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Auszug

Verzwillingte Kristalle von «-Cristobalit von Ellora, Hyderabad, Indien
haben die Raumgruppe P4,2, (oder P4,2,) und die Gitterkonstanten ¢ = 4,97, A
und ¢ = 6,94, A. Eine dreidimensionale Verfeinerung mittels Ausgleichsrech-
nung bestétigte auf Grund von 110 integrierten Intensitéiten (unter Bertick-
sichtigung der Verzwillingung die von NIEUWENKAMP bestimmte Struktur; der
R-Wert wurde auf 4,4/, verbessert. Die Parameter sind v = 0,30004 -+ 0,00033
fur Si und « = 0,23976 4 0,00089, y = 0,10324 + 0,00085 und z = 0,17844
4 0,00052 fiir O. Daraus. folgen die Si—O-Absténde 1,601 4 0,004 und 1,608
+ 0,004 A,

Abstract

Twinned crystals of low cristobalite from Ellora, Hyderabad, India were
found to have space group P4,2;, (or P4,2;) and cell dimensions a=4.97,
and ¢ = 6.94, A. A three-dimensional full-matrix least-squares refinement based
upon 110 integrated intensities which were corrected for the effects of twinning,
confirmed NIEUWENKAMP’s original structure and reduced the final R value to
4.4%/,. The refined set of four positional parameters are; v = .30004 - .00033,
z = .23976 4- .00089,y = .10324 4+ .00085, 2z = .17844 4 .00052. These refined
parameters lead to Si—O distances of 1.601 4- .004 and 1.608 4+ .004 A,

Introduetion

High cristobalite is the polymorph of SiO, whose stability range
oceurs between 1470° and the melting point of 1728°. Upon cooling,
it tends to exist metastably down to a variable inversion temperature
of about 268° where it inerts to low cristobalite. The exact structures of
the cristobalites are necessary to the understanding of the silica system,
silica polymorphism, and the large field of silicates having related
structures. Accordingly, the ecristobalite structures have received
considerably attention. Besides the early direct crystal-structure
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determinations, which are reviewed below, there have been a number
of later, less direct studies which have yielded structural implications.
The results of this latter group have been included, in the main, in
the recent compilation of FRONDEL (1962).

Previous structural studies

The first structural study of high ecristobalite was made by
R. W. G. WyckorF (1925) using powder photographs taken at 290°
and 430°. The proposed structure belonged to the isometric space
group Fd3m. The agreement between the 16 observed and calculated
intensities, some of which were the sum of superposed powder lines,
was fair, and could be improved somewhat by increasing the scattering
power of the silicon atom relative to that of the oxygen atom. This
structure, as well as all following cristobalite-structure proposals,
showed an infinite three-dimensional network of more or less regular
Si0, tetrahedra with all corners shared. The silicon-oxygen distance
in WYCKO¥F’s structure was 1.54 A and the Si—O—Si angle between
joined tetrahedra was 180°,

Tom F. W. BARTH (1932a) suggested a high-cristobalite structure
belonging to space group P2,3 on the basis of some extra lines in the
powder photographs (taken at temperatures up to 500 °) which are not
allowed by WyYCKOFF’s space group. The agreement between the 17 ob-
served and calculated intensities was rather poor. Two-thirds of the
intensities actually observed were the sums of two or more nonequiva-
lent reflections. The Si—O distances ranged from 1.58 to 1.69 A.

Later in the same year BArRTH (193256) made the first structural
study of low cristobalite. Reasoning that it must belong to a subgroup
of P2,3, and ruling out, on optical grounds, systems more symmetrical
than orthorhombic, he arrived at space group £2,2,2,. With this
space group and with the pseudoisometric cell dimensions, nearly all
the lines of the powder photographs he used were the sums of two
or three nonequivalent reflections. The agreement between the 13 ob-
served and calculated intensities was fair. The Si—O distances for
this model ranged from 1.50 to 1.75 A.

