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Abstract. The temperature dependence of the infrared ac- 
tive modes of meteoritic and synthetic tridymite have 
been investigated between 23 K and 1073 K in IR ab- 
sorption and IR emission experiments. At room tempera- 
ture both tridymite samples consist of a mixture of low 
temperature forms, in different proportions, due to the 
grinding. The sequence of phase transitions in Steinbach 
tridymite deduced from the IR data agrees well with re- 
cent X-ray and calorimetry studies using identical sam- 
ples (Cellai et al. 1994). The previously suspected struc- 
tural phase transition P6322.**.P63/mmc is confirmed by 
the disappearance of the 470 cm 1 mode and a tempera- 
ture anomaly of the spectral shift of the 790 cm- 1 mode. 
Changes in the infrared spectra of synthetic tridymite 
give a different sequence of phase transitions from those 
of the meteoritic sample, consistent with the structural 
phase transitions observed in a 29Si MAS NMR investi- 
gation using the same sample (Xiao et al. 1993). 

Introduction 

Heating from room temperature to 1000 K generates 
several displacive phase transitions in tridymite. These 
transitions have been studied by a variety of techniques, 
including optical microscopy with heating stages, single 
crystal or powder X-ray heating cameras, differential 
scanning calorimetry, infrared spectroscopy and nuclear 
magnetic resonance spectroscopy (complete references 
are given in recent papers by Smelik and Reeber 1990; 
Graetsch and Fl6rke 1991; De Dombal and Carpenter 
1993; Xiao et al. 1993; Cellai et al. 1994). The complex 
series of transformations that occur during heating up 
to 523 K are not the same in samples of different origin 
(meteoritic, terrestrial, synthetic). Even in the same sam- 
ple the thermal behaviour is strongly influenced by pre- 
vious heat treatment and may not be reproducible, At 
higher temperatures, however, similar behaviour during 
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the orthorhombic-hexagonal transition has been ob- 
served for different samples (as shown in the lattice pa- 
rameters changes reported by Kihara 1978; Graetsch 
and F16rke 1991; De Dombal and Carpenter 1993; Cel- 
lai et al. 1994). 

At room temperature three modifications of tridymite 
have been reported: monoclinic MC, pseudo-ortho- 
rhombic PO-n and monoclinic MX-1 (Table 1). Tridy- 
mite MC has a meteoritic or synthetic origin and its 
structure has been refined by Dollase and Baur (1976) 
and Kato and Nukui (1976). Terrestrial and some syn- 
thetic tridymites belong to the PO-n group (in the termi- 
nology of Nukui and Nakazawa 1980), in which n is 
the multiplicity of the c repeat relative to high tempera- 
ture hexagonal tridymite. The structure of one terrestrial 
variant of this group with n = 10 was refined by Konnert 
and Appleman (1978). MX-1 tridymite has an incom- 
mensurate structure and can be produced from MC crys- 
tals by grinding, in the preparation of powdered samples, 
or by quenching from 423 K to 273 K (Hoffmann et al. 
1983). 

Thermal behaviour of tridymite from the Steinbach 
meteorite has recently been examined by differential 
scanning calorimetry and X-ray diffraction using 
powders (De Dombal and Carpenter 1993) and single 
crystals (Cellai et al. 1994). Cellai et al. (1994) correlated 
the position of anomalous Cp effects with the phase tran- 
sitions recognized by monitoring the change of a reflec- 
tion violating the c glide. The sequence of phase transi- 
tions identified is reported in Fig. 1. Here we report the 
results of an infrared study of meteoritic and synthetic 
tridymite which leads to a more complete characteriza- 
tion of the phase transitions between room temperature 
and 1000 K. 

Key features of what is already known about these 
phase transitions are: 

(a) In the ideal high temperature structure of tridymite 
(phase HP, space group P6Jmmc) the six fold rings of 
tetrahedra, which are oriented perpendicular to the c 
axis, are perfect hexagons. The Si--O--Si bond angles 
normal to the silica layers ( S i - O 1 - S i )  and those in 



Table 1. Some crystallographic data for tridymite polymorphs 

Phase T (K) Space group Unit cell (A) Rcf. 

