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In this study we present results of the dynamic compression of α-cristobalite up to a pressure of 106 GPa with
the use of the dynamic diamond anvil cell. X-ray diffraction images were recorded at different ramp compression
and decompression rates to investigate in situ the high-pressure phase transitions of α-cristobalite. Our results
suggest that the pressure onset of the phase transformation of α-cristobalite to cristobalite II, cristobalite X-
I, and ultimately to seifertite (α-PbO2 type SiO2) is dependent on the applied compression rates and stress
conditions of the experiment. Increasing compression rates in general shift the studied phase transitions to higher
pressures. Furthermore, our results indicate for single crystals under hydrostatic conditions a suppression of a
phase transition from cristobalite X-I to seifertite at pressures of up to 82 GPa.
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I. INTRODUCTION

SiO2 and its polymorphs have been widely investigated
with respect to its structural behavior at high pressures and
temperatures due to its importance in the field of geo and
material sciences. Its high-pressure phase transformations,
phase equilibria, and melting process are essential for under-
standing the interior structure and dynamic nature of planetary
formation as well as impact phenomena. The high-pressure
modifications of SiO2 have therefore been extensively studied
and a large number of theoretical predicted silica structures
have been experimentally confirmed [1–11]. At temperatures
exceeding 1470 ◦C and ambient pressures, SiO2 crystallizes in
the cubic β-cristobalite structure and, upon cooling to temper-
atures below ∼250 ◦C, transforms to tetragonal α-cristobalite
(space group P41212). In nature, the high-temperature SiO2

polymorph can be found in volcanic rocks or ashes [12–14]
and is a predominant SiO2 constituent in meteorites [15].
Although α-cristobalite is an ambient pressure polymorph
of SiO2, it has been observed in meteorites within close
spatial relation to high pressure minerals that show signa-
tures of peak shock pressures exceeding 25 GPa [16–19].
In particular seifertite, the post-stishovite high-pressure poly-
morph of SiO2, was found in proximity to α-cristobalite
[17–20]. Such a vicinity of high- and low-pressure SiO2

polymorphs indicates a complex pressure and temperature
impact history, in which pressure increase, release, and cool-
ing alters the mineral assemblages. It was experimentally
shown, that α-cristobalite undergoes several phase transitions
at high pressures. It transforms from tetragonal α-cristobalite

*schoelmerich1@llnl.gov

to monoclinic cristobalite II (P21/c) at ∼1.5 GPa and tran-
sits to the monoclinic cristobalite X-I structure (P21/n) at
∼11 GPa [21–23]. Furthermore, a transformation towards the
orthorhombic seifertite structure (Pbcn) at ∼35 GPa has been
found [21–24]. These studies provide evidence that, by using
cristobalite as starting material, seifertite not only can form
at lower pressures than expected from its thermodynamic
equilibrium at ∼80 GPa [25,26] but also bypasses the ther-
modynamically favorable stishovite and CaCl2 polymorphs.
Interestingly, the transition of cristobalite X-I to seifertite was
not observed in diamond anvil cell (DAC) experiments where
α-cristobalite was compressed up to 80 GPa in a pressure-
transmitting medium (PTM) [27]. These findings may indicate
that these high-pressure phase transitions are dependent on the
stress conditions during compression. It was further suggested
that a change in pressure conditions, e.g., overpressurization,
leads to a shift in the transition pressure from α-cristobalite
to cristobalite II and cristobalite X-I [27,28]. This effect was
experimentally demonstrated in a DAC up to a pressure of
15 GPa by increasing the compression of the diamond anvils
instantaneously and thus leading to an extremely fast pres-
surization. Nonetheless, no systematic study has ever been
conducted to investigate the relation of overpressurization on
phase transitions of α-cristobalite. In this x-ray diffraction
study, we used the dynamic diamond anvil cell (dDAC) to
investigate the high-pressure behavior of single crystal and
polycrystalline α-cristobalite and the formation of its high-
pressure polymorphs at variable compression rates.

