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The orystel structures of gome phases of silica,

by
Wayne A, Dollase

Submitted to the Department of Geoclogy and Geophysics on
May 13, 1966, in partial rfulfiliment of the requirement
for the degree of Doctor of Philesophy,.

New crystallographic and structural dsts are presented
on four polymorphs of silica. A refinement of low eristoe
balite, whieh required correction of the deta for the effescts
of twimming, has confirmed Nieuwenksmp's proposed gtruéture,
The refined Si.0 distances are 1.601 and 1,608 R, both
.Ogtht The intertetrahedral angle, Si-0-8%1, 1s 11;6.8
+ 0.37.

Tridymite from the Steinbsch snd two other meteor-
ites, and from & silica brick, has an apparent 30 x 49 %
pseudochexagonal cell at room temperature, This cell is
shown to be the twin composite cell, the true cell baing
monoelinie C2/¢ or Co with g = 18.5&, b= }.99, ¢ = 23,83 8
and R = 105,65°, 7= 48 S810,., The 81X individuels of the
twin are related by a six-fold twin exis parallel to [201]
of the monoelinie cell,

Above about 107° C the Steinbach tridymite transforms
reversibly to tranaitional tridymite which 4g identified
by a characteristic dynamic superstructure., The supercell
tranglation of fhis superatrugtura decreasen continmuously
from about 105 oto about 65 X as the temperature is raised
from 107° to 180° C, This behavior is similar to that ob-
served at the ferrcelectrie transition in ﬁnﬁﬁz.

At about 180° C the Steinbech tridymite transforms
roverslbly to a third phase, namely, erth@ghmmbia high
tridymite, which exists at least up te 250° C, In this
temperature renge the spece group is €222, with a = B8.7l,
b= 5,05, end g = 8,24 X, A orystal atru%ture determina-
Tion has shown regular tetrahedre connected as in the Gibbs
1deal high tridymite strueture, The lowering of the ayme-
metry 18 brought ebout by a2 twilsting of the tetrahedra
relative to emch other, The average tst§ahadrn1 diatance,
uncorrected for thermal motion, is 1,56 X, The rms ampli-
tudes of thermal vibration of the ﬁxygen atoms normal to
the Si-0 bonds are as h as 0. X which partly scoounts
for the apparent short 5i.0 distances,



The transitional tridymite subsell shows monoclinie
P2, symmetry. A refinement based upon the substructurs
reXlsctions only, hes given nearly ths same pogitionsl
end thermal pearamoters ss found for orthorhombie high tridy-
mite, The only statistically significant deviations from

t%a higher symmetry are very small shifts of the siliocon
atoms, ’

Thesis Superviser: Martin J, Buerger

Title: Institute Professor
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Chapter I

Background and plan of thesis

The problem

The silics syatem, compoged of the polymorphous forms
of 3192, is perhaps the most fundementslly important aystem
in mineralogy. As an end member of all silicate systems,
its structurss and properties form e norm against which
the parameters of a multicomponent silicate system may be
compared, In thsir own right, most of the phases of silice
occur naﬁurally. some in great abundance, Furthermore,
the structures of meny of the phases have been sdopted by
other silicates e&nd none-silicates thus forming en extensive
family of derivetive structures, Finally, due to the |
large number of different structure types displayed by this
one compound, it has becoms & model and type case in the
study of polymorphie transformations.

For all these ressonsg it might be expected that silieca
would be one of the most studied of chemical compounds;
and thet its crystsl structures would be among the best
known. The two very recent volumes of Frondel (1962) and
of Sosmen {1965), each devoted sntirely to this compound,
show the large amount of work that has been done, It 1s,
howsver, somewhat surprising to find that although the

general framework of each of the siliea structures is



believed known, their exscet structures are poorly known
or entirely unknown, In fact, the only silica structure
which 1s well known by modern standarde 4z that of low
quartz, The symmetries and locations of some of the atoms
in high quartz are disputed, The entire tridymite group
is unknown sxsept for the original very rough qualitative
structure proposed by Gibbs, Different investigastors
have proposed differsnt symmetries and structures for the
cristobalites, both high and low. The symmetry of coesite
is at least open to question, The structure has not been
refined and the proposed symmetry cenatraibs 8 51«0~8% bond
to be 1809, (the existence of amuch bonds, at room tempersture,
has not been well authanticated, and is doubted by some
authors). Lastly, an pointed out by Wyekoff (1963); the
rublished structure of kaaiita leads to Sioh tetrahedron
with three bonds of normal length (es, 1.6 %) and a fourth
bond of 3,7 ﬁ. This is almost surely ineorrect,

The reasona for these uncertainies are two«fold:
the difficulty of obtaining good single-crystal intensity
data, and the difficulty in determining the true symmetries,
The first problem stems from the frequent lack of good
single crystals, the apparent ubiquitous twinning of every
one of the phases, and in some cages the occcurrence of a
weak superstructure. The second problem is due also to the
twinning and to the fact that the required symmetry is
expressed only by relatively smsll deviations from a strong



pseudosymmetry, The lack of knowledge of the true aymmetry
does not prevent the determinetion of the general mode of
tetrahedral linkage, but does prevent the determination

of the details, namely the bond distances and englas, the
rotations, tilting, or distortions of the tetrahedra, the
thermal vibrations, ste,, 8ll of which are dictated or
strongly restricted by the symmetry.

Seope of the thesis

Becauge of the importsnce of the system and because
of itas erystallographic complexity, the silica system poses
an interesting problem, A erystallographie re-study of
the aystem was, therefore, undertalen, and the first group
of new results comprises this thesis. The individual
topies, insofar ss they are separabla, are treated in the
five succeeding chapters and en appendix. The seeond
chapter 1s concerned with the structure of cristobalite
at room temperature, A pvroecedure had to be developed to
obtain the true structure factors from the superposed
diffraction deta measurable from twinned materisl, Onece
thigs was done the refinement, confirming an earlier struce
ture proposal, proceeded smoothly,

The largest unknown segment of the silice system, the
tridymite group, was then studied, The first result was
the establishment of the existence of at least two fundae
mantally different tridymites., The tridymite of ceramie
8ilica brick and of meteorites is distinctly different from



8ll presently known natural, terrestrial tridymites. The
symmetry and twinning of the first type are reported in
Chapter 3. The next chapter describes the most unexrected
finding of the study, a remarkable dynamic superstructure
whish seems to cecur in all tridymites st their highelow
trangformation, This superatructure shows a temperature-
dependent translation thet changes eontinuously from about
60 ® to over 100 R, as the temperature is raised through

a 70° C interval. The supsrstructure appears to be due to
an ordering of thermsl vibrations in the form of waves, and
is only the second reported example of this phenomsnon, and
the first known example in a mineral, Similar superstruce
tures may be a general accompaniment to such transformations,

Chapters 5 and 6 report complate erystal-structure
determinations of tridymite from the Steinbach meteorite
in two different structural states, at 220° C and at 120° C,
Both structures are found to be related to the idesl high
tridymite structure by slightly different distortions.

The unusually large thermal vibraticns found for the oxymzen
atoems, even at ss low a tempersture as 1290 C, help explein
the behavior of the tridymite group.

The appendix degeribes the construction and opsration
of the furnace used in making most of tha}xnray diffraction
measurements above room temperature, Tyis furnace was spec-
ifically designed for the single~crystal counter diffrac-
tometer, and represents several improvements ovar previous

designa,
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It was hoped at the outset that en intensive study
regtricted to & few of the phases of this system would
point cut the general procedures required in the eventual
sclution of all of the structures. This hope is now belleved
to heve materialized, The main corystallographic obstacles
standing in the way of solution of this group of structures
have been overcoms, The procedure for obtaining the struc.
ture factors from twinned eryastals should have aprlication
in most of the other structure solutions. The single«
oerystal counter diffractometer has been shown to be capable
of determining the small deviations in symmetry that occcur
in this system provided proper precsutiocns sre observed.
And finally, the insight gained from the present struce
tural studies should prove valusble in deeciding what te
lock for and how to interpret what is observed in the

studies of the remeining phases of sillica.
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Chepter II
Reinvestigation of the structure of low erisgtobelite

Abstract

Twinned ¢rystals of low eristobslite from Fllors,
Hyderabad, India were found to have space group Ph 21
{or Ph 2 ) and cell dimensions a = h.??g and 8 = 6.,5hq .
A threa»dimanaional full-matrix leastescuares refinement
based upon 110 integrated intensities whioch were cor-
roctad for the effects of twinning, oonfirmed Nieuwenkemp's
original structure and reduced the finel R value to
L1, The refined set of four positicnal paerameters
are; u = ,3000 # ,00033, x = ,23976 * ,00089,
¥ = »1032 & ,00085, z = 17845 % ,00052, These refined
paramoters lead to Si-0 distances of 1,601 = ,00L
end 1,608 + 004 £,
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Introduction

High eristobalite 1s the polymorph of 8102 whose
stabllity range occurs between 11470° and the melting
point of 1728°, Upon cooling, it tends to exist metast-
ably down to a varisble inversion temperaturs of about
268° where it inverts to low eristobalite. The exact
structures of the cristobalites are necessary to the under-
standing of the sillca system, silica polymorphism, and
the large fleld of sllicates having related structures,
Accordingly, the eristobalite structures have received
consliderably attentlon, TResides the esarly direct crystale
structure determinations, which are reviewed below, there
have bsen a number of later, less direct studies which
have yielded structursl implications. The resulty of this
latter group have been inecluded, in the main, in the re-

cent compilation of Frondel (1962).

Previous structural studles

The first structural study of high eristoballite was
made by R, W, 8. Wyckoff (1925) using pvowder photographs
taken at 290° and 4;30°, The proposed structure belonged
to the isometric space group Fd3m. The agreement between
the 16 obsgerved and ealculated intensitles, 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 ecristobalite-

structure proposals, showed an infinite three-dimensional
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network of more or less regular Siou tetrahedra with all

corners shared, The silicon-oxygen distance in Wyckoff's
structure was 1,54 A and the S1-0-S1 angle between joined
tetrahedra was 180°,

Tom F, W, Barth (1932a) suggested a high-oristobalite
structure belonging to space group 2213 on the basis of
some extra lines in the powder photographs (taken at tem-
peratures up to 500°) which are not allowed by Wyeckoff's
space group. The agreement between the 17 observed and
calculated intensities was rether poor, Two-thirds of the
intensities sctually observed were the sums of two or more
nonequivalent reflections, The 8i-0 distances ranged from
1.58 to 1.69 A,

Later in the same year Barth (1932b) made the first
structural study of low eristobaslite., Reasoning that it
must belong to a subgroun of P273, and ruling out, on
optical grounds, systems more symmetrical than orthor-
hombic, he arrived at space group P27272. With this apace
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 agree-
ment between the 13 observed and calculated intensities
was feir., The S1-0 distances for this model ranged from
1,50 to 1.75 4.

W, Nisuwenkamp (1935) reinvestigated iow eristobelite
and suggested a structure belonging to the tetragonal space

group 2@121. The structure determination wag made by



qualitative estimation of intensities from rotation photo-
graphs made with twinned materisl, Tme to the fortultous
cell dimensions many of the reflections were superposed

on the photographs making it possible to estimate only the
combined intensities of these peirs, The two Si«0 dise
tances of this model were both 1,59 A, and the Si-0.Si
angle was 146°.

