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Unitocell parameters, Raman scattering profiles and DTA curves were measured on monoclinic tridymite from
fired silica brick. Ten peaks appear in the Raman measurements from 100 to 1250 cm'™* at 25°C, and their posi-
tions and widths show no significant change up to 110°C. The monoclinic unitocell parameters, &, b, c and 3,
dlightly increase or remain nearly constant with increasing temperatures up to 110°C. Both the Raman spectra
and the unitocell parameters undergo significant changes in the range from 110 to 115°C. Only two endother-
mic peaks, at 117 and 166°C, appear in the DTA curve measured on a powdered sample of nearly pure mono-
clinic phase in a heating run from 25 to 300°C. In Xoray singlelcrystal refinements, the structural parameters
including anisotropic temperature factors of atoms were fully determined for the monoclinic phase at 25, 80, 90
and 100°C, and the orthorhombic phase at 140°C. The difference between the temperature factors on both sides
of the transition point is the most remarkable: 0.0286 Alin average for al O atoms at 100°C in the monoclinic
phase and 0.0713 Af a 140°C, both for B, The averaged Sin O distances calculated for the atomic mean posi-
tions decrease with increasing temperatures. 1.599 Alat 25°C, 1.595 Alat 100°C and 1.576 Alat 140°C, whereas
the values corrected for the thermal displacement parameters remain unchanged at 1.61 Althrough all the tem-
peratures studied.
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INTRODUCTION

Severd metanstable varieties of tridymite (SiO,) have
been reported under ambient conditions; the nomencla-
ture of Nukui and Nakazawa (1978 and 1980) is used
through this paper. These modifications can be divided
into two main groups, monoclinic (MC) and pseudon
orthorhombic (PO). Most of the naturally occurring tri-
dymites are PO with different unitocells (Hoffman,
1967), whereas meteoritic (Dollase and Buerger, 1966)
and synthetic ones (Hoffmann, 1967; Kato and Nukui,
1976) are MC. MC tridymite is also reported from fired
silica bricks (Dollase and Buerger, 1966; Kihara, 1977,
Schneider and Flolke, 1982) and from dacitic rocks in the
Yugawara area, Japan, which is an exceptiona case
among the earths tridymites (Kawai et a., 1978).
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With increasing temperatures, MC tridymite succes-
sively undergoes displacive structure transitions up to the
hexagonal highestotemperature form (HP). The numbers
of modifications observed in experiments show some
variation, probably reflecting different conditions of crys-
tallization or thermal history or so on. An Xoray single
crystal study (Nukui and Nakazawa, 1978) with heating
experiments of synthetic MC tridymite showed a series of
structure transitions such as MCo OP1OS1 OCoHP, where
OC, OS and OP are al orthorhombic. OC has a Cocen-
tered Bravais lattice, the primitive cell of which is only
dightly distorted into orthorhombic from that of HP; and
OP has the (3x 1x 1) superstructure cell of OC and OS
with an incommensurate anaxis. OS aso appears in the
Steinbach meteorite (e.g., Dollase, 1967), but notinaMC
crystal from fired silica brick (Kihara, 1978). Steinbach
tridymite shows different transformation sequences for
samples depending on whether they had been annealed or
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not. OP appears only in the samples annealed in the sta-
ble field of HP (Cellai et a., 1994). In addition to these
phases, according to Hoffmann et a., (1983), a phase
MXo1 is obtained from mechanical or thermal treatment
of MC crystals.

MXuo1, which is incommensurately modulated with
a monoclinic symmetry, was firstly reported by Nukui
and Nakazawa (1980) for synthetic samples. Hoffmann et
al. (1983) found that this phase is formed on heating MC
crystals to temperatures ranging 110 to 160°C and subse-
quent rapid cooling to 010°C, or by grinding or uniaxial
compression of MC crystals, along the pseudohexagonal
ciaxis, at room temperature.

De Dombal and Carpenter (1993), in the DSC mea-
surements of Steinbach tridymite, found two peaks at
about 102 and 110°C and aso found, in their infrared
(IR) measurements, a significant change of the wave num-
ber of a mode at about 800 cm™*at around 100°C. In the
IR measurements of handaground Steinbach tridymite by
Cellai et al. (1995), a band at 540 cm™* showed two dis-
continuities in the temperature dependence of the inten-
sity a 75 and 100°C, and then disappeared at 115°C:
these authors consider that the first discontinuity (at 75
°C) is related to the (MXo1)oPO transition and the sec-
ond one (at 100°C) to the MCaOS transition, which
occurs a about 115°C. These data in the IR and DSC
experiments lead Cellai et a. (1995) to conclude that the
transition MCoOS or MCo OP apparently proceeds via an
intermediate phase, which exists in a small temperature
interval of about 12°C. The existence of the intermediate
phase is aso stressed by Pryde and Dove (1998) in a sym-
metry point of view for the related phases.

The crystal structure of MC has been studied so far
only at room temperature. Dollase and Bauer (1976) and
Kato and Nukui (1976) independently determined the
structure at room temperature, employing different axial
settings to each other. Both, however, led to the same
space group symbol, Cc. In the present study, the ao and
coaxes of Kato and Nukui (1976) are interchanged to
make comparisons with the higher temperature modifica-
tions more convenient. The space group symbol is
changed to Aa in this interchange. In MC (aso in OP),
multiple twinning commonly occurs in the six (three) ori-
entations rotated around the pseudohexagonal coaxis,
because this phase is, in general, obtained in cooling pro-
cesses to the subgroups from the higher symmetry phases
such as HP. The corresponding superstructure reflections
from different orientations are separated from each other,
and their intensity ratios may reflect the twin ratios. The
specimens used in these previous studies were twinned,
and intensities corrected for twinning were used in the
refinement (Kato and Nukui, 1976; Dollase and Baur,

1976).

The OP structure has been refined in two studies so
far, one with single crystal data (Kihara, 1977) and the
other with Rietveld analysis of powder data (Graetsch,
2001). In Kihara (1977), 428 intensities below sin /4 =
0.46 AT* were used to determine the 163 parameters in an
anisotropic temperaturesfactor model. Because of the
scarcity of observed reflections, it was not possible simul-
taneoudly to determine the full set of variable parameters
in the anisotropic model.

The present study was undertaken with three main
purposes. the first is to determine the crystal structures of
MC and OP at various temperatures above room tempera-
ture, the second to establish the structural relationship
between MC and OP, and the third to measure spectro-
scopic data of monoclinic tridymite with varying
temperatures. For the first, Xoray singlescrystal intensi-
ties were newly measured with a nearly twinofree crystal
on a diffractometer equipped with a chargedcoupled
device (CCD) detector. For the second, DTA measure-
ments were carried out on powdered samples prepared to
be of the single phase of MC tridymite, and the unito cell
parameters were measured with a singleocrystal at vari-
ous temperatures including the MCuo OP transition point,
focusing on the reported intermediate phase (Cellai et .,
1995). For the third, Raman spectroscopic data were
measured for MC, OP and the higher temperature phases
of tridymite: these data are not only the first to be
reported but are informative in respect of the second
objective. In addition to these main objectives, Xoray
powder diffraction measurements were carried out to
examine the effects of grinding or heat treatment during
preparation of samples of MC.

