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Abstract Neutron total scattering measurements from
powdered samples of cristobalite have been used to de-
termine the local structure in both the tetragonal and
cubic phases. The results for the cubic phase show di-
rectly that the Si–O bonds are tilted at an angle of around
178 to the unit cell [111] direction. It is striking that the
structure ofb-cristobalite over the range 5–10 A˚ is closer
to that of silica glass thana-cristobalite, which suggests
that the local structure ofb-cristobalite is not likely to
consist of domains with the structure ofa-cristobalite.
The measurements show a small thermal expansion of
the Si–O bonds over the temperature range 570–950 K.

Introduction

The actual form of the crystal structure of the high-tem-
peratureb-phase of cristobalite has excited a lot of inter-
est, both from direct experiment (Wright and Leadbetter
1975; Schmahl et al. 1992; Phillips et al. 1993; Swainson
and Dove 1993, 1995a) and from theory (Hatch and
Ghose 1991, Swainson and Dove 1995b; Hammonds et
al. 1996). Standard crystal structure analyses of this
phase, using the information contained in the Bragg
peaks only, yielded an average structure with linear Si–
O–Si bonds, and with large displacement parameters of
the oxygen atoms in the directions normal to the Si–O–Si
bonds (e.g. Schmahl et al. 1992). This gave average Si–O

bond lengths of around 1.55 A˚ , which is significantly
shorter than typical values (1.61–1.62 A˚ ). One interpre-
tation is that the oxygen atoms do not actually lie on their
average positions, but instead the Si–O bonds are orient-
ed at an angle (around 178) to the Si...Si vector (e.g.
Swainson and Dove 1995a). Thus the displacement
parameters for the oxygen atoms could be interpreted as
representing a distribution of oxygen positions. For ex-
ample, the positions of the oxygen atoms could be disor-
dered over an annulus, or there could be a small number
of partially-occupied positions. With standard crystal-
lography this is not an easy problem to resolve. In a typi-
cal diffraction experiment, data will be collected to a
maximum value ofQ (54psinuyl) of around 10 A˚ 21.
This gives a best resolution in real space, 2pyQmax, of
only 0.6 Å, which is insufficient to pinpoint the distribu-
tion of positions with any precision. Thus so far we only
have indirect evidence for the tilting of the Si–O bonds,
which comes from the interpretation of the average
structure deduced by diffraction (Schmahl et al. 1992;
Swainson and Dove 1995a).

An alternative approach to traditional crystallograph-
ic methods is to focus on the total diffraction pattern,
which includes both the Bragg peaks and the diffuse
scattering. Schmahl et al. (1992) reported that there is a
very strong background of diffuse scattering in the neu-
tron powder diffraction pattern ofb-cristobalite. With a
time-of-flight neutron diffractometer optimised for the
study of liquids and amorphous solids it is possible to
obtain data for values ofQ up to around 50 A˚ 21, 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 fromb-cristobalite for various
temperatures. We also have some data for the low-tem-
peraturea-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 ideal
structure. Whilst diffraction can only give information
about two-particle correlations (e.g. Si–O and O–O bond
lengths), rather than the three-particle correlations (e.g.
O–Si–O and Si–O–Si bond angles), with reasonable as-
sumptions it may be possible to extract average bond
angles or bond orientations from the distribution of bond
lengths.

Background theory for the analysis
of the total diffraction pattern

The total diffraction pattern contains information about
the short-range correlations through the pair distribution
functions (Wright 1993, 1994). If, for a monatomic ma-
terial, we defineg(r) such thatg(r)dr gives the number of
neighbours from a reference atom at radial distances be-
tweenr andr1dr , we can define the radial number den-
sity q (r):

g(r) dr54pr2q (r) dr

The average number densityq0 is then the spatial aver-
age ofq (r). The most useful correlation function is

t (r)54prq (r)5g(r)yr

since this is the function that is given by Fourier transfor-
mation of the experimental data (see below). It has the
properties that the experimental broadening of the peaks
in the function is independent ofr and symmetric. Fur-
thermore, the experimental ‘noise’ int (r) is also constant
across the range ofr, so that ripples int (r) at low values
of r, wheret (r) is ideally expected to be zero, give a good
indication of the likely accuracy oft (r) at higher values
of r (Wright 1993).

