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ymite / Structure transition / Disorder 

tract. X-ray studies of orthorhombic-/ tridymite, especially focussed on 
~ic mean-square displacements (m.s.d. 's) at 443, 493, 573, 653 and 

r respectively, were carried out on the basis of the usual second-order 
ment of the Dollase model. 
he m.s.d. 's for 0 are highly anisotropic, and large in the planes perpen
r to Si - Si axes. Plots of temperature vs. m.s.d. 's point to a disorder 
atoms in the orthorhombic-/ form. The transition, from the 

rhombic-/ to the hexagonal high form or vice versa, is an example of 
placive structure transition from a disordered structure to another 

rdered one. When temperature falls from 693 K, any two Si04 

hedra joined by 0 on the two-fold axes parallel to a move away from 
xagonal positions, rotating progressively around the two-fold axes, 

hen symmetry is lowered to orthorhombic. The pair-wise rotations 
companied by anisotropic changes of the thermal ellipsoids for two 
of 0 atoms forming the basal planes of silica tetrahedra, nearly 

al to c; the thermal ellipsoids are distorted to elliptical shapes in the 
ns perpendicular to Si - Si axes when temperature falls. On the other 

'. the thermal ellipsoid for the apical 0 atom is approximately circular 
t section. . 
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Introduction 

Tridymite is a unique mineral, which shows successive structure transition 
at atmospheric pressure. Monoclinic tridymite, from silica brick, at room 
temperature shows successively three transformations with increasing 
temperature: monoclinic (abbreviated as M), orthorhombic-II (0-11) 
orthorhombic-I (O-I) corresponding to the 'orthorhombic high' form 
of Dollase (1967) and hexagonal (H) (Kihara, 1977 and 1978). (0-1 and 
0-11 respectively correspond to OC and OP in Nukui et aI., 1978.) 

The conventional least-squares refinements of 0 - II at 428 K (Kihara, 
1977), 0 - I at 493 K (Dollase, 1967) and the Gibbs model of H at 733 K 
(Kihara, 1978) showed unusually large and anisotropic thermal parameter 
for O. The thermal ellipsoids of 0 in H are oblate-spheroidal exactly for 
01 and approximately for 02, with the smallest m.s.d. parallel to the 
directions joining two Si atoms bonded to O. In 0 - I, the spheroids are 
slightly distorted to elliptical (not circular) shapes in the planes nearly 
perpendicular to the Si - Si lines. Those in 0 - II are prolate-spheroidal with 
the largest axes perpendicular to the Si - Si lines. 

The 0 thermal vibrations in the structure of H were more successfully 
refined for a 'split-atom model' , i.e., a model of multimodal density distribu
tion of 0, where the atoms are statistically distributed over six sets of 
positions on circles, with radii about 0.4 A, perpendicular to the Si - Si 
axes (Kihara, 1978). This split-atom model was also derived by a 
geometrical method using rigid Si04 tetrahedra (Kihara, 1980). Schneider 
et ai. (1979) have independently proposed the same model. 

The transformations between M and 0 - II and between 0 - II and 
0-I show a clear discontinuity in the cell dimensions and X-ray intensities, 
but that between 0 - I and H is continuous (Kihara, 1978). A detailed 
structural study of these transformations has not yet been reported. In 
the present study, the Dollase model of 0 - I in the usual second-order 
expansion was refined for five sets of X-ray structure factors at 443, 493, 
573, 653 and 693 K, because the structure of 0 - I has been .so far studied 
only by Dollase (1967) using the Steinbach tridymite at 493 K. Detailed 
studies of the remarkable thermal-vibrational parameters are expected to 
be useful for further understanding of the transformations in tridymite. 
Special attention was thus given to the thermal-vibrational parameters 
as function of temperature. All the computations were carried out on a 
microcomputer. 

Experimental 

A platy specimen (A =#= 3) with the largest dimension of 0.14 mm was picked 
up from the surface of refractory silica brick, which was previously used 
by Kihara (1977 and 1978). The sample from this silica brick is very pure 

-uctural change of orthorhombic-I t 

hIe 1. Cell dimensions of tridymite : 

Temperature a(A) 

443 K 8.730 
493 K 8.756( 
573 K 8.764 
653 K 8.743 
693 K a 8.742( 
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lth only small amounts of Al 
were detected, respecti el 

ating experiments, this specirr. 
ing a microscope and taking : 
ctric furnace with a diametl 
cimen. The X-ray inten itie~ 
the range of 8 from 3 to 30 a 

443, 493, 573, 653 and 69: 
ffractometer PW 1100, u ing 
thyristor regulator and ather 
ctuation to be within 1 K I 

ere converted into amplitude. 
ndard deviations of IFol ' 
tistics alone. The cell con tan 

med, using the least-square n 
red on the diffractometer (Tat 
!l the basis of the orthorhomb 

efinements 
here are four symmetry-inde 
ollase model of 0 - I. Si and ( 
bile 01 and 02 are at the I 
4), respectively, on two-fold a 
rder expansion involves 28 c 

_ coefficients for anisotropic 
tor and an isotropic extincti 

11 origin is shifted (1j4)c from 
abies for X-ray Crystallograpl. 

