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In situ characterization of phase transitions in cristobalite under high
pressure by Raman spectroscopy and X-ray diffraction
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Abstract

We have studied, in situ, the structure and optical properties of cristobalite under non-hydrostatic pressures of up to 61 GPa by means
of micro-Raman spectroscopy and X-ray powder diffraction. The starting material, the a-cristobalite phase of SiO (C-I), was formed2

after annealing of silica sol-gel glass at 15008C for 15 min. Mao-Bell and membrane-type diamond anvil cells were used for generation of
the high pressure. On increasing the pressure, four polymorphs were found: C-I a-cristobalite up to 6 GPa, C-II in the pressure range
0.2–14 GPa, C-III from 14 to 35 GPa, and C-IV above 35 GPa, and no new phase was observed up to 61 GPa. The high-pressure phase
C-IV is crystalline and quenchable. A monoclinically distorted a-PbO -type structure provides the best fit to the X-ray powder pattern of2

the recovered phase C-IV.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction above 40 GPa [8,9]. On decompression of phase XII, a
new polymorph known as phase XIII was synthesized. Not

Silica is an industrially important and widely used much is known about the nature and the structure of all
material [1]. The study of the high-pressure behavior of phases ‘X’ [3,9]. For the same pressure range (i.e. .10
different phases of silica plays a significant role for GPa), there are some reports on the amorphization of
modeling processes in the deep interior of the Earth [2]. a-cristobalite [7,11,12] and the relation between amorphi-
There are a number of publications on the high-pressure zation and the phase transitions mentioned above is still
behavior of a-quartz, stishovite, coesite and amorphous unclear. The effect of hydrostaticity on the phase trans-
silica summarized in Ref. [3]. Cristobalite, as one of the formation of cristobalite has been described [10]. In
tectosilicate minerals and a high-temperature polymorph of addition to the diffraction lines of phase XIII [8], extra
silica, has attracted much less attention so far. lines have been observed [6,9,10]. The intensity of these

A series of phase transitions have been reported on the lines decreases with increasing time of exposure at high
cold compression of a-cristobalite. X-ray, Raman and IR pressure and at least more than 11 days are required to
studies documented a phase transition from tetragonal to a obtain a single XIII phase.
lower-symmetry monoclinic phase at |1.5 GPa [4–7]. At Since several names are used in the literature [3–10] for
pressures .10 GPa, several groups [6–10] have reported a the high-pressure polymorph of cristobalite, in this paper
phase transition to one more phases: phase XI according to we will follow the notation introduced by Hemley et al.
Ref. [8], and cristobalite III according to Ref. [3] (although [3], i.e. cristobalite I, II, etc. or more simply C-I, C-II, etc.
they recognized the structure, these phases may differ The letter ‘C’ in the name of the phases (or a mixture of
considerably from cristobalite). Under quasi-hydrostatic different phases appearing at a certain pressure) described
conditions, a structure very similar to that of stishovite was here indicates that a certain high-pressure material(s) was
formed above |20 GPa [10]. Phase XII or cristobalite IV formed from cristobalite as a starting phase. The symbol
was found to exist on further compression of a-cristobalite ‘C’ does not relate to the structure of the material. The

reason for introducing the symbol ‘C’ is that structures of
high-pressure metastable phases and the conditions of their*Corresponding author.
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(e.g. quartz, stishovite, coesite, tridymite, cristobalite,
glass, etc. give different phases on compression). To
distinguish the different phases of silica that can be
obtained from different starting materials we propose to
use letters in the phases’ names.

The purpose of this work was to study the in situ phase
transformations of cristobalite under non-hydrostatic com-
pression in diamond anvil cells using two different meth-
ods — micro-Raman spectroscopy and X-ray powder Fig. 2. Optical setup with confocal micro-system for collecting Raman

spectra at high pressure in DAC.diffraction.

pressure medium was used, which implies non-hydrostatic
2. Experimental conditions.