In a material with more than one type of atom, we
need to define the partial correlation functionstij (r) for
pairs of different atoms labelledi andj. If the scattering
factor for a given atom isbi (which for neutron scattering
will be independent ofQ), the contribution of each func-
tion tij (r) will be weighted by the productbibj. In a single
experiment, where we cannot separate the different func-
tions tij (r), the data will give a measurement for the total
correlation function:

T(r)5*
i, j

bibjtij (r)

The intensity of a radiation beam scattered from an
ensemble ofatoms is given as

I (Q)5*
i, j

bibj exp {iQ ? (r i2r j)}

5*
j

b2
j 1*

iÞj

bibj exp {iQ ? (r i2r j)}

In a powder sample (as also in a glass or fluid), the
diffraction measurements give the isotropic average of
this quantity:
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To obtainT(r) from experimental measurements of
I (Q) one could, in principle, perform a reverse transform.
However, there are two problems. First, it is not possible
to determine the intensity of the forward scattered beam,
I (0). Second, measurements ofI (Q) are only taken to a
maximum value ofQ, Qmax. The latter problem can result
in termination ripples in the Fourier transform, and is
solved by multiplyingI (Q) in the transform by a modifi-
cation functionM (Q) that falls smoothly to zero for val-
ues ofQ greater thanQmax. This of course carries the cost
of the broadening of the diffraction peaks. In our analysis
we used the function (Lorch 1969)

M (Q)5Qmax

sin (pQyQmax)
pQ

To overcome the first problem, it is common to define
the interference function (Wright 1993):

Qi (Q)5QI (Q)2QS*
j

b2
j 1I (0)D

The reverse transform can then be expressed as

T(r)5
2
p

&
`

0

Qi (Q)M (Q) sin (Qr) dQ14prq0S*
j

bjD2

In principle it is necessary to take account of the reso-
lution of the diffractometer, which is seen by the broad-
ening of Bragg peaks. In practice, the effect of neglect-
ing resolution is to haveT(r) multiplied by the Fourier
transform of the resolution function, and if the resolution
is reasonably good the Fourier transform will be a slow
function in r that does not significantly alter the form of
T(r) at low r. The experimental form ofT(r) was extract-
ed from the experimental data forQi (Q) using in-house
software, which also gave a smooth interpolation be-
tween the points separated by 2pyQmax.

Experimental

The samples were prepared by annealing pure samples of
silica glass at 1000 K for 6 days. Neutron and X-ray
powder diffraction measurements showed that the sam-
ples had completely converted to the crystalline phase,
and that there was no impurity phases present. About
3 cm3 of powdered sample were used in the total scatter-
ing experiments, contained in a cylindrical vanadium can
of 6 mm diameter. The temperature was maintained by a
vacuum furnace with a cylindrical vanadium heating ele-
ment.
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Fig. 1 Normalised neutron scattering intensity fora-cristobalite
at 475 K andb-cristobalite at 575 K and 950 K, plotted over two
ranges to show the Bragg peaks at lowQ and the oscillations at
high Q

also. The different angles of the detector banks allow
data to be collected for different ranges ofQ: the low-an-
gle banks collect data for lower ranges ofQ than the
higher-angle banks, and with a lower resolution inQ.

Data were collected for five different temperatures,
each run lasting about a day. Spectra were also collected
for the background with no sample or furnace in place,
for the background with an empty sample can inside the
furnace, and for a rod of vanadium held in the place of
the sample. Each spectrum was normalised against a
monitor spectrum to normalise against the wavelength
distribution in the incident neutron flux.

The diffraction angles of the different detectors were
calibrated against the positions of the Bragg peaks in the

The total neutron scattering measurements were car-
ried out on the LAD diffractometer at the ISIS pulsed
spallation neutron source. Data were collected from
banks of detectors with seven distinct diffraction angles;
the diffraction angles are held constant, and the data are
collected by measuring the time taken for the neutrons
from a single sharp pulse to travel from the target to the
detectors. The flight time effectively gives the neutron
wavelength, and hence, knowing the scattering angle,Q
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diffraction pattern ofb-cristobalite at 575 K, using the
known unit cell parameters which had been measured
with high accuracy (Swainson and Dove 1995a). The
spectra from the different detectors in each bank were
added together, along with the detectors for the same
scattering angle at the opposite side of the sample. Cor-
rections for the different contributions to the background
signals, for absorption, and for normalisation onto an ab-
solute scale were made to the data using standard meth-
ods (Howe et al. 1989; Hannon et al. 1990), together with
the Placzek corrections (Grimley et al. 1990). The data
from different banks of detectors were merged together
to produce a set of single normalised structure factors,
which in turn were then transformed to formT(r).

