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INTRODUCTION

The availability of very bright, third-generation synchro-
tron sources provides an ideal tool to measure unit-cell vol-
umes from micrometer-sized samples at high pressures. The
major remaining experimental challenges to determining reli-
able equations of state (EoS) up to extremely high pressures
are the achievement and measurement of hydrostatic pressure.
Quasi-hydrostatic pressures up to more than 100 GPa can be
produced in the diamond anvil cell (DAC) using very soft pres-
sure media such as He or Ne (Jephcoat et al. 1986). Another
solution entails using harder pressure media (e.g., NaCl) and
then relaxing the stresses at very high temperatures by anneal-
ing with an IR laser (Andrault and Fiquet 2001). Using the
laser heating technique, energy barriers between high-pressure
polymorphs can also be overcome more easily. Very high pres-
sures are also easier to generate with hard media rather than
He or Ne, which often induce failure of the diamond anvils. At
moderate pressures, below the crystallization pressure (at about
12 GPa) of the water-alcohol-methanol mixture commonly used
in DAC experiments, generating perfectly hydrostatic pressures
is much easier.

Measuring pressure in the diamond-anvil cell requires the
use of a secondary pressure standard. The most commonly used
pressure standard is the fluorescence line of ruby, which has
been calibrated against the equations of state (EoS values) of
various metals, in turn derived from shock-wave experiments
(Mao et al. 1978, 1986). The precision of the metallic EoS val-
ues is questionable, because they are derived from experiments
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ABSTRACT

We performed new diffraction experiments to clarify the equation of state (EoS) of stishovite
after we suspected systematic errors in previous experimental reports. Using diamond anvil cells,
we repeated both single-crystal X-ray diffraction measurements under hydrostatic conditions and
powder diffraction measurements using the laser-annealing technique and NaCl pressure medium.
The major improvement is the increase in precision of the pressure determination using the quartz
and NaCl equations of state. Using both sets of data, the stishovite bulk moduli were refined to K0 =
309.9(1.1) GPa and K'0 = 4.59(0.23). We also reinvestigated the mechanism of the phase transforma-
tion to the CaCl2-structured polymorph of SiO2 at about 60 GPa. We confirm no volume discontinu-
ity at the transition pressure, but the CaCl2 form appears slightly more compressible than the
rutile-structured form of SiO2. This change in compression behavior is used for quantitative analy-
ses of the spontaneous strains of the pressure-induced phase transition.

performed at the simultaneous high pressures and temperatures
generated along Hugoniot curves. Therefore, recent experiments
have been devoted to the aim of determining an absolute pres-
sure calibration based on simultaneous measurements of sound
speeds and X-ray diffraction on standard materials. At the cur-
rent time there are no such experimental data of sufficient pre-
cision available to significantly improve the accuracy of the
common secondary pressure scales, although such results are
imminent. An intermediate approach was pursued by Angel et
al. (1997). They determined the EoS of quartz by single-crys-
tal X-ray diffraction, using a pressure scale derived from the
ruby calibration. The agreement of the bulk modulus determined
from these measurements with that obtained from bench-top
ultrasonic determinations of the elastic tensor of quartz
(McSkimmin et al. 1965) indicates that the ruby pressure scale
is accurate to within 0.3% to 10 GPa. Another problem arising
from the use of metals as pressure standards is the poor preci-
sion obtained for the pressure measurement as a result of their
relatively high bulk moduli. The use of a softer pressure stan-
dard increases the precision, because a given accuracy in the
volume measurement corresponds to a smaller pressure error.

In a previous study, we reported the stishovite EoS up to
120 GPa, and a phase transition to the CaCl2 distortion pres-
sure at about 60 GPa (Andrault et al. 1998). Those data indi-
cated that the phase transformation does not significantly affect
the compression curve. The EoS was constrained by two types
of diffraction experiments, performed at moderate pressures
on a single crystal (Ross et al. 1990), and up to the highest
pressures on powders. Both types of experiments could be im-
proved. The experiments at higher pressures were performed
without any pressure medium, using Pt as a pressure marker.
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Other experiments we have performed since that time have led
us to suspect systematic errors in the pressures determined us-
ing the Pt EoS reported by Jamieson et al. (1982). Therefore,
we performed new powder diffraction experiments at the ID30
beamline of ESRF, again using the laser-annealing technique
that is required to relax stresses at extreme pressures, but this
time using NaCl as a pressure medium. We determined pres-
sure using both the ruby-fluorescence technique and the EoS
of the B1- and B2-forms of NaCl. These data were supple-
mented by single crystal X-ray diffraction data collected up to
10 GPa, using the quartz EoS to determine pressure.