PO_, 289 pseudo- a=  17.22 " 
orthorhombic b = 9.93 

C = 11 Che x 

MX-I* 298 C1 a=  5�9 b 
b = 8.60 
c = 8.22 
/3=  91.51 

MC** 298 Cc a=  18.54 c 
b = 5.00 
c=  23.83 
/3 = 105.7 

OP 428 P212121 a=  26.17 a 
b = 4.99 
c = 8.20 

OS 380453 incommensurate a = 105-65 ~ 
superstructure 

OS 423-463 metrically a =  95-65 f 
orthorhombic b = 5.02 

c = 8.18 

OC 493 C2221 a = 8.74 e 
b = 5.04 
c = 8.24 

LHP 673 P6322 a = 5.05 g 
c = 8.27 

HP 733 P6Jmmc a =  5.05 h 
c = 8.27 

" Nukui and Nakazawa (1980); e Dollase (1967); 
b L6ns and Hoffmann (1987); f Nukui et al. (1978); 
r Dollase and Baur (1976); g Cellai et al. (1994); 
a Kihara (1977); h Kihara (1978) 
* Phase with incommensurate modulation 
** Hoffman (1967) setting ist: a= lS .5A;  b=5.0A; c=25.8A; 
/3=118 ~ 
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the layer  ( S i - O 2 - S i )  are  180 ~ as impose d  by  symme-  
try. However ,  s t ruc ture  ref inements  ,of the H P  phase  (Ki-  
ha r a  1978; K i h a r a  et al. 1986) revealed  tha t  b o t h  these 
oxygens  have unusua l ly  large  and  an i so t rop i c  t he rma l  
pa ramete r s ,  i nd ica t ing  s t rong  pos i t iona l  d isorder .  The 
d i rec t ions  of the  largest  t he rma l  v ib ra t iona l  c o m p o n e n t s  
of  O 1 (apical  oxygen) and  O 2 (basal  oxygen)  are  pe rpen-  
d icu la r  to the S i - S i  axis, i.e. pe rpend i cu l a r  and  para l le l  
to the c-axis respectively.  The  O 1 and  O 2 a t o m s  unde rgo  
coupled  the rmal  v ib ra t ions  in o rde r  to min imize  the re- 
pu l s ion  be tween  the O a t o m s  and  keep  the S i - O  b o n d  
dis tance  constant �9 K i h a r a  and  coworke r s  t r ea ted  the re- 
s idual  densi t ies  obse rved  in difference F o u r i e r  m a p s  as 
six fold oxygen  spli t  pos i t ions ,  in which  the oxygen  occu- 
pies, s tat is t ical ly,  all six poositions on  the c i rcumference 
of a circle of  r ad ius  0.4 A pe rpend icu l a r  to the S i - S i  
axis. In  this  m o d e l  the t r idymi te  does  not  have  the ideal  
s t ruc ture  p r o p o s e d  by  G i b b s  (1927) bu t  has  t i l ted te t ra -  
hedra  with a m e a n  S i - O -  Si b o n d  angle  of  149.2 ~ The  
average  pos i t i on  of  the oxygen  still gives an a p p a r e n t  
S i - O - S i  b o n d  angle  of  180 ~ and  this preserves  the 
P6Jmmc symmet ry .  The  form of  the dens i ty  con tou r s  
a r o u n d  the a tomic  pos i t ions  (average pos i t ion)  does  not ,  
however ,  show whether  the oxygens  are  loca ted  in dis- 
crete pos i t ions  a r o u n d  a space -ave raged  m e a n  pos i t i on  
(static disorder) ,  o r  whe ther  they can  v ib ra te  the rma l ly  
a b o u t  a t ime - ave raged  mean  pos i t i on  (dynamic  dis- 
order).  

(b) As  the t e m p e r a t u r e  decreases  be low the s tab i l i ty  field 
of  the H P  phase  d o w n  to 383 K a complex  sequence 
of phase  t r ans i t ions  occurs,  involv ing  oxygen  disorder .  
The  d i so rde r  of  O is r educed  signif icant ly only  at  383 K 
when the s t ruc ture  col lapses  in to  the  monoc l in i c  M C  
phase  (K iha ra  1978; K i h a r a  et al. 1986)�9 

(c) Two different sequences of  t r ans fo rma t ions  occur  for 
single crystals  of  M C  t r idymi te  on  hea t ing  f rom r o o m  

498 623 748 

9 ] } incommensuratelphase OS 523 

427 ~ 483 
380 419 438 

Fig. 1. Thermal changes of Steinbach tridymite as determined from 
Cp anomalies and changes in the intensity of a reflection violating 
the c glide (Cellai et al. 1994). The transition at 623 K has been 
determined by De Dombal and Carpenter (1993) by measuring 
the lattice parameters. Unannealed sample (upper) and sample an- 
nealed in the stability field of the hexagonal phase (lower). The 
main difference between these two transformation sequences is the 
presence of the OP phase in the annealed sample. Differences in 
transition temperatures between these two starting sample also oc- 
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cur. Transition temperatures within the OS phase correspond to 
Cp anomalies, which may reflect changes of the satellite reflections 
of the OS phase. Iro refers to long range order and sro to short 
range order in the LHP phase. Dashed line indicates the MX-1 
transition which occurs when the MC crystals of tridymite are 
ground into a powder so that the MX-1 phase is formed. This 
transition temperature varies from crystal to crystal and 336 K 
represent the maximum of the distribution curve of the transition 
temperatures of 200 crystals (Hoffmann et al. 1983) 
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t e m p e r a t u r e  to 523 K. A c c o r d i n g  to N u k u i  et al. (1978) 
synthe t ic  t r i dymi t e  t r ans fo rms  at  383 K in to  the o r tho -  
r h o m b i c  O P  phase  (space g r o u p  P 2 1 2 1 2 0 ,  a t  433 K to 
the i n c o m m e n s u r a t e  OS phase ,  and  then at  a b o u t  463 K 
to the o r t h o r h o m b i c  O C  phase  (space g r o u p  C222  0. 
Cellai  et al. (1994) have  p o i n t e d  ou t  tha t  the O P  phase  
appea r s  in the me teor i t i c  t r i dymi t e  on ly  if the  sample  
has been p rev ious ly  annea l ed  at  h igh  t empe ra tu r e s  (in 
the  s tab i l i ty  field of  the hexagona l  phase).  F o r  unan-  
nea led  samples  the  sequence of  t r an s fo rma t ions  is differ- 
ent, a n d  appea r s  to be M C ~ O S < r  This  difference 
is shown in Fig. 1. 