Results and discussion

The normalised neutron scattering intensitiesI (Q) for
a-cristobalite at 475 K andb-cristobalite at 575 K and
950 K are shown in Fig. 1. The derived functionsT(r) are
shown in Fig. 2. In most of our analysis we will focus on
the lower peaks inT(r). The first peak at around 1.6 A˚ is
from the Si–O bond, the second peak at around 2.63 A˚
corresponds to the first O–O distance that is found in the
SiO4 tetrahedron, and the small third peak at around
3.1 Å corresponds to the Si–Si distance. In the average
structure ofb-cristobalite, these would correspond to the
distances%3ay8, ay2%2 and%3ay4, respectively. The
positions of the first two peaks inT(r), and the widths of
these peaks, were obtained by fitting Gaussian func-
tions, and are given in Tables 1 and 2 respectively. The
Si–Si peak is too weak to be reliably analysed in this
manner, and it is not well-separated from other peaks in
T(r). The broad peak at around 4 A˚ arises from the sec-
ond Si–O and O–O peaks (expected at around 3.9 A˚ and
4.4 Å respectively), and the broad peak at around 5 A˚
arises from the third Si–O and O–O peaks and the second
Si–Si peak (expected at around 5.3 A˚ , 5.1 Å and 5.1 Å
respectively).

Nearest-neighbour distances

In Table 1 we compare the actual interatomic distances
obtained from the positions of the peaks inT(r) with
those suggested by the ideal structure (using the temper-
ature-dependence ofa 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 angleu

Temperature Si2O (Å) O2O (Å) u (8)
(K)

Measured Ideal Measured Ideal

475 1.6111 (2) – 2.627 (1) – –
575 1.6115 (3) 1.546 2.627 (1) 2.522 16.6
700 1.6121 (5) 1.546 2.627 (1) 2.524 16.5
825 1.6130 (5) 1.546 2.628 (1) 2.525 16.5
950 1.6148 (5) 1.547 2.630 (1) 2.526 16.7

Table 2 Values of the root-mean-square fluctuations,ku2l1y2, in the
Si–O and O–O bond lengths, determined from the widths of the Si–O
and O–O peaks in obtained by peak fitting and taking account of
the broadening introduced by the modification functionM (Q)

Temperature (K) ku2l1y2 Si2O (Å) ku2l1y2 O2O (Å)

475 0.034 0.076
575 0.035 0.081
700 0.037 0.089
825 0.041 0.094
950 0.044 0.101Fig. 2 Experimental correlation functions fora-cristobalite at

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
in Table 1 is that the Si–O and O–O distances are consis-
tently larger than the distances given by the ideal struc-
ture. On the other hand, although we cannot determine
the Si–Si distance with comparable accuracy, it does not
appear to be significantly different from its ideal value.
The Si–O and O–O distances, however, are consistent
with the values expected for an ideal SiO4 tetrahedron,
O–O©%8y3Si–O. Altogether these factors suggest that
the real structure ofb-cristobalite consists of near-ideal
SiO4 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 bond,u, is readily calculated from the
bond lengthb: sinu5%3ay8b. These angles are given in
Table 1. If one simply associates the angle 180822u with
the average Si–O–Si angle, the results point to bond an-
gles in the range 1478, which is typical for crystalline and
amorphous silicates.