The refinements converged 
mparison, the refinements b 

ut for the structure factor dat; 



K. Kihara, T. Matsumoto and M. Imamura 

h shows successive structure transitions 
ic tridymite, from silica brick, at room 
hree transformations with increasing 
Ited as M), orthorhombic-II (0 - II) , 
ding to the 'orthorhombic high' form 
rf) (Kihara, 1977 and 1978). (0 - I and 
)C and OP in Nukui et aI., 1978.) 
refinements of 0 - II at 428 K (Kihara, 
57) and the Gibbs model of H at 733 K 
lrge and anisotropic thermal parameters 
• in H are oblate-spheroidal exactly for 
lith the smallest m.s.d. parallel to the 
)nded to O. In 0 - I, the spheroids are 
t circular) shapes in the planes nearly 
[lOSe in 0 - II are prolate-spheroidal with 
ae Si - Si lines. 
le structure of H were more successfully 
" a model of multi modal density distribu
statistically distributed over six sets of 
)out 0.4 A, perpendicular to the Si - Si 
-atom model was also derived by a 
0 4 tetrahedra (Kihara, 1980). Schneider 
roposed the same model. 
M and 0 - II and between 0 - II and 

the cell dimensions and X-ray intensities 
continuous (Kihara, 1978). A detailed 

mations has not yet been reported. In 
)del of 0 - I in the usual second-order 
s of X-ray structure factors at 443, 493 
tructure of 0 - I has been so far studied 
Steinbach tridymite at 493 K. Detailed 
-vibrational parameters are expected to 
ng of the transformations in tridymite. 
to the thermal-vibrational parameter 

he computations were carried out on a 

largest dimension of 0.14 mm was picked 
silica brick, which was previously used 

,ample from this silica brick is very pure 
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able 1. Cell dimensions of tridymite at five different temperatures. 

Temperature 

443 K 
493 K 
573 K 
653 K 
693 K 3 

8.730(11) 
8.756(8) 
8.764(14) 
8.743(7) 
8.742(8) 

n Measured as orthorhombic cells. 
. . d.'s are in parentheses. 

5.000(6) 
5.024(3) 
5.039(6) 
5.046(4) 
5.047(4) 

c (A.) 

8.201(6) 
8.213(4) 
8.235(7) 
8.254(5) 
8.262(5) 

29 

;ith only small amounts of Al and Na: about 50 and 140 ppm of Al and 
Ta were detected, respectively, in electron probe microanalysis. Before 
ating experiments, this specimen was checked to be free from twinning by 

~ ing a microscope and taking X-ray diffraction photographs. A spherical 
ctric furnace with a diameter of about 10 mm was used to heat the 
ecimen. The X-ray intensities of 322 symmetry-independent reflections, 
the range of 8 from 3 to 30 °, were measured with the 8/28 scan mode 

, 443, 493, 573, 653 and 693 K , respectively, on a Philips four-circle 
Iffractometer PW 1100, using monochromated MoKa radiation. A set of 
thyristor regulator and a thermocouple was used to control temperature 
ctuation to be within 1 K during the measurements. The intensities 
re converted into amplitudes after Lp and absorption corrections. The 
ndard deviations of IFol 's were estimated on the basis of counting 
tistics alone. The cell constants at five different temperatures were deter-

med, using the least-squares method for 15 centroids of reflections meas
- d on the diffractometer (Table 1). Those of H at 693 K were calculated 

the basis of the orthorhombic cell. 

finements 
re are four symmetry-independent atoms, Si, 01 ,02 and 03 in the 

llase model of 0 - I. Si and 03 are at the general positions, 8 c, of C222 1 , 

ile 01 and 02 are at the special positions 4a (x,0, 1/2) and 4b (O,y, 
.: , respectively, on two-fold axes. Thus the Dollase structure in the second

r expansion involves 28 adjustable parameters; 8 coordinates and 
oefficients for anisotropic temperature factors , in addition to a scale 
or and an isotropic extinction factor. It should be noted that the unit 

_ origin is shifted (1 /4)c from that adopted for C222 1 in the International 
/es for X-ray Crystallography, vol. I (1952). 
The refinements converged at the parameters shown in Table 2: for 
parison, the refinements based on the same model were also carried 
fo r the structure factor data measured at 733 K by Kihara (1978). The 



Table 2. Atomic parameters at 443, 493, 573, 653, 693 and 733 K: Refinements based on Dollase's model. 