(d) W h e n  single crys ta ls  of  M C  t r idymi te  a re  g r o u n d  
into  a p o w d e r  or  a re  quenched  to 283 K f rom a t empera -  
ture be tween  383 K a n d  433 K the phase  MX-1  is 
formed.  A c c o r d i n g  to  the  X - r a y  precess ion  p h o t o g r a p h s  
of  H o f f m a n n  et al. (1983) this  phase  t r ans fo rms  to PO 
phase  on heat ing.  The  t r ans i t i on  t e m p e r a t u r e  differs f rom 
crys ta l  to c rys ta l  bu t  is in the t e m p e r a t u r e  range  308 K 
to 353 K. The  P O  phase  then  d i sp lays  the same  t rans i -  
t ion b e h a v i o u r  as M C  t r idymi t e  (Nuku i  a n d  N a k a z a w a  
1980). 

(d) There  is some  con t rove r sy  with  respect  to the  tem- 
pe ra tu re  of  the  OSr  t r ans i t ion ;  t r ans i t ion  t empera -  
tures  be tween  453 K and  523 K have  been repor ted ,  bu t  
migh t  change  d e p e n d i n g  on the s ta r t ing  m a t e r i a l  and  
the t he rma l  hea t ing  and  coo l ing  cycles employed .  

(e) Cel la i  et al. (1994), on  the basis  of  differential  scan-  
ning ca lo r ime t ry  and  X - r a y  diff ract ion da ta ,  have  re- 
p o r t e d  a second  o r d e r  t r ans i t ion  at  680 K be tween  two 
hexagona l  phases  (Fig. 1). This  t r ans i t i on  is bel ieved to 
be due  to  the s y m m e t r y  change  P 63 22 
(LHP)  <=>P63/mmc (HP) and  involves  the  loss of  the 
centre  of  symmet ry .  

C r y s t a l l o g r a p h i c  d a t a  for t r i dymi t e  p o l y m o r p h s  are  
r e p o r t e d  in Tab le  1. Resu l t s  of  fac tor  g r o u p  analys is  for  
HP,  L H P ,  O C  a n d  M C  are  given in Tab le  2. 

Sample Description and Experimental Methods 

We have investigated two samples: a natural and a synthetic tridy- 
mite. The natural sample, from Steinbach meteorite, was provided 
by the British Natural History Museum (no. 33450), Steinbach tri- 
dymite is monoclinic (phase MC) at room temperature and its struc- 
ture has been determined by Dollase and Baur (1976). The synthetic 
tridymite was grown from NazWO4 flux doped with 0.1% FeC13. 
TEM and X-ray diffraction shown that the symmetry is monoclinic 
(phase MC). The sample of this synthetic tridymite has been de- 
scribed by Xiao et al. (1993). For infrared measurements the sam- 
ples were ground for about 1 minute into a powder by hand using 
a mortar and pestle. In order to examine the effect of grinding 
as small amount of each sample was also milled using a Spex-Mill. 
For IR absorption experiments the standard pellet technique was 
used by diluting tridymite powder in KBr (for mid infrared) or 
CsI (for far infrared) in the ratio 1:350 for natural tridymite and 
1 : 50 for the synthetic tridymite. For some samples this ratio needed 
to be increased to 1:1500 or 1:750, as the strongest peaks were 
saturated in the spectra. For emission infrared spectroscopy only 
0.15 mg of hand ground sample was used. 

The infrared spectra were collected under vacuum using a Fou- 
rier transformation infrared spectroscopy (Bruker IFS l13v). The 

Table 2. Vibrational modes in hexagonal, orthorhombic and mono- 
clinic tridymite 

P63/mmc 

P6322 (LHP) 

C2221 

Cc 

(HP) Total irreducible representation 
F = A l g + 2 B l g + E l g + 2 E 2 g + A l u + 4 A 2 u  

+ Bl .  + 3 B2. + 5 El~ + 4 E2~ 
Accoustic modes 
ffac =A2z,+E1, 
Optically active modes 
Fopt = A ag + E~ g + 2 Ezg (Raman active) 

+ 3 A z, + 4 E 1, (Infrared active) 

Total irreducible representation 
F = 2 A  1 +4A 2 +3B 1 +3B2+6E 1 +6E  2 
Acoustic modes 
F.c=A2 + E 1 
Optically active modes 

Fopt = 2 A 1 + 6 E 2 (Raman active) 
+ 3 A 2 (Infrared active) 
+5E 1 (Raman and Infrared ac- 
tive) 