It is interesting to note the temperature dependence of
the Si–O bond lengths, which should yield the intrinsic
thermal expansion of this bond. The data give the coeffi-
cient of expansion of the Si–O bond,aSi2O5b21(dbydT),
obtained as (5.0+0.6)31026 K21. This value is substan-
tially smaller than the value obtained for the Si–O bond
in albite by Downs et al. (1992): 11.731026 K21. It is not
possible to give a clear reason for the difference. On one
hand, it could be that the Si–O bond simply has a differ-
ent expansivity in different crystalline environments. On
the other hand, there may be technical reasons why dif-
ferent methods give different results. The method dis-
cussed in this paper is a direct method, i.e. the bond
length is given directly fromT(r). Any errors will arise
from the normalisation procedure. The lowest-r peak in
T(r) will arise from the largest period oscillations in
I (Q), and the period of these oscillations will not be in-
fluenced by the normalisation factors that modify the
magnitude ofI (Q). The only correction that will have an
effect on the period of the oscillations inI (Q) will be the
calibration ofQ from the detector angles. Since the same
calibration applied to each temperature, even if there is a
slight error in the scaling ofQ and hence the scaling ofr,
this should be divided out in the definition ofaSi2O. The
method used to extractaSi2O from crystallographic data
by Downs et al. (1992) involved correcting the value of
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 ob-
tained from X-ray diffraction. These corrections allow
for the swinging motion of the Si–O bonds, which of
themselves lead to an apparent contraction of the bond
with increasing temperature. Indeed, the atomic coordi-
nates by themselves suggest a valueaSi2O (uncorrect-
ed)523.531026 K21. The correction then is actually the
dominant factor:aSi2O (corrected). |aSi2O| (uncorrect-
ed). If we take the view thataSi2O should not be signifi-
cantly different betweenb-cristobalite and feldspar, and
if one accepts our argument that our direct measurements

Fig. 3 Simulated correlation function forb-cristobalite at 575 K,
from Swainson and Dove (1995b)

of the Si–O bond lengths lead to an accurate value for
aSi2O, one is left with the suggestion that the corrections
of the bond length obtained by X-ray diffraction are
about a factor of 2 too large. However, to counter this it
should be noted that the corrected values for the Si–O
bond length are between 1.604–1.627 A˚ (compared with
the uncorrected values of between 1.595–1.602 A˚ ), and
the value we have deduced for cristobalite lies midway in
the range of corrected values. We are not inclined to
pursue this point any further.

The widths of the Si–O and O–O peaks inT(r) in-
crease with temperature, since they follow the root-
mean-square variation in the bond length. IfG is the full-
width at half height of a peak inT(r), the mean-square
variation in the bond length,ku2l, is obtained as

ku2l5G2y8 ln 2

We obtained values ofku2l1y2 for the shortest Si–O and
O–O bonds from the widths of their peaks inT(r),
taking account of the broadening introduced by the use
of the modification functionM (Q). The results are given
in Table 2. They can be fitted by the expected depen-
dence on temperature,ku2l5bT, with b5(2.07+0.06
31026 Å2 K21 for the Si–O bond, and b5
(1.10+0.02)31025 Å2 K21 for the O–O bond. These
give values forku2l at 300 K that are somewhat lower
than measured in silica glass (Wright 1993, 1994).

Comparison with molecular dynamics simulation

The form ofT(r) for b-cristobalite at 575 K was calculat-
ed from a molecular dynamics simulation by Swainson
and Dove (1995b), and is shown in Fig. 3 (the function
has been weighted by the appropriate neutron scattering
lengths). The unit cell parameter in the simulations was
7.24396 Å(which is slightly larger than the experimental
value for this temperature, 7.1328 A˚ , Swainson and
Dove, 1992a), with the first peak inT(r) giving the aver-
age Si–O bond length of 1.655 A˚ . In this case the Si–O
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and O–O peaks are consistent with the existence of regu-
lar SiO4 tetrahedra tilted at an angle of 18.68 from [111].
Aside from the slight differences in length scales, the
calculatedT(r) for b-cristobalite is very similar to the
measured form, although the calculated function only
extends to 6 A˚ . The simulations showed that the Si–O
bonds precess around the [111] vectors with no prefer-
ences for special sites about these axes, and these mo-
tions occur over a very short time scale. In effect, the
simulations gave a dynamically disordered phase with
rotations of nearly-rigid SiO4 tetrahedra.

