Phys Chem Minerals (1989) 16:517-523

PHYSICS (070 CHEMISTRY
(7 NINERALS

© Springer-Verlag 1989

The Structure and Microstructure of a-Cristobalite
and Its Relationship to f-Cristobalite

R.L. Withers, J.G. Thompson, and T.R. Welberry

Research School of Chemistry, Australian National University, GPO Box 4, Canberra ACT 2601, Australia

Abstract. Recent transmission electron microscopy (TEM)
electron diffraction investigation of f-cristobalite has re-
vealed a strong characteristic diffuse intensity distribution.
In this work a similar, but less intense, diffuse scattering
is reported for synthetic a-cristobalite. This material also
displays both tetragonal twinning and characteristic stria-
tions correspond to planar boundaries which may exist on
any {1 > 0’ l}tetragonal pla‘ne'

Introduction

Structures based on networks of corner-connected tetrahe-
dra of anions coordinating a central cation are among the
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Fig. 1a, b. Two projections of the C9 structure, BX, : (a) on (001),
and (b) on (110) of the cubic, Fd3m, unit cell (from O’Keeffe
and Hyde 1976). Small filled circles are B atoms, large open circles
are X atoms. Heights are in multiples of ¢/8 or a [110]/8

more important in crystal chemistry. This paper is con-
cerned with one of the simplest of such networks, and the
structures derived from it. The starting point is the C9
structure originally proposed (Wyckoff 1925) for -, or
high-, cristobalite. It belongs to space group Fd3m: BX,,
with B in &(a) and X in 16(c). Two projections are shown
in Figure 1. S-cristobalite is the stable polymorph of SiO,
between 1625° C and 1470° C, but exists in a metastable
form down to about 275° C, when it undergoes a rapid
and reversible transition to (metastable) o- (low-) cristoba-
lite.

Recently we (Hua et al. 1988) reported the existence
of a very strong and characteristic diffuse intensity distribu-
tion in f-cristobalite. This diffuse intensity distribution took
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Fig. 2. The real and reciprocal space relationships between the te-
tragonal unit cell (subscriptt) of the low-cristobalite structure
(P4,2,2 or P432,2) and the cubic unit cell (subscript c) of the
high-cristobalite structure (Fd3m)

Fig. 3. Diagram showing the chosen displacement eigenvectors (ar-
rows) associated with an R,, irreducible representation corre-
sponding to coupled rotations of corner-connected tetrahedra
along a <110> direction. In this projection, the same as in Fi-
gure 1b, O2 and O3 define one tetrahedral edge and project onto
each other
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Fig. 4a-h. Various major zone axes SADP’s of low-cristobalite,
(b) [021],, (d) [171],, () [022},, () [001],, juxtaposed to correspond-
ing zone axes SADP’s of high-cristobalite, (a) [111]., (¢) [110],,
(e) [112]., {g) [001].. While of diminished intensity the diffuse distri-
bution in low-cristobalite is closely related to that in high-cristoba-
lite

the form of sheets normal to each of the six <110> direc-
tions, and was interpreted in terms of low-lying relatively
dispersionless branches of the phonon dispersion curve dia-
grams. These branches correspond to motions of the struc-
ture involving coupled rotations of columns of corner-con-
nected tetrahedra parallel to the < 110> directions, the
motions in neighbouring rows being virtually uncoupled.

This paper investigates the characteristic microstructure of
o-cristobalite and its relationship to f-cristobalite.

Experimental

The specimen used in this investigation has been fully de-
scribed in our previous work on f-cristobalite (Hua et al.
1988). Its ex—ff phase transition occurred at 538(5)K upon
heating and at 513(10)K upon cooling. Mechanically
crushed specimens were examined in a JEOL 100CX elec-
tron microscope using an EM-SHTH2 double-tilt heating
holder.

