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Abstract Neutron total scattering measurements frotmond lengths of around 1.5%,A1vhict1 is significantly
powdered samples of cristobalite have been used to dberter than typical values (1.61-1.62.®ne interpre-
termine the local structure in both the tetragonal ardtion is that the oxygen atoms do not actually lie on their
cubic phases. The results for the cubic phase show dierage positions, but instead the Si—O bonds are orient-
rectly that the Si—O bonds are tilted at an angle of aroued at an angle (around 9)7to the Si...Si vector (e.g.
17 to the unit cell [111] direction. It is striking that theSwainson and Dove 1995a). Thus the displacement
structure of3-cristobalite over the range 5-10is\closer parameters for the oxygen atoms could be interpreted as
to that of silica glass tham-cristobalite, which suggestsrepresenting a distribution of oxygen positions. For ex-
that the local structure di-cristobalite is not likely to ample, the positions of the oxygen atoms could be disor-
consist of domains with the structure efcristobalite. dered over an annulus, or there could be a small number

The measurements show a small thermal expansionadfpartially-occupied positions. With standard crystal-
the Si—O bonds over the temperature range 570-950 Iggraphy this is not an easy problem to resolve. In a typi-

Introduction

cal diffraction experiment, data will be collected to a
maximum value ofQ (=4rnsing/A) of around 10 A™.
This gives a best resolution in real space/Q,,, Of
only 0.6 A which is insufficient to pinpoint the distribu-

The actual form of the crystal structure of the high-tentlon of positions with any precision. Thus so far we only
peratured-phase of cristobalite has excited a lot of intefave indirect evidence for the tilting of the Si-O bonds,
est, both from direct experiment (Wright and Leadbetté¢hich comes from the interpretation of the average
1975; Schmahl etal. 1992; Phillips et al. 1993; Swains@ucture deduced by diffraction (Schmahl et al. 1992;
and Dove 1993, 1995a) and from theory (Hatch arriainson and Dove 1995a). N

Ghose 1991, Swainson and Dove 1995b; Hammonds etAn alternative approach to traditional crystallograph-
al. 1996). Standard crystal structure analyses of tifsmethods is to focus on the total diffraction pattern,
phase, using the information contained in the Bragyhich includes both the Bragg peaks and the diffuse
peaks only, yielded an average structure with linear S¥¢attering. Schmahl et al. (1992) reported that there is a
O-Si bonds, and with large displacement parameters¥fY strong background of diffuse scattering in the neu-
the oxygen atoms in the directions normal to the Si-O—&pn powder diffraction pattern df-cristobalite. With a
bonds (e.g. Schmahl et al. 1992). This gave average sitipge-of-flight neutron diffractometer optimised for the
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study of liquids and amorphous solids it is possible to
obtain data for values @ up to around 50 A*, which in
principle will give an increase in the real-space resolu-
tion by a factor of 5. Analysis of the total diffraction
pattern with methods more commonly used for the study
of liquids and amorphous solids should make it possible
to extract quantitative information about the local struc-
ture directly.

In the present paper we report measurements of the
total neutron scattering frorf-cristobalite for various
temperatures. We also have some data for the low-tem-
peraturex-cristobalite phase for comparison. Our objec-
tive is to determine directly the local atomic environment
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in order to compare with that suggested by the ide o2 sinQr;
structure. Whilst diffraction can only give informationPdQ)_JZ b +i§} biby Qr;
about two-particle correlations (e.g. Si—O and O-O bond .
lengths), rather than the three-particle correlations (e.g. =Y b2+ bb, | t; (r)
O-Si-0 and Si—-O-Si bond angles), with reasonable as- 4§ ' & o "
sumptions it may be possible to extract average bond o SinQr
angles or bond orientations from the distribution of bond =)’ bj?+j T(r)——dr
lengths. i 0 Q

To obtainT(r) from experimental measurements of
I (Q) one could, in principle, perform a reverse transform.
Background theory for the analysis However, there are two problems. First, it is not possible
of the total diffraction pattern to determine the intensity of the forward scattered beam,
1 (0). Second, measurementsigf) are only taken to a

aximum value o, Q... The latter problem can result

The total diffraction pattern contains information abo r%) I . ! ; X
: : a0 termination ripples in the Fourier transform, and is
the short-range correlations through the pair dIStI’IbUtIgS ved by multiplying (Q) in the transform by a modifi-

functions (Wright 1993, 1994). If, for a monatomic ma:

. ) : cation functionM (Q) that falls smoothly to zero for val-
terial, we defingy(r) such thag(r)dr gives the number of $S ofQ greater thai@,,.... This of course carries the cost

neighbours from a reference atom at radial distances % the broadening of the diffraction peaks. In our analysis