II. MATERIAL AND METHODS

α-Cristobalite was synthesized from fused silica (Goddfel-
low Cambridge Ltd.) in a high-temperature furnace (Carbolite
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FIG. 1. (a) Example of three different waveform voltage profiles and (b) obtained pressures (GPa) resulting from indicated waveforms
within the dDAC as a function of time (s).

Gero GmbH & Co. KG) at the Goethe University Frankfurt,
Germany. Fused silica disks (500 μm thick and 2 cm long)
were placed in the furnace at ambient pressure and maxi-
mum temperatures of 1550 ◦C for 24 h. Subsequently, samples
were rapidly quenched by dropping the disks into water at
the cold end of the furnace. The annealing procedure al-
lowed the growth of α-cristobalite crystals of up to ∼215 μm
in linear dimension. The product was probed by μ-Raman
spectroscopy to verify the cristobalite structure (Fig. S1 in
the Supplemental Material [29]). Single crystal α-cristobalite
pieces were cut and polished to ∼15 μm thick disks along
the growth direction. Furthermore, some α-cristobalite pieces
were crushed and ground in a Zr mortar under acetone,to
obtain a fine powder. The product was mixed with ∼10 wt. %
gold powder (Sigma Aldrich, 326 585), which was used as
a pressure standard. Both single crystals and powders were
loaded into a circular hole laser drilled into preindented rhe-
nium gaskets. The gaskets were placed between 200 μm culet
diamonds of symmetric DACs, enabling pressures of up to
106 GPa. Single crystals were loaded with Ne as a pressure
transmitting medium, using a gas loading system installed at
the Extreme Conditions Science Infrastructure (ECSI) at PE-
TRA III of the Deutsches Elektronen-Synchrotron (DESY),
Hamburg Germany. The DAC loaded with powder or sin-
gle crystal cristobalite as a starting material was compressed
along predefined compression ramps by means of a piezo
actuator in the dDAC [30,31] (Fig. 1). Eight ramps were

performed to investigate the effect of different compres-
sion and decompression rates on the lattice response of
α-cristobalite (Table I). X-ray diffraction was collected during
compression by LAMBDA GaAs 2M detectors [32]. The pho-
ton energy was tuned to 25.6 keV for the experiments while
the x-ray beam was focused through a compound refractive
lens system to 8(h) 2(v) μm2 FWHM. Sample to detector
distance, detector tilt, and rotation were calibrated using a
Cr2O3 (NIST 647b) standard and the DIOPTAS software [33].
Diffraction peaks on both detectors covered a 2θ range of
10◦ to 22◦, which was sufficient to record the (111), (200),
and (220) Bragg reflections of the Au pressure calibrant to
the maximum pressure of the experiments. Furthermore, the
2θ range was sufficient to record major Bragg reflections
of α-cristobalite, cristobalite II, cristobalite X-I, and seifer-
tite. Data were subsequently integrated using the customized
beamline software “P02 Processing Tool” in order to produce
contour plots, facilitating a quick overview of the experiment.
Integrated diffraction patterns were read into a Matlab script
and filtered in an automated routine using the Savitzky-Golay
function [34] (Fig. 2). We used Savitzky-Golay filtering to
improve the signal/noise ratio, the reliability, and the speed
of the Matlab routine. From the 2θ position of the smoothed
diffraction peaks, Au as well as cristobalite reflections were
fitted using a Gaussian function and subsequently indexed.
Pressure of the sample was estimated from the (111), (200),
and (220) Bragg reflections of the Au employing published

TABLE I. Summary of the experimental conditions of this study.

Pstart Pmax Compression Pend Decompression End
Run Sample (GPa) (GPa) rate (GPa/s) (GPa) rate (GPa/s) product

Run1 powder 0 69 0.07 21 0.96 Sft
Run2 powder 0 73 0.02 73 N/Aa Sft
Run3 powder 18 106 0.25 17 1.18 Sft
Run4 powder 0 57 0.17 43 0.05 Sft
Run5 powder 0 63 0.41 40 0.05 Sft
Run6 powder 0 92 0.19 41 0.03 Sft
Run7 single crystal 14 82 0.07 21 3.11 CXI
Run8 single crystal 21 31 0.01 31 N/Aa CXI

aDiamonds broke; Sft = seifertite; CXI = cristobalite X-I.
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FIG. 2. Diffraction pattern (run1) at 69 GPa. The blue line shows
the integrated diffraction pattern obtained from DIOPTAS; the red
line displays the lineout derived with the Savitzky-Golay filter.
Shown are the Bragg reflections of seifertite (Sft), Au, and Re.