Nieuwenksmp (1937) also reinvestigated high cristo=-
balite and propesed a third structure. From rotation
photographs tsken 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 it of the 25 observed and calculated intensitles
was with the oxygen atom disordered around the circume
ference of a eirecle of radius O.4 A. This ecircle was
orientsd normal to the Si-S1 axis of joined tetrahedr,
Nieuwenkamp's model gave falr agreement of Iintensities
and could account for Wyckoff's observetion of the low
scattering power of the oxygen atom., The Si«~0 distance
in this model was 1,59 A and the S1-0-Si angle was 151°,

Cn the basis of these several structure determina-
tions, which are characterized by meager, ambliguous data
leading to conflicting results, the structures of the
eristobalites are, at best, somewhat uncertain and merilt
reinvestigation, It 1s the purpose of this psper to
report the results of the reinvestigation of the low=

eristobalite structure.

/6
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Unit cell and space group

Crystals of low cristobelite from Ellora, Hyderabed,
India were kindly made avallsble from the Harvard Museum
collection by Professor Clifford Frondel. A description
of the material from this locality is given by Frondel
(1962, page 282), and by Valkenburg and Bule (19h5),

The cell dimensions and systematic absences were de=-
termined from precession photographs, taken into account
the twinning which is discussed below. The diffraction
gymbol 1s L/mmmPly/~27-, which determines the space group
as Phy2y or its enantiomorph, Plis2y. The cell dimensions,
e = 1,97p and ¢ = 6,93 A, compare well with the values
given by Frondel (1962, pape 276).

When dealing with a primitive tetragonal lattice 1t
18 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 discrep-
ancy between the ¢-axis trenslation and t 110 (=8 2)
of the primitive cell, is only 1.,3%., This pseudoiso=-
metric cell is dimensionelly equivalent to the hipghw
cristobalite cell,

Description of the twinning

Xeray examination of the few avallable crystals from
this locality showed that each of them was twinned, The
pattern of reflections given by c-axis precession rhoto-
grephe is 1llustrated in Fig, 2A., Besides the reflections
attributable to the Phy2y cell described by Nieuwenkamp



a)

b)
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Fig. 2
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(large cirecles), there were observed additional weak re-
flections (smell ecircles) falling between the Nieuwenkampw
cell reflections. A possible supercell origin for these
additlonal reflections can be discarded for the follow-
ing reason, Their very low intenaity would require a
structure only slightly distorted from P42y symmetry,
whereas the new diffraction symbol (obtained when the
additional reflections are treated as superstructure re-
flections) would require drastic deviation from this
symmetry.

Although not observable on the precession photo=
graphs, further examination of the crystals on a counter
~diffractometer showed edditional weak reflections satele
litie to some of the Nieuwenkampecell reflections, as
shown exaggerated in Fig. 22. The loeation and number
of the satellitlc reflections as well as the extra reflec-
tions mentioned above can be accounted for by twinning,
The twin operations may be choosen as 90° rotations sbout
the [110} and [T10] directions of the primitive tetrae
gonal cell (see Fig. 1A). These two operations relate
a reference twin individual with two other twin indi-
viduals, the three comprising the composite twin as
shown in Fig, 1B,

On the basis of the relationship between the twin
individuels the indices of the additional reflections may
be tentatively assigned. \The intensity of & reflection
from one individual may then be plotted against the



intensity of the same reflecticn from a second individual
Tor all the single, non-superposed reflections which are
individually measureable, The linearity of such plot cone
firms the indexing of the additicnal reflections and thus
confirms the relationship between the twin individuals.
Pigure 3 shows such plots made with the erystal used for
iIntensity measurements, The precision of measurement of
the additional reflesctions 1s low due to their weak in-
tensities, Taking this into econsideration, the plots arse

satisfactorily linear,

Collection of intensity data

A small pseudooctahedron, 0,15 mm on a side, was
selected for intensity measurements. An equi-inelination
diffrectometer emploving a proportional counter was used
to collect Integrated intensities with nickel-filtered
CuX radiation, The A /2 harmonic was removed by pulse=
height analysis.

The single, nonsuperposed reflecticns presented no
problem in their memsurement. On the other hand, the
composite, superposed reflections are somewhat spread
out as can be seen from Filg, 2B, To ensure collection
of the entlire composite intensity an extended w secan, as
well as & large counter aperture, was used,

About 200 reflections, including & number of the

same reflections from the different twin individuals,
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Pigure 3. Oraphs of the integrated intensity of none
Superpossd reflactions from cne twin individusl plotted
sgainst the Integrated Intensity of the sano nonsuperposed
raflections from a second twin individusl, I, I' end I"
represent the integrated intensity of reflections from the

first, sscond, and third twin individusls, respectively,



x 10%counts

7 o

0 1 2 3 4 5 6 7x10°counts

x10°counts
-6

5 R - F—

0 7 2 3 4 5 6 7x10°counts



were collected, The datas were corrected in the ususl

way., Since ur=0,6, no absorption correction was applied,
Pt

Correction of the data for twinning

It 1s possible to extract a set of individual inten-
sities from the composite reflections if the volumes of
the twin individuels are not all equal, In order to obe
tain a gufficiently large and random get of intensities
for least squares refinement 1t is desireabls to use this
extracted set of intensities as well as the intensities
of the nonsuperposed reflections, Since the lattices of
the twin individuals in the twinned position mismatch
appreclably, it may be assumed that there 1s negligible
coherence of the diffracted beam and that the Intensity

of the composite reflections is the sum of the intensitiles

of the contributing individusl reflections. Taking into
¢onsidoration the voelumes of the twin individuals, this
relatlon between the composite and Individual reflections
is

¢ =t I + ul + vl
HKL "hkl T htk'l' T h'km" (1)

where t, u and v are the volumes of the twin indi-
viduals, Using the orientation of the largest individual
of the twlin as the reference orientation, the indices of
the individual refleetions are found by operating on the
Indices of the composite reflection with the matrices

29



100 333 233
010 223 233
001 110 110

These are respsctively the unit matrix and the matrices
representing the twin operations given above, In prac-
tice, the volumes t, 1 and v are difficult to determine
directly, so the volume ratios, lut/t,//twu/t, and ¥V =v/%,
are used, These may be accurately estimated from the in-
tensity ratlios of the nonsuperposed reflections plotted
in Fig. 3., The upper plot giveg/u = 0,094 and the lower
plot gives ¥ = 0.06l.

Although the individual intensities mey be obtained
by the normal methods of sdlving a set of simultaneous
equations, for computer solution an iterative method is
advantageocus and was employed., The recursive formila used

was

& 119;5}_ = Shp, 7‘2'2.’11'1:'1' Y I pmemy (2)
where the left superseript refers to the 1th approxi-
mation of the term which bears the superscript, The
starting approximation

1 = - A - 4
-};hkl £ HKL ?4»-,/9- H'KY T +/“,+v-g~1-l»"K"L" (3)

was employed., This method has the disadvantage that the

convergence rete depends upon the ratlios of the individual
intensities, but in this case, due to the very small mag=-
nitude of /u and 7, uniform convergence was reached in five

cycles,

25



Refinement

After correcting for the effects of twinning, a total
of 110 reflecticns with F, > O were aveilable for leaste
square refinement. The number of observations per vari-
able is greater than 15. The full-matrix leastesquares
refinement program written by C. T. Prewltt was used,.
Scattering curves for both neutral and half-loniged atoms
were tried without any significant change in the results.
An equal-welghting scheme was employed. The original atom
coordinates of Nieuwenkamp, together with the ﬁast fit of
secale factor and isotropic temperature factors, yilelded
an R value of 13%. Six cycles of refinement varying all
parameters led to convergence and a final R value of L.i%.
The final observed and calculated structure amplitudes
are given in Table 1, During the refinement the silicon
atom oscillated to both sides of the Nieuwenkamp value
but finally settled within one standard devlation of his
value,

The final atomic parameters are given in Table 2
along with those of Nieuwenkamp. The silicon atom occuvles
the position with site symmetry'2 in space group 2p121
while the oxygen atom lles in the general position, The
magnitudes of the temperature factors should not be re-
garded as very significant as the correlation factors
between these values and the scale factor are 0.82 and
0.6, The usual interaction of these dependent variables

1g further aggravated in this case by the small number

26



Table 1

Comparison of observed and caleulsted atructure amplitudes

bkl F, JA hk1l Py Fo
Coh 10181 10643 oh1 9526 9502
8 3267 3458 2 5080 5186
011 20798 21729 3 638Y 6345
2 10861 10852 } 3055 2684
3 1703 152l s 1836 h9o2
4 139 4311 6 1477 1574
5 10757 | 10979 051 1785 2L80
6 1253 476 2 7005 7270
7 1633 5026 I 2882 2698
020 18967 19755 110 2928 2936
1 ey 1262 1 8738 8700
2 8026 7797 2 8222 7466
3 980l 9516 3 11738 11603
L 9245 Bo6lL L 957 1092
5 3Lk7 3561 5 1332 1488
6 1649 161h 6 12415 12331
7 LT 4731 120 828 358
8 3503 L1201 1 5259 5131
031 12699 12718 2 ABY6 R630
2 12130 11958 3 549k 5050
3 6658 6030 L A734 Agl2
L 618 61,2 5 7923 7909
5 1108 12y 6 1469 1122
6 5229 5412 7 5500 5753
ok o 3021 3820 130 14219 h23

a7



hkl E, E, hk1l LA F,
131 7938 7732 227 577h 593
2 238} 7835 231 608l S6Th
3 R990 9923 2 §296 2879
L 611L SABY 3 7769 7495
5 1310 Lo6R L 3919 L097
6 3592 3760 5 3384 3b19
7 3052 343R 6 1520 Lh17
140 11291 11032 2 L1 7110 7006
1 3438 3318 2 5250 5120
2 301L 3083 3 722 Lsol
3 2689 2533 L 2079 2755
L 8217 7981 5 k232 i3k
5 2930 3218 250 1629 2208
150 2973 3147 1 2707 2790
1 L517 L9 2 4959 Lol
2 479 969 3 2911 2633
3 3505 3750 b 1988 1662
b 2h91 2L93 330 7362 7316
220 5910 5387 1 6487 6307
1 1897 1838 2 7156 7117
2 3883 3865 3 5303 5287
3 9394 BaT1 b 2485 5503
L. 76888 7590 g 2567 22526
5 1120 4297 336 798 779
6 35€ 3513 3ko 6956 6932

28



hk 1 F F
3k 5066 g0r1
2 2606 2L
3 5563 5860
b 3745 3842
350 5945 5610
1 2890 2846
2 1001 1245
Lo aL7e 2946
1 3118 339L
2 £205 6773

29



Table 2

Final stomie paramsterss
x 2 B
Sx T sy S,
51 ,30004 .00033 - - . - 0.83 a2

«300 . 005
«23976 L000R9
® zhg * GOS

#The subseript,
values

- L -~ - -

«1032h  L000R5  L178LL .00052 1.55
.100 quO .1?5 QOOS -

Ny refors to Nieuwenkamnr's originasl

30



of temperature factors and the rather narrow ranpge of
(siné)/a values, The correlation factor between the

two temperature factors 1s smaller, implying that the
ratio of the temperature factors 1s more meaningful than
their individual magnitudes. The value of this ratio for
low oristobalite i1s similar to those observed in other
silicate refinements.