443 K a 493 K a 

Si x 0.1685(4) 0.1681(2) 
Y 0.5512(8) 0.5470(4) 
z 0.4380(5) 0.4379(3) 
bl1 0.0076(4) 0.0095(3) 
b22 0.0358(17) 0.0347(9) 
b33 0.0109(6) 0.0106(3) 
b12 0.0008(9) 0.0010(5) 
b13 0.0013(5) 0.0004(3) 
b23 -0.0021(10) - 0.0025(5) 

01 x 0.3272(23) 0.3315(13) 
Y 0 0 
z 3/4 3/4 
bl1 0.0248(34) 0.0287(20) 
b22 0.1046(144) 0.0931(71) 
b33 0.0111(25) 0.0112(13) 
b23 0.0083(49) 0.0070(26) 

02 x 0 0 
y 0.5774(65) 0.5714(36) 
z 1/2 1/2 
bl1 0.0084(19) 0.0107(12) 
b22 0.1338(212) 0.1390(116) 
b33 0.0328(45) 0.0356(25) 
b13 - 0.0054(28) - 0.0004(17) 

03 x 0.2503(23) 0.2535(11) 
y 0.3182(36) 0.3176(15) 
z 0.5301(20) 0.5292(10) 
bl1 0.0345(30) 0.0366(17) 
b22 0.0847(92) 0.0630(40) 
b33 0.0256(38) 0.0262(20) 
b12 0.0273(51) 0.0254(24) 
b13 0.0007(32) -0.0045(16) 
b23 0.0057(50) 0.0091(24) 

573 K a 

0.1682(3) 
0.5352(5) 
0.4380(4) 
0.0111(4) 
0.0301(11) 
0.0109(4) 
0.0013(6) 
0.0003(3) 

-0.0012(6) 

0.3273(16) 
0 
3/4 
0.0297(26) 
0.0964(91) 
0.0117(17) 
0.0079(36) 

0 
0.5572(56) 
1/2 
0.0116(15) 
0.1496(158) 
0.0356(33) 

- 0.0004(22) 

0.2533(16) 
0.3030(21) 
0.5216(16) 
0.0364(20) 
0.0591(51) 
0.0312(26) 
0.0208(29) 

-0.0041(22) 
0.0102(33) 

W 
WN 
ONWOO 

w ~;..--. 
W~~ 
-.l VI ..... 

W 
WN 
ONNOO 

w ;..... ~ 
~oo 
\0 N 0 

653 K a 

0.1686(4) 
0.5222(6) 
0.4382(4) 
0.0118(4) 
0.0327(13) 
0.0114(5) 
0.0016(10) 
0.0004(4) 

-0.0016(8) 

0.3268(18) 
0 
3/4 
0.0317(31) 
0.0987(101) 
0.0112(19) 
0.0089(51) 

0 
0.5401(70) 
1/2 
0.0133(18) 
0.1452(159) 
0.0387(39) 

- 0.0033(27) 

0.2554(20) 
0.2853(29) 
0.5130(26) 
0.0380(24) 
0.0667(55) 
0.0359(29) 
0.0232(34) 

- 0.0023(26) 

VI 
-.l 
W .. 

0.0139(46) 

693 K a 

0.1673(3) 
0.5099(7) 
0.4378(3) 
0.0121(3) 
0.0341(10) 
0.0118(4) 

-0.0003(12) 
- 0.0006(3) 
-0.0018(10) 

0.3275(13) 
0 
3/4 
0.344(24) 
0.1023(74) 
0.0131(15) 
0.0068(66) 

0 
0.5252(94) 
1/2 
0.0127(13) 
0.1699(138) 
0.0365(25) 
0.0082(18) 

0.2487(41) 
0.2655(37) 
0.5049(37) 
0.0400(18) 
0.0762(43) 
0.0385(20) 
0.0263(27) 

-0.0069(20) 
0.0132(36) 

W 

733 Kb = 
0.1668(3) 
0.4914(20) 
0.4377(3) 
0.0114(4) 
0.0335(13) 
0.0116(4) 

- 0.0036(16) 
0.0000(3) 

- 0.0011 (27) 

0.3328(15) 
0 
3/4 
0.0352(23) 
0.1057(74) 
0.0123(13) 

- 0.0048(143) ~ 
0 ~ 
0.5163(307) s-: 

pj 

1/2 .... 
~ 0.0138(14) 
~ 0.1403(161) 

0.0395(26) ~ 
0.0104(19) ~ 

CIJ 
~ 

0.2548(125) 8 
0.2530(116) 0 

S 0.4956(47) pj 

0.0357(26) ~ 
0-

0.0649(40) 
~ 0.0400(20) 