equation of state parameters [35]. The error in pressure is cal-
culated from the minimal separable peak distance determined
from the angular resolution of the detector (0.05◦ in 2θ ). In
agreement to a recent dDAC study [36], we found that the
pressure obtained from the Au standard at slow compression
rates was increasingly underestimated by 1–2.5 GPa at pres-
sures above 35 GPa compared to the pressure determined from
the volume of the sample using the known equation of state of
seifertite [21] (Fig. S2 in the Supplemental Material [37]).

It has to be noted, however, that these pressure deviations
were not observed for cristobalite II, cristobalite X-I, or for
any runs using single crystals in a PTM, which is in agreement
with [36]. Hence, the XRD patterns of the experiments using
single crystals in a PTM as starting material (run7 and run8)
and the Au pressure standard were used to calculate unit cell
parameters of cristobalite X-I as a function of pressure.

III. RESULTS AND DISCUSSION

Throughout compression of all powder samples, the emer-
gence of Bragg reflections corresponding to the α-cristobalite
and its high-pressure polymorphs were observed, demonstrat-
ing the well known phase transition sequence of α-cristobalite
→ cristobalite II → cristobalite X-I → seifertite. The onset
pressures of the individual α-cristobalite polymorph phase
transitions were investigated under different compression
rates (Table I). The phase transformation of α-cristobalite into
cristobalite II was observed at pressures between 0.5–1 GPa
in all experimental runs, regardless of the compression rate.
The first appearance of cristobalite X-I Bragg reflections was
detected between ∼5–7 GPa for the slow compression rate
runs (run1 and run2), ∼7–9 GPa for the moderate runs (run4
and run6), and at ∼11 GPa for the fast run (run5). For run3,
the initial pressure in the cell had already reached ∼18 GPa
at the first XRD measurement and only the cristobalite X-I
structure was observed. First seifertite Bragg reflections were
detected between ∼23–28 GPa for the slow runs (run1 and
run2), ∼28–31 GPa for the moderate runs (run4 and run6),
and ∼32–35 GPa for the fast runs (run3 and run5).
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FIG. 3. Pressure as a function of compression rate for different
dDAC runs using powder α-cristobalite as a starting material. Shown
are the different high-pressure polymorphs of α-cristobalite: cristo-
balite II (CII), cristobalite X-I (CXI), and seifertite (sft). Dashed
lines indicate approximate phase change pressures. The uncertainty
in pressure determination for run3, run4, run5, and run6 is ∼0.5 GPa,
calculated from the minimal separable peak distance of the XRD
pattern. For run1 and run2 the error is accounted to be around
∼2.5 GPa due to the pressure uncertainties of the Au calibrant at
low compression rates.

All experiments record a homogeneous phase transition be-
havior with structural mixtures of α-cristobalite + cristobalite
II, cristobalite II + cristobalite X-I, and cristobalite X-I +
seifertite in a single x-ray pattern. No back transformation to
a low pressure phase could be observed at decompression in
all experimental runs (Table I). Regardless of decompression
rate, the end product of all powder loaded experimental runs
were indexed to the seifertite structure in the explored pres-
sure range.