W. NIEUWENKAMP (1935) reinvestigated low cristobalite and sug-
gested a structure belonging to the tetragonal space group P4,2,.
The structure determination was made by qualitative estimation of
intensities from rotation photographs made with twinned material.
Due to the fortuitous cell dimensions many of the reflections were
superposed on the photographs making it possible to estimate only



Reinvestigation of the structure of low cristobalite 371

the combined intensities of these pairs. The two Si—O distances of
this model were both 1.59 A, and the Si—O—Si angle was 146°.

NieuvweNKAMP (1937) also reinvestigated high cristobalite and
proposed a third structure. From rotation photographs taken at 270°,
using the same crystals as in the low-cristobalite study, he determined
the space group to be Fd3m, the same as that proposed by WYCKOFF.
The best fit of the 25 observed and calculated intensities was with the
oxygen atom disordered around the circumference of a circle of radius
0.4 A. This circle was oriented normal to the Si—Si axis of joined
tetrahedra. NIEUWENKAMP’s model gave fair agreement of intensities
and could account for WyYckKOFF’s observation of the low scattering
power of the oxygen atom. The Si—O distance in this model was
1.59 A and the Si—O0—Si angle was 151°.

On the basis of these several structure determinations, which are
characterized by meager, ambiguous data leading to conflicting results,
the structures of the cristobalites are, at best, somewhat uncertain
and merit reinvestigation. 1t is the purpose of this paper to report the
results of the reinvestigation of the low-cristobalite structure.

Unit cell and space group

Crystals of low cristobalite from Ellora, Hyderabad, India were
kindly made available from the Harvard Museum collection by
Professor CLiFrorD FRONDEL. A description of the material from this
locality is given by FRONDEL (1962, page 282), and by VAN VALKEN-
BURG and BulE (1945). y

The cell dimensions and systematic absences were determined from
precession photographs, taking into account the twinning which is
discussed below. The diffraction symbol is 4/mmmP4,/—2,—, Wthh
determines the space group as P4,2, or its enantiomorph, P4,;2,. The

Fig.1
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cell dimensions, ¢ = 4.97, and ¢ = 6.94; A, compare well with the
values given by FRONDEL (1962, page 276).

When dealing with a primitive tetragonal lattice it is possible,
though unconventional, to choose a C-centered cell. The relationship
between the two cells is shown in Fig.1a. For the particular case of
low cristobalite this C-centered cell is pseudoisometric. The discrepancy
between the c-axis translation and t,; (=a}y/2) of the primitive cell,
is only 1.3%/,. This pseudoisometric cell is dimensionally equivalent
to the high-cristobalite cell.

Deseription of the twinning

X-ray examination of the few available crystals from this locality
showed that each of them was twinned. The pattern of reflections
given by c-axis precession photographs is illustrated in Fig.2a.
Besides the reflections attributable to the P4,2, cell described by
Nirvwenkame (large circles), there were observed additional weak
reflections (small circles) falling between the Nieuwenkamp-cell re-
flections. A possible supercell origin for these additional reflections
can be discarded for the following reason. Their very low intensity
would require a structure only slightly distorted from P4,2; symmetry,
whereas the new diffraction symbol (obtained when the additional
reflections are treated as superstructure reflections) would require
drastic deviation from this symmetry.

Although not observable on the precession photographs, further
examination of the crystals on a counter diffractometer showed
additional weak reflections satellitic to some of the Nieuwenkamp-cell
reflections, as shown exaggerated in Fig.2b6. The location and number
of the satellitic reflections as well as the extra reflections mentioned
above can be accounted for by twinning. The twin operations may be
choosen as 90° rotations about the [110] and [110] directions of the
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primitive tetragonal cell (see Fig.1a). These two operations relate
a reference twin individual with two other twin individuals, the three
comprising the composite twin as shown in Fig.1b.