EXPERIMENTAL
Sample preparation

Transparent crystalline specimens grown on the surface
of refractory silica brick, which had enjoyed much the
same thermal history as that used in our previous papers
(e.g., Kihara, 1977), were scratched from the surface and
used to prepare specimens for the Xoray, DTA and
Raman measurements.

In the present measurements, both powdered sam-
ples and singlezcrystals (or fragmental crystas) were
used. The powdered samples were prepared by three dif-
ferent procedures. The aggregate of crystals collected
from the scratch were hando ground in a mortar to prepare
the first sample, which is hereafter called TPar. A part of
the TPar powders was repeatedly treated, more than ten
times, by heating up to 250°C in air and by subsequent
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Table 1. Unitocell parameters of monoclinic tridymite, MC, in space group Aa with varying temperature, determined with a

0 singlexcrystal specimen

Temperature(°C) a(A) b(A) c(A) B
25 25.878(3) 5.001(8) 18.526(2) 117.69(1)
50 25.891(2) 5.002(6) 18.526(2) 117.71(1)
60 25.904(2) 5.005(6) 18.530(2) 117.74(1)
70 25.900(4) 4.000(2) 18.534(3) 117.72(1)
80 25.906(4) 5.001(2) 18.539(3) 117.73(1)
85 25.916(2) 5.003(6) 18.540(2) 117.74(1)
90 25.917(3) 5.003(8) 18.539(2) 117.73(1)
95 25.916(4) 5.001(2) 18.544(3) 117.72(1)
100 25.919(4) 5.004(2) 18.540(3) 117.72(1)
103 25.931(3) 5.005(8) 18.544(2) 117.75(1)
106 25.928(3) 5.005(8) 18.548(2) 117.72(1)
110 25.925(2) 5.008(7) 18.545(2) 117.74(1)
115% 26.165(2) 4.982(5) 18.570(2) 118.02(1)

120* 26.162(4) 4.983(5) 18.572(2) 118.03(1)
125%* 26.164(5) 4.982(7) 18.572(3) 118.02(1)

ESDs are in parentheses.

" Above 115°C, the structure is orthorhombic, but values shown are calculated for reflections indexed as the monoclinic cell.
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Figure 1. Xcray powder diffraction diagrams (Cu Ko ) of tridym-
ite prepared by different treatments. a TP1a, b TPogand ¢ TPar.
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Figure 3. DTA curves in heating runs with a heating rate of

7°C/min. a TPoa, b TPogand ¢ TPor.
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Figure 2. Temperature dependence of monoclinic unitocell dimen-
sions, a, b and ¢ (A)), and angles 8 ( ° ) from 25 to 110°C, mea-
sured with a singlescrystd on a 4acircle diffractometer.
Corresponding values for the orthorhombic phase, calculated for
the reflections indexed with the monoclinic cell, are aso indi-
cated for three temperatures from 115 to 125°C.
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cooling down to 030°C in ethanol. This is called TPaq.
The third sample was prepared by the continuous heating
of a mixture of the TPar powders and reagent grade
Na,WO,.2H,0 powder over 96 hrs at 900°C. After cool-
ing, the mixture was washed by repeated watering at 50
°C to remove the tungstate powder. The residual powder
ample was called TPaa. According to Graetsch (2001),
powdered samples of MC are obtained from MXo1l in
this treatment.

Experiments on singlexcrystals or fragmental speci-
mens are very important for the studies of the structural
changesin tridymite to avoid external stresses on the sam-
ples during sample preparations. The Raman spectra and
Xoray integrated intensities were measured on two
groups of fragments of different sizes, one 0.210.3 mm
and the other smaller than 0.1 mm in three dimensions.
The specimens with dimensions 0.2:0.3 mm are almost
always twinned, convenient for the Raman measure-
ments. In contrast, on examining diffraction patterns
using asingle crystal diffractometer with a CCD detector,
we found some of the smalernsized fragments to be
nearly free from twinning.

X-ray powder diffractions and single-crystal measure-
ments of unit-cells

Figure 1 shows the powder diffraction diagrams of the
three kinds of samples, a for TPua, b for TPaq and c for
TPar, al measured at room temperature with a diffracto-
meter RINT2000 (Rigaku Co.). All the observed peaks
for TP1a were indexed with the monoclinic cell in the Aa
setting, and its constants were determined with leasto
squares fitting as a=25.45(7), b=4.93(1), c=18.24(5)Alland
B =117.0(2)°. We conclude at this stage that TPhais MC.
However, the diffraction patterns for TPir and TPaq
appear dightly different from TPaa, having three or two
pesks around 26 of 23° (theinlet of Fig. 1). After consult-
ing Graetsch (1998), we conclude that TP1qg is MXo1,
whereas TPar is a mixture of MXo1 and MC.

The temperature dependences of the unitocell dimen-
sions in the range from room temperature to 125°C were
measured on a twinofree fragment of MC using a 4acir-
cle diffractometer. The specimen was heated with an elec-
tric furnace mounted on the diffractometer, and the
temperatures a the specimen were calibrated with the
melting points of Sn, Zn and Pb. The accuracies were esti-
mated to be better than 1°C in the range of the present
measurements (details are given in Kihara, 1990). The
values of the unitocell dimensions determined in least
sguares fitting are tabulated in Table 1 and plotted in
Figure 2. The an and codimensions increase only slightly
with increasing temperature in MC, the bodimension

stays nearly constant, and there is just one abrupt change
occurring between 110 and 115°C for each dimension.

DTA measurement

DTA curves were measured on the three kinds of pow-
dered samples with a TG8120 (Rigaku Co.): the results
for the heating measurements are shown in Figure 3. The
heating rate was 7°C/min and Al,O; was used as the
standard. Below 300°C, TPar shows at least five endother-
mic peaks at about 84, 113, 122, 155 and 168°C, all read
at the top position. The five peaks are also observed in
TPoq, but the peak positions and heights are obviously
changed to 80, 112, 121, 152 and 166°C, respectively. On
the contrary, TPoa shows asimple DTA pattern with only
two endothermic peaks at about 117°C and 166°C: the for-
mer is possibly related to the MCoOP transition and the
latter to the OP1OC transition or OP1OS transition. In
comparison with the results of Graetsch (1998), the pre-
sent DTA curve of TP1a appears admost equal with that
of MC, whereas that of TP2q, which we consider as M Xt
1 by comparison of the Xoray diffraction patterns,
appears different from Graetschs MXn1, which lacks the
peak at 121°C, but has an additional peak at about 200°C.

Raman measurement

The Raman spectra at 29 temperatures from 25 to 500°C
were measured on a fragmenta crystal of MC (dimension
of about 0.25 mm) in an argon laser beam of diameter
100 pm, using a Raman microscope spectrometer,
STR250 (Seki Technotron Co.). The powdered sample
TPoq was also measured at 19 temperatures. Figure 4
shows the spectra for the selected temperatures measured
on the fragmenta crysta (a) and the powdered sample
TPaq (b). The Raman spectra of the powdered sample
TPoq have broad peaks at about 225, 295, 360, 445, 790
and 1080 cm”* and compare well with those observed
above 115°C for the fragmental specimen. It is reasonable
to assume that, under the present experimental condi-
tions, al the possible phonon modes, or at least those
given by a powdered sample, are available with the frag-
mental crystal.