0.0228(27) 8' 
-0.0051(20) pj 

0.0173(30) 8 
~ .... 
p.:> 
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tomic parameters at 693 and 733 K: Refinements based on hexagonal Gibbs 

693 K 733 K 

01 02 Si 01 02 

1 3 1/3 0 1/3 1/3 0 
_ 3 2/3 1/2 2/3 2/3 1/2 
0.4379(4) 1/4 0 0.4378(4) 1/4 0 
0.0473(16) 0.1433(88) 0.0577(49) 0.0472(16) 0.1376(87) 0.0576(55) 
0.0473 0.1433 0.1453(67) 0.0472 0.1376 0.1487(72) 
0.011 6(5) 0.0118(17) 0.0411(19) 0.0116(5) 0.0124(19) 0.0404(19) 
0.0237 0.0717 0.0289 0.0236 0.0688 0.0289 
0.0 0.0 -0.0267(33) 0.0 0.0 - 0.0252(34) 
0.0 0.0 -0.0134 0.0 0.0 -0.0126 

re in parentheses. 

4. Final R-values, Rw and R, and "goodness of fit", S, at 443, 493, 573, 653, 693 
_ K . 

0.1 41 
0.1 45 
3.337 
2 
o 

0.076 
0.092 
1.760 

322 
30 

0.100 
0.102 
2.349 

322 
30 

mber of parameters varied. 
irnen A =#= 3. 
irnen A =#= 13. 

0.118 
0.118 
2.647 

322 
30 

0.077(0.069) 
0.104(0.084) 
1.679(1 .633) 

322(124) 
30(11) 

fo r hexagonal refinements are in parentheses. 

0.052(0.055) 
0.066(0.071) 
1.414(1.463) 

176(82) 
30(11) 

uares program, which is the 1977 version of 0 RFLS (Busing et al. 
• v as used. Weighting schemes were based on w = 1/(J2(F). Spherical 

cattering factors were taken from the tables of Cromer and Waber 
International Tablesfor X-ray Crystallography, vol. IV (1974). 

refinement, assuming orthorhombic symmetry, for the 733 K data 
rged at a structure without any significant departure from the hexag

Gibbs structure (Gibbs, 1927) of P63/mmc (Table 3). On the other 
in the refinement for the 693 K data, the displacements from the 

_onal positions are larger than the corresponding one-sigmas for some 
ters, and also larger than those at 733 K. At 693 K, however, we 

b erved no significant departure· from the hexagonal symmetry in 
t nsity distribution. The Gibbs hexagonal model was alternatively 

to acceptably low R-values of 0.069 and 0.055 for the 693 and the 
data, respectively (Table 4): the positional and even the temperature 
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parameters are essentially the same for the two refinements (Table : 
Therefore the structure can be reasonably assumed as hexagonal at 693 ~ 
and we take the advantages of the small number of the parameters and I 
correlations between the parameters in P63 /mmc. Table 5 shows seleet~ 
interatomic distances and angles. 

Discussion 

The present second-order refinements based on the Dollase model result 
in rather high R-values: the final weighted R-values, Rw , are in the ran::: 
from 0.069 to 0.141 for the five data sets (Table 4). The reported R-valu,
for Dollase's refinement of the Steinbach tridymite is also as high as 0.08 
In the present refinements, the calculated structure factors for 60 I with od 
I are significantly smaller than the observed ones, as in the case for t~ 
Steinbach tridymite (Dollase, 1967). The high R-values and the larf 
systematic discrepancies between the observed and the calculated structur 
factors, common to the two independent studies, are indicative c 
shortcoming of the structural model adopted here and previously. Th 
present refinements are, therefore, obviously insufficient to express acel. 
rate atomic density distribution, but may be still useful to estimate thl. 
mean positions and dispersions of the density distribution. (Least-square 
calculations based on higher-order thermal tensors were attempted t 
improve the agreements between the observed and the calculated structur, 
factors: the result will appear elsewhere in this journal.) 

Table 6 shows the m.s.d.'s, <u2
), in the principal axes of the therma 

ellipsoids. The thermal ellipsoids of 0 are oriented so that the axes of tht. 
smallest m.s.d. 's are nearly parallel to the lines joining two Si atoms bonde 
to the 0 atoms. In the following discussion, we express the smallest, th 
intermediate and the largest m.s.d. 's along the principal axes of the therma 
ellipsoids, with symbols S, I and L, respectively. The thermal ellipsoids 0 

01 , at the five temperatures in the 0 - I range, are well approximated b~ 

oblate-spheroidal shapes, while those for 02 and 03 are no longer circular. 
but elliptical in the planes perpendicular to the S directions. 