On the basis of the relationship between the twin individuals the
indices of the additional reflections may be tentatively assigned.
The intensity of a reflection from one individual may then be plotted
against the intensity of the same reflection from a second individual
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Fig. 3. Graphs of the integrated intensity of nonsuperposed reflections from one

twin individual plotted against the integrated intensity of the same nonsuper-

posed reflections from a second twin individual. I, I’ and I represent the

integrated intensity of reflections from the first, second, and third twin
individuals, respectively.
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for all the single, nonsuperposed reflections which are individually
measureable. The linearity of such a plot confirms the indexing of
the additional reflections and thus confirms the relationship between
the twin individuals. Figure 3 shows such plots made with the crystal
used for intensity measurements. The precision of measurement of
the additional reflections is low due to their weak intensities. Taking
this into consideration, the plots are satisfactorily linear.

Collection of intensity data

A small pseudooctahedron, 0.15 mm on a side, was selected for
intensity measurements. An equi-inclination diffractometer employing
a proportional counter was used to collect integrated intensities with
nickel-filtered CuK radiation. The 1/2 harmonic was removed by pulse-
height analysis.

The single, nonsuperposed reflections presented no problem in
their measurement. On the other hand, the composite, superposed
reflections are somewhat spread out as can be seen from Fig.2b. To
ensure collection of the entire composite intensity an extended w scan,
as well as a large counter aperture, was used.

About 200 reflections, including a number of the same reflections
from the different twin individuals, were collected. The data were
corrected in the usual way. Since ur = 0.6, no absorption correction
was applied.

Correction of the data for twinning

It is possible to extract a set of individual intensities from the
composite reflections if the volumes of the twin individuals are not
all equal. In order to obtain a sufficiently large and random set of
intensities for least-squares refinement it is desireable to use this
extracted set of intensities as well as the intensities of the nonsuper-
posed reflections. Since the lattices of the twin individuals in the
twinned position mismatch appreciably, it may be assumed that there
is negligible coherence of the diffracted beam and that the intensity
of the composite reflections is the sum of the intensities of the con-
tributing individual reflections. Taking into consideration the volumes
of the twin individuals, this relation between the composite and
individual reflections is

O =ty + ulyyy + 0Ly (1)

where ¢, u and v are the volumes of twin individuals. Using the orienta-
tion of the largest individual of the twin as the reference orientation,
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the indices of the individual reflections are found by operating on the
indices of the composite reflection with the matrices

100 511 314
001 110 110

These are respectively the unit matrix and the matrices representing
the twin operations given above. In practice, the volumes ¢, 4 and v
are difficult to determine directly, so the volume ratios, 1=t/t, p=wu/t
and y=v/t, are used. These may be accurately estimated from the
intensity ratios of the nonsuperposed reflections plotted in Fig.3. The
upper plot gives £=0.094 and the lower plot gives v=10.064.

Although the individual intensities may be obtained by the normal
methods of solving a set of simultaneous equations, for computer
solution an iterative method is advantageous and was employed. The
recursive formula used was

i+1 _ Ty Ty
Ty = Oy — L gy — Ve (2)

where the left superscript refers to the sth approximation of the term
which bears the superscript. The starting approximation

Ovir — 1705 O (3)

_r
14+p+v
was employed. This method has the disadvantage that the convergence
rate depends upon the ratios of the individual intensities, but in this
case, due to the very small magnitude of 4 and », uniform convergence

was reached in five cycles.

1 —_— u—
Iy = Ch

Refinement

After correcting for the effects of twinning, a total of 110 reflections
with |F,| > 0 were available for least-squares refinement. The number
of observations per variable is greater than 15. The full-matrix least-
squares refinement program written by C.T.PrREWITT was used.
Scattering curves for both neutral and half-ionized atoms were tried
without any significant change in the results. An equal-weighting
scheme was employed. The original atom coordinates of NIEUWEN-
xaMmp, together with the best fit of scale factor and isotropic tempera-
ture factors, yielded an R value of 13%/,. Six cycles of refinement
varying all parameters led to convergence and a final B value of 4.4/,
The final observed and calculated structure amplitudes are given in
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Table 1. Comparison of observed and calculated structure amplitud