There are two independent silicon-oxygen distances
and four Independent oxygen-silicon-oxygen angles in the
tetrahsdron. The refined coordinates yield the values
glven in Table 3. The silicon«oxygen~-gilicon angle be-
tween Jjoined tetrahedra is also included. The difference
between the Si-0 distances is not statistically signifi-
cant, The deviations of the angles from the idesl tetrae
hedral angle are as much as three standard deviations and
may be significant.
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M, J. Buerger for having suggested this study and for

his council during the course of the investigation., The
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Chapter III

Symmetry and twinning of tridymite Ifrom the Steinbach,

Crab (Orchard, snd Feterville meteorites,

Abatract

Singleecrystal x-ray examination of tridymites from
those metesorites mentioned in the title and of an artle
fiocial tridymite from silieca brick, show them all to be
identioal, At rcom temperature the symmetry 12 monoclinie,
Ce or C2/c with g = 18,5L, b = 1,99, ¢ 23.83 R, and
/3 = 105,65°, The cell contains L8 5102
The [201] direction of this cell ic a pseudohexagonal

formals units,

axls and all corystals examined were multiply twinned with

this axiz as the gix-fold twin sxis, The pseudchexagonal
0

composite cell has dimenstionsy A = 30,0 and C = Lj9.3 A,



Tridymite is an asccepted and not infrequent constie
utent of mateoritau.l'a With the exception of a set of

cell dimenstions proposed for one meteoritic tridymitaB,
no erystallogravhic data have been reported whioh would
| allow comparison of meteoritic tridynites with each cth@r
or with ertiflcal and natural, terrestrisl ccourrences of
tridymite, As a part of a crystallographic study of the
rhases of ailics, this note rerorts such new data for the
two mesosiderites: Esterville and Creb Orchard and the

siderophyre: Steinbach,
Identification aseg tridymite

Tridymite specimens from the three meteorites woere
kindly made available from the Harvard Museum cecllection
by Professor Clifford Frondel, A thorough characterizaw
tion of these tridymites, including refractive indices,
specific gravity snd x-ray powder pastterns, as well as a
complete wet chemical analysis of the Steinbach tridye
mite (J. Ito, enalyst) is reported by Dr, Raymond ﬁrant¢k

As part of this study it waz econfirmed that the
Steinbach materisl la tridymite on the baais of its re-
versible transformation to high tridymite whose crystal

struecture was determined on tho ssme materisl, In addition

& spectrographic analysis, kindly run by Professor
Wm, H., Dennen, confirmed the unusually low impurity ocone

tent of this tridymite, (See Table 1,)
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Table 1

Speotrographic analysis of impurities 4in tridymite
from Steinbach meteorites {(anslyst: Wm, H, Dennen).

Al 100 ¢ 50 ppm
Na 270 « 50 "
Mg tr

Fe tr

K 50 "

L1 10 "



Determination of the apparent cell

Using single-crystsl methods some two dozen orystals
from the thres samplos were studied, In all cases the
gpparent cell found was pseudochexagonal with the same dle
mensions reported for the Crimma meteorite tridymitsB
(part of the same fall as Steinbach)es A very similar cell
has been reported for tridymite frem a gaseretort sllica
bricks, "which had been heatsd for about 1900 working days
~at an average temperature of 1380° ¢",

To substantlate the apparent equallty of the meteoritic
and sllice-~brick results, 2 similar study was made of a
81lica-brick tridymite kindly provided by Dr, Helrmut Stiitzel
cf Helnrich Xoppers 0.¥.B.H. This tridymite has & somewhat
aimilar history tc that deseribed above, being from a
tunnel oven briek that had been heated for many years st
1&000 C. The spparent cell of this materiel was found
to be identiesl to that shown by the meteoritic tridymites.

These cells sre compared in Table 2,
Twinning

This spparent cell 1s, however, the twin-composite
cell, twinning being suggested by the observations:
1) That all grains, including the (few) cases where
twinning was optieally resdily appsrent, showed
the same 30 x L9 X cell (hereafter called the

composite cell),
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Table 2

Comparison of spparent roometemperature cells
of tridymite from varicus sources.

This study Grimma sg§§§§°§§§§k
A = 30,056 % 30,05 % 30,08 £
g = L9.32, 49,56 49.08
pseudohexagonal {cell given as "appeared to

orthohexagonal ) bs hexagonel"



2) That the composite cell shows systematie extinecw
tions which do not correaspond to any possible
symmetry element (8o called "noneorystsllographic
extenctions"), Of each 5L eomposite reciprocal-
lattice nodes, only seven are present and L7 are
systematically extinet., The present reflections
are given by the conditions H and/or K = 6n
and H+ XK+ Landfor H+ K =L = én., (Pollowing
convention, eapital letters refer to the compoa-
ite cell,)

3) That elthough there 1s strong hexagonal pseudo-
symmetry and, within the limit of measurement,
exact hexagonal dimensionality, the composite
intensities show no true symmetry at all, except
for the center sdded by Friedel's law,

L) That the intensity ratioas of pairs of reflections
vary from grain to grain,

A typieal precession photograph taken in one of the
Awexis directions is shown in Figure 1. The obvious twine
ning seen in this direction may be described by a twos=fold
rotation about the C axis., DLxamination of the other two
A-gxis dirsctions showed the asamo twinned pattern but with
unifermly subdued or enhanced intensities implying similer
twinning in these directions, and thus & total of six twin
individusls in all, The two individuals seen in any A-axis
photo sre related to the pair seen in eny other A-axls

photo by the operation of a three-fold twin exis perallel
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Fig. 1, Sixth-level, A-axis precession photograph (referred
to composite cell) of Steinbach tridymite, taken with file
tered copper radiation, The C axis of the composite cell

is horizontal,



to C. The six individuals of the twin can be equivalently
related by the operations of a six~-fold (twin) axis parsle
lel to the pseudchexsgeonal axis of the composite cell.

Proposaed true oall

From a knowledge of the twin operations, the collec-
tion of reflections due tc one twin individual mey be exe
tracted from the composite, Figures 2 and 3 sre projecs
tlens along the twin axis of the reflections present in
the composite sell and in cne of the twin individusls, ro-
spectively. Figure || shows tha roflections of one twin
individual plotted in the direction of the composite 4
axis (as seen in Figure 1), The gero, first, snd second
reciprosasl-lattice levals normal to this directicn are
shown, a8 well ng the supsrposition of 2ll thres levsls,
This collection of reflections shows diffraction symmetry
2/m C «/¢ and no non-crystellographic absences, The
apace group is tharefore 3'2[3 or Ce depending on the proe
- 8ence or absence of a symmetry center, respactively, The
reduced monoclinic cell has dimensions g = 18,535 X,

b = L4499 Ry o= 23.83, B, 3= 105.65° Tho cell vol-

ume 1s 212l 8> which yields a cell content of L8 s1o,

Tormula units when the pabliaheda vaelue of 2,26 1s used
for the density.

The unigue monocclinic axls b coincides with the 4
axls of the compogite c¢s8ll, The relaticns of the other

axos to those of the somposite cell axes can be seen in

11



Fig. 2. Pattern of all observed
x-ray spectira referred to the
composite reciprocal lattice.
The numbers refer to ths

indices mod 6.

Fig. 3. Psttern of
x-ray spectra due
to one twin individ-

ual,
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Pig. L+ Reciprocesl-lettice levels normal tc the A axis of the commsite cell,
showing pattern of reflections due tc one twin individual. Capitels labels
refer to composite cell, lower-case labels to true (untwinned) cell.

bé



C*

o o
-] o
(-] o
H"4-_- ) )
° °
o o
o o

Zero level

a.*\
[ ] L] [ ] [ J
+ +
* o + °
+ +
[ + L] +
* +
[ J . ® *
* +
+* ° + L]
* +
o + [ +
* *
[ ] [ ] ) Y
&

0, 1 and 2 levels

lst level

2nd level

74



Figure L, The matrix, T, relating the trus cell with the
composite cell 1s 1, T, 2/3,%,11,I,T, 1.0, &4 = aT,

Check of monoelinic symmetry

A get of diffraction intensitles from a twinned grain
wag collected with a single~orystal diffrectometer out te
e valus of sin ¢/x = .5 for purposes of a orystsl struc-
ture determination which iz in progress., Due to the twine
ning some, but not sll of the reflections asre identically
superpoged, For ths general case, assuming no coherence
in the diffracted besms fyrom different twin individuals,
the h'th composite measured intensity is given by

Ck = é v Ih?""
where T3 is the 1'th twin operation matrix, 7; 1s the
volume of the twin individual related to a reference indive
' 4duel by the operation Ti and I is the true intensity.
Then the J]'th member of the twineequivalent set of comp-

site Intensities 1s given by
. [
Cury = S % Thrr,

Car .

This set of equations can then be solved for the true ine

tensities according to the matrix equation

L, = 2z (:;K

hKk
if the volumes of the twin individuels are not all equsl,

The volumes (relstive to one individuel taken es unit volume)

are easily deterrmined by meassurement of equivalent, non.

superposed roflections from each of the individuals,
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As noted above, the composite cell has Friedel syme
 metry T, whereas the true cell has Friedel symmetry 2/m.
Thus half of the extractsd true intensities must equal the
other helf by the additionsl symmetry element of the true
call, In general, the sgreomsnt between such peirs 1is

g funoction of the seventeen varisbles of the last equation,
The average agreement, = [I-IY /=(I+I'), for all of the
Intenaities collected that were alfected by twinning waas
0.032, which strongly substantietes the previcus conolue
gicns in regard to the cell and symmstry.

Reletion to the high tridymite structure

At about 107° C this tridymite transforms rapidly
and reversibly to another polymorph whose strueture was
found to be only a slightly distorted version of the ideal
high-tridymite atruotureé. Thug, it can be expected that
the room-temperature form will slso be similer in struce
ture to high tridymite, When the atom locations of the
high-tridymite cell are transformed tc their ecorresponde
ing locstions in the roometemperature cell, it can be seen
that, if the symmetry ls cetrosymmetric (C2/g), there are
eix 5102 formaule units per asymmetric unit; in this case
three oxygen atoms are constrained tc Inversion genters.
This, of eourse, constrains their S1-0-8% bonds to be
180°, If the aymmetry in acentric (Cc), there are twelve
formula units per ssgymmetric unit, with all atoms in the

genaral position,
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Surmary

Tridymite from three meteorites end & sllica drick
vere found to be ldentlical and to show the seme apparent
¢all aa had previously besn reported sepsrately for a
meteoritic tridymite and a silise briek tridymite.
Twinningg however, seems to be universslly present and
the apparent cell is sctually the twin composite oell,
 The twin 1s composed of six individuals related by the
operations of a six-fold twin axis., The true symmetry is
monoelinie with a cell volume twelve times thst of the
¢lasslcal high tridymite cell,
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Chapter IV

A dynamie superstructure assoclated
with the high<low transformetion in tridymite

Abstract

A weak superstructure has been cbserved in & 70° C
range dirsctly sbove the low-to~high transformaticn in
tridymite, The supercsll reflections lie in, or very
nearly in one of the [[110]] d&irections of the high-tridy-
mite (pseudo)hexagonsl subecell, The intensities of the
supercsll reflections fall off very rapidly awey from the
subcell reflections, giving the sppearance of satellites.