(OC) Total irreducible representation 
F = 8 A + I O B  1+9B 2+9B 3 
Acoustic modes 
F.c =B1 + B  2 -t-B 3 
Optically active modes 
For t = 8 A (Raman active) 

+ 9 B1 + 8 B2 + 8 B3 (Raman and Infrared 
active) 

(MC) Total irreducible representation 
F =  108A'+ 108" 
Acoustic modes 
Fa~ + IA"  
Optically active modes 
Fopt= 106A'+ 107A" (Raman and Infrared ac- 
tive) 

sample was positioned in a cylindrical platinum-wound furnace 
in the sample compartment. The sample temperature was measured 
using a P t - R h  thermocouple held in contact with the sample. 
The sample temperature was controlled using a Eurotherm temper- 
ature control system to a stability of _+ 1 K. Spectra have been 
measured at low temperatures using a Leybold closed-cycle liquid 
helium refrigeration, in order to reduce the thermal line broadening. 
The spectral resolution was set to 2 em-1 for middle infrared, to 
4 cm-1 for far infrared and to 6 cm -1 for emission spectra. The 
zero filling factor for the Fourier transform algorithm was 4, hence 
a final spectral resolution of 0.5 cm- 1, 1 cm- 1, 1.5 cm- 1 respective- 
ly were obtained. Spectra were analysed by least-squares fitting 
of Lorentzian peak profiles using the program "Razor". The posi- 
tions, widths and heights of the peaks, as well as the baseline, 
were refined simultaneously, The error involved in the fitting was 
+0.2 cm -1 for the peak positions, and the maximum error for 
the integrated intensities was • 20%. 

Three IR absorption experiments were performed on three dif- 
ferent Steinbach samples in the region 250-680 cm-1: a heating 
run, from room temperature to 693 K using a hand ground sample, 
and cooling runs from room temperature to 23 K using hand 
ground and milled samples. One emission experiment was per- 
formed from 423 K to 1073 K in the region 600-1400 cm i using 
hand ground Steinbach tridymite. Three IR absorption experiments 
were performed on three different synthetic samples: two heating 
runs from room temperature to 340 K in the region 519-1500 cm- ~ 
for milled samples, and in the region 520-900 cm -~ for hand- 
ground tridymite. In the same region (520-900 cm-2) the cooling 
run from room temperature to 23 K was performed using a milled 
sample. 
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Fig. 2a, b. IR absorption spectra of hand-ground Steinbach tridy- 
mite (a) from room temperature to 693 K and (b) from room tem- 
perature to 23 K 
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Fig. 3. Selected emission spectra of hand-ground Steinbach tridy- 
mite from 423 K to 1073 K 

Results 

Steinbach Tridymite 

The spectra of Steinbach tridymite, for the spectral range 
from 250cm -1 to 680cm -1 and from 600cm -1 to 
1400 c m -  1 are shown in Fig. 2 and Fig. 3, respectively. 
The spectra are broadly similar to those of quartz, with 
well separated stretching modes between 900 c m -  1 and 
1400 cm-1 ,  and bending modes near 780 cm-1  as well 
as between 400 cm-1  and 600 cm-1 .  A general assign- 
ment  can be taken from the well known behaviour  of 
quartz. 

Closer inspection of the phonon  bands near 480 c m -  1 
(Fig. 2) shows only two phonons at 460 cm -1 and 
490 cm-1  in this spectral region fbr the HP  phase, in 
accordance with group theoretical predictions. Lowering 
the temperature splits these phonon  branches, and we 
find at room temperature about  11 different phonon  sig- 
nals. Although some modes show weak absorption, they 
are important  for this study because these signals are 
characteristic of specific phases of tridymite. Following 
the temperature evolution of this band to lower tempera-  
tures we find a further splitting of phonon  lines at 23 K, 
together with newly emerging signals between 250 cm-1  
and 380 cm -1 (Fig. 2b). The intensities of these signals 
are weak because their physical origin lies in the increase 
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Fig. 4. Temperature dependence of the square of the integrated 
intensity of the 570 cm- 1 mode for hand ground Steinbach tridy- 
mite. The intensity correlates with the temperature, except in the 
saturation regime below 200 K 
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Fig. 5. Frequency dependence of the integrated intensity (arbitrary 
units) of the 570 cm - 1 mode for hand-ground Steinbach tridymite 
showing a correlation except in the saturation regime (below 
569 cm- 1) 
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Fig. 6. Temperature evolution of the integrated intensity (arbritary 
units) of the 540 cm- 1 mode for hand-ground Steinbach tridymite. 
This mode disappears at 388 K and two discontinuities at 348 K 
and 373 K can clearly be seen. Dashed lines are a guide for the 
eye to emphasize the breaks in slope 

.~ 3.5- 
E 

,7 E 3.0" 
u 

o 2.5- 
, , 4 "  

~2.0- 

1.5- 
C 

1.o- 

0 "  

350 750 4O0 450 
i I 

os 

500 550 600 
a i l 

oc 

650 
I 

LHP 

700 
I 

HP 

�9 ' I 

3;0 & %o 

~ 
. m II �9 

685K ,./ 
56o ' 5;o ' 5;o " & o  700 

Temperature (K) 

Fig. 7. Temperature dependence of the integrated intensity (arbi- 
trary units) of the 470 cm- 1 mode for hand-ground Steinbach tridy- 
mite. The band shows transition-related changes (see text) 

of the unit cell dimension and the equivalent backfolding 
of phonon  branches which were situated at the surface 
of the Brillouin zone at higher temperatures.  The influ- 
ence of structural phase transitions is seen as subtle 
changes of virtually all modes. 