While our synthetic cristobalite appeared more resistant
to electron beam damage than naturally occurring speci-
mens, a low beam intensity was still necessary to minimise
electron beam damage and this precluded conventional
high-resolution TEM investigation.
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Relationship between C9, - and a-cristobalite

The tetragonal unit cell of the low-cristobalite structure
(P4,2,2 or P432,2, with a,=b, ~498 A, ¢, ~6.95A) is
readily related to the cubic unit cell of high-cristobalite
(Fd3m, with a ~7.16 A). The relationship is close, as can
be seen by constructing an appropriately chosen, enlarged
C-centred tetragonal cell (with a=b~}/2 x 4.98 A=7.04 A,
¢~6.95 A), see Figure 2. The relationship between these
two cells is spelled out in detail in Section 5.5 of the Interna-
tional Tables for Crystallography Vol A (1983) and need
not be repeated here. Suffice it to say that reflections in-
dexed as (4, k, ¥ with respect to the P cell become (h+k,
—h+k, D¥ reflections when indexed with respect to the
C cell (the subscripts ¢ and ¢ refer to the low- and high-cells).
Apart from the small change in cell dimensions, the major
difference between this C-centred cell and the Fd3m, high-

cristobalite cell is the lowering in Bravais lattice symmetry
from F to C. Such a Bravais lattice symmetry lowering
can, at least formally, be understood in terms of the conden-
sation of a q=c* displacive modulation of the ‘average’
high-cristobalite structure, i.e., C9. The condensation of
such a modulation would clearly destroy the 1/2(a+c¢) and
1/2(b+c) Bravais lattice translation symmetry operations
but not the (C-centreing) 1/2(a+b) translation symmetry
operation.

Thus 1/2(a+c) and 1/2(b+ ¢) displacement faults in low-
cristobalite are possible. In turn, the cubic Fd3m parent
symmetry implies that low-cristobalite should exhibit three
tetragonal twin variants, corresponding to the condensation
of q=a*, b* or ¢* displacive modulations.

The strong intensity of the characteristic diffuse distri-
bution present in high-cristobalite, however, makes it clear
that one cannot really talk about a well-defined, parent
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Fig. 5a, b. A low-magnification TEM bright-field image (a) of a
crystal containing widely spaced twin boundaries separating two
tetragonal variants along with the corresponding SADP (b). The
Composition planes (solid arrows) are {112}, or {200},= {101},

high-cristobalite structure. Nevertheless, it is instructive to
consider the displacement eigenvectors associated with a
q=c* modulation of the C9 average structure. According
to Bradley and Cracknell 1972 (pp 240 and 383), there exist
four doubly degenerate irreducible representations asso-
ciated with such modulation wave-vectors and labelled R,
R,:, Ry; and Ry, respectively. It is not difficult to show
that the doubly degenerate displacement eigenvectors (la-
belled e, and eg) associated with an R, irreducible repre-
sentation can be chosen so as to correspond to coupled
rotations of rows of corner-connected tetrahedra parallel
to the [110] and [1710] directions respectively (see Fig. 3).
Just such coupled motion along <110> directions is re-
sponsible for the characteristic diffuse intensity distribution.
Because e, and eg are doubly degenerate, it is of course
possible to construct orthogonal linear combinations there-
of. The choice (e, +ep) and (e4 —eg) can be shown to give
to the P4,2,2 and P4;2,2 enantiomorphs of low-cristoba-
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Fig. 6a, b. Low-magnification TEM bright-field image (a) and cor-
responding SADP (b) of a crystal containing tetragonal twin vari-
ants separated by a curved composition plane (solid arrow), as
well as finer scale twinning with composition plane {011}, = {111},

lite respectively. Summarizing then, one could anticipate
a rather complex microstructure within low-cristobalite.
Possible structural defects include twin boundaries between
tetragonal twin variants, displacement faults within one te-
tragonal variant and enantiomorphic twinning within one
tetragonal variant.