As the tempersture is inereased, the "satellites"” move awey

- feom their respective subeell reflections and deereasse in

© intensity., Over the 70° € range in which they are viss.
ible, the varisble satellite spacing repressnts, in real
spece, an apparently continuous decrease in supercell per-

jod from about 105 % down to about 65 R.
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The highelow (beta~glpha) transfermation in tridymite

| has the characteristic of a distortionsl trenaformation,
(Buerger, 1961). Thls low=-energy, non-quenchable phase
transformetion tekes plaece rapidly and reversibly within

& small tempersture range at slightly ebove 100° C. As

a part of a structural study of the phases of siliea, this
téanararmaticn wes studied by single-orystel x-ray diffrace
# dlon methods, This paper reports observations made of an

. unusuel superstructure which eppeers to be associasted with
 the distortional trensformation, and which is characterised
by a supercsll translation that varies remarksbly with

temperature,
Pilm observations

Thé highelow transformation of a tridymite erystal
from the Steinbach meteorite wae monitored with Laue
pvhotographs taken at small temperature intervals from
room temperature to 250° e; The transformation is marked
by the 3€ddan disappearance of the reflestions charscter
f2ing the lowetemperature supercell. Along with the dise
nﬁpaaranaa of these reflections, many of the remalning
"gubcell®™ reflections develop & series of very wesk satel-
1itic maxima, whose intensities decline rapldly away from
the strong suboell reflection, somewhat similar in aspect
to the sesondery maxima of optical diffracticn described
by the (sin x/’:)2 function,

s/
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As the temperature is inersased the satellltes are
cbserved to decrease in intonsity and to incresse their
geparstion from their respesctive main pesks, These changes
appear to ocour gontimuously from the transformation point
at about 107° C up to sbout 170° C., At this point the
satellites have decremsed in intensity until they are no
longer discernable above the background, The regularity of
the direotions and spscings of the satellitic reflections
Indicstes that they form s pericdic superstructursw whose
call ehances greatly in sige with temperature,

This behavior wes entirely reversible with temperature
(elthough the transformation itself shows hysterisis), and
could he repeated at will on other crystals of the mame tridye
mite sample, Similar studlies were mede with tridymite oryse
tels from several terrestrisl, voleanie occurrencesz which
are characterized by different low-temperature supercells,
Except that their low~to-high trenasformations oeccurred at
a higher temperature (about 125° C) the appearance of satele
1lites and their bshavior with tempersture was anslogous with
the metesoritic tridymlte.

To obtain the orientation of the supercell relative
to the normal high-tridymite cell, oseillation and precessicn
photographe were taken in this tempsrature range., The oseila
lation photographs taken sbout the pseudchexagonal axis of
the high tridymite cell showed that the asatellites were
restricted to the reciprocal lattice levels nermel to this

axis., Iron-radistion precession photographs made of these



levels gave the pattern schemetically reproduced in
Pigure 1, An enlarged section of one of the actusl photow
graphs is shown in Figure 2,

The large spots of Figure 1 outline the normsl highe

- tridymite reciprocal cell, whose axes have been designited

by lower case labels. Referred tc this cell the satellites
can be moan to lis in (or approximetely in) the direction
of one of the a * axes. Thus in direct space the varisble
period repeat of the supercell occcurs in cne of the ([[110]]
directions of the high-tridymite cell, ¥easurements from
precession photographs taken in the temperature range of
110° o 170° C, gave supercell translations of about 65
to 95 R,

The furnace employad in heating the erystsl during the
film observations was of the type desoribed by Wuench (1963).
With this type of furnsce, and the use of long.wavelength
radiation (necessary to resolve the closely gpeced satellites)
only & very limited range of diffraction angle, 6, was ob-
sarvable, In addition, the rather open nature of the furnsce
allowed the temperature to vary slightly and thua to change
the diffrection effects during their observation, For these
reagcns an improved furnace was aqnatructad (See appendizm)
based largely upon & design due to Buerger, et.al, (1943)
This furnace was designed for use with an eéuininelﬁnatian
counter diffractometer so as to allow a range of upsilon
up to 1350, and mu up to hSG, to be explored, In practice
the furnsce algo provided the desired constancy of temperature,
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Figure 1, Schematic representation of a reciorcoel lattice
level normal to the ¢ axls, showing superatruocture.
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Figure 2. Enlarged section of an unfiltered, g-axis,

" gzero-level proondon photograph taken with iron redistion,
The reflection showing satellites in 010, while that withe
out satellites 1s 100, Beta reflections are also seen, 3X.
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such that during the measurements at any given setting no
temperature variation effect cculd be noticed, after allow-

ing a short time for the furnace to coms to equilibrium,
Single~crystal diffractometer observations

The diffrection effects obsarved with an equi-ineline
ation counter diffractometer ean be understcod by refer-
ence to Pigurs 3 which shows an enlarged part of the stane
dard nth level, equi-inelination geometry, (See for example,
ﬁuargar, 19Lk2; p. 255). The dashed lines represent three
successive positicns of e single reciprocal-lattice line
passing through the sgphere of reflection., The reciproosle
lattice line, which lies in the plane of the figure, eontains
a main reflection and two satellitic supercell reflections,
The threse pogitions shown are those where successively, one
satellite, the main reflections, and the other satellite
are in the reflections position,

During such a sormny the difference in the rotation
angle, Ag between the reflecting positions of the satel-
lites on either side of the main peak, may be measured
directly from a strip chart recording, In principle, the
differencs in the diffraction angle, A<y, between this
pair of satellites could also be measured directly, for
example, by means of a varisble detector apperture, From
these two measurements 1t is possible to calculate the super-
structure parameters of direct interest, namely, the magnie

tude and direction of the superstructure translation, For
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Pigure 3,
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this purpose it i1s convenient to specify the orientation
of the superatructure tranalation by the angle it makes
with & radial tc the main reflection, ss shown in Figure 3,
An equation relsting these verisbles may be derived from
Pigure 3. Since the measurements on the weak satellites
cannot easily be made with high precision, it is sufficient
to derive an epproximate equation,

If the suparaﬁructurm period 1is very large, le. if the

separation, t%, of & satellite from 1ts main reflection is

£

-,
A’;atan (%) 1)

where Q"= 2(t"sin ¢+ t"cos ¢ tan(0Q'P).
From equi-inclination geometry (Buerger, 1942, p. 255).
oQtr =T /2
Q10 = 2e0svein(T/2).
Substituting these walues in (1),

small, then:

Ad= tan'l [25”(::1;: Y+ sos Ytan( T/2)

Zeos vein( 1T (2)

Multiplying the numerator and denominstor of the arctan
argument by coas (T/2) gives,

A zﬁnn"l 2t¥(cos( T/2)sin ¢+ eos{ X/2)ecs ¢tan( T/2)
4 &l ca!;'at %}532@;’0& Ve In!r?ﬁi (3)

which can be simplified to

ul 5%
A 4=t 2t sin(L/2) »¢)
g=en [ aalnn’f 608 7 .] . (L)

JAY % t&n‘l (%)

Similerly,

(5)
where
PR" = 2¢os ¢t"/oos(0Q'P).
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Again from Buerger (1942),
oqre = T2
Q'S =cos7,
With these values substituted in (5),

Aramn“l[ 2t* gos ¢ ]
cogpoos (T72)0,

In practice the paremeter {/ was known from films and

(6)

- oould be confirmed by secanning several equivalent reflec~
tions on the diffractometer. Equation’(l) may then be
solved for the superstructurs translation whiech, converted
to direct space, is:
tepd, =228in(T/2 + ¢ )
el anay sinTeosy . (7}
It ¢an be noted from Figure 3 that, although (7) is based
upon a nunber of approximationa, they tend to be self-cens
celling as long as the pair of setellites are eonsidersd
rather than the difference in the rotation angle between
a satellite and the main pesk.
A large number of scans wers made on the single-crystal
counter diffractometer at temperatures between 20° and
250° C using several different erystals, A typleal secan
showing the satellites is reproduced in Figure li;, The
main peak has been cut off dus to the sealing necessary to
show the satellite deteil., The envelope shown in Figure
L may be decomposed into its constituent main pesk and
satellites, The decomposed group is shown in Plgure 5
with the main peak represented by the dashed line for clare

ity, As mentioned above, with an incresse in temperature



Figure ;. Diffractomster scan thru the 330 refleoticn of
the Steinbech tridymite, showing satellitos,
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the satellites spread away from the main peak and decreane

in intensity. This effect 1s shown in Figure 6 by the super-
~ position of two recordings made at two different taﬁ@@raturau.
The greater value of A é for the higher-tempsrature record-
ing (deshed lines) is obvious,

Using equation (7) the obaerved & y values were con-
verted to the supercell translation, A, The results for
two reflections of the Steinbach tridymite sre shown in
Pigure 7. The relationship batwaeﬁ the tempersture and
the translation thus seems to inverse and linear, By
slow reduction of the temperature i1t was found possible to
undereool the transformation to the low form by sbout
15° ¢, The supercell translationes found in the undercooled
region seem to obey the same linesr relationship. Further-
more, similar messurements made on several erystals of e
terrestrial tridymite (from Plumas Co, California) showed
that, slthough the tranaformation from the low form took
place at a higher temperature (ca. 125° C)}, when the satel-
1ites did eppear their spacing was also that given by the
reletion shown in Figure 7.

The low-form structurea of the terrestrial and meteor-
itie tridymites are definitely different and, since they
tranaform reversibly to themselvea, their strusctures in
the satellite range are probadbly also different, It seems
therafore that the satellite spacing is independent of the
actual transformstion temperature and of the small differ-
ences in the strustures of the tridymites.
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Previocus obgervations and origin of the

guperstructure,

Although the observations reported sbovs were made
independontly, it wes pointed ocut to the author by
Dr, M, L, CanuteAmoros and Professor J. L. Amords that
strikingly similar phenomene have been observed at the
ferrceleotric transition in ¥sWO,. Tanisakl (1961, 1963)
diseovered that just above the Curis point the normal
xeray reflections of maﬁne showed a palr of gharp setellites,
These satellites, which cccur in the direction of the &
axls, are vigible only over a 3° C range. Above this
tomperature they become diffuse, The repsat period repree-
sented by the satellite spscing decreases from 9.4x g to
8.6x‘g}aa the tempersture is incressed over this 30 range.
These obgervaetions were confirmed by Canut and Mendiola
(196l ).

An exact explanation of these effects in tridymite
(end Wa¥O,), in terms of the changes in the atomic struc-
ture, will require a quantitative study of the satelilite
intensities and their change with temperature, The pre«
sent information does, however, sllow soms specuistive cone
clusions to be drawn,

It seems likely that the dynamic supsrstructure is
& result of correlation or interdepsndence bestween the
thermal vibrations of neighboring atoms (probably one or more
of the oxygen atome in the case of tridymite). Suech cor-

relaticn normally gives rise to thermal diffuse scattering,



that is, the correlstions are noneperiodie. See for example
the t. 4., 8, studies of Arnold (1965) on quartz where he
~ has quantitatively related the t. d. &. intenslty with
gorrelated motion between chains of atoms,

At a distortional transformation the loose changing
structure avidently allows the sorrelations to baﬁgmm 80
_ strong that the thermal displacements become more-or-less
ordered and pericdie. Such superstructures may therefore
bs generally found sssocisted with distortional transfor-

mations,
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Chapter V

The Crystel Structure at 220° ¢ of high tridymite
from the Steinbaeh meteorite

Abgtract

Tridymite from ths Steinbasch meteorite has been exame

ined at 220° C and found to be orthorhombie, space pgroup
€222, with a = 8,74 £, b=5.04 R, end ¢ = 8.24 R, The
erystal-strusture has been dataréin&d and refined using
single-crystal counter-diffractometer dsta, to R = 8,67,
The resulting structure is distorted in comparison with
the 1deal high tridymite structure, The tetrahedra re-

- main nearly regulsr but sre twistsd relative to eath

* other, The megnitudes of the thermsl displacements,
espacially of the oxygen atoms normal to their bonds with

silioon atoms, are unﬁaually large.
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Tridymite from the Steinbach meteorite wae found,
from film end single-orysts)l diffrsctometer observetions,
to exist in three well defined structural states between
room temperature and 250° C. Each of the phases 1s chare
asoterized by a different cell and symmetry, The highest-
temperature polymorph of the three, sxisting from sbout
180° € up to the 250° 1limit of the investigated temperature
range, is hers termed high tridymite since it has the same
small cell that has previously been reported for high
hridymi%el. This paper reports the results of a study
of its erystal structure at 220° C, The details of the
transformetions and of the structures of the lower-temper
ature phéaea, apg well as the relationship of the Steinbach

tridymite to other tridymites, is considered alsonhpraa. ‘

Previous structural studies of high tridynlte

The first strucstural study of tridymite was that of
high tridymite mede by R. B, Gibbs in 1927, The source
of the tridymite wes not given, The un&t-eell‘paramstera
were measured from Laue and oscillation photographs taken
at an undetsrmined temperature "well above the transition
point™, Gibbe concluded that at this temperature the
Laue eymmetry was 6mmmm, snd that the reflections of the
type hh*f, L= 2n + 1 were sbgent. This symmetry and
sxtinetion rule restricted the possible space groups to

s small number, The observed density and cell size require



the cell to contain four formule units of 3102. By fure
ther requiring the structure to be composed of regular
‘sacﬁ tetrahedra, the space group could be limited to
2ﬁ3/§gg, As noted by Gibbs, this fixed the structurs as
exxentlially identical with that of lece,

The only other structural investigation made of tridy-
mite above room temperature has been & powder~diffractometer
study of & natural voleanic tridymite by Sat03. He reported
that he obaerved a "good agreement"” between 23 intensities
measured on o powder diffractometer at 500° C, and the

values celeulated from the model proposed by Gibbs.