Both the MC and OP structures have 72 atoms in
their primitive cells. The 213 species of optic modes at
the zone center I are all Raman active for both MC and
OP. For the measured spectra of MC, we see only ten
peaks below 1250 cnt’: several pesks are concentrated
into a range from 200 to 500 cm®, and others are in
ranges 7500800 cm'* and 100021250 cm'*, indicating that
narrowly separated bands contribute to each of the indi-
vidual peaks. We assign sequential numbers to the peaks
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Figure 4. Raman spectra at varying temperatures. a for 14 selected
points of temperature for a fragmental specimen, and b for 11
selected points of temperature for powdered specimen TPaq.
Temperatures for a are a; 25, b; 70, c; 110, d; 115, e 140, f;
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h; 130, i; 140, j; 150 and k; 210°C. An argon laser beam of
diameter 100 pm was used. The resolution in wave number is
1.3 cm'?, and intensities were accumulated over 30 single mea-
surements for 10 s.
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Figure 5. Temperature dependences of wave numbers of selected
Raman peaks.

O a Pesks #1, #3, #4 and #6 in MC from 25 to 110°C are repre-
sented withm , 00 , A and O , respectively; b Pesks #1, #3 and
#4 for temperatures above 110 to 500°C (c) peaks #7 and #8
with and O , respectively, from 25 to 500°C.

(Fig. 4a), whose positions are represented by the wave
numbers read from the top of the peaks. Because the
peaks are contributed by some numbers of modes, the
wave numbers assigned are only for the convenience of
explanation and do not correspond to any real phonon
mode. The measured peaks for the higher temperature
forms are apparently broader than those for MC, but the
basic features remain amost unchanged, with only slight
peak shifts and intensity changes.

Figure 5 exhibits the temperature dependences of
such wave numbers of selected peaks up to 500°C: the top
positions are read after smoothing. The peaks observed at
room temperature are relatively sharp and show no sig-
nificant changes in their positions and widths up to 110
°C (Figs. 4a and 5d). The Raman profiles at 110 and
115°C are obvioudly different (Fig. 4a), showing that a
structural transition occurs between these temperatures.
The change apparently corresponds to the peak at 117°C
in the DTA curve, considered as the MCo OP transition.
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Above 115°C, peak #2 disappears or is unified to a single
broad peak at the #3 position (Fig. 44). Peaks #7 and #8
are separated in MC, but the latter appears to weaken to a
shoulder of the former in the higher temperature phase
(Fig. 4a). The wave numbers of pesks #1 and #7 show
gaps at about 170°C (Fig. 5b, ¢), which corresponds to
the peak in DTA, considered as the OP1OC transition.
The wave numbers of peaks #1 and #4 in OP and OC
show wesk but steady temperature dependence with
increasing temperature, the former moves toward the
higher wave number side, but the latter moves to lower
wave numbers. The three peaks, #1, #3 and #4, at about
220, 300 and 360 cm™* at 110°C, become a single broad
peak at about 300 cm* between 420 and 450°C. These
values of temperatures remind us of the OCoHP transi-

tion point at about 420°C, which was observed in the pre-
vious Xoray singlescrystal study (Kihara, 1978).

STRUCTURE-REFINEMENT

The integrated intensities were measured with a graphite
monochromatized Mo Ke radiation on the CCD diffrac-
tometer at 25, 80, 90, 100 and 140°C using a fragment, of
size 0.1x 0.1x 0.05 mm? which showed no obvious sign
of twinning. The crystal was bathed in a heated airflow,
the temperature of which was monitored and controlled
within £ 1°C. The space groups were confirmed by
examining the intensity distributions and systematic
absences. at the four points of temperatures, 25, 80, 90
and 100°C, it is monoclinic Aa with the unitocell used in

Table 2. Conditions of intensity measurements, structure refinements and crystallographic data

Monoclinic tridymite MC
(space group Aa, Z = 12)

Orthorhombic tridymite OP
(space group P2,2,2,,Z=6)

Temperature (°C) 25 80
Radiation Mo K&, 26, : 60°
Image width 0.5°

Exposure time

Number of reflections

20 s for all measurements

measured 10113 10104
independent IF,|>0 2696 2695
independent IF,I>0 2251 2239
independent IF,I>3 0 1655 1625
Unit-cell parameters
a(A) 25.878(3)  25.906(4)
b (A) 5.001(8) 5.001(2)
c(A) 18.526(2)  18.539(3)
B 117.69(1)  117.73(1)

Number of parameters

90 100 140
10138 10175 8290
2707 2711 1620
2229 2226
1592 1598 336
25917(3) 25.919(4) 26.163(9)
5.003(8) 5.004(2) 4.987(2)
18.539(2)  18.540(3) 8.199(3)
117.73(1) 17.72¢qty -

325" (1 scale + 108 coordinates + 216 anisotropic
temperature factor coefficients)

R™

IF,I>0

IF, >0 0.059 0.063

IF>30 0.039 0.041
R,

IF,I>0

IFI>0 0.040 0.044

IF>30 0.036 0.040
GOF (Goodness-of-fit)

|F,I>0

IF >0 1.40 1.42

IF>30 1.40 1.38

163 (1 scale + 54 coordinates
+ 108 anisotropic temperature
factor coefficients)

0.131
0.064 0.065
0.041 0.042 0.041
0.089
0.042 0.039
0.037 0.035 0.051
0.78
1.39 1.44
1.36 1.41 0.91

"1 Two coordinates x and z for Si; were fixed during the refinements to define the origin.

PR=I|F O IRl / ZIFd

PR = {ZW(F| O [Fd)? / 2w 2
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the indexing of the present powder diffraction diagram
and, at 140°C, orthorhombic P2,2,2; with the unitocell of
OP. These data are summarized in Table 2. The inte-
grated intensity for each reflection was processed with
TEXSAN™ (1989) to prepare and estimate its structure
factor amplitude |F,| and standard deviation o (|F,|),
respectively. The symmetrically independent |F,| vaues
were obtained by averaging over the equivalent ones.
Most of the superstructure reflections, particularly in OP,
are of wesk intensity: the number of observed reflections
in an asymmetric unit was 1620 for OP (in the measure-
ment a 140°C) and about 2700 for MC (in the four
measurements). Among those, 336 and about 1600 reflec-
tions were of |F,| values larger than or equal to the corre-
sponding 3o for OP and MC, respectively. To improve
the ratios of parameters to observations, all the measured
reflections were used in the refinements for OP wheress,
for MC, the number of the reflections with |F | greater
than or equal to one o was sufficient to achieve a reason-
able condition for the least squares refinement. The leasto
sguares program LSGCEX (Kihara, 1990) was used.