Results

1. Diffuse Intensity Distributions

Figure 4 shows room temperature [021],, [1T1];, [022], and
[001}, zone axis diffraction patterns from low-cristobalite
juxtaposed to the corresponding ~ 600 K zone axis diffrac-
tion patterns from high-cristobalite, [111],, [170],, [112].
and [001], respectively. It is apparent that, although dimin-
ished in intensity, the diffuse scattering from low-cristoba-
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Fig. 7a, b. Two low-magnification TEM bright-field images (a)—
(b) of the same crystal of low-cristobalite in the same orientation
after successive cyclings through the a«>f phase transition. Twin
boundaries (solid arrows) are able to change both position and
orientation, suggesting that there is no memory effect, and there-
fore, that impurities are not important

lite is similar in form to that from high-cristobalite. In par-
ticular, it is still localized in sheets perpendicular to what
were the <110> directions of high-cristobalite. It follows
that the type of motion responsible for the diffuse intensity
distribution in high-cristobalite must still occur in low-
cristobalite. Nevertheless, there are significant differences
apart from the general diminution of its intensity. Compare,
for example, the diffuse intensity distributions present at
the [111] zone axis of high-cristobalite with that found at
the corresponding [021], zone axis of low-cristobalite (see
Fig. 4a, b). Of the six independent streak directions present
in the high form only two are readily visible in the low
form. When a diffraction pattern is taken at this zone axis
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from a region including this plus another tetragonal variant,
however, a further two of the original six independent
streak directions appear (see Fig. 5b). The freezing in of
the q= <001 > * modulation, i.e., the choice of the tetra-
gonal c-axis, clearly strongly affects the relative amplitudes
of vibration of the 6 (originally equally likely) < 110> -cor-
related tetrahedral rotations. There is, in the literature,
much theoretical interest in predicting the variation of sili-
cate framework geometry in response to temperature and
pressure variations (see, for example, Pluth et al. 1985). The
relatively large amplitude root-mean-square atomic dis-
placements refined from neutron and X-ray diffraction stu-
dies of low-cristobalite hamper these investigations. Analy-
sis of the characteristic diffuse intensity distributions pres-
ent in both high- and low-cristobalite would seem to be
the only way to take into account the time correlation be-
tween the thermal motion of adjacent atoms.

2. Tetragonal Twinning

Widely spaced (several ym) twin boundaries separating te-
tragonal twin variants are commonly observed. As reported
by Christie et al. (1971), the composition planes are usually
parallel to {112}, or {200},= {101}, (see Fig. 5). Occasional-
ly, however, composition planes {012},= {112}, {011}, =
{111}, and even curved composition planes have been ob-
served (see Fig. 6). On warming through the a—jf phase
transition at ~265° C, these large scale twin boundaries
disappeared. On cooling back into low-cristobalite below
~240° C, similar twin boundaries re-appeared but not in
the same position or even necessarily the same orientation
(see Fig. 7a, b). There is, therefore, no suggestion of memo-
ry effects caused by impurities.

3. Characteristic Striations

In addition to the large scale tetragonal twin boundaries,
Figures 5 and 7 show the presence of fine scale (several
hundred A) defect structures within a single tetragonal twin
variant. At certain zone axis orientations, it is possible to
image these defect structures in the form of a fine scale
pattern (~200-300 A) of striations which represent the
traces of 2sets of intersecting planar boundaries (see
Fig. 8a). The corresponding diffraction pattern (Fig. 8b),
in addition to the more-or-less continuous diffuse streaks
perpendicular to the < 110>, directions, shows characteris-
tic V-shaped diffuse streaks pointing along the (2, 0, 1)* and
0,2, 1) reciprocal lattice directions, ie., (2,2,1)* and
(2,2,1)%, perpendicular to the planar boundaries of Fi-
gure 8a.