In Figure 1, the m.s.d. 's of Si and 0 along the principal axes of the 
thermal ellipsoids are shown as functions of temperature. The m.s.d. 's of 
01 are separated into two groups on the basis of their magnitudes, (01)L,1 
and (01)s, while those of 02 and 03 into three groups, (02,03)L, (02,03)1 
and (02,03)s. The m.s.d. 's with commas, (,), indicate to be averaged over 
atoms or directions: for example; (01)L,1 is the average over the m.s.d.'s 
along the L and I directions for 01, and (02,03)L over the L directions fo r 
02 and 03, and so on. The m.s.d. 's for Si, in Figure 1, are averaged over 
the three directions. Only the overall averaged values for 0 and Si are 
shown for M (Bauer, 1977), because the m.s.d. 's of the two kinds of atoms 
are quite small in comparison with those in the higher-temperature forms . 

.; 

~ I 

change of orthorhombic-l 

..-.,..-., 
~C .L. Vi \0 \0 \0 00 

..,.. Vioq-oq-oq- oq-
~ v:v:v:v: Vi 

"f"'"""IT"""I~"I"""'I 

6:f} 
~ ~ViViVi r--
t") Vioq-oq-oq- oq-
0\ v: v: v: v: v: 
-.0 ...... .-; ............ 

,-..,,-.., 
,-..,..-.,r-- \0 

,. oq-oq- ............ 

~ OO'~¥OO' ...... 
~ Vi\Ooq-~ Vi 
Vi v:v:v:v: v: 
-.0 ........................ 

,-..,,-.., 
,-.....-.,~N 

d oq-"<:t ............ 

~ O\'¥O\'~ I \O 
~ Vi\Ooq-Vi Vi 
r-- V:V:V:V: Vi 
VI ~ ....... T"""IT"""t 

...-....,-.....-.....-.. 
CC~~ 
N N Vi r-- 0\ ~ 

~ \O\O\Ooq- Vi 
0\ v: v: v: v: Vi 
oq-

" ~ 
~ 

,-..,,-.., 
,-..,,-..,0\ 0\ 

::!,~~~ 
~N.-;oq- Vi 
\0 \0 \0 ~ Vi 

~ 
000 
~~~ 
Vi Vi Vi 
NNN 

f} 
0\ 0\ 0\ 
NNN 
Vi Vi Vi 
NNN 

...-.....-.....-...., 
000' 
~~~~ 
r--oooc 
\O~o[ 
Vi Vi Vi l 

NNNC 

,-..,,-..,,
,-..,oq-~c 

~cc~ 
...... r--ooo 
r-- oq- 0 \,( 
Vi Vi Vi II" 

NNNC" 

,-..,,-..,,-.., 
t:.-~~ 
oq- 0\ 0 
Vi r-- ...... 
Vi Vi Vi 
NNNC' 

~ ~ 
~ 

v: v: v: v: v: 
T"""IT"""IT"""tT"""t 

,-..,,-..,,-.., 
~oooo 
T"""tT"""t"l""""'l 
"-""-""-" 
Vi N r-
r-- \0 0\ 
Vi Vi oq-
NNN 

~ 
oJ 

:E 
~ 

~N~M 
0000 
I I I I 

en 

4.) N~M 
00 000 
~ I I I 
4.) 
:> ...... 
-< 0 

C" 



Ct'l \ .Il1d , \ \ , U 11 011 • I ' 1 101 Iiso l d'i a ll 1 l it ' JllIal d)ldlIO I1 ~ . C 
'"1 

443 K " 493 K U 573 K U 653 K a 693 Kb 733 K C 
e:.. 
() 
;:J"' 

Si-Ol ' 1.563(4) 1.562(3) 1.559(4) 1.558(4) 1.553(3) 1.555(5) 
s::>l 
::s 

(JQ 
-02 1.562(5) 1.562(3) 1.564(4) 1.563(4) 1.545(2) 1.546(3) (1) 

-03 1.561(19) 1.565(9) 1.549(13) 1.544(17) 1.545 1.546 0 ....., 
-03' 1.534(19) 1.547(9) 1.551(12) 1.538(16) 1.545 1.546 0 

'"1 

So 
Average 1.555 1.559 1.556 1.551 1.547 1.548 0 

'"1 
;:J"' 
0 

01 ' -02 2.575(13) 2.554(7) 2.571(9) 2.567(10) 2.529(2) 2.530(4) a 
cr' -03 2.562(18) 2.579(9) 2.547(14) 2.530(20) 2.529 2.530 o· 

-03' 2.497(18) 2.510(9) 2.508(13) 2.508(20) 2.529 2.530 ..!.., 
02-03 2.553(26) 2.571(13) 2.569(20) 2.578(25) 2.524(2) 2.526(4) -'"1 