;\/i\{?/egn(rr)a.mdwdr , we can define the radial number den\;ve used the function (Lorch 1969)

0(r) dr=4mr g (r) dr M (Q)=Q " Y/ Qma)

nQ
The average number densgyis then the spatial aver- 14 gyercome the first problem, it is common to define

age ofp (r). The most useful correlation function is the interference function (Wright 1993):

t(r)=4nro (=g (r)/r .
QI(Q)=QI(Q)—Q<Z b7+ (0))

since this is the function that is given by Fourier transfor- i

mation of the experimental data (see below). It has the The reverse transform can then be expressed as

properties that the experimental broadening of the peaks ) )

in the function is independent ofand symmetric. Fur- 27 . . .

thermore, the experimental ‘noise’tifr) is also constant T(r)_E i QIQM(Q)sin Q) dQ+4rreo (; bj)

across the range of so that ripples iri(r) at low values o

of r (Wright 1993). ening of Bragg peaks. In practice, the effect of neglect-
In a material with more than one type of atom, wid resolution is to hav@ (r) multiplied by the Fourier

need to define the partial correlation functiapgr) for transform of the resolution function, and if the resolution

pairs of different atoms labelldgdand,. If the scattering S reasonably good the Fourier transform will be a slow

will be independent o), the contribution of each func- T (1) atlowr. The experimental form of (r) was extract-

tion t; (r) will be weighted by the produdtb,. In a single €d from the experimental data fQi (Q) using in-house

experiment, where we cannot separate the different fuf@ftware, which also gave a smooth interpolation be-

tionst; (r), the data will give a measurement for the totd}veen the points separated by/Rax

correlation function:

sinQr

Tdr

T(I’)=Z bibyt;; (r) Experimental
L]
The intensity of a radiation beam scattered from arhe samples were prepared by annealing pure samples of
ensénble ofatoms is given as silica glass at 1000 K for 6 days. Neutron and X-ray
] powder diffraction measurements showed that the sam-
1(Q)= bibyexp{iQ- (ri—r)} ples had completely converted to the crystalline phase,
b and that there was no impurity phases present. About
=> bj2+ Y bibexp{iQ- (r;—r;} 3 cn? of powdered sample were used in the total scatter-
j i#] ing experiments, contained in a cylindrical vanadium can

In a powder sample (as also in a glass or fluid), thef 6 mm diameter. The temperature was maintained by a
diffraction measurements give the isotropic average wicuum furnace with a cylindrical vanadium heating ele-
this quantity: ment.
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Fig. 1 Normalised neutron scattering intensity fercristobalite also. The different angles of the detector banks allow
at 475 K and3-cristobalite at 575 K and 950 K, plott_ed over twogata to be collected for different rangesQ@fthe low-an-
F‘e_mrg];es to show the Bragg peaks at I@wand the oscillations at gle banks collect data for lower ranges @fthan the
'ghQ higher-angle banks, and with a lower resolutiorQn
Data were collected for five different temperatures,

The total neutron scattering measurements were caach run lasting about a day. Spectra were also collected
ried out on the LAD diffractometer at the ISIS pulsedor the background with no sample or furnace in place,
spallation neutron source. Data were collected frofar the background with an empty sample can inside the
banks of detectors with seven distinct diffraction anglefjrnace, and for a rod of vanadium held in the place of
the diffraction angles are held constant, and the data éihe sample. Each spectrum was normalised against a
collected by measuring the time taken for the neutronsonitor spectrum to normalise against the wavelength
from a single sharp pulse to travel from the target to thiBstribution in the incident neutron flux.
detectors. The flight time effectively gives the neutron The diffraction angles of the different detectors were
wavelength, and hence, knowing the scattering an@le calibrated against the positions of the Bragg peaks in the
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diffraction pattern of3-cristobalite at 575 K, using the
known unit cell parameters which had been measur
with high accuracy (Swainson and Dove 1995a). T
spectra from the different detectors in each bank we
added together, along with the detectors for the sa
scattering angle at the opposite side of the sample. C
rections for the different contributions to the backgrou . ' .
signals, for absorption, and for normalisation onto an afj\€ 10wer peaks iff (r). The first peak at around 1.6 i

solute scale were made to the data using standard méfRm the Si—O bond, the second peak at around 2.63 A
ods (Howe et al. 1989; Hannon et al. 1990), togetherwigrresponds to the first O—0 distance that is found in the

gesults and discussion

e normalised neutron scattering intensiti¢®) for
-cristobalite at 475 K an@-cristobalite at 575 K and
0 K are shown in Fig. 1. The derived functioh@) are
own in Fig. 2. In most of our analysis we will focus on