The refinement was commenced with the OP struc-
ture a 140°C. The initial atomic coordinates were
obtained from the OC structure by applying a program
KEY (Ito, 1973). The refinement initiated with these coor-
dinates resulted in the R, value of 0.089 for 1620 reflec-
tions with the 163 variable parameters: a scale factor and

162 atomic parameters for the 18 symmetricaly inde-
pendent atoms on the general potions of P2,2,2, (Table
2). It is noted that, if the structure factors are calculated
only for the reflections with |F,| values larger than or
equal to corresponding 3 o's, the agreement factor R,
reduces to 0.051 for 336 reflections. The present atomic
coordinates are essentially the same as those of Kihara
(2977) in their displacement directions from the OC struc-
ture, whereas some differences are seen in the coordi-
nates and temperature factors in the view of the estimated
standard deviations (ESDs). The present vaues are con-
sidered to be more accurate because they take account of
the remarkable increase in observations, enabling us to
refine al the variable parameters simultaneously. The
intensity data for OP were measured only at 140°C, and
the atomic parameters, atomic distances and angles are
listed in Table 3.

The series of refinements at the four temperatures in
the field of MC was initiated with the 100°C data,
employing the atomic coordinates determined in applying
program KEY to the OP parameters at 140°C determined
as above. The refinements were carried out varying 323
parameters simultaneoudly: a scale factor and 322 atomic
parameters for the 36 symmetrically independent atoms
on the general potions of Aa. During the refinements, the
two coordinates, x and z, for Si; were fixed to define the
origin. The parameters obtained for the 100°C data were

Table 3. The atomic parameters, distances and angles in orthorhombic tridymite, OP, at 140°C
(a) Positional pal’amael’sand eqUivalent iSOtropiCtempefaturefaCtOI'S, Beoooonoooooonnoooooonoooooo00000000000000000000

Atom* x z B, (A
Si, 0.1390(1) 0.6112(7) 0.6786(5) 2.23(6)
Si 0.1393(1) 0.4957(7) 0.3012(5) 2.56(6)
Sis 0.0278(1) 0.6180(7) 0.8118(5) 2.53(6)
Siy 0.0282(1) 0.5019(7) 0.1843(4) 2.06(6)
Sis 0.1946(1) 0.1131(7) 0.8013(5) 2.42(6)
Sig 0.1945(1) 0.9954(8) 0.1740(6) 3.03(7)
0, 0.1935(5) 0.058(3) 0.986(2) 7.6(4)
0, 0.1403(6) 0.565(3) 0.490(2) 7.6(4)
0; 0.0299(6) 0.568(3) 0.001(2) 7.2(3)
0, 0.0825(3) 0.563(2) 0.743(2) 6.0(3)
Os 0.0823(3) 0.428(2) 0.241(2) 59(3)
O 0.2484(3) 0.914(2) 0.234(2) 54(3)
0, 0.1762(3) 0.412(2) 0.765(2) 3.8(2)
Oy 0.1754(3) 0.253(2) 0.275(2) 5.2(3)
0y 0.1564(3) 0.910(2) 0.715(2) 4.5(3)
Oy 0.1572(4) 0.754(3) 0.199(2) 5703)
O, -0.0107(3) 0.418(2) 0.727(2) 43(2)
0 -0.0089(3) 0.251(2) 0.215(2) 4.4(3)

ESDs are in parentheses.
" Atoms are al on general positions of space group P2,2,2;.
The origin is placed as in the standard setting.
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Table 3. (Continued.)

(b) SizO distances (A), SicOi o Si(°) anglesand Oz O distances (M) D 00000 0000000000000 00O0

Si-O distances (/o\)

) Uncor- Cor- . Uncor- Cor- . Uncor- Cor-
SO rected rected Si-0 rected rected Si-0 rected rected
Si; - O, 1.560(10) 1.62(3) Si, - O, 1.590 (10) 1.65(3) Siz - 03 1.570(10) 1.63(3)
Si;- Oy 1.588(8) 1.63(2) Si, - Os 1.608(7) 1.65(2) Siz; - 04 1.563(8) 1.60(3)
Si; - Oy 1.560(8) 1.58(2) Si, - Og 1.549(8) 1.58(2) Si; - Oy 1.581(8) 1.60(3)
Siy - Og 1.585(9) 1.61(2) Sir- Oy 1.610(10) 1.65(2) Si; - Oy 1.592(8) 1.61(3)
Mean 1.573 1.61 Mean 1.589 1.63 Mean 1.577 1.61
Siy -O4 1.540(10) 1.60(3) Si5 -0, 1.540(1) 1.60; Sig - O, 1.570(10) 1.62(3)
Siy- Os 1.536(7) 1.58(2) Si5 -Og 1.597(8) 1.63, Sig- Og 1.548(8) 1.58(2)
Siy- Oy 1.603(8) 1.63(2) Si5 -O, 1.594(7) 1.61, Sig- Oy 1.610(10) 1.64(2)
Sig- Oy 1.574(9) 1.60(2) Sis5 -Oy 1.591(9) 1.62, Sig- 0y 1.560(10) 1.59(2)
Mean 1.563 1.60 Mean 1.581 1.62 Mean 1.572 1.61
Mean Si-O (uncorrected, corrected)* : 1.576, 1.61
Si-O-Si angles (°)

. . Uncor- Cor- . . Uncor- Cor- . . Uncor- Cor-
Si-O-Si rected rected Si-O-Si rected rected Si-O-Si rected rected
Si5-0O,-Sig 177.79)  149(3)  Si;-0,-Si, 175.0(10) 148(2) Si;-0;3-Siy 175.0(10) 149(2)
Si;-04-Si3 161.0(7)  148(2) Si,-Os-Siy 153.8(6) 143(1) Sis-Og-Sig 169.5(8) 155(2)
Si;-05-Sis 150.3(6) 148(2)  Si,-O4-Sig 152.4(8) 145(2) Si;-Og-Sis 149.6(7) 142(1)
Si,-0,0-Sig  150.1(7)  142(2) Si3-Oy;-Si;  149.3(5) 144(2) Sif-01,-Siy  153.3(6) 146(2)
Mean Si-O-Si(ll) (uncorrected, corrected)* : 154.4, 146
Mean Si-O-Si(L) (uncorrected, corrected)*: 175.9, 149
Mean Si-O-Si(uncorrected, corrected)* : 159.8, 147
0O-0 distances (uncorrected) (;\)

Si; Si, Si;

0,-04: 2.57(2), 0,-04: 2.56(2)
0,-04: 2.55(2),04-07: 2.57(1)
04-0q: 2.60(1), O7-04: 2.57(1)
Siy Sis
03-05: 2.50(2), 03-05: 2.57(1)
03-0y5: 2.56(1), O5-O5: 2.55(1)
05-045: 2.53(1), 0,-045: 2.60(1)
Mean O-O *: 2.57

0,-O5: 2.64(2), 0,-Og: 2.53(2)
0,-0y¢: 2.61(2), O5-Og: 2.60(1)
05-01(): 257(1), 08'010: 261(2)

0,-O¢: 2.59(2), 0,-07: 2.57(2)
0,-0y: 2.54(2), Os-O7: 2.57(1)
O4-0y: 2.65(1), O7-Oy: 2.59(1)

0;-04: 2.52(2), 03-0y;: 2.59(1)
03-0y;: 2.60(1), O4-Oy;: 2.55(1)
04-0y;: 2.59(1), 0,,-0y;: 2.58(1)
Sig

0,-0¢: 2.57(2), 0,-O4: 2.60(2)
0,-0y¢: 2.50(2), O4-Og: 2.57(1)
04-0yy: 2.53(1), Og-0Oy: 2.62(2)

Sin O distances and SinOu Si angles are shown a8 uncorrected’ for those calculated with mean positions of related atoms, and
a8 corrected’ for those corrected for thermal displacement factors of related atoms. Oo O distances are only for uncorrected.