Let us now focus on the phonon  near 570 cm -1 as 
an example. This mode  disappears at ~ 348 K (Fig. 4) 
and coincides with the M X - I ~ P O  transition reported 
by Hoffmann et al. (1983). Its intensity correlates with 
the frequency shift, except in the saturation regime 
(Fig. 5). We quantify the temperature  dependence of the 
integrated intensity as 

AU ocQ4 oclr-- rd 

and find that the transition is tricritical in character (for 
recent reviews of the theory of relationship between 
phonon  intensities and structural phase transitions see 
Bismayer 1988; Gfittler 1990; Salje 1992). 

The MC<=~OS transition occurs at ~ 388 K when the 
intensity of the 540 c m -  ~ mode goes to zero and new 

modes at 470 c m -  1 and 490 c m -  1 appear. The tempera- 
ture evolution of the intensity of the 540 cm-1  mode 
(Fig. 6) shows two discontinuities, at --~348 K and at 
,-~373 K. The first discontinuity is probably  related to 
the MX-I~=~PO transition, with the second one to the 
MC~=>OS transition. The latter transition produces a 
double peak in the heat capacity curve, at 373 K and 
388 K, for a powdered sample (De Dombal  and Carpen- 
ter 1993) and for single crystals (Cellai et al. 1994), sug- 
gesting that two structural events occur during the trans- 
formation. The first and the second peaks in the heat 
capacity data probably  correspond to the discontinuity 
at 373 K in Fig. 6 and the disappearance of the 540 cm - 
mode at ~ 388 K, respectively. 

The phase transitions at higher temperatures can be 
seen in the temperature evolution of the 470 c m -  1 pho- 
non (Fig. 7). Assuming the usual linear quadratic cou- 
pling between the phonon  coordinate and the thermody- 
namic order parameter,  linearity in such a diagram is 
indicative of a second order transition (Salje 1992). Using 
this mode we find that the phase transition near 686 K 
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Fig. 8a, b. Temperature dependence of the emission band in the 
790 cm-1 region for hand-ground Steinbach tridymite. The mode 
skows transition related changes in mean hard-mode width (a) and 
frequency (b) corresponding to phase transitions (Fig. 2) as being 
near 523 K, 680 K and 748 K 

(LHP~=~HP) is indeed second order, consistent with the 
calorimetry measurements of Cellai et al. (1994). The sta- 
bility field of the OC phase takes on a new significance 
in the light of the IR results. If the OC phase did not 
occur, it appears that the OS phase would undergo a 
second order transition to the phase LHP  on heating 
to T~ = 641 K. The softening of the OS structure is inter- 
rupted by the OC phase field before this transit ion can 
actually occur, however. The OC phase can be interpret- 
ed as an intermediate structural state uncorrelated with 
the linear decrease of the intensity of the 470 cm - ~ mode 
at lower temperatures, therefore. This intermediate phase 
is characterised by an increase of the absorbance which 
remains large in the LHP phase before it finally disap- 
pears in the HP phase. The phases most closely related, 
as shown by this phonon, are (a) LHP and HP, and 
(b) LHP and OS with real or projected second order 
phase transitions LHP~,=~HP and LHP~*OS.  The OC 
phase is "parasit ic" in the sense that it restabilizes the 
orthorhombic distortion and overprints the O S ~ L H P  
transition. 

We have desisted from presenting a quantitative anal- 
ysis of our spectra at temperatures below room tempera- 
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Fig. 9. Infrared absorption spectra for milled powder Steinbach 
tridymite from room temperature to 23 K. These spectra are very 
different from those measured for the coarser material (Fig. 2a). 
The modes are broader and some (e.g. 450 cm 1) disappear when 
the sample is milled 

ture because no information is available for the actual 
structural state of tridymite under these conditions. We 
note, however, that the temperature evolution of these 
spectra seem to indicate that tridymite possesses a well 
defined, almost defect free low temperature structure 
which may well undergo further phase transitions. 

The main difference between the absorption spectra 
of tridymite and quartz (Salje et al. 1992) is the relatively 
large line widths of phonon signals between 600 cm-1 
and 1400 cm-1 in tridymite. These modes have been in- 
vestigated using the emission technJique. The temperature 
evolution of the line width (FWHM) and the peak posi- 
tion of the 790 cm -  1 phonon are shown in Fig. 8 a and 
Fig. 8b respectively. Several anomalies can be seen in 
the data in Fig. 8. They correspond to the phase transi- 
tions shown in Fig. 1 as being near 748 K, 680 K and 
523 K. 