the Placzek corrections (Grimley et al. 1990). The dafi© tetrahedror& andhthe smacljl third peakhat around
from different banks of detectors were merged togethgr: A correspon sbtolt e ﬁ' Si |st%nce Int e(?ver?ge
to produce a set of single normalised structure facto§r“0tures‘/ﬂ cristobalite, these would correspond to the

hich in t then transf 9 to f _ istances)/3a/8, a/2)/2 andVéa/4, respectively. The
which in turn were then transformed to fornr) positions of the first two peaks if(r), and the widths of

these peaks, were obtained by fitting Gaussian func-
tions, and are given in Tables 1 and 2 respectively. The

W T T Si-Si peak is too weak to be reliably analysed in this
s [ 475 K ] manner, and it is not well-separated from other peaks in
i i T(r). The broad peak at around 4&kises from the sec-

6 F . ond Si-0 and O-O peaks (expected at around 3&916\
N ] 4.4 A respectively), and the broad peak at around 5 A
4 B 3 arises from the third Si-O and O-Q peaks and the second
X ] Si-Si peak (expected at around 5.3R1 Aand 5.1 A
2 F 3 respectively).
0 I—»MJ .
r | | | 1 Nearest-neighbour distances
-2 L1 S . bt L1
10 In Table 1 we compare the actual interatomic distances
L obtained from the positions of the peaks Tir) with
8 those suggested by the ideal structure (using the temper-

ature-dependence d determined by Swainson and

Table 1 Direct measurements of the Si—O and O—O bond lengths
from the correlation functions , compared with the values obtained
from the ideal structure and the lattice parameters of Swainson and
Dove (1995a), together with the extracted tilt angle

T(r) (barns A
H

BRI LA LI B

L

g0 Pe s o e o by g ady

0r Temperature SO (A) 0-0 (A) 0 ()
[ (K)
o b s b b b Measured Ideal Measured Ideal
10 LA S D S Bt B (N R B R I B B RS IR R B R 475 1.6111 (2) - 2.627 (1) - -
L 1 575 1.6115 (3) 1.546 2.627 (1) 2.522 16.6
8 700 1.6121 (5) 1.546 2.627 (1) 2.524 16.5
N ] 825 1.6130 (5) 1.546 2.628 (1) 2.525 16.5
6 L h 950 1.6148 (5) 1.547 2.630(1) 2.526 16.7
4 b . . .
r ] Table 2 Values of the rootmean-square fluctuation&/?*2, in the
- ] Si—0O and O-0 bond lengths, determined from the widths of the Si-O
2r g and O-O peaks in obtained by peak fitting and taking account of
r ] the broadening introduced by the modification functMn(Q)
0 ] o o
C 1 Temperature (K) (U®)Y2 Si—0 (A) (u®*¥2 0—0 (A)
7Y SRR NI N S S S S
0 2 4 6 8 10 475 0.034 0.076
575 0.035 0.081
Radial distance, r (A) 700 0.037 0.089
825 0.041 0.094
Fig. 2 Experimental correlation functions fog-cristobalite at ggg 0.044 0.101

475 K andB-cristobalite at 575 K and 950 K
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Dove, 1995a). The main point to note from the data given 12 ————— 71— 17"
in Table 1 is that the Si—O and O—O distances are consis- r
tently larger than the distances given by the ideal struc- 10
ture. On the other hand, although we cannot determine |
the Si-Si distance with comparable accuracy, it does not & 8 [
appear to be significantly different from its ideal value. i
The Si—-O and O-O distances, however, are consistent
with the values expected for an ideal Sit@trahedron,
0-0~]/8/3Si—0. Altogether these factors suggest that
the real structure o-cristobalite consists of near-ideal
SiO, tetrahedra that are larger than the prediction of the
ideal crystal structure — indeed, of the size typically
found in crystalline and amorphous silicates — and tilted
by some angle away from the symmetric orientation. The
tilt of the Si—O bondg, is readily calculated from the
bond lengthb: sird=|/3a/8b. These angles are given inFig. 3 Simulated correlation function fd-cristobalite at 575 K,
Table 1. If one simply associates the angle®t8% with  from Swainson and Dove (1995b)
the average Si—O-Si angle, the results point to bond an-
glesinthe range 147which is typical for crystalline and
amorphous silicates. o
Itis interesting to note the temperature dependence G . . .
the Si—O bond lengths, which should yield the intrinsi (?Fthe bond length obtained by X-ray diffraction are