ESDs are in parentheses.
" Unbiased estimates of sample means.

used as the starting values of the subsequent refinements
for the next lower temperature data to room temperature.
The R,ofactors, about 0.04 for about 2250 reflections
with |F,| vaues larger than or equal to the corresponding
o’'sand about 0.035 for about 1600 |F,| values larger than
or equal to the corresponding 3 o, are improved in com-
parison with the literature values. In Table 4, () the
atomic coordinates and equivalent isotropic temperature
factors, (b) the SinO distances, (c) the SitOSi angles
and (d) the OnO distances are listed for the cases of 25

and 100°C. The full structural parameters and the sets of
|F,| are not presented here, but may be available from the
authors on request.

STRUCTURAL DESCRIPTION

Figure 6a shows the projections of the OP structure at
140°C on (001) and (010), and Figure 6b the projection of
the MC structure at 100°C on (010), where atoms are rep-
resented by the thermal ellipsoids of 50 % probabilities.
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Table 4. Atomic parameters (a), Sio O distances (b), SitOuSi angles (c) and Oo O distances (d) in monoclinic tridymite, MC, at 25 and

0 100°C
(a) Atomic coordinates and equivalent isotropic temperaturefactors 0 0O 0 0 0D 00 000000000000 O0O0OO0OOOO0O
" x y z By (A%
Atoms
25°C 100 °C 25°C 100 °C 25°C 100 °C 25°C 100 °C
Si, -0.0179" -0.0179" 0.6982(6) 0.7013(6) 0.0314" 0.0314" 0.89(4) 1.18(4)
Si, 0.0108(1) 0.0112(1) 0.1979(6) 0.2006(6) -0.0393(1)  -0.0383(1)  0.90(4) 1.11(4)
Si3 0.1468(1) 0.1469(2) 0.2112(5) 0.2121(6) 0.0469(2)  0.0459(2) 0.91(4) 1.16(5)
Siy 0.1812(1) 0.1814(1) 0.7129(5) 0.7132(6) -0.0143(2)  -0.0151(2)  0.79(4)  0.98(4)
Sis 0.3091(1) 0.3098(2) 0.7074(5) 0.7084(6) 0.0111(2)  0.0126(2) 0.87(4) 1.15(4)
Sig 0.3478(1) 0.3481(2) 0.2106(5) 0.2114(5) -0.0452(2)  -0.0444(2)  0.77(4) 1.07(4)
Si; 0.0416(1) 0.0420(1) 0.7963(6) 0.7942(6) 0.2188(2)  0.2193(2) 0.95(4) 1.16(4)
Sig 0.1158(1) 0.1163(1) 0.2972(5) 0.2950(6) 0.2989(2)  0.2978(2) 0.89(4) 1.13(4)
Sig 0.2057(1) 0.2061(1) 0.3101(6) 0.3077(6) 0.2338(2)  0.2329(2) 0.92(4) 1.13(4)
Siyo 0.2832(1) 0.2836(1) 0.8090(5) 0.8056(6) 0.2703(2)  0.2712(2) 0.89(4) 1.12(4)
Siy 0.3676(1) 0.3687(1) 0.6995(5) 0.7012(6) 0.2003(2)  0.2016(2) 0.84(4) 1.17(4)
Sis 0.4425(1) 0.4437(1) 0.1995(5) 0.2010(6) 0.2704(2)  0.2715(2) 0.88(4) 1.17(4)
0, -0.0839(3)  -0.0838(3) 0.751(1) 0.752(2) 0.0131(5)  0.0116(5) 1.7(2) 3.02)
0, -0.0011(3)  -0.0008(3) 0.896(2) 0.903(1) -0.0216(4)  -0.0199(4) 2.1(2) 2.6(2)
0, -0.01293)  -0.0122(3) 0.394(2) 0.398(1) 0.0074(4)  0.0072(5) 1.7(2) 2.2(1)
0, 0.0781(3) 0.0783(3) 0.249(2) 0.249(1) -0.0109(5)  -0.0105(6) 2.4(2) 2.6(2)
Os 0.1808(2) 0.1800(3) 0.413(2) 0.416(1) 0.0176(4)  0.0159(4) 1.5(1) 2.02)
O 0.1663(2) 0.1657(3) -0.089(2) -0.088(1) 0.0419(4)  0.0399(4) 1.3(1) 1.92)
0, 0.2437(3) 0.2437(4) 0.778(1) 0.774(1) -0.0081(5)  -0.0074(6) 1.4(1) 1.9(1)
Oy 0.3115(2) 0.3125(3) 0.410(1) 0.413(1) -0.0182(4)  -0.0167(4) 1.6(1) 2.1(1)
0Oy 0.3287(2) 0.3289(2) -0.091(1) -0.089(1) -0.0383(3)  -0.0365(4) 1.1(1) 1.6(1)
Oy 0.0240(3) 0.0231(3) 0.745(2) 0.746(2) 0.1258(4)  0.1249(5) 1.9(1) 2.3(2)
0oy 0.1603(3) 0.1625(4) 0.269(2) 0.267(1) 0.1380(4)  0.1378(5) 1.4(2) 2.2(2)
0 0.3518(3) 0.3527(3) 0.738(2) 0.738(1) 0.1071(4)  0.1087(5) 1.9(1) 2.7(2)
O3 -0.0150(3) -0.0133(3) 0.750(2) 0.749(2) 0.2307(4)  0.2326(4) 2.0(1) 2.6(2)
Ou 0.0638(2) 0.0651(3) 0.098(2) 0.095(1) 0.2417(4)  0.2423(4) 1.6(1) 2.1(1)
Os 0.0934(2) 0.0939(3) 0.597(2) 0.595(1) 0.2763(4)  0.2751(4) 1.7(1) 2.1(2)
O 0.1721(3) 0.1723(3) 0.251(1) 0.249(2) 0.2861(5)  0.2853(5) 2.0(2) 2.5(2)
0y, 0.2297(2) 0.2304(3) 0.613(1) 0.607(1) 0.2507(4)  0.2502(5) 1.6(1) 2.4(2)
O 0.2595(2) 0.2595(3) 0.111(1) 0.107(1) 0.2609(4)  0.2606(4) 1.5(1) 2.1(1)
Oy 0.3095(3) 0.3114(3) 0.757(1) 0.756(1) 0.2090(4)  0.2120(5) 1.12) 1.8(2)
Oy 0.3879(2) 0.3902(3) 0.398(2) 0.403(1) 0.2279(4)  0.2299(4) 1.5(1) 1.9(2)
0, 0.4190(2) 0.4197(3) 0.901(2) 0.903(1) 0.2557(4)  0.2558(4) 1.9(1) 2.12)
01 0.1318(3) 0.1338(3) 0.242(2) 0.244(1) 0.3923(4)  0.3914(5) 1.3(2) 1.9(2)
Ox3 0.3336(3) 0.3339(3) 0.766(2) 0.763(1) 0.3613(4)  0.3629(5) 2.2(2) 2.5(2)
Oy 0.4755(3) 0.4769(4) 0.252(1) 0.250(2) 0.3652(4)  0.3658(5) 2.5(2) 3.2(2)

SinO distances and SitO0Si angles are shown as‘ uncorrected’ for those calculated with mean positions of related atoms, and as
“ corrected’ for those corrected for thermal displacement factors of related atoms.