-03' 2.502(25) 2.499(13) 2.498(20) 2.473(25) 2.524 2.526 5: 
'< 

03-03' 2.548(26) 2.558(11) 2.545(15) 2.534(21) 2.524 2.526 e. 
8" 

Average 2.540 2.545 2.540 2.532 2.527 2.528 

Si-Ol-Si 177 .2(15) 179.7(9) 177.1(10) 177.1(12) 180.0 180.0 
Si-02-Si 170.4(24) 171.0(14) 171.9(20) 173.4(26) 180.0 180.0 
Si-03-Si 160.6(13) 160.6(6) 165.1(10) 170.0(15) 180.0 180.0 

01 ' -Si-02 110.9(8) 109.7(5) 110.9(6) 110.7(7) 109.4(2) 109.4(2) 
03 110.1(8) 111.1(4) 110.1 (6) 109.3(9) 109.4 109.4 
03' 107.4(8) 107.7(4) 107.5(6) 108.2(9) 109.4 109.4 

02-Si-03 109.7(12) 110.6(6) 111.2(10) 112.2(13) 109.5(2) 109.6(2) 
02-Si-03' 107.8(14) 107.0(7) 106.7(11) 105.8(14) 109.5 109.6 
03-Si-03' 110.8(10) 110.6(5) 110.4(7) 110.6(10) 109.5 109.6 

a From Table 2 (orthorhombic). b From Table 3 (hexagonal). C After Kihara (1978) (hexagonal). 01 ' and 03' are symmetrically 
related to 01 and 03, respectively, by a transformation, (-x + 1/2, Y + 1/2, -z + 1) in the orthorhombic cell. 

w 
w 
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Table 6. Mean-squares displacements along principal axes of Si and 0 thermal ellipsoid 0 .20 

and their orientations: (A) 443, (B) 493, (C) 573, (D)653, (E) 693 and (F) 733 K. E.s.d.' 
of m.s.d. 's are shown in parentheses. a: (02,03)L in 0-

Axes Angles (0) from orthogonal coordinates, XCi) a (02)L in H 

m.s.d.(A2) X(l) X(2) X(3) m.s.d.(A2) X(1) X(2) X(3) 
b : (02,03) 1 in 0-

0 . 15 
(02)1 in H 

(A) (B) 
(0,) L I I Si 1 0.027(2) 29 101 117 0.038(2) 9 85 62 c: in 0-

2 0.047(3) 91 24 114 0.047(2) 82 26 115 d : (Si )011 in 0-
3 0.038(2) 61 69 37 0.032(2) 118 65 39 

011(/) 0.096(14) 0 90 90 0.112(8) 0 90 90 U2
) e: (0,)5 in 0 

2(L) 0.136(18) 90 10 80 0.121(9) 90 10 80 0 . 10 f: (02,03)5 in O· 
3(S) 0.035(9) 90 100 10 0.036(5) 90 100 10 142

) 
021(S) 0.028(8) 13 90 77 0.042(5) 1 90 89 

(02)5 in H 

2(L) 0.169(27) 90 0 90 0.177(15) 90 0 90 
3(/) 0.116(15) 103 90 13 0.122(9) 91 90 1 

031(L) 0.183(12) 40 51 84 0.176(7) 30 60 93 
2(S) 0.056(12) 127 40 104 0.035(6) 118 39 115 0.05 

3(/) 0.088(13) 103 83 15 0.1 01(7) 100 67 25 

(C) (D) 
Si 1 0.045(2) 25 65 90 0.048(2) 34 57 93 

2 0.40(2) 107 50 135 0.043(2) 116 54 133 
3 0.034(2) 108 51 45 0.036(2) 110 54 43 0 . 0 

011(1) 0.116(11) 0 90 90 0.123(13) 0 90 90 0 100 200 

2(L) 0.127(12) 90 11 79 0.131(13) 90 11 79 T 
3(S) 0.037(7) 90 101 11 0.035(7) 90 102 12 

021(S) 0.046(6) 1 90 89 0.050(8) 8 90 82 19. 1. Mean-square displacements for S 

2(L) 0.192(21) 90 0 90 0.187(21 ) 90 0 90 toms written with parentheses, for exa 

3(/) 0.122(12) 91 90 1 0.135(14) 98 90 8 an-square displacements. For the del< 
f) and orthorhombic-II (O-II) are n 

031(L) 0.166(8) 27 64 94 0.178(9) 33 59 81 e broken line indicates <u2
) vs. Trela 

2(S) 0.042(7) 116 35 112 0.045(8) 117 35 111 3). 
3(/) 0.117(9) 96 69 22 0.134(10) 108 77 23 

(E) (F) be m.s.d.'s of 0 in 0 - II are ser Si 1 0.046(1) 0 90 90 0.046(1) 0 90 90 
2 0.046 90 0 90 0.046 90 0 90 ermal ellipsoids for 0 are well af 
3 0.040(2) 90 90 0 0.040(2) 90 90 0 Ith a few exceptional cases. 