The sensitivity of tridymite to prior treatment is found 
not only at an average structure level, as observed by 
X-ray diffraction, but also on a much more local level 
as seen by hard mode spectroscopy. In Fig. 9 spectra 
of a sample which had been milled for 20 minutes to 
a fine powder using a ball mill are shown. These spectra 
were measured under exactly the same conditions as the 
coarser material shown in Fig. 2c. A comparison of the 
two sequences reveals dramatic differences. The bond 
bending modes are broader, showing either structural 
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Fig. 10. Infrared absorption spectra for hand-ground synthetic tri- 
dymite. These spectra have additional modes in the region 
60~750 cm-1, when they are compared with those of hand-ground 
meteoritic tridymite (Figs. 2 and 3) 

imperfections or additional symmetry  changes in the fine 
grained material. Specific phonon  signals (e.g. at 
540 cm -1) disappear  completely when the sample is 
milled, others became broader  (e.g. at 450 c m -  1), others 
stronger (e.g. at 360 cm-1),  and others weaker (e.g. at 
350 cm-1).  These changes can not be understood in 
terms of simple strain deformation but correspond to 
topological changes of the crystal structure. Fur ther  ana- 
lytical work is needed to characterise the changes more  
fully. In view of the systematic changes in the phonon  
spectra, we expect the structural changes not to be due 
simply to a r andom "squeeze"  of the f ramework but 
to involve systematic changes of the bond angles between 
rather  rigid SiO 4 tetrahedra. 

Synthetic Tridymite 

The spectra of hand-ground synthetic tridymite were 
measured separately in the spectral region between 
500 c m -  1 and 900 c m -  1 for temperatures above 303 K 
(Fig. 10). These spectra (Fig. 10) are similar to those re- 
ported by Grr l ich  et al. (1983) for their synthetic tridy- 
mite. The temperature  evolution of the spectra is marked  
by abrupt  changes and the disappearance of phonon  sig- 
nals upon heating. The phonon  signal near  570 cm -1 
reduces continuously and disappears before 383 K. This 
mode  is dear ly  related to the MX-lc r  transition. 
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Fig. 11. Temperature dependence of the frequency shift of the 
648 cm- 1 mode for synthetic hand-ground tridymite. The straight 
line is a least-squares fit (a = -1.9565 10 -2 and b = 7.6710 for the 
slope and the intercept respectively) suggesting a second order tran- 
sition at 388 K 
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Fig. 12a, b. Temperature dependence of the frequency of the 
676 cm- 1 (a) and 690 cm- 1 (b) modes for synthetic hand-ground 
tridymite. The two anomalies near 388 K and 423 K correspond 
to the MC<e-OP and OPr phase transitions�9 Solid lines are 
a guide for the eyes to emphasize the breaks in slope 

The phase transition MCcc-OP at 385 K is correlated 
with the disappearance of the two phonon  signals in 
the M C  phase at 648 c m -  1 and 540 c m -  1. The tempera-  
ture dependence of the frequency shift (A o9=o9383--o9~) 
of the 648 cm-1  mode  is shown in Fig. 11. A o9 decreases 
linearly with increasing temperature  which indicates that 
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Fig. 13. Infrared absorption spectra of milled powder of synthetic 
tridymite from room temperature to 613 K. These spectra are differ- 
ent from those of the hand-ground sample due to the absences 
of modes in the region 600-750 cm 1 
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Fig. 14. Infrared absorption spectra of milled powder of synthetic 
tridymite from room temperature to 23 K. The spectra above room 
temperature were collected in the heating run and have been con- 
sidered for comparison 

the transition is second order in character, in contrast  701 
with the equivalent transition in the meteoritic sample 
which is first order. The OS phase is reached at ~ 423 K 790 - 
during heating, and the OPr  transition is seen in v~ 
the temperature  evolution of the modes near 676 c m - t  ~ 789 
and 690 cm -1 (Fig. 12). These two modes also couple co 

".,,7, with the M C ~ O P  phase transition near 385 K. The fre- ",~ 788 
quency and integrated intensity of the 690 c m -  1 signal ~_ 
is almost independent of temperature in the M C  phase, -~ 787 
i.e. the structural changes do not alter this vibration, a_ 
The MCce-OP transition then appears as a change in 
slope of the temperature  dependence of the frequency, 786 
without any abrupt  change in the absolute values. Thus 
the transition is seen by this phonon  as a continuous 785 
process. At the OP c> OS  transition temperature there 
is a jump in the absolute values of the frequencies of 
both  the modes shown in Fig. 12 and this transition is 
first order in character, therefore. 