ESDs are shown in parentheses.
"t Atoms are al on the general positions of space group Aa.
**2 Fixed through refinements to define the origin.

In the ideal tridymite structure, which may be represented
by the mean positions of atoms in HP, SIO, units join
each other by sharing their corner O atoms to form a
threendimensional framework of sixaomembered rings.
For convenience in describing the structure, the three O
atoms of a SIO, unit in a plane of sixomembered rings are

distinguished from the fourth O, which is off the plane:
the former are called the basal O atoms and the latter the
apical O atom. The SiO, units orient upward and down-
ward alternately in the sixamembered rings to form the
tridymite layers, which are stacked on top of each other
by sharing the apica O atoms to form hexagona chan-
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Table 4. (Continued.)
(b) SoOdistances( M) D DD DD OD0OO0D0DO00000O0O0OOO0O000OO0OOOODUOOO0OO0OOO0OO0OOO0OOOOoOoOoOO

25 °C 100 °C 25 °C 100 °C
Si-O Uncor- Cor- Uncor- Cor- Si-O Uncor- Cor- Uncor- Cor-
rected rected  rected rected rected rected  rected rected
Si,-0, 1.600(7) 1.61 1.592(9) 1.61 Si7-0y3 1.594(8) 1.60 1.580(10) 1.61
Si;-0, 1.589(8) 1.60 1.584(9) 1.60 Si7-0y4 1.600(8) 1.61 1.602(8) 1.60
Si;-05 1.606(8) 1.61 1.610(9) 1.62 Si;-0y5 1.608(7) 1.61 1.606(7) 1.61
Si;-0,p  1.588(8) 1.60 1.572(8) 1.59 Si7-0y 1.584(8) 1.62 1.600(9) 1.61
Mean 1.596 1.61 1.590 1.60 Mean 1.597 1.61 1.597 1.61
Si,-0, 1.605(8) 1.62 1.591(9) 1.61 Sig-Oy4 1.611(7) 1.62 1.598(8) 1.61
Si,-0; 1.605(8) 1.61 1.591(9) 1.60 Sig-O5 1.594(8) 1.60 1.595(8) 1.60
Si,-O, 1.586(8) 1.60 1.584(9) 1.60 Sig-O4¢ 1.597(8) 1.61 1.590(9) 1.61
Siy-0y4 1.588(8) 1.61 1.594(9) 1.62 Sig-0O,; 1.604(8) 1.61 1.59509) 1.61
Mean 1.596 1.61 1.590 1.61 Mean 1.602 1.61 1.595 1.61
Si;-0, 1.604(8) 1.62 1.599(9) 1.61 Sig-Oy6 1.601(8) 1.63 1.610(10) 1.62
Si;3-Os 1.590(7) 1.60 1.592(8) 1.60 Sig-0y7 1.609(7) 1.61 1.597(9) 1.63
Si3-Og¢ 1.599(8) 1.60 1.600(9) 1.61 Sig-O3 1.590(7) 1.61 1.588(8) 1.61
Si3-Oy; 1.581(8) 1.59 1.580(10) 1.59 Sig-Oyy 1.622(8) 1.60 1.605(9) 1.60
Mean 1.594 1.60 1.593 1.60 Mean 1.606 1.61 1.600 1.61
Si,-Os 1.612(7) 1.62 1.600(8) 1.61 Si; 0047 1.594(7) 1.60 1.594(8) 1.60
Si,-O¢ 1.607(7) 1.61 1.606(8) 1.62 Si; 0Oy 1.609(7) 1.61 1.609(8) 1.62
Si;-O, 1.60009) 1.61 1.580(10) 1.59 Si;0Oy9 1.592(8) 1.60 1,587(9) 1.60
Si;-0,,  1.608(7) 1.61 1.601(9) 1.61 Sij0-0p3 1.593(8) 1.61 1.605(9) 1.62
Mean 1.607 1.61 1.597 1.61 Mean 1.597 1.60 1.599 1.61
Si5s-0O, 1.5979) 1.60 1.610(10) 1.62 Si;-Opo 1.611(7) 1.60 1.608(9) 1.60
Si5s-Og 1.592(7) 1.60 1.586(8) 1.60 Si; -0y 1.599(8) 1.61 1.594(8) 1.62
Si5s-Og 1.594(7) 1.60 1.587(7) 1.59 Si; -0y 1.600(7) 1.60 1.595(7) 1.60
Sis-0;, 1.604(8) 1.62 1.609(9) 1.63 Si;Op 1.588(8) 1.61 1.580(10) 1.60
Mean 1.597 1.60 1.598 1.61 Mean 1.600 1.61 1.594 1.60
Sig-0, 1.595(7) 1.60 1.589(8) 1.61 Si;p-043 1.601(8) 1.61 1.600(10) 1.62
Sig-Og 1.602(7) 1.61 1.604(8) 1.61 Si;-0y 1.602(7) 1.61 1.596(7) 1.60
Sig-Oo 1.609(7) 1.61 1.613(7) 1.62 Sijp-0y; 1.588(8) 1.60 1.590(8) 1.60
Sig-0,3 1.618(8) 1.63 1.600(10) 1.62 Sijp-0y 1.576(8) 1.60 1.568(9) 1.59
Mean 1.606 1.61 1.602 1.61 Mean 1.592 1.60 1.589 1.60

Mean Sio O (uncorrected) *: 1.599A] at 25°C and 1.595 AJ at 100°C.
Mean Sic O (corrected) ": 1.61 Al at 25 and 100°C.

Uncorrected values are shown with ESDs in parentheses.

ESDs for corrected ones are al 0.02 Al.

" Unbiased sample means.

nels along the coaxis. Looking down the tridymite layer
of MC or OP aong the pseudohexagonal coaxis, the sixo
membered rings are seen to be distorted into a ditrigonal
shape and an oval one, denoted as D (or D' in another ori-
entation) and O (or O'), respectively. These distortions
cause the SinOoSi bonds to bend so as to be divided into
two groups: one, denoted as Sio Oc Si(]|), with the basal O
atom is more bent, nearly in (001), and the other, SinOo
Si(O ), with the apical O atom is less bent, nearly aong
the norma to the tridymite layers. Figure 7 shows the

twoo series of the temperature dependences of the equiva
lent isotropic temperature factors B, for O atoms, each
averaged over all the O atoms (solid circles) and the api-
cal O atoms (open triangles), together with those for the
Si atoms (crosses).