; . ) bout a factor of 2 too large. However, to counter this it
thermal expansion of this bond. The data give the coeffi; ' ,
cient of expansion of the Si—O bond, =b(3b/aT), should be noted that the corrected values for the Si-O

. S . _bond length are between 1.604-1.627{cAmpared with
obtained as (5.80.6)x10 °K"*. This value is substan the uncorrected values of between 1.595-1.602akd

tially smaller than the value obtained for the Si-O boq% ) g X .
. . s S 1 1 e value we have deduced for cristobalite lies midway in
in albite by Downs etal. (1992): 1LI10 K"~ Itis not gbe range of corrected values. We are not inclined to

s

T(r) (barns

¥

Radial distance, r (A)

of the Si—O bond lengths lead to an accurate value for
o one is left with the suggestion that the corrections

possible to give a clear reason for the difference. On o Srsue this point any further.

hand, it could be that the Si—O bond simply has a diffe : : .

ent expansivity in different crystalline environments. On The W'Fﬁ]hst of the ?'_O and O?hO p?alll(smtrr)] In- t
the other hand, there may be technical reasons why ggﬁesxare \?;?%?i?n%i’hslggr?d Ie%trgigvghe fi”roo )
ferent methods give different results. The method di fidth at half height of a peak ifi (), the mean-square

cussed in this paper is a direct method, i.e. the bopd . ..~ " o ,
length is given directly fronT (r). Any errors will arise riation in the bond lengtH(.r), is obtained as

from the normalisation procedure. The lowegieak in (2)=12/8|n2

T(r) will arise from the largest period oscillations in

| (Q), and the period of these oscillations will not be in- We obtained values df?)Y/?for the shortest Si—O and
fluenced by the normalisation factors that modify th©®—O bonds from the widths of their peaks (),
maghnitude of (Q). The only correction that will have antaking account of the broadening introduced by the use
effect on the period of the oscillationsi(Q) will be the of the modification functiorM (Q). The results are given
calibration ofQ from the detector angles. Since the sama Table 2. They can be fitted by the expected depen-
calibration applied to each temperature, even if there islance on temperaturéy®)=pT, with f=(2.07+0.06
slight error in the scaling o® and hence the scalingof x10°® A?K~* for the Si-O bond, and =

this should be divided out in the definition af;, . The (1.10+0.02)<10 > A?K~* for the O-O bond. These
method used to extraet;;_o from crystallographic data give values for{u?) at 300 K that are somewhat lower
by Downs et al. (1992) involved correcting the value dhan measured in silica glass (Wright 1993, 1994).

the Si—O bond length from the values of the atomic coor-

dinates obtained from X-ray diffraction for the effects of

thermal motion, the parameters of which were also oBomparison with molecular dynamics simulation

tained from X-ray diffraction. These corrections allow

for the swinging motion of the Si—O bonds, which ofThe form ofT(r) for B-cristobalite at 575 K was calculat-
themselves lead to an apparent contraction of the boad from a molecular dynamics simulation by Swainson
with increasing temperature. Indeed, the atomic coor@ind Dove (1995b), and is shown in Fig. 3 (the function
nates by themselves suggest a vadue o (uncorrect- has been weighted by the appropriate neutron scattering
ed)=—3.5X10 °®K~*. The correction then is actually thelengths), The unit cell parameter in the simulations was
dominant factorog; o (corrected)> |os;_of (uncorrect- 7.24396 A(which is slightly larger than the experimental
ed). If we take the view thatg;_o should not be signifi- value for this temperature, 7.1328, ASwainson and
cantly different betweef-cristobalite and feldspar, andDove, 1992a), with the first peak if(r) giving the aver-

if one accepts our argument that our direct measuremeatge Si—O bond length of 1.655. An this case the Si—O
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and O-0 peaks are consistent with the existence of regti-al. 1995). The functions for the distances within the
lar SiQ, tetrahedra tilted at an angle of 18féom [111]. SiO, tetrahedra are very similar, giving similar peak po-
Aside from the slight differences in length scales, tha&tions and widths. At distances greater than,Gérre-
calculatedT (r) for B-cristobalite is very similar to the sponding to the correlations between neighbouring tetra-
measured form, although the calculated function onhedra, there is sharper structureTi(r) for B-cristobalite
extends to 6 AThe simulations showed that the Si—Q@han for silica glass, which is a reflection of the existence
bonds precess around the [111] vectors with no preferfthe crystallographic order ig-cristobalite. Neverthe-
ences for special sites about these axes, and these fass, the forms of (r) for B-cristobalite and silica glass
tions occur over a very short time scale. In effect, theave more similarities for distances greater thantban
simulations gave a dynamically disordered phase withe forms ofT(r) for B-cristobalite andx-cristobalite.
rotations of nearly-rigid SiQtetrahedra.