Symmetry of high tridymite

A specimen of tridymite from the Steinbach meteorlite was
kindly provided by Profeasor Clifford Frondel from the Har-
vard Maseum colleotion. A previously reported atudyg has
gshown this materiasl to be inveriable twimned. The propore
tion of a grain in each of the possible twin orientetions
18 eoasily measureable from the relative inlensities of
x-ray reflections not superposed by the twinning, By exam=-
ining seversl dozen grainas it was possible to select one
with 3% of 1ts volums in a twinned position relative to the
mein part of the grein, Precession and oseillation photow

graphs were taken of this grain and of other less favorably

twinned grains at temperatures in the rangs of 200° to 250° ¢,

using & hesting device similer to that desoribed by

Wnansahu.
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The photographs revesled strong hexagonal pseudosyme-
metry and a oell which is dimensionally hexagonal within
the error of measurement, The true symmeiry in this temw
| perature range appearaed to be orthorhombic as wae latter
verified from diffrsctometer measurements. The parameters
of the C-centered orthorhombie unit cell are given in
Table 1. 7The only reflections found to be extinct were
the odd orders of the 00 «type reflections. 411 other
reflections uuro-autually'mnaauraqbla on the diffractometer,
The spsce group is therefore uniquely determined to be
C2224 .

The C-centered cell has twice the volume of the ideal
hexagonal eell and thus containe eight formuls units of
8102. Since the multiplicity of the general position in
space group ggzal is eight-fold, the asymmetric unlt must

eontain ons formule unit.
Inta collestion

Intensity measurements were made on a single-orystal
counter«diffractometer ‘employing equi-inelination geometry.
The furnace used in heating the crystal was sspeclslly de-
signed to hold the temperature constant over the data-collec-
tion period and to allow the maximum possible wvolume of
reciprocal space to be explored, In this design the primary
and diffrected beams each pass though a 0005 inech thick
nickel foll whieh serves as & heat radiation barrier and as
8 beta filter for the copper x-radiation employed A xenone
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Table 1

Unitecell parameters of high tridymite from the Steinbach

meteorite, as measured from precession photezravha taken
at 220° 0,

= B,7L
w 5,05
= R,2)
= 363.69 83

= 8 3102

N jd o o e
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f£1lled preportionsl counter wes used with pulse~height anale
yeis to eliminate electrical noise and also the A /2 and
shorter wave-length harmonics,

Integrated intensities were collected by the normsl
fixed-counter, rotating-erystal method. The background wss
estimated by fixed-time counts at sach end of the scan.
Approximately 300 reflections were measured in all, This
included all independent reflsctions within the range of
the instrument, as well as sbout 125 additional reflections
used to verify the propcsad symmetry and to determine the
precision of the messurements,

The data were corrected for Loreng and polariszation
factors, for absorption by the orystal, end for absorption
by the niekel-foil shield of the furnace. The programs
uged In this dats reduction are deseribed by mnkeng,
except for the correction program for the nickel-foll
shield, whiech was written by the suthor.

After correecting for these effects, the symmetryere«
lated reflsctions were compared and found to show an aver-
ege deviation of only 3.3% ( in intensity, or Fa) from ymmm
symmatry., This corresponds to sn average error of less than

2% in the structure frotorsj and so provides an excellent

sonfirmation of the orthorhombic symmeiry,.
Determination and refinemant of the structure

It was considered likely thet the sctual atructurs of
the high form would be similer to the jdeal high tridymite



structure proposed by Gibbs., In order to verify this &
Patterson function wae first salnnlabeas. The positions

of the maxima in the resulting maps confirmed the similare
- ity of the general linkage of the 1deal high-tridymite
structure but showed that the atoms must be shifted from
their ideal locations. The streng smearing of the silicone
oxygen aend oxygen-oxygen maxima on the mape also showed
that the oxygen atoms were stirongly affectsd by thermel
motion or disorder, The problem of the structure determin-
ation then became one of finding the directions and magnie
tudes of the distortion,

The transformation matrix relsting the ¢ell of the
ideal hexagcnel high-tyidymite cell with the astual C-
ecentered orthorhombic cell 1s Lopthe = ] Syox? vhere
S = 210/010/001, The atom losations of the hexagonal csll
may then be transformed to their "ideal” loeations in the
* orthorhomble eell by Xy .o = X s}, It should be noted
that uaing this reletionship between the twe cells results
in an intershange of the g and b axes of the orthorhombie
cell relative to the cell given in International Tables.
For this reason the squivalent positions of space group
£2224, in the orientation used in this study, are listed

in Table 2,

Tha transformed loecations of the sztoms in the true space

group are given in Table 3., It cen be seen thet, as mene
tioned above, there is ons 8102 formula unit to be speci-

fied, The slliecon atom and one of the oxygen atoms are in

74



Teble 2

Coordinates of equivalent positions in space group ggaal

for orientation used In thils study.

| Equivalent
position Symme try Coordinates

8¢ 1 xys
X, y &
xy b+
Xy b8
b=x, 3+
b+xbevyhex

bex, 2y, 8

L'b 2 0y0
o0y
Yh+yo
bty

La 2 x0%
x 0 3/L
Rexy, by %

2 -x, 334
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Tsble 3

Coordinates of atoms in orthorhombie

cell s transformed from ideal hexsgonal sell.

Atom X y ¥
81 1/6 1/2 7/16
o{1) 1/3 1/2 34
o2) 9 1/2 1/2
o(3) 1/ 1/4 1/2

The symmetry-Tixed parameters ars underlined.
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the general position. Two oxygen atoms occur in the apocial
- positions, ha and Lb, which are positions on two«fold axes.

5

A structure~factor csloulation’ was made using the values
given in Table 3. The agreement between the observed and
ecaloulated structure amplitudes, in terms of the usual R
faotor was L2%. A least-squeres refinement was then carried
out of the positional and thermal psremeters, in that order.
The refinement sonverged to R = 13.L%, in five oycles.
In the igotropie refinement the ratio of observation to
variesbles is more than 13:1, As was expected, the apparent
isotropie temperature factora of ell the oxygen atoms were
found to be very high, averaging about 7 32.

4t this point an electron~density function end differ
ence map wers computed, The electronedensity map olearly
indicated that the oxygen atoms were elongated normal to
direction of their bonds with the silicon atoms, Similarly,
the difference map showed meximas ecorresponding to as much
of 0,7 elestrons near some of the oxygeneatom losatlons,
With spuch evidence of snisotropic thermsl motion, refine-
ment was continued with anisotropic temperasture factors,
The restricticns to the thermel ellipsoids of the atoms
lying on the twoefold axes is that, for 0(1), Eia “‘§Q3 = 0,
and for 0(2), 812
two cyeles to R = 8.6%. In the case of anisotropic temper-

@ 823 = 0, The refinement converged In

ature factors the ratio of observations to varisbles s
633-0
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Another sle¢tron-density mep and difference map were
then caloulated. The electron-density map was essentially
identiocal with the previous one, showing that few, if any,
aigns had changed in the anisotropie refinement, The
difference mep, however, was quite changed from the pre-
vious map, and showed no anomalies nesr any of the atom
locations, indicating that the anisotropie tharmal‘m@tiun
was well desoribed by the six-parameter ellipscids,

Table L liste the finsl refinad positional parameters
and thelir ostimated standard deviations, Table 5 lists the
final refined thermal perameters in terms of the usuel
anisotropic temperature factors, gil’ and thelir estimeted
standard deviaticns, 4 comparigon of the observed struce
ture amplitudes and those saleoulated from the Iinal model
is given in Table 6,

A measure of the statisticel significance of the dif-
forences betwesn the starting parameters of Table 3, and
the final parameters of Taeble I, can be made by comparing
these differences with the final standard deviations., It
can be sean that the shifts amount to as much as forty

standard deviations, in the case of silicon,
Deseription of the structure

The final refined structure is illustrated in Figure 1.
Also shown are those symmetry elements of the orthorhomble
cell that are not hidden by the structurs. In this view
the tetrahedra Joined in the direction of the ¢ axis are



Table |;

Atom x 6 x ¥ Gy % 6
si 16846  ,o00%2 53589 0008y 13857 - 00070
0(1) .3336 0031 o, - o75 -
o{2) 0 - 5597 L0076 g -
0(3) 2547 .0028 3029 .oom 5213 o027
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Final thermal parametor at R = 8,62

Table S

in term of the usual 313 tensor.

atom B e %m & By o B, - By, Bpy &
s ,emmsz 0006 L0260 L0016 L0115 ,0013 .0012 .0010 =,0001 .0007 -.0013 .0009
0(1) .00  .006 ..,080 .01 .017 .007 O - 0 - .009 .007
0(2) .012  ,002 .36  .023 ,030 .007 O - .002 .003 0 -
0t3) .o .00l JOSL  .007 .825 LO0h .02 .005 -.006 .003  .008  .005
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Table 6

