom model [6] and (less con-
a set of “Bragg” orientations only: For a disorderedvincingly) in the 3000-atom model of Wicks [7]. Planes
solid, fluctuations in order thatesembleBragg planes corresponding tdQum.x for some of the (many) models
produce a scattered intensity greater than the mean anithat give poor representations of the FSDP are similar to
as in crystals, planes are oriented normal to the scatteringig. 1(c) and exhibit no obvious ordering.
vectorQ = Q; — Q,. We can thus select orientations The relative probability of maximal values of the
corresponding to high, medium, and low values of thenormalized scattered intensif§,,, = In.x(Q)/1(Q1) has
anisotropic scattered intensity(Q) for values of Q =  been calculated following the prescriptions of Alben,
Q| = Q1 = 152 nm™!, the position of the FSDP. The Cargill, and Wenzel [9]. They showed that/if = 1(Q)/
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TABLE I. Comparison of the positio®; of the first sharp diffraction peak in several types of glass (upper part) and liquid with
(277 /d.ryst) Whered,,y, is the lattice spacing for the first peak (generally) in the x-ray diffraction data for compositionally similar
crystals. On the whole the correspondence is good, although there are notable exceptions—s@sh as B

0, (nm™) 277 [ derye (NMTT) Crystal phase
SiO, 15.2 15.5 Cristobalite
15.3 Tridymite
GeO 15.5 15.4 Cristobalite
B,0s 15.8 22.5 Hex. (high press.)
10.3, 19.6 Cub. (high press.)
Bek, 16.3 16.0 Cristobalite-type
GeS 10.4 11.0 High temp. mod.
GeSe 10.1 10.6 High temp. mod.
As,S; 12.8 12.7
ZnCl, 10.8 12.8 (Devit. glass)
10.2; 11.7; 11.4 B:y:d
Li,SiOs 17.3 17.4
Na, Si,Os 18.3 16.2
CaSiQg 20.2 21.1 Wollastonit-2/
SrSiOs 20.4 19.2 Metastable-SrSiG;
21.7 Stablec-SrSiG;
LiAISi ,O¢ 16.1 18.0 B spodumene
I-ZnCl, 10.1 10.2; 11.7; 11.4 B:y:d
[-ZnBr, (693 K) 9.4 10.0 (25 kbar)
I-Znl, (743 K) 8.8 9.0
I-NiCl, 9.9 10.9
I-NiBr , 9.2 10.3
I-Nil , 8.8 9.6

1(0) > 2In(QV'/3) + 0.5, the probability is<<0.1 that HREM provides a two-dimensional representation of
the scattered intensity results from a random atomidhe projected atomic potential and, in principle, images
arrangement. \( is the volume of the model.);;,, for  planes of high atomic density directly [10]. Figure 1 com-
the three models shown in Figs. 1(a), 1(d), and 1(e) arpares a typical experimental micrograph with simulated
9.9 (7.5), 10.5 (8.1), and 8.4 (8.0); values in bracketHHREM images. While scattering data support the notion
are those calculated feandom scatterers.The first two  that planelike fluctuations in atomic density lie at the heart
models (Gladden) appear to contain significant order, thef an explanation of FSDPs, scattering data alone give lit-
third (Wicks) is somewhat marginal: Others, not fitting tle direct evidence of their spatial extent, the degree of cur-
the FSDP, have lowef; . values, giving no indication of vature [11], parallelism, etc. HREM images, despite the
ordering exceeding that for random models. Specificallydifficulties (and in the past, controversies) over interpreta-
I}« values are about (80—95)% of the “maximum” valuetion, offer such evidence.
for random scatterers, as are valued;pf, calculated for Do the planes have any of the characteristics of crys-
all models, successful or not, for the second diffractiontalline SiG;? The period is approximately 0.41 nm, close
peak (0, = 30 nm™!), which can be represented more to values for3-cristobalite {111} planes at 0.411 nm).
adequately by short-range correlations. [B-cristobalite is approximately a diamond-cubic Si lattice
The distribution of normalized intensitid$ shows that  with O midway between Si{111} planes are puckered ar-
for models wherel;;,, exceeds the value calculated for rangements of Si and O, with each plane connected to its
random scatterers, tharianceis also large compared to neighbor by further oxygens alodgl 1). For the planes to
the cases wheré; . is relatively small. Moreover, the be really ‘tristobalite quasilattice planes” a high propor-
distribution has a characteristic excess (compared to rarion of O and Si lying on{111} planes will be connected,
dom scatterers) at high values Bf with a corresponding with a significant number of oxygens between the planes
decrease at lower values Bf. This is exactly the behav- (on “antiplanes”) bonded across them. The connectivity
ior expected as atomic density oscillations become moran Gladden’s 2000-atom model (which gives the highest
pronounced (in the limit, tending towards a microcrystal-7* value) was examined by selecting atoms giving positive
lite). This may explain in part the high values BfQ;)  contributions to the scattering amplitude. Projections of
for successful models. There is the further effect that intwo adjacent planes are shown in Fig. 2(a). Atoms clearly
creasing order emphasizes the sharpening of the FSDHave higherin-plane connectivity than those on adjacent
and there is some evidence for this: The intensity in théantiplanes,” Fig. 2(b). In this regard at least, the struc-
wings is lower for successful models. ture mimics{111} planes ofB-cristobalite.
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« FRa the presence in this model of atoms that are unphysically close
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-
— correlation functionG(r) are the features “stored” that

produce FSDPs in reciprocal space? Previous explanations
have stressed oscillations @\r) [12], extending perhaps

to 2—4 nm [13]. Others argue for a particular strong
e i Inm feature inG(r), or clusters on the scale of the medium-