Comparison ofT (r) for the two phases of cristobalite Conclusions

The form ofT(r) for B-cristobalite andx-cristobalite can Selj{tfelriﬁﬁrgzil_ug?gilzé?]%t;zz:ggﬂrztdﬁgtgﬁﬁ%ﬁitﬁ:

_l?_e compared i_n I_:Iig. 2| Ifn btrofad te_:_msl thf_ltodDrrEs of cantly different from the average structure with linear
(r) are very similar. In fact, from Table 1 it can be seef,yq The |ocal structure Bfcristobalite is fully com-
that the size of the tetrahedra for both phases map dire¢liiio with the existence of ideal Si@etrahedra, sug-

ly onto the same linear function. The differences b jesting rotations of these units. Whilst the medium-

tweendtgg forrr]nshnglr) a}[rlstﬁ f%r_f\]falueilof greater thtan range structure di-cristobalite is sharper than for silica
around 5 Awhich reflects the different jong-range struc ss, itis actually closer to silica glass tharutaristo-

. al
tures of these two phases (although it could be argugﬁite_ We cite this result as evidence against the crystal

that the Si—Si peak iif (r) is sharper for-cristobalite). ; ; o :
; structure ofp-cristobalite containing small domains of
It should be noted from Fig. 2 that the forms™fr) for the o-cristobalite structure.

B-cristobalite at 575 K and 950 K are much more similar, our second conclusion is that measurements of the

even though there is a much larger change in temperatyre | ; : :
. . scattering provide a useful alternative route for the
than that between the spectra focristobalite (475 K) study of crystal structures, particularly when there is a

?hndt[ihcrlstoggllte at47s 'fj This allolws us tol ContﬂUd?%ofdisorder. The information containedTi{r) is com-
at the medium-range order, hamely overa 1ength SCafe nentary to the information contained in the average

greater than 5 Ais not the same in the two phases. structure as given by the Bragg peaks alone. What is

One of the models proposed to account for the ti.ltingarticularly useful about measurementg¢f) is that we
of the SiQ, tetrahedra away from their ideal orientationgy i yirectinformation about local structures and fluc-

w:cﬁ;crl?tob?hte |?;/rc])keshthe eX|§[thetr;]ce of small ?omtal Tations from the average structure. This information can
orthe structure of the-phase, wi € average struc ur%nly be deduced indirectly from analysis of the intensi-

of theB-phase being the average over 12 differentoriel%éS of Bragg peaks, for example, using the thermal

tations of these domains (Hatch and Ghose 1991). Az meters to correct the apparent bond lengths. In prin-
though itis not possible when proposing such a model fa,,- total-scattering measurements can be obtained to

indicate the characteristic length scale of these domai ich higher values o than measurements of Bragg

it is essential that they should be somewhat larger th : : o
the size of the unit cell. The fact that the structures of t ?Qc?éZhvi,h'@mfraedstﬁz adr}ggorlﬁgre?r?\',gﬂ,%r;'nnﬁf,ﬁ'of,za%?,é'rn

two phases diverge at a distance as short ag8lis into o, o4y scales just inside the 1skale, measurements of

guestion the existence of domains of ighase in the S(Q) to the lar ; -

. . ge values o possible have definite ad-
B-phase structure. The result from ti€r) functions is 304,065 over measurements of Bragg scattering. An al-
more consistent with models that propose the existente, Jive to measurements 8Q) to probe local struc-
of a dynamically disordered phase, one of which is th§, o “is the method of EXAFS, which also givagr).
rigid unit mode model, which proposes the existence Blowever, EXAFS only gived (r) for distances out to the

planes of low-frequency modes that can cause rotatiar . ; ;
of the SiQ, tetrahedra without (to lowest order) any digﬂ%t shell of neighbours in a typical case, and to the

: ’ . “second shell in special cases, and hence cannot give in-
tortions of the tetrahedra (Hammonds et al. 1996; Doy mation about both the local and medium range order.

1997). This model has been discussed in relationshipI the present study we have compared the forriT @]

the structure of3-cristobalite in a number of previousf : ; ;

o : ) or different phases to draw conclusions about changesin
publications (Swainson and Dove 1993, 1995b; Harso jiym-range order when the local structures are very
monds et al. 1996).

similar.

Comparison ofT (r) for cristobalite and silica glass Acknowledgements This work was supported by provision of
neutron beam time at ISIS, funded by EPSRC.

Finally, we also compare the form df(r) for B-cristo-
balite with that for silica glass (e.g. Wright 1994; Polsen
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