Comparison of observed and caloulated structure amplitudes

hicl L, i) L E
20 26287 29155 710 711h 52
0.2 22162 22170 hob 3196 2887
Lo 1736 1815 15 1869 2259
50 16797 17118 73 2L22 2796
ok 11046 10872 R 2 2503 3775
80 3275 3022 6L L1268 L552
10 0 1100 1207 35 3700 3865
06 2139 1823 91 1,903 5605
20 16625 1704k 55 917 1189
02 5156 5219 93 3003 3456
L o 11505 10433 111 1ROTL 17763
6 0 Lon2 211 31 355) 3090
04 13208 13862 22 12251 11445
R0 3222 2986 51 9159 8156
11 27820 27716 13 10896 10757
31 22125 21786 L2 9690 8530
22 s 1653 33 9626 9301
13 108LL 10148 6 2 aL36 697L
L2 11566 10978 2L RO09 A1L7Y
51 12112 1272l 53 6419 6703
33 1560L 15295 71 5366 L35
6 2 13737 14856 bl 3050 2hhky
2L 537k 5377 15 3318 3710
53 6116 6R95 8 2 2496 2707
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hicl E, £, nkl E, Ee
73 2809 2729 2O 2955 1350
35 &012 5793 73 378 3516
91 2860 gLl 15 L5031 L736
5L L7u8 4633 A2 2907 2918
55 1838 2488 35 2190 2158
100 1432 1773 g1 3108 3408
06 Lobl L1751 6k 2938 2663
9 3 2319 2245 55 3365 3380
11 14291 13605 100 1905 608
20 12964 12500 11 11520 1183
02 3917 L251 20 12379 12902
31 5263 5390 02 1490 1134
22 7709 6593 31 186% 1068
ko 6871 6272 e 2 11951 115616
b2 80358 7h10 Lo 12)31 12076
13 8163 7912 L2 11279 15792
g1 7348 7352 113 10995 10479
33 8209 7753 51 12120 10532
60 9395 9665 33 5067 3815
ok 6155 5710 60 2548 a7l
6 2 87085 9290 0L 5650 6537
53 6106 6056 b2 3h23 3300
2L 659 6301 53 5976 5601
71 5501 5158 2k 6051 555
Lk 489l L2l 71 7151 7496
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hicl o Zs hlkl o Ee
L3 Lh25 371 71 3528 214R
80 6007 5578 h iy 8270 5622
73 3587 3902 A0 2735 1070
185 251 2169 73 332 3660
R 2 3901 L2oh 15 1939 ShLo
35 2027 1866 n2 2m2 2026
91 1000 626 35 529 L25
6L 1712 1486 91 569 370
55 2012 2160 11 15033 1L64L2
10 0 2715 3621 20 13771 15595
11} 940l 9635 a2 3685 3820
20 6476 1,989 31 228h 1746
o2 195k 830 22 12533 | 12767
31 3145 2728 ko 12701 12305
22 7326 703l L2 1019) 2991
Lo 5283 L6850 113 10299 1045L
L2 5972 55681 51 10557 9753
13 Thih 7658 33 32ho 3246
51 L2R87 2295 60 1865 307
33 2173 2281 0oh 2496 1625
60 20L9 165L 62 1503 1066
ok 1507 2111 5 3 1638 hsel
62 2012 2uok 2 4 L607 L1:3)
53 5348 518y 71 5953 6322
21 6503 6667 Lk 3697 3745
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hi Z, E, bkl R E,
P osg Lh778 LéLo
73 293 3219
15 2y21 230k
82 3040 3538
3¢ 1965 2Lls
91 96l 762
é& L 1703 1862
116 6247 5920
20 5058 5115
02 10166 10202
31 10585 10859
22 5713 6783
Lo 5725 6319
L2 3910 327l
13 L212 393k
516 R 316k
33 W52 1530
6 0 5196 5374
obh ahhle 2883
6 2 h093 3531
5 3 251l 27149
2k 3020 3121R8
71 2032 1312
bk 2484 3163
80 1778 2575



O(3)

o - — b

Pigure 1, Trojection of orthorhombic high tridymite

structure in ¢ axis direction,
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geen to be slightly offget from each other in the dirsction
of the b axis, This should be sompared with the ideal strucw
ture where these same tetrahedras would project, in this
view, directly on top of one another., PFigure 2 foeuses sttenw
tion on a smaller fragment of the atructure as ssen looking
along the a axis. In the ideal structure these tilted pairs
of tetrahedra would stand vertically along the ¢ axis. The
obgerved tilt, relative to the g axls, amounts to about
8°, Fprom the two figures it cen be seen that the distors
tion resulta in & slight flexure of Jjoined tetrahedra at
0{2) and 0{3), but that the tetrahedra joined at 0(1) are
essentially as in idesl high tridymite.

Bond distances, bond angles, snd their stendard deviae
tions were computed using the program HﬁE&Ms. The resulte
are listed in Table 7. In view of the large thermal motion,
the standard deviations are suprisingly low. The welighted
averege Si-0 distance in the tetrshedron, E’w = (2 g.&/ %.»‘-),
1s 1,56 8§, This should be compared with the distances found
in quartz7g 1,603 and 1,616, and in low eriatabalitnzg
1.601 end 1,608, The devieticns of the individual bonds
from this welighted everage 1s, in sach ¢ase, less than one
standard deviation, implylng thet the tetrahedron iz re-
guler in regard to distances,

The average of the tetrahedral angles listed in Table 7
18 109° 27! which is almost exactly that of a regular tetra-
hedon, The deviations of the individual angles from the

average, however, are as much as four times the individual



6
Figure 2, VYiew of pert of gtructure of high tridymite along

a-axls showing tilt of tetrahsdra,
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81.0(1)
st-0(2)
S1-0(3)
S1-0(3')

0(1)=51-0(2)
0(1)«81-0(3)
0(1)a81-0(3")
0(2)-81-0(3)
0(2)51-0(3)
0(3)=81-0(3")

81-0(1)=84
81.0(2)=81
81-0(3)81

Table 7

Bond
distances

1.563 %
1,561
1,542
1.554

Bond
angles

108.7
108.6
1l0.7
105.9
111.9
110.0

178.7
171.2
165.2

Interatomic distances and angles in high tridymite

.006 R
. 005
JO17
+018

S

1.4
0.8
1.2
0.8
0.9
1.5

0.9
2,7
1.l
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bond-angle standerd deviatione. This suggests that the
tetrahedra do depert slightly from perfect regularity.

The 81-0-81 bond angles are all unequal, In the 1deal
high«tridymite structure these bonds ars constrained by
symmetry to be exactly 180°, 1In the amctusl structure the
bond aerose 0(1) does not depart significantly from this
value. The bonds aeross 0(2) end 0(3), ere significantly
different from 180° and from each other, but both are still
large ocompared tc the "normal” velues found in quartz7,
143.5%, and in low criatbbaliﬁaz, 146,89,

The anisotropie temperaturs-frotor tensors were interw
preted uaing the program THELORD, Table 8 gives the root.
maannaﬁuara amplitudes of thermel vibration in the direc-
tions of the principle axes of the thermal ellipsolds,

The angles given are those batween the respesctive prineliple
axes and the orystallographic axes. The prinsiple axis of
the ellipsold which most nesrly parallels the orystallo-
graphic a axis is termed a' end so forth, For compariscn
the rms amplitudes found for quarts, at room temperature,
are about .08 for 81 and .09 to 1l for oxygen. The thermal
ellipsoids given in Table 8 sre shown plotted in Figure 8.
It can be readily seen thet the silicon atem is nearly
spherical but that the oxygen atoms sre highly elliptiecal,
The most important point to notice is that the vibration
amplitudes of the oxygen stoms normel to their bonds with
the silicon atoms ere almost twice that of their vibrations

along the bonds,



Table 8

Rootemeanesquare amplitudes along principle \Maa of the
thermal ellipsoide, and orientetion of ellipsoids with

regpsct to erystallographic axes.

angles (in*’) betwsen axes

Atom ampi‘%uda s of ellipsoid and crystel
Y )3 £
84 nt 215 8,005 Bal0  1h16 G. +1h
bt 182 006 9645 1248 ROt9
of 203 011 8541l 10049 1149
o{1) Y 394 +028 0 9¢ 90 -
bt o320 27 90 11411 80411
ot 238 047 90  101#11 1111
- 0(2) at 210 021 36 90 93+6
bt 419 036 90-. 0 90
o! 323 +035 8746 90 36
0(3) at 408 J015 16l  754L 9615
bt «240 JOLR  106sh 2749 11112
! 301 .02l 9145 68410 22410

g0



Figure 3, Orientation and rms amplitudes of thermal

ellivsolds in 810 tetrahsdron of high tridymite, proe
)
Jected elong b (top view), and ¢ (lower view),
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The effect of this large-amplitude motion normal to
the silicon oxygen bond is geen by considering the instane
\)taneeaa pogition of the oxymen stom. If, for example,
~ 0(2) 1s considersed ss digplaced from its time average pos-
1tion in the direction of the b axis, by its rms amplitude,
the inatantaneous S1-0(2) distance increases to 1.605 £
and the instantenscous 81.0(2)=31 angle decreases to sbout
1560. Both of the instantsneous values are close to those
observed in room tempersture structures. This model of
thermal motion is somewhat similer to that proposed by
Hieuwnnkamyg for high eristobalite except that he considered
the oxygen stom to be rotating sbout the ¢ircumfarence of

a oircle of radius L 8.
Summary

In summary the true atructure is seen to be distorted
relative to the idsal highetridymite structure. The distor-
tion is = twisting of pairs of tetrshedra sbout the g exis
such that tetrahsdra joined in the ¢ axia direction are
alternately displeced in the plus and minus direction of
the b exis. The amount of the twist is about 8° which causes
the centers of the tetrahsdra to be displaced by about
0.2 £, The atoms show strong thermsl motion, and perticu~
larly the oxygen atoms in the directions normel to the
silicon oxygen bonds, The tetrahedra are very nearly re-

gular and the interatomic distances and angles are not too

differant from those reported for room temperature structurea,

provided the thermel motion 1g tsken into aceount,
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Chapter VI

The erystal structure at 120° ¢ of transitionsl
tridymite from the Steinbach meteorite,

Abstract

Trangitionel tridymite is the phase of the Steinbach
tridymite which exists between 107° C and 80° C and is
characterized by a weak variasble superstructurs. Tha subcell
of the phase 1s monocelinic F2; with g = 5.04, b = 5.0k,
¢ =8.23 8, and ¥ =120° The subcell reflections deviate
only alightly from the orthorhombic 22221 symmetry of high
tridymite,

The refined atructure is almoat identical with that
found for high tridymite at 220° C, The only definite
deviations from the higher symmetry are very slight shifts
of the silicon atoms in the [1T0] direction of the monoclinie
cell, The apparent thermal motion is as large as that
found in high tridymite although it is probadbly due in
paré to the reguler deviations from the subecell positions

which sause the superstructure,
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Tridymite from the Steinbsch meteorits hes besn shown
in three previous ehaptera to exist in three distinet 3 ruce
turel states between rcom tempersture and 25@0 C. The inter
medicte~temperature phase, which is here termed transitionsl
tridymite, occurs betwesn about 107° € and about 180° C,
This phase is characterized by the presence of a weask vare
izble superstructure whese unusual behavior has been more
fully deseribed elsewhers, The supercell pericd of this
weak superstructure varies between 65 f and 108 R over the
temperature limits of this phase., Becesuse of sige of the
supercell, and 1ts varishility with temperaturs, it was not
considered fessible to colleot the dats or solve the complete
(supercell) strusturs., Instead, in the nature of a pre-
liminary investigation of the structure of thls phssge, thie
paper reports the averasged subcell siructure of the transe
1tionsl phase at 120° C,

Previous studlos

In the temperature renge under consideration (roughly
105 - 180° C) no etructursl studies have been reported ale
though & few pepers have ylelded structural implications
and the presence of additiona) reflections has been noted,
Buerger and lLukesh {1942) took Welssenberg photographs of
twe naturslly ocourring tridymites at temperatures jJust
sbove thelir inversions from the low cells, end found, in
addition to the reflections of high tridymite, a "pattern
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of satellite reflections which varied in their distribution
in & definite mennor with temperature”. HIll and Roy (}958)
have schematically represented powder patterns of synthetie
tridymiteos taken at about 130° C which show additional lines
relative to both the roome~temperature pattern end the pate
tern of high tridymite., The bshavior of reflections of a
netural tridymite were studied by Sato (196L) on & powder
diffractometer at temperatures up to 500° C. He noted the
essentially continuous change in both the ghape snd the ine
tenplitiez of various reflsctions throughout the trensitional.
temperature range end at leasst up to 260° C,

Unit ¢e6ll and twinning

Pracession photographs wers taken of sevaral orystels
of tridymite from the 3teinbach meteorite at various tempe
> aratures throughout the range of the transitionel phase
using MoK and FeX rediation. The heating device employed
was similar to that constructed by Wuensoh (196L). Aa
described previcusly, the subesll of the transitional phase
is dimensionally the same as the hexagonal highetridymite
e¢oll reported by Gibbs (1927)., The symmetry is, however,
definitely lower snd somewhat problematie, From films,
the substructure reflectiona taken by thomselves seemed to
“ ghow orthorhomble aymmetry. Later single-crystal diffracto-
meter measurements revesled slight deviations from this
apparent symmetry, as iz described in detail below; and
showed the true symmetry of the subcell reflecticns to be
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moncelinic. The dimensions of this monoclinic cell were

- measured Prom the precession photographs, snd the resuli.
ing perameters are listed 4in Teble 1., There are thus four
‘Siﬂz formula-units per unit cell, as in ideal high tridye
mite.