Similarly to the meteoritic tridymite, milling of syn- 
thetic tridymite leads to dramatic  changes of the I R  spec- 
tra, indicating substantial structural changes (Fig. 13 and 
Fig. 14). The spectra are very different from the hand 
ground sample due to the absence of modes in the region 
600-700 c m -  t. However,  on heating, a sequence of phase 
transitions similar to the hand-ground sample can be 
identified from the temperature  dependence of the fre- 
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Fig. 15. Temperature dependence of the frequency of the 790 cm- 1 
mode for milled synthetic tridymite showing four anomalies, prob- 
ably corresponding to the MX-lc>PO, MC~OP, OP~OS and 
OS~OC phase transitions 

quency of the 790 c m -  1 band, as shown in Fig. 15 where 
four discontinuities in the slope at ~350  K, ~385 K, 

423 K and ~ 490 K are visible. These discontinuities 
may indicate the MX-1 r M C ~ O P ,  OP-~O S ,  and 
O S ~ O C  transitions, respectively. 
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Discussion of Steinbach Tridymite 

IR experiments have monitored the changes in symmetry 
which occur in Steinbach tridymite during heating. These 
changes can be correlated with anomalies in the heat 
capacity curve and with changes in the temperature de- 
pendence of a reflection violating the c glide observed 
in the previous paper (Cellai et al. 1994). 

broadening of these reflections is observed at 680 K indi- 
cating that microdomains of HP phase are already pres- 
ent. At an IR scale tridymite has space group P63/mmc 
(i.e. only seven modes) at around 680 K because this 
technique operates at a shorter length scale than X-ray 
diffraction and detects shorter range correlations. 

O C ~ L H P  

LHP.r HP 

At high temperatures the infrared spectra of meteoritic 
tridymite have three main bands at 480 cm-  1, 780 cm - 1 
and 1100 cm -1 and are similar to the infrared spectra 
of quartz, where the bands near 1100 cm -1 are roughly 
assigned to S i - O  stretching motions, the band near 
790cm -1 to S i - O - S i  bending and the bands at 
500 cm -1 to O - S - O  bending (Etchepare et al. 1978). 
The L H P ~ H P  transition is characterized by the disap- 
pearance of the 470 cm-  l mode at 685 K, reducing the 
total number of peaks from 8 to 7 in the HP phase, 
as expected from factor group analysis. All seven symme- 
try allowed modes of the HP phase were found: 
460 cm-  1 490 c m-  1, 790 cm-  1, 960 cm-  1, 1050 cm -  1 
1150 cm -1 and 1200 cm -1. 

The disappearance of the 470 cm-  1 mode (Fig. 7) co- 
incides both with the Cp anomaly of second order char- 
acter in the specific heat and with a broadening of the 
reflections violating the c glide (hhl with l odd). This 
phase transition has been attributed to the beginning 
of flipping movements of oxygen atoms by Cellai et al. 
(1994). In the temperature range 620-685 K the symme- 
try of tridymite is hexagonal and the oxygen atoms oc- 
cupy statistically all the six positions and around the 
circumference of the circle perpendicular to the Si-O-Si 
axis. They may overcome the potential barrier located 
between any two neighbouring split atom positions but 
they do not flip over the central barrier, and the average 
structure is P6322. At 680 K the oxygens start to over- 
come the central barrier, the crystals acquire the centre 
of symmetry, and the space group becomes P63/mmc. 
Because the flipping does not occur frequently at these 
temperature, microdomains of the LHP  phase are still 
present up to 748 K, and can be detected at the X-ray 
scale because broad and weak reflections hhl with I odd 
are present until 748 K. At 748 K the disappearence of 
the reflection correlates with changes in the c parameter 
and with the disappearance of the tail in the excess specif- 
ic heat above T~---680 K (Cellai et al. 1994). In the infra- 
red spectra the 748 K anomaly can be seen as a change 
of the temperature dependence of the 790 cm-1 mode. 
This bending mode has a large frequency shift over the 
full temperature range. A change in the slope occurs 
at 693 K and 760 K at which temperatures, approxi- 
mately, Cellai et al. (1994) noted the Cp anomaly and 
the appearence of the spontaneous strain %3 respective- 
ly. 

On the length scale of X-ray diffraction the symmetry 
of tridymite is P63/mmc above 748 K (i.e. when the hhl 
with 1 odd reflections have no intensity), although a 

The transition OC<=>LHP is not instantly apparent upon 
inspection of the spectra: the change in symmetry does 
not obviously produce the peak splitting expected from 
the group analysis. The 25 modes of the OC phase (Ta- 
ble 2) are probably too near each other to be distin- 
guished. Closer examination of the temperature depen- 
dence of the 470 cm-1 band provides some evidence of 
this phase (Fig. 7). This transition does not produce a 
change in the c dimension and cell volume or a Cp anom- 
aly, and can be identified on an X-ray scale only by 
the splitting of the non 001 (1 odd) reflections in the X-ray 
traces. According to the X-ray powder data of De Dom- 
bal and Carpenter (1993), the o r tho rhombic~hexagona l  
transition appears to be continuous, occurring at 623 K 
when the spontaneous strain component  el l goes to 
zero. 

0Sr 

The transition can be identified at ~513 K (Fig. 7) by 
the change in the intensity of the 470 cm-1 band. This 
transition also gives a step in the heat capacity curve 
and a change in the slope of the reflection violating the 
c glide. The Cp anomalies within the stability field of 
the OS phase, perhaps due to some changes of the incom- 
mensurate modulation, are not correlated with any sig- 
nificant features in our IR measurements. 