The atomic coordinates obtained from the harmonic
refinements of Xoray diffraction intensities may repre-
sent the mean positions of atoms. The calculated dis-
tances for such positions, i.e., the interomean distances,
may possibly differ more or less from those of real bonds.
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Table 4. (Continued.)

(¢) SinO0S angles (°) T I T T T T T T LT T T T T

25°C 100 °C
Si-0-Si
Uncorrected Corrected Uncorrected Corrected

Si;-0,-Sig 153.9(6) 151(2) 156.4(8) 150(2)
Si;-0,-Si, 147.6(5) 145(1) 149.6(6) 146(1)
Siy-05-Si, 145.9(5) 144(1) 147.1(6) 144(1)
Sir-O4-Si; 155.1(6) 151(2) 155.9(7) 152(2)
Si;-Os-Siy 144.4(6) 143(1) 145,8(6) 144(1)
Si3-O4-Siy 142.4(5) 141(1) 143.2(6) 141(1)
Sis-05-Sis 154.4(5) 153(2) 155.9(6) 154(2)
Sis-O4-Sig 143.9(5) 142(1) 145.1(5) 143(1)
Sis-O4-Sig 146.0(5) 145(1) 147.0(5) 146(1)
Si;-04¢-Siy 157.5(5) 154(2) 158.9(6) 154(2)
Si3-0y,-Sig 151.3(6) 150(2) 154.5(7) 151(2)
Sis-0,,-Siy; 152.6(5) 149(1) 152.9(6) 149(2)
Si;-0y3-Sij, 155.5(5) 152(2) 156.7(6) 152(2)
Si;-0y4-Sis 147.6(5) 145(1) 148.9(6) 146(1)
Si;-0ys-Sig 147.6(5) 147(1) 148.0(5) 147(1)
Sig-06-Sio 148.3(6) 145(1) 148.4(6) 145(2)
Sig-047-Sijy 147.0(5) 147(1) 148.2(6) 146(1)
Sig-Oy4-Sijo 148.8(5) 146(1) 149.6(5) 148(1)
Si4-0,9-Siy 145.9(5) 145(1) 148.4(6) 147(2)
Si;-O20-Siy, 145.5(5) 144(1) 147.6(5) 146(1)
Si;-04,-Sij, 147.0(5) 145(1) 148.0(5) 146(1)
Sig-0,,-Sig 148.5(5) 147(1) 151.6(6) 149(2)
Sig-023-Siyo 145.2(5) 142(1) 145.6(6) 142(1)
Si,-0,4-Siy, 178.0(7) 162(3) 179.5(8) 160(3)
Mean Si-O-Si(l))* 148.2 146 149.4 147
Mean Si-O-Si(L)* 155.5 151 157.2 151
Mean Si-O-Si* 150.0 147 151.4 148

ESDs are in parentheses.
" Unbiased sample means.

In the present study, the interomean distances for Sio O,
SinS and OO and angles for SinOu Si were firstly calcu-
lated, and then the interomean distances for SitO were
corrected using the analysis of Downs et al. (1990), a
rigidobody analysis based on the anisotropic mean square
displacements (MSD) of each pair of atoms. The SicO1Si
angles were also calculated from the Sio S interomean
distances and the corrected SicO distances. We refer to
the distances and angles for mean positionsas uncorrect-
ed’, and those with corrected values as  corrected.

OP tridymite

The most remarkable of the OP structure is the highly an-
isotropic and large MSDs of O atoms. The apica O
atoms in the OP structure are numbered from 1 to 3, and
the remaining ones, i.e., the basal ones from 4 to 12 (Fig.
6a), following Kihara (1977). For further convenience,

the principal axes of thermal ellipsoids are numbered
from 1 for the largest to 3 for the smallest. Asindicated in
Figures 6 and 7, the MSDs of O atomsin the OP structure
are much larger (three or four times) and more strongly
anisotropic than in MC. In particular, Figure 7 shows that
the differences between the apical and basal O atoms are
much larger in OP. The axeso1 of thermal ellipsoids for
the apical O atoms, which form the nearly straight SinOi o
Si bonds, are aso especidly large but are al nearly paral-
lel with [100] (Fig. 7).

The Sio O bond distances show a little variety within
each tetrahedron. The means of uncorrected and cor-
rected SinO distances in the six independent tetrahedra
are 1.576 and 1.61Alfor the 24 values, respectively. The
SinOoSi angles are around the mean of 154.4° for Sio Oo
Si(|)), and 175.0° for SinOo0Si(0), both for the uncor-
rected values. With the corrected SinO distances, these
values reduce to 146° and 149°, respectively.
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Table 4. (Continued.)
(d) o:o d|stanCeS(N) In S.OADZDDD[DDZDDDZDDZDDDZDDZDDDZDDZDDDZDD][DDZDD][DDZDD][DDZDD][DDZD

Central Si 0O-0O pair 25°C 100 °C
Si, 0,-0,, 0,-03, 0,-0, 2.61, 2.60, 2.59, 2.59, 259, 2.8,
0,-03, 0,-04, 03-0y 2.61, 2.60, 2.62 2.62, 2.58, 2.60
Si, 0,-0;, 0,-04, 0,-O44, 2.60, 2.64, 2.58, 2.57, 2.63, 2.59
03-04, 03-0y4, 04-044 2.63, 2.61, 258 2.62, 2.61, 2.56
Siy 04-05, 04-O¢, 04-0y4, 2.59, 2.63, 2.58, 2,59, 2.62, 2.60,
05-Og, O5-0yy, O6-0y 2.61, 2.62, 2.8 2.62, 2.61, 2.57
Siy 05-0g, O5-07, 05-Op,, 2.59, 2.63, 2.64, 2.58, 2.61, 2.63,
04-07, O4-0,3, 0,-09; 2.65, 2.62, 262 2.64, 2.62, 2.59
Sis 07-04, 07-09, 07-05, 2.60, 2.59, 2.62, 2.60, 2.60, 2.64,
04-0y, 05-013, 0g-0; 2.60, 2.63, 2.62 2.61, 2.62, 2.6l
Sig 0,-0g, 0;-0y, 0;-Oy3, 2.62, 2.63, 2.62, 2.62, 2.63, 259,
05-0y, O5-0,3, 0y-0,3 2.59, 2.65, 2.62 2.58, 2.65, 2.6l
Si; 0,0-013, 019-O14, 01p-O;s, 2.57, 259, 2.62, 2.57, 2.60, 2.63,
0,3-Oy4, 03-0Oy5, 014-Oy5 2.62, 2.63, 2.6l 2.61, 2.62, 2.60
Sig 014-Oy5, 014-O1¢, 014-01,, 2.60, 2.64, 261, 2.60, 2.62, 2.6l,
' 05-O14, O5-013, O16-012 2.62, 2.60, 2.62 2.61, 259, 2.59
Sig 0,1-046, 011017, O011-Oy3, 2.62, 2.65, 2.64, 2.63, 2.63, 261,
0,6-047, 016-045, 017-Oy 2.61, 2.61, 2.60 2.61, 2.60, 2.59
Sij 0,7-0Oy3, 017-0O19, O7-Oy3, 2.59, 2.62, 262, 2.60, 2.61, 2.64,
03,019, 013-033, 019-01;3 2.62, 261, 259 2.62, 262, 2.58
Siy 012-0O19, 013-049, 01-04, 2.59, 2.61, 261, 2.59, 2.60, 2.59,
019-029, 019-031, 02)-0y; 2.61, 2.65, 2.6l 2.60, 2.64, 2.59
Sipp 0,3-0y9, 013-0y1, O3-Oy4, 2.60, 2.63, 2.6l, 2.59, 2.63, 2.60,
03-031, 03)-044, 05;-0y4 2.59, 2.60, 2.56 2.60, 2.59, 2.56
Mean* 2.61 2.60

Value for an On O pair should be read from the corresponding place in the right hand column headed by 25 or

100°C.
ESDs are adl 0.01 Al
" Unbiased sample means.