All the tridymites of this type that have been examined
have proved tc be twinned, The twin lew and a method of
detormining the proportion of a grein in eech of the twin
orientations have been given previously. %he actusl grain
used in the data collestion was the seme one used in the
roometemperature phase~date collection end was selected as
one of the most favoraeble grains found up to that time,

In the transitional phasge this grain wes determined to have
only 9.6% of its volume in twinned orientation relative to
the main part of the grain, Boocause of this smsll value,
and larger errors from other sources, the small effect of
‘this twinning on the reflection intensities could be ignored,

Netermination of the symmetry

In order to determine the trus symmetry of the transe
itional phase, the intensities of a large number of refleo-
tions from several different crystels were measured at vare
* fous temperatures betwesn 20° C to 250° ¢ on & single-crystel
counter diffractometer., The behavior of the transitlonsl-
phese satellites has already been desecribed (see Chapter L).
The substructure reflecticns were also noted to change in
intensity in this region, as had been reported by Sato, but
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Table 1

Subcell parameters at 120° C of tridymite
from the Steinbseh meteorite

a = 50 £ K = 90°
b = 5,04 | (3 =90°
e = 8,23 y = 120°



70/

the magnitude of the ohanges ure not neerly ss drastic ss
thoses of the supercell reflecticng. Typleally, the subeell
reflections were observed to haeve their moximum wvelue st a
temperaturs just cbove the transition from the low«tempere-
ture form, and to decresse in intensity, more-or-legs oone
tinuously, throughout the trensiticnal<phase tenperaturs
renge. Yesr the transition of the high phase the changes
were gesn to lavel off to the normal slcw decresase of in-
tensity with temperature that ig expected.

Zxamination of the intensity measurements made just
above the transition from the lowetemperature form suppesnted
that the aymmetry at this temperature was moncelinie, Pree-
vious studies had shown that above 1R0° C the symmetry wes
orthorhombic, Thus 1t would appear that the observed Ine
tensity ochengos are involved with this symmetry chenge, and
that certain pairs of reflections which are uneguael in intene
slty at sbout 110”, must sonverge te egual intensity by
sbout 180° G, This indioated behavier wes then confirmed
on the diffractometer by following peirs of eguivalent
reflestions as the temperature wes decreased from the high
form, and noting a slight but real divergence In many of
the cases,

Aosapting the symmetry then a» monoelinie, the diffracw
tion symbol was determined to be 2/mP2,/e. The spece group
rast therefors be P2;/m if the crystal is centrosymmetric

but gﬁl if it is noncentric, In the former cese thers would



be one formula unit of 3102 in the asymetrie unit of the
space group, end in the latter case, there would be twe

formla units,
Data colleetion and correoction

The intensities of the substructure reflections wore
then measured on the single-orystal diffractometer out to
8in Q/A_m Oulie The prosedures employed were the same as
have besen previously described except that molybdenum radiee
tion was used with HaI{T1l) scintillation counter. ibout
two hundred independent refleections weres collected. For
control, & few reflections werse remesasured & number of times
during the gourse of the deta colleation to ensure & cone
staney of conditicns., The reflections were corrected for
Lorenz snd polarigation factors. Absorptiion of the

molybdenum radiation by the crystal was negligible.,
Determinetion and refinsmsnt of the structure

4 three-dimensicnal Patterson function wes computed,
For the spece group P2y/m, the Patterson map has e Harker
line at 00z, and a Harker section at xyk. (See Buerger,
1984) Sinee there would be only one independent silieon
atom in this space group, this Herker line shculd contain
8 silicon-gilicon peak, If, alternastively, the syrmetry
is P2y, there must be two independent silleon atoms in
the cell, and these need rot, In general, give rise to a
pesk at 00s in the Patterson mapy the Harker section should,
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in general, show two seperats siliconesilicon peaks.

Examination of the Patterson map showed peaks of sppro-
~ priate height for siliconesilicon peaks: one of these
ocourred nesr, but definitely off, the line 00z, and two
such well resolved pesks occurred in the Harker section,
The space group is therefore g?l.

Triel lccations for the two silicon atoms were taken
from the Patterson map and used to caloulate structure face
tors, The agreement between observed and caleulated struo-
ture factors, in terms of the unual R factor wes 3L4%. An
electron-denaity map was then computed using the phases
determined by the two silicon atoms., The resulting map
showed the locations of the oxygen atoms, but also showed
that these atoms were highly smeared out,

Starting with the parameters obtained from the elece
tron-density mep, and employing isotropic temperature face
tors, the structurs was refined to R 11.7%, The ratio of
observations per varisble was 8:1, The final refined pos-
- 4tional and thermal parameters are given in Table 2., The
comparison of cbserved snd celoulasted structure amplitudes
is géven in Table 3,

As was expected from the electron-density map, the
* pefined oxygenwatom temperature factors are very high, The
apparent magnitude of the thermal vibrations could probably
be deoreased by continued refinement with enisotroplc temp.
erature factors., In this ocase, however, such refinement

is not warranted, The ratic of observations per variable



Table 2

Final refined positional and thermal parametera of
transitional tridymite at 120° C.

Atom %

/09

Sx Y s 8 sz B e
S1(1) .2988 .0021 .6153 .0021 L0632 .0017 2.38% 0.2
$1(2) .3719 ,0021 .72L8 .0021 L4389 .OOL7 2.5 @ 0.2
0(1) L3361 .0079 .6788 0087 .2L° - 59 0.7
0(2) 4399 .0090 L4OBL ,0085 ,0129 .0082 9.3 1.0
0(3) .9326 .0092 .houé ,0036 .02l 0085 9.8 1.0
oll) L8579 .0070 .0692 .0068 .L63L L0075 5.7 0.7

# arbitrarily set to detormine origin



Table 3

Comparison of observed snd caleculated structure amplitudes

P

/05

hkl Fo E, hkil B, P,
002 13103 14206 3068 1165 1100
0 L 6196 5801 3 6 1630 1757
o 6 1166 4210 3 7 1541 1500
o 8 2991 2762 L o 2128 1225
«1 0 10202 10403 L1 1157 9L1
<1 1 6698 6287 L 2 1479 1651
12 508k 5151 L 3 1239 1326
-1 3 3899 382 Lk 1782 1753
1 3315 3367 «110 11377 1088
1 5 5116 1,969 -1 1 7241 6330
-1 b 3370 2871 -1 2 928 L717
1 8 170 1483 -1 3 L223 Lh1s
2 o0 662 728 <1 L 2L21 2651
2 1 4050 L1235 -1 5 5336 5661
g 2 2695 2u62 -1 6 2579 2396
2 3 3025 3995 -2 0 8949 A918
2 266}, ay52 0o 1 7349 669
2 5 L272 4153 -2 1 1007 963
2 6 2065 2353 0 2 5810 5596
3 0 4627 5039 2 2 2562 2766
3 1 32447 309Y o 3 3576 3893
3 2 2k29 2335 -2 3 592 581
3 13 1610 1252 0 L k493 L827
3 L 797 561 -2 4 1411 1832
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hkil P, 2, h k1l E F.
015 1922 5188 W12 2193 1797
-2 5 835 440 2 33 3603 3725
0 6 3548 285l <L 3 1933 1R9],
-2 6 4195 L5223 2 i 29Lo 2692
o 7 1022 6l3 b 1675 1500
-2 7 759 493 2 5 347 3588
1 0 7998 f10L 3 0 1455 1402
3 0 Le13 439 3 1 285 2853
11 2389 2402 3 2 2205 2130
«3 1 3335 3517 3 3 1895 1805
12 1696 1563 3 | 2421 2386
.3 2 2855 2972 321 339 3338
1 3 857 691 -2 1 900 177
-3 3 3802 3820 2 1 4555 192
1 4 819 - 895 -2 2 2693 2329
-3 L 2090 2007 -2 3 1236 K161
1 5 1590 11,06 -2 2207 4120
-3 5 3795 1527 -2 5 4558 LBo8
1 6 3639 3670 -2 6 2255 2307
107 1605 1620 -3 0 4929 5069
2 0 3191 3078 -2 1 1945 1957
& 0 200l 2121 -1 2 1670 1727
2 1 3798 3861 -3 2 2825 2727
1 1812 2041 <1 3 851 923
2 279% 2716 «3 3 L302 1:367
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hil F LA hkl Fy P
QA2 1175 1133 222 1262 853
-3 L 1483 1128 2 3 2172 2226
% R 1556 1307 «3 0 6126 6281
-3 5 h128 4176 -3 31 213 205l
-1 6 385L Los2 -3 2 3259 2911
-3 6 116 1463 «3 3 13kL 1082

o o o1 101 -3 768 480
«f 0 5271 5843 «3 5 h3 S8L

o 1 L1688 4187 -3 6 1988 259

" | 2166 1806 2 0 3576 11190

0o 2 35hk 3087 0 2078 2710
- 2 3025 3417 -2 1 3568 3792

0o 3 3809 3882 <1 1739 1908
-3 1029 855 -2 2 2479 2h11

0 U 38L6 3399 L 2 2100 1573

0 5 1i3R6 11596 2 3 3956 3829

0 & 23L5 2258 b 3 2567 2756

1 0 3h0l 3099 -2 L 2198 2078

101 Lo83 Losl -4 4 1196 559

1 2 3210 3238 -2 5 3843 3679

103 3205 3093 4 5 2215 2575

1k 3549 3653 -2 6 1471 1461

105 3330 3297 -4 6 A83 761

1 6 1910 1982 «1 0 3095 3728

2 0 2780 2489 -5 0 1252 1510



hel K E, hel  E £
131 3753 3626 -4 k1 1222 1293
-5 1 108k 1306 4 2 1283 1199
<1 2 2713 2946 - 3 2250 2009
52 962 902 -3 0  2ho8 2370
-1 3 3251 3127 -3 1 2998 2571
-1 5 3337 333 -3 2 2190 1R30
-1 £ 3Lk90 3662 -3 3 2538 2h6l
1 6 1852 162l -3 L 2121 184
0 0 1165 4270 «2 1 3520 1,395
N | ;505 L82h -2 2 1560 2022
o 2 1947 1475 -2 3 2021 1969
0 3 2185 1R88 -2 k LLé 626
5 5 1393 1602 «1 0 921 1166
0 6 1455 1593 N | 3077 3027
1 0 825 167 -1 2 257l 21182
1 1 3212 3059 -1 3 17h9 1787
1 2 2493 2529 = N1 3113 2993
1 3 1729 161L 0 0 2038 1278
1l 293l 2940 o 1 1255 1335
1 5 956 1021 0 2 2185 2357
1 6 1377 1333 0 3 479 213
2 0 0 921
2 1 1169 1349
2 2 1704 1900
«4 b O 3047 1502
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would drop to only 3%:1, which beging to allow errors in
the dat to be ebsorbed by the refinement, In asddition,
anisotropic thermal motion is probebly net, in itself, the
. causs of thease high valuez, as is discusased below.