hkl F F, bkl F F hkl F F hkl F F hikl P F

° c o ¢ ° ¢ o e o [
004 10181 10643 036 5229 5412 124 8734 8512 220 5910 5387 254 1988 1662
8 3267 3458 5 7923 7909 1 1897 1838
040 3021 3820 6 1469 1122 2 3883 3565 330 7362 7316
011 20798 21729 1 9526 9502 7 5500 5753, 3 9394 8971 1 6487 6307
2 10861 10852 2 5080 5156 4 7885 7590 2 7156 17
3 1703 1524 3638k 6345 130 4219 4231 5 4120 4297 3 5303 5287
X A39%% 4311 4 3055 2684 1 7938 7732 6 3566 3513 4 5485 5503
5 10757 10979 5 4836 4902 2 838k 7835 7 577% 5534 5 2567 2526
6 1253 476 6 1477 1574 3 8990 8823 6 798 79
7 4633 5026 4 6114 5851 231 6084 5674
051 1785 2480 5 4310 4068 2 9296 8879 340 6956 6932
020 18967 19755 2 7005 7270 6 3592 3760 3 7769 7495 1 5066 5051
1 1817 1262 4 2882 2698 7 3052 3438 4% 3919 4097 2 2606 2451
2 8026 7797 5 3384 3419 3 5563 5860
3 9804 9516 110 2928 2936 140 11291 11032 6 4520 w417 4 375 3842
& 9245 896k 1 8738 8700 1 3438 3313
5 3447 3561 2 8222 7466 2 3014 3083 241 7110 7006 350 5945 5610
6 1649 1614 3 11738 11603 3 2689 2533 2 5250 5120 1 2890 2846
7 4777 4731 4 957 1092 4 8217 7981 3 4722 4504 2 1001 1245
8 3503 4201 5 1332 1488 5 2930 3215 4 2079 2755
6 12415 12331 5 4232 4347 440 2478 2046
031 12699 12718 150 2973 3147 1 3118 3394
2 12130 11958 120 828 358 1 4517 4419 250 1629 2208 2 6205 6773
3 6658 6030 1 5259 5131 2 479 969 1 2707 2790
4 618 642 2 8896 8630 3 3505 3750 2 4959 4911
5 1108 1424 3 549% 5050 LY 2491 2493 3 2911 2633

Table 1. During the refinement the silicon atom oscillated to both
sides of the Nieuwenkamp value but finally settled within one standard
deviation of his value.

The final atomic parameters are given in Table 2 along with those
of NIEUwENKAMP. The silicon atom occupies the position with site
symmetry 2 in space group P4,2; while the oxygen atom lies in the
general position. The magnitudes of the temperature factors should
not be regarded as very significant as the correlation factors between
these values and the scale factor are 0.82 and 0.64. The usual interaction
of these dependent variables is further aggravated in this case by the
small number of temperature factors and the rather narrow range
of (sinf)/A values. The correlation factor between the two temperature
factors is smaller, implying that the ratio of the temperature factors
is more meaningful than their individual magnitudes. The value of
this ratio for low cristobalite is similar to those observed in other
silicate refinements.

There are two independent silicon-oxygen distances and four
independent oxygen-silicon-oxygen angles in the tetrahedron. The
refined coordinates yield the values given in Table 3. The silicon-oxygen-
silicon angle between joined tetrahedra is also included. The difference
between the Si—O distances is not statistically significant. The devia-
tions of the angles from the ideal tetrahedral angle are as much as
three standard deviations and may be significant.
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Table 2. Final atomic parameters*

ENEEEEEEEEEEE
Si .30004 | .00033 — — - — 0.83 A2
Siy .300 .005 — — — — —
0 .23976 | .00089 | .10324 | .00085 | .17844 | .00052 | 1.55
Oy .245 .005 .100 .010 175 .005 —

* The subscript, N, refers to NIEUWENKAMP’s original values.

Table 3. Interatomic distances and angles

8i—0, 1.601 4 .004 A 0,—8i—0, 111.5 + .3°

8i—0, 1.608 -+ .004 0,—8i—0, 109.2 4.3
0,—8i—0, 108.2 4 .3
0,—8i—0, 109.9 + .3
8i—0—Si 146.8 4 .3
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