Christie etal. (1971) have reported a similar defect
structure and interpreted it in terms of closely-spaced stack-
ing faults parallel to {111},. The planar boundaries in Fig-
ure 8, however, are nor {111}.. Figure 9 demonstrates a
possible resolution of this conflict. Again the characteristic
pattern of edge-on planar boundaries is visible, but this
time, they occur at a much more acute angle to each other
(Fig. 9a). The corresponding diffraction pattern (Fig. 9b)
again shows the characteristic V-shaped diffuse streaks —
but this time pointing along (1,0,2)f and (0,1, 2)*
(=(1,1,2)% and (1,1,2)%) for variant 1, ie., the planar
boundaries seem to be able to exist on either {2,0, 1}, or
{1,0,2}; planes. This, in turn, suggests that the planar
boundaries may, in fact, be able to exist on any {1, 0, 1},
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Fig. 8a, b. Low-magnification TEM bright-field image (a) and corresponding SADP (b) down the [11Z], zone axis. Fine scale (200-300 A)
striations are visible in the image corresponding to streaking in the SADP along the (2, 0, 1);* and (0, 2, 1)¥ directions

Fig. 9a, b. Low-magnification TEM bright-field image (a) and cor-
responding SADP (b) down the [227}, zone axis for variant 1. Fine
scale striations are visible as for Figure 8a but occur along different
directions. Streaking observed in the SADP is along the (1, 0, 2)f
and (0, 1, 2)¥ directions

(and the equivalent {0, 1, /},) plane. The characteristic V-
shaped diffuse streaks always point along (1,0, )f and
(0, 1, ¥ reciprocal lattice directions. Confirmation that the
(1, 0, 1), planar boundaries can, in fact, vary is evident from
the twisted planar boundary arrowed in Figure 10. This
image is taken at the same orientation and from the same
grain as that of Figure 8a, but after warming into the high-

state and then returning to the low-state. Similarly to the
large scale tetragonal twin boundaries, the fine scale defect
structures show no memory effect. Given this variability
in the planar boundary orientation, it is intriguing that only
two sets of intersecting striations are ever visible in any
one tetragonal variant.

In order to test the possibility that the boundaries repre-
sent simple displacement faults characterized by a shift vec-
tor R, satellite dark field images were taken using various
operating reflections g and a zone axis orientation in the
close vicinity of [112],. Systematic row conditions could
always be easily obtained with only a small tilt away from
[112];. Satellite dark field images were taken using operating
reflections g=(1, 1, 0)¥, (3,1, 2)¥ (0, 2, ¥ and (1, 1, 1)¥. For



Fig. 10. Low-magnification TEM satellite dark-field image of the
same crystal of low-cristobalite shown in Figure 8a but after cy-
cling through the o«>f phase transition. The boundary (arrowed)
is evidently twisted

Fig. 11. A higher magnification g=(1, 1, 0)* satellite dark field im-
age as for Figure 8a showing in greater detail the complicated
contrast variation

no operating reflection, however, could the boundaries be
made to go out of contrast. This would seem to rule out
the possibility of simple, low index displacement faults —
in particular, the 1/2(a+b). and 1/2(b+ c¢), origin shifts dis-
cussed earlier. This does not, however, rule out the possibili-
ty of shifts close to the latter but with a small irrational
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component due to strain (see, for example, Bursill and Hyde
1970).

Figure 11 shows a higher magnification g=(1, T, 0) sat-
ellite dark field image from a region of the same grain.
There are some very complicated contrast variations, the
interpretation of which is not at all clear to the present
authors. A more detailed electron microscope study will
therefore be needed to determine the exact nature of these
boundaries and the structural reasons underlying their or-
ientational flexibility.

Conclusion

Low-cristobalite exhibits a characteristic diffuse intensity
distribution which, although much diminished in intensity,
is undoubtedly closely related to that which exists in high-
cristobalite. In addition, low-cristobalite exhibits a complex
array of microstructural defects on both the fine
(~200-300 A) and the large (~ several pm) scale. The exact
nature of the boundaries involved and their relationship
to high-cristobalite, however, requires further study.
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