011(L) 0.139(5) 0 90 90 0.134(5) 0 90 90 It may be noted that (01)s in ( 
2(L) 0.139 90 0 90 0.134 90 0 90 H are all nearly equal to (Si)all 
3(S) 0.041(6) 90 90 0 0.043(7) 90 90 0 uch larger than (Si)all' The laq 

021(S) 0.034(6) 24 90 66 0.036(6) 24 90 66 itional disorder of O. 
2(L) 0.169(10) 90 0 90 0.174(10) 90 0 90 According to Leadbetter et al 
3 (I) 0.164(7) 114 90 24 0.160(7) 114 90 24 the structure of high cristobalit( 

a For example, see Lipson and Cochran (1966). . positions. Leadbetter et al. ha, 
L , / and S in parentheses indicate principal axes corresponding to the largest, the nearly extrapolated it to an in 
intermediate and the smallest values of m.s.d.'s, respectively. servation for high cristobalite 
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rincipal axes of Si and 0 thermal ellipsoids 
;73, (D)653, (E) 693 and (F) 733 K. E.s.d. 's 

linates, XCi) a 

3) m.s.d. (A 2) X(l) 

(B) 
0.038(2) 9 
0.047(2) 82 
0.032(2) 118 

0.112(8) 0 
0.121(9) 90 
0.036(5) 90 

0.042(5) 1 
0.177(15) 90 
0.122(9) 91 

0.176(7) 30 
0.035(6) 118 
0.101(7) 100 

(D) 
0.048(2) 34 
0.043(2) 116 
0.036(2) 110 

0.123(13) 0 
0.131(13) 90 
0.035(7) 90 

0.050(8) 8 
0.187(21) 90 
0.135(14) 98 

0.178(9) 33 
0.045(8) 117 
0.134(10) 108 

(F) 
0.046(1) 0 
0.046 90 
0.040(2) 90 

0.134(5) 0 
0.134 90 
0.043(7) 90 

0.036(6) 24 
0.174(10) 90 
0.160(7) 114 

>6). 

X(2) 

85 
26 
65 

90 
10 

100 

90 
o 

90 

60 
39 
67 

57 
54 
54 

90 
11 

102 

90 
o 

90 

59 
35 
77 

90 
o 

90 

90 
o 

90 

90 
o 

90 

X(3) 

62 
115 
39 

90 
80 
10 

89 
90 ' 

1 

93 
115 
25 

93 
133 
43 

90 
79 
12 

82 
90 

8 

81 
111 
23 

90 
90 
o 

90 
90 
o 

66 
90 
24 

axes corresponding to the largest, the 
, respectively. 
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) 

0.20 .--------------,-..,-------..,-------, 

0 . 15 

0.10 

0 .05 

M 

b: (02,03)1 in 0-1 

(02)1 in H 

c: (OdL,1 in 0-1 8d-i 

d: (Si)oll in 0-1 B H 

e: (Ods in 0-1 BH 

f: (02,03)S in 0-1 

(02)5 in H 

0-1 H 

(0\ 
o 

<l __ ---~d 
(O)sl~~e 

(0)011 ~ . . . . . f 
o (Si)oll 

O . OL--~---L--~--L~~~---L--~-~ 

o 100 200 300 400 500 600 700 800 

TEMPERATURE (K) 

. Mean-square displacements for Si and 0 in tridymite as functions of temperature. 
- written with parentheses, for example (02,03)L, (Ol)L,l and so on, express their 
- quare displacements. For the details of the notation, see text. Data for monoclinic 
nd orthorhombic-II (0 - II) are respectively from Baur (1977) and Kihara (1977). 
oken line indicates (u 2

) vs. T relation for Si in high cristobalite (Leadbetter et aI., 

m.s.d.'s of ° in 0 - II are separated into (O)L and (Oh,l, because the 
al ellipsoids for ° are well approximated to prolate-spheroidal shapes 
few exceptional cases. 