Type I brilliant cut diamond anvils with 300 mm culets
2.1. Sample synthesis were used. Holes of 130 mm diameter were drilled into 300

mm thick stainless steel or Re gaskets pre-indented to a
Samples of cristobalite (C-I) were synthesized using the thickness of 40–50 mm.

sol-gel technique [13]. A schematic diagram of the sol-gel The Mao-Bell DAC was used for in situ micro-Raman
process is shown in Fig. 1. A precursor solution was spectroscopy and X-ray powder diffraction at the Uppsala
prepared by mixing tetraethoxysilane (TEOS), water and Laboratory (Sweden) for three different sets of compres-
hydrochloric acid in the mole ratio 1:25:0.05, respectively. sion /decompression experiments with maximum pressures
A finely dispersed silica powder (aerosil A-300, SiO of 30, 40 and 61 GPa. Pressure was measured by a ruby2

particles |10 nm in diameter) was added to the sol (molar scale with an accuracy of 62%.
ratio TEOS/SiO 1:1) followed by ultrasonic dispersion Membrane-type DAC was used for X-ray powder dif-2

and separation of the solid remnant by centrifugation. The fraction measurements up to 56 GPa at the European
pH of the sol was increased to 6–7 by the addition of Synchrotron Radiation Facility (Grenoble, France, beam
ammonia solution to promote the gelation process. The sol line BM01). A gold wire 10 mm in diameter was placed in
was then poured into closed polystyrene containers and left the pressure chamber and served as internal pressure
for 1 day for gelation. After drying at 608C for 72 h the standard. The accuracy of the pressure measurements was
silica xerogel was heated to 12008C at a rate of 1008C/h. 61 GPa at the maximum pressure (56 GPa) reached.
A transparent amorphous silica was obtained. The cristoba- Raman spectroscopy was carried out on all quenched
lite phase of SiO was formed after annealing the sol-gel samples. Good reproducibility for all series was obtained.2

glass at 15008C for 15 min and then grinding to obtain a
microcrystalline powder with a particle size of about 1 mm.

According to X-ray diffraction and Raman spectroscopy, 2.3. Analytical technique
pure tetragonal a-cristobalite (lattice parameters a 5

˚ ˚ Raman spectra were recorded with an InstaSpec-IV4.9658(7) A and c 5 6.9140(9) A) was prepared using the
CCD detector operating with a MultiSpec-257 imagingsol-gel technique and was used as starting material.
spectrograph (grating 1200/350). A confocal micro-optical
system in backscattering geometry was used (Fig. 2) [14].

2.2. High-pressure technique For Raman excitation we used the green line of an argon
laser (l 5 514.53 nm). The output power energy of the

Mao-Bell and membrane-type diamond anvil cells laser beam was varied in the range 100–350 mW and
(DACs) were used for high-pressure experiments. No focused to a spot of about 6 mm in diameter on the sample

Fig. 1. Schematic diagram of the preparation of cristobalite using the sol-gel technique.
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in the DAC. Raman scattering was recorded in the spectral All recorded spectra were analyzed using Origin 6.0
21 21range 180–2800 cm with a resolution of 4 cm . software and backgrounds were subtracted from smoothed

At the Uppsala Laboratory we obtained powder X-ray curves.
diffraction data with a Siemens X-ray system consisting of
a Smart CCD Area Detector and a direct-drive rotating
anode as X-ray generator (18 kW). Mo Ka radiation (tube 3. Results
voltage 50 kV, tube current 24 mA, cathode gun 0.131

2mm ) was focused with a capillary X-ray optical system to 3.1. Micro-Raman spectroscopy
a diameter of 40 mm FWHM. The diffracted X-rays were
collected on a 5123512 pixel area detector. Data were Fig. 3 shows selected Raman spectra (RS) of cristobalite
acquired in different experiments at different fixed 2u on increasing the pressure to 61 GPa. A new Raman peak

21settings of 5, 12, 20 and 258 (corresponding to the fixed located at 485 cm appears at a pressure of 0.2 GPa. On
positions of the detector) and by varying the sample-to- increasing the pressure the position of this band shifts to

21detector distance (170–260 mm). Settings of the detector 530 cm at 6.3 GPa and its intensity also gradually
were carefully calibrated using three independent standards increases. Above 2.2 GPa, two new peaks located at 245

21(Pt, Au and Re) at each position of the detector. Since a and 640 cm are observed. The Raman peaks from the
large portion of the Debye rings are measured on the initial a-cristobalite phase disappear at 6.3 GPa and the
detector surface, it reduces the counting time by the solid transition from phase C-I to C-II is completed.
angle covered. The collection times were 3 to 12 h. A few weak lines from a second high-pressure phase

The monochromatic radiation from the third generation C-III appear at 14 GPa and the intensities of the peaks of
synchrotron at ESRF permits the investigation of samples phase C-II decrease (Fig. 3a). The Raman modes of phase
of very small size with area detectors. At ESRF (beam line C-III reach a maximum intensity at 28 GPa and are
BM01) powder diffraction data were collected with a characterized by a number of strong and sharp peaks (214,