Figure 3 depicts a comparative summary of the dDAC
results from powder loaded runs showing the structural high-
pressure response of α-cristobalite polymorphs with regard
to the compression rate. The pressure onsets of the phase
transformations systematically shift to higher pressures with
increasing compression rate. Only the pressure onset of the
phase transformation of α-cristobalite towards cristobalite II
does not exhibit a clear correlation between compression rate
and phase transformation. It has to be noted that the uncer-
tainty of the pressure determination from the Au standard is
∼0.5 GPa, hence it is comparable to the pressure range of
the α-cristobalite → cristobalite II transition itself, preventing
a conclusive correlation. Previous experimental studies have
shown that an instantaneous overpressurization in a DAC can
shift the phase transitions α-cristobalite, cristobalite II and
cristobalite X-I to higher pressures [27,28]. Other dynamic
compression studies on SiO2 using membrane DACs, gas
guns, or optical lasers have also found that fast compression
rates can shift or even hinder high pressure phase transi-
tions [38–41]. It was reported, for instance, that by using
crystalline SiO2 (α-quartz) as the starting material in a mem-
brane DAC, the high pressure phase transition α-quartz →
stishovite shifted towards pressures of up to 18–38 GPa [38]
when compressed rapidly, much higher than expected from its
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FIG. 4. Molecular volume per formula unit of cristobalite X-I
as a function of pressure. Shown are experimental results of ex-
periment run7 with a compression rate of 0.07 GPa/s. Solid lines
indicate cristobalite X-I and seifertite data from previous works. The
experimental data of this work are in excellent agreement with the
cristobalite X-I fit of Ref. [27] at similar compression. The uncer-
tainty in pressure determination is ∼0.5 GPa and that of the unit cell
volumes is ∼0.02 Å3.

steady state equilibrium transition pressure (∼7 GPa) [2,8].
In another study, high-pressure phase transitions were not
observed when stishovite was used as starting material in a
laser-induced compression experiment [41]. Previous works
suggested that rapidly compressed solids depend strongly on
the strain rate of the compression, and consequently, higher
transition pressures can be achieved through higher strain-
rate drives [42,43]. However, shear stresses in samples can
also lead to a lowering of phase transition boundaries from
the hydrostatically determined values in fast-compression ex-
periments [44]. Even though the compression rates in our
study are comparably lower than most high-drive dDAC or
shock compression experiments, a clear shift towards higher
pressures with increasing compression rates can be observed,
suggesting that the mechanism that α-cristobalite adopts dur-
ing compression depends strongly on the stress conditions. In
nonhydrostatic experiments, that is without any PTM using
powders as starting material, we observe the α-cristobalite →
cristobalite II → cristobalite X-I → seifertite phase transition
sequence. Here grain interaction within the powder samples
are most likely the major contributor to a nonhydrostatic en-
vironment [27].

In order to verify if the observed transitions are dependent
on stress conditions within the sample, two quasihydrostatic
experiments with single-crystal α-cristobalite in Ne as PTM
were additionally conducted (Table I). The Bragg reflections

observed in run7 between 14 and 82 GPa can be indexed
to the cristobalite X-I structure. There is no indication of
a structural change in the explored pressure range. A third
order Birch-Murnaghan equation of state [45] was fitted to the
obtained P-V data (Fig. 4), yielding V0 = 195.43(25) Å3 and
K0 = 214(2) GPa with fixed K ′ = 4. Upon decompression to
21 GPa, no transition to a lower pressure SiO2 polymorph
was observed. This observation and the obtained EOS are
in good agreement with a recent steady state DAC study, in
which cristobalite X-I was shown to be stable at pressure of
up to ∼80 GPa under quasihydrostatic conditions [27]. Since
the compression rates of experimental runs run7 and run8
are very low (0.07 and 0.01 GPa/s, respectively), it can be
assumed that the results are comparable to static compression
experiments. It was suggested that the relative low bulk mod-
ulus of cristobalite X-I can be associated with the significant
amount of only partially occupied octahedra in the cristobalite
X-I structure [27]. Our results also agree with theoretical
molecular dynamic work, showing a strong dependence of the
phase transition of cristobalite X-I to seifertite to hydrostatic
conditions [46].

IV. CONCLUSIONS

We have collected continuous x-ray-diffraction data of
the high pressure phase transition of α-cristobalite in a
dynamically driven diamond anvil cell. We observed the high-
pressure phase transitions from α-cristobalite to cristobalite
II, cristobalite X-I, and seifertite in all experiments using
powders as a starting material. We showed that the onset of the
high-pressure phase transitions in α-cristobalite is sensitive
to the compression rates explored in this study. No phase
transition from cristobalite X-I to seifertite was observed
when using single crystals in a PTM, suggesting a strong
dependence on stress conditions within the sample during the
experiments [47].
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