. may be noted that (Olh in O-Iand H, (02,03h in 0-1 and (02h 
are all nearly equal to (Si)al1. but (02,03)L, (02,03)1 and (Ol)L,1 are 

larger than (Si)all' The large (u2
) values in 0 - I strongly suggest 

onal disorder of 0. 
ording to Leadbetter et al. (1973) and Peacor (1973), the ° atoms 
tructure of high cristobalite are positionally disordered over six sets 

itions. Leadbetter et al. have plotted (u2
) vs. T relation for Si and 

.. J extrapolated it to an intercept, 0.033 A 2 , at 0 K (Fig. 1). This 
'ation for high cristobalite is interpreted by themselves as follows: 
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the 0 disorder must result in stress in the structure because of increased 
distortion of Si04 tetrahedra; this stress is relieved by a general relaxation 
of the structure, resulting in more or less random displacements of all the 
atoms from their ideal lattice sites. 

If, in tridymite, the overall averaged values for Si, (Si)alh are extrapo
lated with a line, we obtain a slope and an intercept at 0 K, about 0.03 A2. 
both of which are respectively very close to those for cristobalite (Fig. 1). 
We apply Leadbetter et al.'s interpretation to our observation for tridymite. 
It is suggested, on the basis of the interpretation, that the <u2

) values for 
o atoms along the Si - Si axes, namely the S direction, which are nearly 
equal to (Si)all, must be contributed mostly by random displacements due 
to the relaxation of the structure. Thus it is inferred that the disorder of 0 
atoms must be, not along the Si - Si axes, but in the planes approximately 
normal to the Si - Si axes. 

The <u2
) values in the L directions of 02 and 03, (02,03)L, in 0-1 

remain as large as those in the L direction of 02, (02)L, in H. (It is noted 
that 02 atoms in H are separated into the two groups, 02 and 03 in 
0-1.) On the other hand, (02,03)1 in 0-1 steeply decreases from the 
corresponding hexagonal values, (02)1, with decreasing temperature. These 
observations strongly suggest that, at temperatures close to the transition 
between 0 - I and H, 0 atoms are disordered as in H, but at lower 
temperatures in 0 - I, the disorder for 02 and 03 is no longer as in H. 
with strongly restricted density distribution in the planes normal to the 
Si-Si axes. 

Disorder of 0 may also exist in 0 - II, but may be prominent in the 
single directions perpendicular to the Si - Si axes, since only (O)L is still a 
large as those in 0 - I and H. We have only the room temperature value 
of the m.s.d.'s for Si and 0 in M (Kato and Nukui, 1976; Baur, 1977) 
which are too small to assume disorder for the atoms. 

Figure 2 shows the mean positions of Si, 01, 02 and 03 in the 
orthorhombic refinements, at the five temperatures. The thermal expansion 
of the cell is neglected in Figure 2. The structural change of 0 - I is brought 
about by pair-wise rotations of any two tetrahedra joined by 01, around 
two-fold axes parallel to a and passing 01. The x-coordinates of all the 
atoms are therefore kept constant during the rotation. Thus with increasing 
temperature the pair-wise rotations of the tetrahedra around a brings the 
atomic mean positions directly to those in P6 3 /mmc. To obtain the position 
in P6 322, the possibility of which was suggested by Kihara (1978), another 
rotation around c is inevitable, in addition to that around a. Since we have 
observed no rotations around c the possibility of P6322 is disregarded. 

Each of the successive structure transitions in tridymite, except for 
that between M and 0 - II, thus occurs between the structures including 
disorder of O. Tridymite is a unique mineral, not only for showing 
successive transitions, but also for showing the 'disorder to disorder' tran-

tructural change of orthorhombic-I tt 
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r vice versa shows no notable 
ta obtained by Thompson an 
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;s in the structure because of increased 
stress is relieved by a general relaxation 
or less random displacements of all the 

raged values for Si, (Si)alb are extrapo
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. _. chematic views of structural change in tridymite 0-1. (a) Projection on to (001). 
rojection on to (100). Tridymite frameworks are shown only for cases of Hand 
'. Mean positions for 0 are shown with small open circles on paths from those of 
those at 443 K. Thermal expansions are neglected . 

n . The structural changes are briefly summarized as follows, when 
rature lowers. 

1 After the transition to 0 - /, where 0 atoms are still disordered the 
-\ ise rotatory changes in orientation of any two tetrahedra joined by 
rogressi~ely occur around two-fold axes, parallel to a and passing 01, 
decreasmg temperature. (The continuous transition from H to 0 - I 
e versa shows no notable heat capasity effect, according to the DSC 

obtained by Thompson and Wennemer, 1979.) 

-'-- ~.:: .. 
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(2) The positional changes are accompanied by increasing distortion 
of the density distribution for both 02 and 03, keeping the largest (u2

) 

values normal to the Si - Si axes as large as in the corresponding ones in 
H . 

(3) The structure of 0 - I abruptly changes to another disordered 
structure, namely 0 - II, where each 0 is disordered in an elongated 
volume. 

(4) After another abrupt change to M , disorder of the atoms is no 
longer present or negligible. 
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