MC <=>OS 

The MCr transition is clearly shown by the disap- 
pearance of the 540 cm -1 mode at ~388 K (Fig. 6). The 
transition produces a double peak in the heat capacity 
curve for a powdered sample (De Dombal  and Carpenter 
1993) and for single crystals (Cellai et al. 1994). The dou- 
ble peak in the heat capacity curve suggests two structur- 
al events during the transformation. The two events 
could be related to two types of domains, each of which 
inverts to the OS phase at different temperatures or they 
may be related to two changes in symmetry. From our 
IR measurements we do have evidence for two different 
structural events in the small temperature range between 
373 K and 388 K. The first and the second peak in the 
heat capacity data correlate with the discontinuity in 
the slope of the temperature dependence of the intensity 
of the 540 cm-  1 mode at ~ 373 K (Fig. 6) and with the 
disappearance of this mode at ~ 385 K, respectively. The 
transition MCr or MC,ce-OP apparently proceeds 
via an intermediate phase which is stable in a small tern- 
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perature interval of ~ 12 K. This result is compatible 
with the subgroup-supergroup relationships of the 
phases involved. The space group of MC is not a sub- 
group of the OP phase (OP is a subgroup of the HP 
phase). The minimal supergroup common to the MC 
and OP phases in Cmcm, and this could be the symmetry 
of the phase stable between MC and OP. 

Low Temperature Transition 

The present I R  experiments showed a transition at 
~348 K which has not been reported in the previous 
X-ray and calorimetry study of single crystals of Stein- 
bach tridymite (Cellai et al. 1994). The presence of this 
phase transition is consistent with the occurence of MX- 
1 grains in the Steinbach sample. MX-1 is known to 
form during grinding of large crystals of MC tridymite, 
and the transformation can be complete or partial (Hoff- 
mann  et al. 1983). In the T E M  study of synthetic and 
meteoritic tridymite, Carpenter  and Wennemer (1985) 
identified grains with MC structure and grains with MX- 
1 structure in crushed Steinbach tridymite. Preparat ion 
of crystals for the I R  study must  inevitably also have 
led to the formation of some of the MX-1 phase. Accord- 
ing to the single X-ray diffraction study of Hoffmann 
et al. (1983), MX-1 transforms into the pseudo-ortho- 
rhombic PO phase in the temperature r ange  308 K to 
353 K, and this is presumably the t ransformation indi- 
cated by the I R  data. It  is equivalent to the S1-,=~$2 
transition as seen in the powder X-ray diffraction study 
by Sato (1964). This transition is probably  not complete- 
ly reversible because, on cooling, the formation of MX-1 
phase starts at 333 K, and at 273 K only 60% of PO 
phase is retransformed to MX-1 (Hoffmann et al. 1983). 
According to Nukui  and Nakazawa  (1980) the PO phase 
has the same sequence of phase transitions on further 
heating as the MC structure. 

Comparison of Steinbach and Synthetic Tridymite 

At room temperature the synthetic and meteoritic sam- 
ples have different spectra in the region 600-750 c m - i .  
According to Dowty  (1987), who calculated infrared 
spectra for cristobalite and tridymite, modes in the re- 
gion 600-750 c m -  1 are characterized by intertetrahedral 
rotations. When all the intertetrahedral rotations are in 
the same sense as in cristobalite (all tetrahedra are in 
the trans configuration) there are additional modes in 
the region 600-750 c m -  1, while, when two-thirds of the 
tetrahedra are in the trans configuration (those within 
the sheets) and one-third is in the cis configuration (those 
in the layer) as in tridymite, the spectra do not have 
bands in the region 600-750 c m -  1. Perhaps the synthetic 
sample contains mistakes in the intertetrahedral rotation 
leading to a different average of the ratio of cis and 
trans configurations with respect to those of tridymite. 
This may explain the presence of bands in the region 
600-750 c m -  a in the synthetic sample, which are charac- 
teristic of a non tridymite arrangement.  Moreover,  in 

synthetic tridymite, the mode at 620 cm -~, which is 
characteristic of low cristobalite, can be attributed to 
the presence of cristobalite structurally mixed with tridy- 
mite. 

It  should be emphasised that at room temperature 
a mixture of phases exist in fine grained Steinbach and 
synthetic tridymite. The presence of the MX-1 phase is 
revealed by the MX-1 ~=~PO transition identified in both 
Steinbach and synthetic tridymite. 

Meteoritic and synthetic samples have one transfor- 
mation temperature in common.  The transition at 
~385 K corresponds to the MC~=~OS transition for the 
meteoritic sample and to the M C . ~ O P  transition for 
the synthetic sample. The synthetic sample has an addi- 
tional phase transition ~423 K from OP to OS. This 
transition is indicated by the disappearance of the modes 
at 670 cm-1  and 690 cm-1  in spectra from the hand- 
ground sample. Spectra from the synthetic milled sample 
do not have these two modes, but the transition at 

423 K is identified by the temperature dependence of 
the 790 cm-1  band. 
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