A final elactron-density map was computed after the
refinement, The oxygen atoms could be geen to be definitly
elongated in the directions normal to their bonds with

silicon atonms,
Interpretation of the refinement model

Pogitiona) paremeters. As was noted above, the sube
gtruskure reflections of the trensitionsl phase show only
relatively small deviations from othorhomble symmetry. The
firgt test of the validity of the refinement 1s therefore
whather or not the refined structure deviastes significantly,
in a statistical sense, from the symmstry of the orthorhombie
~ high phase,

In pasaing from monoclinic symmetry %to the orthorhombic
syrmetry of the high phases31(1) becomes equivalent to 84(2),
0(3) becomes equivalent to 0(L), and 0(1), snd 0(2) are re-
quired to move to special positions on the two-fold exes,
Table L 1ists in the first column the deviation of these
peirs of atoma from such squivalence, or for the case of
the single atoms, the devistion from such special position,
The second column lists the standard deviations of the pare-
meters &s determined from the monoeclinie refinemsnt. The

last columm gives the megnitudes of the deviations fronm
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Table L

//0

Statistical significance of deviations of tranaitional tridymite

from high tridymite, based upon the present refinement,

orthorhombie deviation standard
Atom ecoordinate from £222, doviation slgnificance
s1(12 z .018 R .002 %
I tGO& o002
2 002 001
0(3,L) x 020 +008 2.5
x 063.8 5008 3.3
z 018 008 1.9
0(1) & - - -
p A +007 « 009 0.8
‘% - - -
o(2) X 016 +009 1,8
x - - -
2 «013 +008 1.6

# This paremeter is tsken as origine-determining, and

may be set arbitrarily,



orthorhonbic symmetry in the form of the nuwber of standard
deviations of this parameter, It can be seen that on the
“basis of this refinement, the only atoms whish deviate
significantly from the symmetry of the high phase, are the
gilicon atoms,

The aignificence of the devistions of the silicon atoms
indicate that these atoms are in different positions in the
two phases. The non-significance of the oxygen-atom shifts
does not imply that these atoms have i1dentlcal positions
in the two phases, but merely means that the refinement
has not furnished any meaningful evidence of a differencse
in position.

Figure 4 shows the refined positions of the atoms in
the monoeliniec unit cell, As could be expected from the
gbove remaris, this figure is almost identical with the
correasponding view of the highetridymite struoture illuse
trated in that paper. The interatomic distances and angles
were caleulated from the refined positions end are listed
in Table 5.

The average 510 tetrahedrsl distance is 1,56 £, the
same velue found in high tridymite at 220° ¢, The range of
distances ig only slightly more than one standard devistion,
The tetrshedrsl asngles alsc do not depart significantly
from those of a regular tetrehedron. Finally, the silicon-
oxyzen-silicon bond angles are within one or two stendard
deviations of the smame values found in high tridymite at
220° ¢,
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Table 5

Interatomic distanccs and angles in transitional tridymite

st 120° ¢,

851(1)-0(1) 1.59 &
e %

51>:azﬁ§ 1,40
ssta)wa 1% 1.53
sz(z .s(ﬁ) 1.57
8. 8., 4, (810) .03 %
0{1)=81(1)=0(2) 107,.6°
021).31(1§-a(a) 108.3
0(1)=81(1)«0( g 112,7
e I
e§3 m51(1;»o{n3 109.0
atlgusifz}uetz) 111.2
o(1 '81(2;“0(6) 11076
o(1 .sa;a «0(L;) 108,
0{3 -84 2)~0(a; 108,

*3152) of 108.0

0(3)-s1(2)-0() 110.13
Ge B d. (6“51*0) 1l - 20
81(1)=0{1)=81(2 .0°
31(1;-»@(2;-»51(2; 1Ze
81(1 { «34(2)
81(1)«0(L)=81(2) 67.8

8. 8, d, (81-0=51) 2 - 3°
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frcjection of trensiticnal tridymite alceng ¢ axlse.
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Thermal parameters., Due to the overall similarity
~of the transitionsl.phase structure with that of the struce
ture of the high-temperature phase similar large ampllitude

thermal vibration is expasctable. The observetions of elone
gated atoms in the §1aatrmn~é¢naity meps end large isotropile
temperature factors may then be interpreted in the same

way as in the structure of the high-temperature phase (see
previoug chapter), There 1s, however, s contributing feow
tor to the apparent thermel mction 4in the casse of translie-
ticnal tridymite, This is due to the fact that only the
gubstructure reflections of the transitional-phase superw
structure were congidered, The refined model thus repre-
gents the averaged structure, and any deviastion of an atom
from the averaged position asppearg in the form of a larger
temperature factor for that atom {in the refinement model)
or as an elongated atom {in the electron~density maps).

The actusl observations then probably represent a aémbinn-
tion of true thermal motion and small deviations of the atoms
from their suboell averaged position. Such smsll, ordered,
deviations from the subeell averege position would be in
keep ' ng with the model proposed in Chapter I to explain

the dynamic superstructure,.

Summery

The symmetry of the transitional-tridymite subcell at
120° € 1s monoelinte, P2,, The substructure reflections



deviste only slightly from orthorhomble 2227 symmetry.

The average positions of the atoms in the subeell, as deter-
mined by a least~squeres refinemsnt, do not deviate signif.

" 1cantly rram,ggaal symmetry, except in the case of the
silicen atoms., The refinement shows that the two-fold axes
of the high-tridymite orthorhomble cell are lost in the
trangformation to the trgnaibianal phase, The change of

the structure appeers to be a very alight twist of the tetrae
hedra sbout the ¢ axis, but shifts in the positions of cor-
ners of the tetrahedra (the oxygen atoms) could not be proved
from the refinement, The observed thermal-vibration amplie
tudes seem to be similar to those found in high tridymite

at 220° C, and are doubtlesely sugmented by the (ordered)
gtomic displeoements from the suboell positions whieh give

rige to the transitionale-phase superstructure,

/15



/6

M, J. Puerger and J, Lukesh, 1942, The *-14mlte problem,
5@1» m&é pﬁc 2&“210

M. J. Buerger, 1959, Vector Space, John Wiley and Sons,
¥ew York, New York,

VY. G, Hi1l and Rustum Roy, 1958, Silica structure studies
g%ﬁen tridymits, Trans, Brit, Ceram, Cos. 57 pp. L496e

Mitsuo Sato, 196k, X-ray study of low tridymite (2) struc-
ture of low tridymite, type M, Min J, of Japen, L,
PP 13146,

Be J. Wuenseh, 1?6&; Ph, D, Thesis, ¥.I.7.



Appendix

An improved furnsce for use with a aingle-cryatal

counter diffractometer.

The heating attachment employed in moat of the
single-orystel diffractometer measurements was expressly
degigned for this tudy and has proved to be quite useful,
Since it has not bheen daescribed elsewhere, this sppendix
provides the detalla of {%s design and eonatrustion nec-
esgary to allow a copy to be made, if desired. Flgures
1.} are reproductions of the actual workin drawings from
" which ths furnace was conatructed at the Elactronlcs
Systems Laboratory, at M,I.7T,

The design of the furnace was based lkrgaly upon
gimilar deaigns by M, J. Buerger, N, W, Buerger, and others,
although thelr instruments were construocted for film studles
at high temperatures. FPrior to the construction of the
furnsce desoribed below, initial £ilm and diffractometer
studies were made by ths author using a heating device of
the type described by Wuenseh, The drawbacks of this type
of firnece, and the experience gained in its use, Influ=

enced the deslign of the new furnace,
Design

For use with a single-crystal counter diffractometer a
heating attachment should 1deally satisfy the following
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major requirements; for & given setting, the temperature
in the furnsce should remain constant indefinitely, the

* heating atbtachment should not doorease the volume of re-
c¢iprocal space which may be sxplored by the dirffractometer,
and the temperaturs should be varlsble continuously from
room temperature to the melting peint of the substeance under
investigation, BSubsidiery requirements of the ideal heate
ing attachment are that 1t shoud allow the crystal to be
reorlented at high temperstures and thet any sbsorption of
the Xeray beam by the diffrsctometer, be of & correctable
form,.

The final practicel design must, of course, be a come
promise between the several desired charascteristics, and
in sddition, dependes upon the materlsls available, the
space available on the diffrsctometer, the cogti, etes. It
was found that, by choosing the desired diffrsction geo-
metry and be optimizning the most desired characterliaties,
the design wes essentially fixed,

The equieinelination geometry of data collectlion was
considered preferrable since it allowed all of reciproeal
spesw (ocut to a certaln limit) to be explored without re-
mounting the crystal, and since it led to s simple correc-
tion for ebsorption by the furnace, In order to msintain
the temperature constant 1t was decided that the furnace
should be ms enclosed as possible, The only opening need
be that required to sdmit the erystel and i1ts supporiing



glass fiber, In order to support the enclosure as well as
the heating element itself it was neceasary to r«aérimt
the angular range of the diffractometer. The furnece was
" then designed to allow e maximum equi-inclination angle

0
- of k5.

Matorials and sonstruetion

The individual components of the furnace ars numbered
in the working drawings shown in Figures leli, The heating
eloment 18 a coil of reslistence wire which ig allowed to
expend within the supports (1) and (2). These supports
sre fired pyrophylite turnings, which should withatand a
furnece temperature of 1000° C, The heating element and
i1ts supports slide into e cyelindricel brass cartridge
(3) and are held in plece by caps (L) end (5), One end of
the heating ooil is grounded to the cartridge, and the other
end is passed through the body of support (1), to a screw
threaded into the end serving as & binding post.

The cartridge is wrapped with a single layer of nlckel
foil +0005-1inches thick which serves ss the furnace enclo-
sure. The foll easily passes copper or molybdenum xX-radise
tion but forms s barrier to the escepe of heat radiation,

'~ The wrapped cartridge is inserted into the furnace cooling
jacket {6) and held in place by the cap (7). The water
cooling jacket (6) is constructed of two coaxial brass
oyclindera that have been heat-fitted and silver-soldered
together at the ends., The channels through which the cooling
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water ciroulates ere cut into the oyolinders prior to their
being joined, The water jacket (&) is silver-soldered to
the support arm (9) which ies & bent brass bar held in place
on the diffractometer by means of an alumiﬁum dovetall
sgsembly (10), (11) and (12), The dovetail {s attached
with screws to the crystalerotation-axis support of the
diffractometer.,

With the erystel in place, the nuybart srm of the
asgembled furnace 1s inserted into the dovetell, and the
furnace is drawn into place over ths orystal, The elestriesl
contacte ere nmede to the heating coil through the contsct
post screwed into {1}, and through the grounder furnsce
support. The temperature is controlled by varying the
voltage across the heating coll by means of 2 Variac, The
totel snergy consumed by the heating coil is messured by &
wattmeter whose reading is used to determine the furnace
temperature from a calibration curve, This curve rmust be
established by thermocoupls and lInown meltingepoint measure

ments.
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