The unitocell of this structure can be expressed as a
sequence of six dabs perpendicular to [100], which are
marked with the letter S numbered from 1 to 6 as
subscripts in Figure 6a. Three dabs S;, S, and S are
connected by sharing O, and Os, and the same also occurs
for the remaining three S;, S; and S,, by symmetry.
We natice that the stacking of the three dabs, each con-
nected by O, and Os, results in the formation of hexago-
na rings in the D (or D) type distortion. In the OP
structure as illustrated in Figure 6a, the sequences DD
and D’'D' occur in the stacking of S;oS;0S, and S;1S,0
S, respectively, and these two sequences meet at the Os
sites, resulting in the formation of the O (or O') type
rings in their interfaces. In other words, the O or

O’ type rings occur only at the interfaces between the
major parts of the D and D' rings. In this regard, the sites
of Og are unique in comparison with O,, Os, and other O
atoms. Its uniqueness is also seen in the SitO0Si angle
in comparison with the other angles.

MC tridymite

The atomic coordinates at 25°C agree with those of Kato
and Nukui (1976) within one ESD. The corrections for
the bond distances and angles for the atomic MSDs are
much smaller than in OP. The corrected Sio O distances
and SicOoS angles show no notable change with tem-
perature, whereas the uncorrected values show weak
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Figure 6. Projections of OP and MC structures: a OP at 140°C on (001) and (010), and b MC at 100°C on (010). Atoms are represented with
thermal ellipsoids of 50% probabilities. Ditrigonalt and ovalnshaped sixo membered rings are marked D or D’ (in another orientation) and
Oor O inthe (001) projection of OP, which is also associated by symbols from S, to S; representing slabs perpendicular to [100].
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Figure 7. Temperature dependence of B, for O atomsin MC and
OPfields. e : averagesover al O atoms, and [J : averages over
apical O atoms only. Averages of B, for Si atoms are indicated
with crosses, x , for comparison. A vertical broken line shows
the expected point of the firstoorder transition between mono-
clinic and orthorhombic phases.

decreasing and increasing trends, respectively, with
increasing temperatures. The mean corrected SitO dis-
tance is 1.61 Alat 25 and 100°C, and the corrected values
for SinO1Si angles are 146 (25°C) and 147° (100°C) for
SinOnSi(])), and 151° (25 and 100°C) for SicOnSi(0).

Similarly to the unitocell parameters, the atomic
coordinates in MC aso change only dightly with tem-
peratures (Table 4). The points for By, at the four tempera-
tures are well fitted with straight lines for both O and S
atoms, and extrapolations show large gaps to the corre-
sponding points for OP, asillustrated in Figure 7.

In MC, the sixomembered rings are distorted simi-
larly as in OP, and each tridymite layer is possibly
expressed as the repeat of DDOD'D’' O’ aong its mono-
clinic [100], just as seen in OP. However, the deforma-
tion types are no longer the same just above or below
along the pseudohexagonal coaxis (or [1/3,0,1]) and,
therefore, a similar description to that given for OP is not
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applicable to the MC structure.
DISCUSSION

The present DTA measurements for MC tridymite (TPoa)
(Fig. 3) show only the two endothermic pesks at 117 and
166°C (read at the peak tops). The peak at 117°C starts to
fall at about 110°C (Fig. 34), and well corresponds to the
significant discontinuities observed between 110 and
115°C in the temperature dependences of unitocell
parameters and Raman scattering profiles. It may be
safely concluded that the MCoOP transition takes place
over an interval, smaler than 5°C, between 110 and
115°C. An intermediate phase, if any, has to be found in
such asmall interval as 5°C.

The atomic MSDs in MC are not such as to suggest
a clear disorder of atoms: the equivalent isotropic MSDs,
Be, averaged over al O atoms, 0.0215 Af, are larger than
0.0125 Af (Kihara, 1990) in quartz a room temperature,
but comparable with 0.0181 At (Peacor, 1973) or 0.0235
A} (Pluth and Smith, 1985) of low cristobalite at room
temperature. The possibility of disorder at the O,, Site,
suggested by Xiao et al. (1993), is not as high as explic-
itly referred to: the SinO,,0S angle is exceptiondly large
at 178 (7)° at 25°C, whereas the MSD of O,,, about 0.031
Al is not exceptionally large athough it is the largest.
The temperature dependences of structural parameters
observed in MC tridymite are well fitted with straight
lines and, therefore, remarkably different from those
observed in low quartz, where the structural parameters
involving atomic coordinates and MSDs, cell constants,
and so on change rapidly and nonlinearly toward those at
the a0 transition with increasing temperature, being
driven by increasing disorder over corresponding
Dauphine twinarelated sites (Kihara, 2001). The tempera-
ture dependences of structural parameters observed in
MC, which are rather similar to those in low cristobalite,
suggest that the MC structure remains ordered up to the
MCa OP transition point, unlike in a.oquartz.

On the other hand, the characteristic features, in OP,
observed in the magnitudes of thermal €ellipsoids for O,,
Os, Og and the orientations of their principal axesi1, as
well as those of the apical O atoms, may suggest that the
rigid SiO, units undergo librational motions around the
axes nearly parallel with [010] passing through the cen-
trd S aoms. However, the atomic MSDs increase sub-
stantially and abruptly on the OP side of the transition,
compared with those in MC. Such large and highly an-
isotropic MSDs could be accounted for more reasonably
by assuming an orientationodisorder of the SO, units, as
in Kihara (1995), over multiple energy minima, which
may be arranged around the directions of principal axes:

1 of the therma ellipsoids of these O atoms. A report
about the disorder is in preparation to appear in this
journal.

The effects of the anisotropic MSDs of atoms appear
in the SinO distances caculated for the coordinates
obtained in the present refinements, which decrease with
increasing temperatures. The effects appear more signifi-
cantly in OP than in MC: the averaged Sin O distances are
1.599 Alat 25°C, 1.595 Alat 100°C for MC, but largely
reduce to 1.576 Alat 140°C for OP. All these values cor-
rected for the atomic MSDs are about 1.61 Al, in good
agreement with the Sio O distances in wello established sil-
ica structures.

As indicated with the Xoray diffraction, DTA and
Raman measurements, the structure of the monoclinic
phase is easily changed to other phases by hand grinding.
The present result suggests that measurements with pow-
dered samples may not necessarily be of the MC phase.
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