21˚MAR345 detector using an X-ray beam of 0.6996 A 325, 389, 486, 533, 581, 681, and 757 cm ). Above 31
2wavelength and a size of 55355 mm . The collected GPa, the Raman spectra of C-III display decreasing

images were integrated using the Fit2D program in order intensity and broadening of the peaks. At 35 GPa, new
to obtain a conventional diffraction spectrum [15]. Raman modes appear and at 40 GPa only the peaks from

Fig. 3. Raman spectra collected on compression of a-cristobalite to 14 GPa (a) and to 61 GPa (b).
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new phase C-IV are present. Increasing the pressure further such conditions, both C-IV and C-III polymorphs are
to 61 GPa does not lead to any significant changes in the present in the same pressure chamber. However, at 61 GPa
RS except for shift of the peaks. At 61 GPa the high- peak pressure, only the high-pressure phase C-IV was
pressure polymorph C-IV of silica is characterized (Fig. found.
3b) by three intense and comparably narrow peaks located On reducing the pressure (Fig. 5) from 61 GPa the

21at 425, 554 and 664 cm . One broad low-frequency positions of the two most intense Raman bands (425 and
21 21Raman band at 245 cm and a few weak and broad 554 cm at 61 GPa) of high-pressure cristobalite poly-

21Raman bands at 818, 960 and 1080 cm for phase C-IV morph C-IV shifted to low frequency and their intensity
were also observed (Fig. 3b). did not change significantly. For the quenched sample

The small size of the laser spot (diameter |6 mm) and these lines had a very sharp shape below 2.5 GPa and were
21the confocal setup of the Raman spectrometer allowed us located at 378 and 514 cm , respectively. The low-

21to study the radial distribution of the material across the frequency peak (425 cm ) was broadened and even split
pressure chamber by following the variation in pressure at pressures between 23 and 12 GPa (Fig. 5). At 23 GPa,
from the center of the hole towards the gasket. Micrometer several new features appeared — a relatively intense

21sized ruby chips were used to measure the pressure at each Raman band located at 760 cm and weaker peaks at 850,
21 21point. 670 and 620 cm . The peak at 760 cm weakly depends

It was found that, at all pressures up to 61 GPa, the on pressure and for the quenched sample it has a maximum
21central regions, at least 60 mm in diameter (130 mm at 738 cm (Fig. 5). This peak becomes sharper on

sample chamber diameter), have the same pressure and decompression. Such behavior of the Raman spectra could
identical RS as described above. Near the gasket, the be due to recrystallization, changes in the preferred
pressure decreased by 30–50% (depending on the peak orientation, or the appearance of an intermediate phase at
pressure) and the RS changed correspondingly. For exam- 23 GPa. The major Raman bands of the high-pressure
ple, at 40 GPa in the central area of the sample, the phase C-IV are present for the quenched sample, but
pressure decreased to 20 GPa at the gasket border. The become narrower at low pressure. Besides the sharp peaks
variations in the RS recorded at 40 GPa peak pressure discussed above (Fig. 5), several very broad Raman bands

21from the center of the sample chamber towards the gasket with maxima at about 215, 490, 795 and 1080 cm are
border are illustrated in Fig. 4. We observed that, under present in the spectrum of the quenched sample.

Unlike the polymorph C-IV of cristobalite, the phase

Fig. 4. Raman spectra at a peak pressure of 40 GPa collected at different
locations in the pressure chamber. Fig. 5. Raman spectra collected on decompression from 61 GPa.
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C-III (i.e. cristobalite compressed up to 20–30 GPa) shows
different behavior on decompression. Fig. 6 shows an
example of the RS recorded near the gasket on decompres-
sion from 20 GPa. On reducing the pressure to 14 GPa the
intensity of the low-frequency Raman bands (below 500

21cm ) decrease and their positions shift. Simultaneously,
the high-frequency Raman bands also shift to lower-fre-
quency ranges, but the ratio of peak intensities changes and

21at 8 GPa (Fig. 6) a very intense line is found at 540 cm
21and weaker lines are observed at 625 and 700 cm . The

shape of the RS at 8 GPa (Fig. 6) is very similar to those
observed on increasing the pressure at 14 GPa (Fig. 3) and
correspond to a mixture of phases C-II and C-III. How-
ever, on further decompression the C-II polymorph was
not observed (a reversible phase transition C-I↔C-II was
reported in Ref. [7]). The quenched samples exhibited only
a few wide Raman bands in contrast to the quenched
sample from polymorph C-IV (Figs. 5 and 6).