Comparison ofT(r) for the two phases of cristobalite

The form ofT(r) for b-cristobalite anda-cristobalite can
be compared in Fig. 2. In broad terms the low-r forms of
T(r) are very similar. In fact, from Table 1 it can be seen
that the size of the tetrahedra for both phases map direct-
ly onto the same linear function. The differences be-
tween the forms ofT(r) arise for values ofr greater than
around 5 Å, which reflects the different long-range struc-
tures of these two phases (although it could be argued
that the Si–Si peak inT(r) is sharper fora-cristobalite).
It should be noted from Fig. 2 that the forms ofT(r) for
b-cristobalite at 575 K and 950 K are much more similar,
even though there is a much larger change in temperature
than that between the spectra fora-cristobalite (475 K)
andb-cristobalite at 475 K. This allows us to conclude
that the medium-range order, namely over a length scale
greater than 5 A˚ , is not the same in the two phases.

One of the models proposed to account for the tilting
of the SiO4 tetrahedra away from their ideal orientations
in b-cristobalite invokes the existence of small domains
of the structure of thea-phase, with the average structure
of theb-phase being the average over 12 different orien-
tations of these domains (Hatch and Ghose 1991). Al-
though it is not possible when proposing such a model to
indicate the characteristic length scale of these domains,
it is essential that they should be somewhat larger than
the size of the unit cell. The fact that the structures of the
two phases diverge at a distance as short as 5 A˚ calls into
question the existence of domains of thea-phase in the
b-phase structure. The result from theT(r) functions is
more consistent with models that propose the existence
of a dynamically disordered phase, one of which is the
rigid unit mode model, which proposes the existence of
planes of low-frequency modes that can cause rotations
of the SiO4 tetrahedra without (to lowest order) any dis-
tortions of the tetrahedra (Hammonds et al. 1996; Dove
1997). This model has been discussed in relationship to
the structure ofb-cristobalite in a number of previous
publications (Swainson and Dove 1993, 1995b; Ham-
monds et al. 1996).

Comparison ofT(r) for cristobalite and silica glass

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

et al. 1995). The functions for the distances within the
SiO4 tetrahedra are very similar, giving similar peak po-
sitions and widths. At distances greater than 6 A˚ , corre-
sponding to the correlations between neighbouring tetra-
hedra, there is sharper structure inT(r) for b-cristobalite
than for silica glass, which is a reflection of the existence
of the crystallographic order inb-cristobalite. Neverthe-
less, the forms ofT(r) for b-cristobalite and silica glass
have more similarities for distances greater than 5 A˚ than
the forms ofT(r) for b-cristobalite anda-cristobalite.

Conclusions

Our first conclusion is that the local structure ofb-cristo-
balite, with Si–O–Si bond angles around 1478, is signifi-
cantly different from the average structure with linear
bonds. The local structure ofb-cristobalite is fully com-
patible with the existence of ideal SiO4 tetrahedra, sug-
gesting rotations of these units. Whilst the medium-
range structure ofb-cristobalite is sharper than for silica
glass, it is actually closer to silica glass than toa-cristo-
balite. We cite this result as evidence against the crystal
structure ofb-cristobalite containing small domains of
thea-cristobalite structure.

Our second conclusion is that measurements of the
total scattering provide a useful alternative route for the
study of crystal structures, particularly when there is a
lot of disorder. The information contained inT(r) is com-
plementary to the information contained in the average
structure as given by the Bragg peaks alone. What is
particularly useful about measurements ofT(r) is that we
obtaindirect information about local structures and fluc-
tuations from the average structure. This information can
only be deduced indirectly from analysis of the intensi-
ties of Bragg peaks, for example, using the thermal
parameters to correct the apparent bond lengths. In prin-
ciple total-scattering measurements can be obtained to
much higher values ofQ than measurements of Bragg
peaks, which leads to a higher resolution in real space. In
problems where the disorder involves motions over
length scales just inside the 1 A˚ scale, measurements of
S(Q) to the large values ofQ possible have definite ad-
vantages over measurements of Bragg scattering. An al-
ternative to measurements ofS(Q) to probe local struc-
ture is the method of EXAFS, which also givesT(r).
However, EXAFS only givesT(r) for distances out to the
first shell of neighbours in a typical case, and to the
second shell in special cases, and hence cannot give in-
formation about both the local and medium range order.
In the present study we have compared the form ofT(r)
for different phases to draw conclusions about changes in
medium-range order when the local structures are very
similar.
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