FIG. 1. (a) Projection of part of a 1000-atom model of range order. Here we link the FSDP to "quasi-Bragg’
silica constructed by Gladden [6], orientated so that theplanes, homologous with (ref?") Bragg plane_s and'therefore
strongest scattering vectd,., lies along the abscissa and Proceed from an understanding of crystal diffraction.

the projected planes are parallel to the ordinate. The planes Atthe Bragg condition, a lattice is effectively partitioned
are made more visible by tilting the diagram and viewing atinto planes normal toQ; with a separationd;; =

an oblique angle parallel to the ordinate. Markers have beeQﬂ./Qhkl_ Atoms on these planes scatter in phase, and

added at intervals of 0.41 nm as a guide to the eye. (b),; . . o :
Simulated HREM image of the projection shown in (a). The%lthaphase difference, ekiQ - r:), otherwise. Atoms

image was produced by a multislice program (“Cerius 2”) and@r€ Specified by vectors; whereas the pair correlation
includes corrections for instrumental aberrations under typicafunctionG(r), averaged over all orientations, is expressed
experimental operating conditions. [Electron energy 200 kV,in terms of scalars;;. There is no requirement fany
spherical aberration consta@t = 0.52 mm, defocus—40 nm rij to correspond tal,. But Bragg planesre specified

(corresponding to Scherzer defocus), focal spread 8.4 nm, argj& ; ; p ;
beam divergence 1.0 mrad.] Images generated under the a set of scalar interatomic distances. That is, the

conditions give a good representation of fluctuations in atomicPecification fordy,, is contained in theconjunctionof
density and minimize image artifacts that are not specimen;; values appropriate to the structure. [Just as the, SiO
dependent. (c) Simulated image for the same model orientate@trahedron is specified by the set of four equal Si-O
so that/(Q) corresponds to the average intensfty In this  distanceRand 6 O-O distances &/3)!/2R.] The{111}

case, planes are not recognizable. (d),(e) HREM images fi P ; ; ;
part of Gladden’s 2000-atom model [6] and Wicks' 3000_at0m°6lanes inB-cristobalite are represented by the conjunction

model [7], respectively. In each case the strong scatterinén,c 1- to n-neighbor ,S"Q distances with Co”espond'”_g

direction is arranged to give planes parallel to the ordinatedistances and coordination numbers for other atom pairs.

(f) An experimental high resolution electron microscope imageSimilarly, it is the conjunction of these features Gir)

of amorphous Si@ with imaging conditions similar to those which encodes the position, shape, and intensity of the

mentioned in (b). FSDP ina-Si0,. (It should be stressed perhaps that a
A further controversy surrounds the quantitative andreal space signature for the FSDP in $i®the form of a

qualitative explanations of the representation of FDSPs inlecaying sinusoid of perio2lr/Q, is only conditionally

real space data. Where in the one-dimensional real spa@®rrect: for example, when the first peak is (artificially)
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separated from the rest of the diffraction data. We considetions of 1- ton-neighbor spacingé: ~ 6), corresponding
this approach to have limited generality and, in the case ofoordination numbers, and the mean atomic density.
silica, to be misleading. We are grateful to Dr. Lynn Gladden and Dr. Jim
Which part of G(r) contains the essential information Wicks for valuable discussions and for providing atomic
that specifies the FSDP? Figure 3 shows diffraction dataoordinates. Constructive comments from Dr. Gavin
for a-SiO, obtained by neutron scattering [14] which Mountjoy have proved extremely helpful. D.J.W.
has been Fourier transformed @(r), then truncated acknowledges the support of SERC through a CASE
at several value®,,.x, and finally backtransformed into studentship with Pilkington plc. P.H.G. is grateful to
reciprocal space. FOR,.x = 0.46 nm, the FSDP is Professor Georges Calas for useful discussions and gener-
recognizable but far too broad. F@.,.,x > 1 nm, the ous hospitality and to CNRS for support for a sabbatical
FSDP is scarcely distinguishable from the original datgperiod in the Universités Pierre et Marie Curie, Paris 7,
or from the transform to 4 nm. This shows, with little where some of this work was carried out.
ambiguity, that a structure consistent with the FSDP can
be specified by a pair correlat_ior_1 function extending 0 spresent address: Oak Ridge National Laboratory,
values ofr = 1 nm, a value similar to the correlation Solid State Division, P.O. Box 2008, Oak Ridge, TN
length1.2—-1.35 nm, estimated by Salmon [12]. Longer- 37831-6030.
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