The variations of the RS recorded for the quenched
materials obtained at different peak pressures are shown in
Fig. 7. For the samples compressed to a maximum pressure
of 20 GPa the most intense broad Raman band is located at

21about 460 cm , while the same band is found at 490
21cm when the material was decompressed from 40 GPa.

For quenched samples decompressed from peak pressure at
35 GPa, new sharp peaks appear (Fig. 7). At pressures of

Fig. 7. Raman spectra of quenched samples recovered from differentabout 35 GPa, two phases, C-III and C-IV, co-exist in the
peak pressures.sample (Fig. 3). As a result, two components are present in

the material quenched from pressures above 35 GPa (Fig.
7). One component is characterized by a few broad Raman

21bands with a maximum located at about 480 cm , which
may correspond to an amorphous silica network, and the
second has a number of sharp and narrow peaks from the
crystalline phase. At peak pressures above 40 GPa (only
phase C-IV is present) the broad Raman band of the
quenched sample becomes narrower with decreasing in-

21tensity and shifts to 490 cm . At the same time the
intensity of the sharp peaks increases.

3.2. X-ray powder diffraction

The sequence of phase transformations of cristobalite at
increasing pressure, from C-I to C-IV, observed by Raman
spectroscopy was confirmed by X-ray powder diffraction
data obtained at the Uppsala Laboratory and at ESRF.
Examples of a typical 2D diffraction image obtained at
ESRF with a MAR345 area detector and of selected
conventional integrated spectra are shown in Figs. 8 and 9,
respectively. Diffraction patterns were collected on com-
pression to 56 GPa and after decompression. As starting
material, a-cristobalite mixed with Au wire (serving as a
pressure calibrant) was used.

Fig. 10 shows the pressure dependence of some interpla-
nar spacings of cristobalite. At 3 GPa (Fig. 10) the

Fig. 6. Raman spectra collected on decompression from 20 GPa. intensity of the (101) a-cristobalite reflection drastically
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Fig. 10. Pressure dependence of the interplanar spacing of cristobalite.

decreases with simultaneous broadening and splitting of
the (111) reflection. At pressures between 5 and 11 GPa
the C-II phase is observed (Figs. 9 and 10). This phase is

˚characterized by major reflections of 3.76, 2.94 and 2.76 A
Fig. 8. Example of a two-dimensional diffraction pattern recorded with at a pressure of 8.3 GPa. Table 1 shows the lattice
the imaging plate detector MAR345 for a mixture of cristobalite and Au

parameters of the C-II phase which were calculated using apressure calibrant at 6.8 GPa after decompression from 56 GPa (ESRF,
non-conventional ( p2 group symmetry) monoclinic B-beamline BM01). 1

centered cell according to Ref. [4]. From 12 GPa the
intensities of the C-II reflections gradually decrease and
several new reflections of the phase C-III appear. At
pressures of 16 to 28 GPa only the reflections of phase
C-III are present. The most intense lines at 28 GPa were

˚located at 3.4, 3.1, 2.7 and 1.49 A. Above 34 GPa, a new
˚reflection appears at 2.55 A and after 44 GPa the formation

of the high-pressure polymorph C-IV was completed. The
major peaks at 56 GPa were located at 3.4, 3.06, 2.84, 2.51

˚and 1.46 A. After decompressing to 6.8 GPa these lines
˚shifted to 3.57, 3.16, 2.95, 2.58 and 1.50 A, respectively.

On decompression the relative intensities of the peaks were
unchanged. Thus, phase C-IV formed at pressures above
40 GPa is quenchable to 6.8 GPa.

4. Discussion

Fig. 11 shows the variations of the positions of the most
intense Raman peaks as a function of pressure. It is clear
from the figure that four distinct stages (C-I to C-IV)
appear on compression to 61 GPa, in good agreement with
earlier observations [3].

It is possible that there is an intermediate phase between
C-II and C-III on compression at around 14 GPa (Fig. 3a)
and on decompression at around 8 GPa (Fig. 6). However,
X-ray diffraction does not provide any evidence for such a
phase. This means that the observed peculiarities in the
Raman spectra could be associated with the behavior of the
disordered silica network or an amorphous component.

Palmer et al. [7] studied in detail the Raman spectra of
Fig. 9. Integrated diffraction patterns of cristobalite at different pressures. cristobalite compressed under quasi-hydrostatic conditions
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Table 1
Lattice parameters of high-pressure phases C-II and C-IV

Lattice Monoclinic B-face Monoclinically distorted
parameters centred ( p2 ) [14] a-PbO -type (Pbcn)1 2

C-II phase C-IV phase

Pressure 8.3 GPa 56 GPa Recovered
to 6.8 GPa

˚a (A) 8.843(1) 4.327(1) 4.381(8)
˚b (A) 4.508(1) 3.622(1) 3.781(9)
˚c (A) 13.569(3) 5.686(1) 5.918(8)

b (deg) 94.48(7) 91.65(2) 90.2(1)

up to 22 GPa. It was established that cristobalite has two characterized by three groups of lines. Each group consists
phase transitions: ‘cristobalite I↔II’ at a pressure of 1.2 of three equally intense lines. Two groups with intense
GPa, and above 13 GPa ‘cristobalite III’. The same phase Raman bands are located in the low- and middle-frequency
transitions were observed with X-ray powder diffraction range and one weaker group is located close to the high-
[4]. In general, similar behavior of the RS was observed frequency range (Figs. 3b and 4). Phase C-IV has only
for cristobalite under non-hydrostatic compression in our three intense lines in the middle-frequency area. The
study. However, there are some differences. In our study Raman spectra of C-III and C-IV are clearly distinguish-
the first peak from the C-II phase appeared at 0.2 GPa (1.4 able from the spectra published in Refs. [1,2,7,10]. This
GPa in Ref. [7]) (Fig. 3a). According to Ref. [7] and our means that C-IV and C-III are new silica polymorphs. The
study at 6 GPa, only the C-II phase is present in the same situation holds for the sample quenched from phase
sample. However, our RS show an additional Raman peak C-IV, for which the positions of the sharp RS lines cannot

21(Fig. 3a) located at 640 cm , which was not reported by be matched to the RS of known structures of SiO .2

Palmer et al. [7]. Above 13 GPa, a new sharp mode, close The diffraction pattern of the sample treated at the
21to 470 cm , was reported in Ref. [7], but we did not maximum pressure of 56 GPa and decompressed to 6.8

observe this in our studies in the pressure range 13 to 18 GPa contains a number of peaks (Figs. 9 and 12) which
GPa (Fig. 3a). We found that, above 20 GPa, the RS are could correspond to stishovite (Fig. 12e). However, the

˚characterized by a number of sharp and intense lines at 28 intense reflections at 3.57, 3.16, 2.95, 2.58 and 1.50 A
GPa close to 214, 325, 389, 486, 533, 581, 681 and 757 could not be assigned to the stishovite structure. This

21cm (Fig. 3b), which were not observed in Ref. [7]. observation is confirmed by Raman spectroscopy data.
These observations can be explained by the differences in Similar d-spacings were reported by Yagi and Yahagi [8]
the experimental conditions — quasi-hydrostatic in Ref. for the quenched sample recovered from the peak pressure

˚[7] (a methanol–ethanol–water mixture was used) and 53.1 GPa: at 3.166, 2.966, 2.595 and 1.494 A. Later, Yagi
˚non-hydrostatic (no pressure medium) in the present study. et al. [6,9,10] located a reflection at around 3.5 A for

Our Raman studies clearly show that phases C-III and cristobalite in CsI pressure medium compressed to 40 GPa
C-IV are significantly different (Fig. 3b). Phase C-III is and in argon at 28 GPa.

It is possible to explain the observed diffraction pattern
(Fig. 12a) as a mixture of a-PbO -type (Fig. 12d) and a2

disordered monoclinic P2 /c phase (Fig. 12c, Table 2)1

[16,17]. However, a single model of the monoclinically
distorted a-PbO -type structure (Table 1) provides a better2

description of the positions and relative intensities of the
diffraction lines of the silica phase obtained on decompres-
sion of the sample from a peak pressure of 56 GPa (Fig.
12b).

5. Summary

Micro-Raman spectroscopy and X-ray powder diffrac-
tion were used for the in situ characterization of the
high-pressure phase transitions under non-hydrostatic con-
dition starting from a-cristobalite. It was shown that, onFig. 11. Pressure dependence of the Raman bands (the solid lines are

guides to the eye). compression at ambient temperature, four polymorphs of
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spectra of the high-pressure polymorphs C-III and C-IV
were recorded here for the first time.

The high-pressure phase C-IV is polycrystalline in
contrast to earlier reports [11,12] in which amorphisation
of cristobalite above 30 GPa was observed. The Raman
spectroscopy data are in good agreement with X-ray data
and demonstrate that the phase C-IV is quenchable up to
6.8 GPa and is clearly distinguishable from stishovite or
other known silica polymorphs.
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