EXPERIMENTAL PROCEDURE

Single crystal diffraction
Single-crystal X-ray diffraction measurements were per-

formed at the Bayerisches Geoinstitut (BGI) with a stishovite
crystal synthesized from Corning grade G silica glass in a multi-
anvil experiment at 14 GPa and 1300 C for 10 hours. The
crystal was loaded in water-alcohol-methanol mixture into a
diamond-anvil cell (Allan et al. 1996) along with a quartz crystal
for pressure measurement and a crystal of coesite. Diffraction
measurements were performed with a customized Huber four-
circle diffractometer. The unit-cell parameters of all crystals
were obtained by a vector-least-squares fit of the diffractometer
setting angles of low-angle strong reflections determined by
the Single software (Angel et al. 2001a). Additional experi-
mental details are reported elsewhere (Angel et al. 2001b).
Between 9 and 11 stishovite reflections, and 9 and 12 reflec-
tions from the quartz crystal were used at each pressure.

Powder diffraction
X-ray powder diffraction was carried out in the angle-dis-

persive mode at the ID30 beamline of the ESRF (Grenoble,
France). A channel-cut, water-cooled monochromator was used
to produce a bright, monochromatic X-ray beam at 0.3738 or
0.4126 Å wavelength. Vertical and horizontal focusing were
achieved by bent-silicon Pt-coated mirrors, the curvature of
which were optimized to obtain an optimal X-ray flux at a full
width at half maximum (FWHM) 12 ! 15 "m spot on the
sample. Two-dimensional images were recorded on an imag-
ing plate, and refined in Lebail and Rietveld modes using the
general structure analysis program package GSAS (Larson and
Von Dreele 1988). More experimental details can be found else-
where (Andrault and Fiquet 2001; Fiquet and Andrault 1999).

We used a diamond anvil cell with a large optical aperture,
equipped with diamond anvils with 300 "m diameter culets.
Rhenium gaskets were pre-indented to a thickness of #40 "m
and drilled to a diameter of 80 "m. The SiO2 sample consisted
of a pre-packed pellet of a mixture of SiO2 glass and Pt, em-
bedded between two pellets of NaCl. Besides providing an ac-
curate pressure measurement using the EoS of the B1 (Brown
1999) or B2 form of NaCl (Sata et al. 2002), NaCl ensures
hydrostatic pressure conditions and thermal insulation between
the sample and diamonds. We did not insert ruby chips into the
pressure chamber, to avoid chemical reaction with the SiO2

sample during the high-temperature annealing.
The use of IR lasers enables the in situ synthesis of stishovite.

We used a power stabilized multimode YAG laser, directed at
the sample using a simple optical lens located at a distance of
25–30 mm from the sample. With this arrangement we could
achieve hot spots greater than 40 "m in diameter. An optical
microscope was used to scan the laser over the entire sample,
and the temperature was estimated from the color of the sample
to be 2300 $ 200 K. The FWHM of the X-ray diffraction lines
did not increase with pressure, indicating that stresses could be
optimally relaxed at all pressures.

We present a typical diffraction image and its 2% integra-
tion for a sample consisting of a mixture of NaCl, Pt, and
stishovite (Fig. 1). Diffraction rings appear slightly spotty as a
result of the high-temperature annealing step, which promotes
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FIGURE 1. X-ray diffraction image (a) and its 2& integration (b)
recorded from a mixture of NaCl, SiO2, and Pt powder in the diamond
anvil cell at '12 GPa. The stishovite crystals were synthesized in situ
during IR-laser heating at 2300(200) K, using Pt as an absorber of the
YAG-laser. NaCl provides both a pressure medium and a pressure
standard.
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grain growth. Nevertheless, the rings remain very clear, indi-
cating that the number of grains is sufficiently large to allow
accurate unit-cell refinements.

Experimental accuracy and precision
All EoS’s reported here were determined by a least-squares

fit of the observed pressures to the measured volumes by v5.2
of the EosFit program (Angel 2001). We report the parameters
for the Birch-Murnaghan finite-strain formulism throughout,
but no significant differences are obtained if the Vinet EoS is
used instead. Weights for each data point in the least-squares
fits were derived from the estimated uncertainties in both pres-
sure and volume via the effective variance method (Orear 1982)
as implemented in EosFit.

For the single-crystal data the unit-cell volume of quartz
was used to determine the pressure through its equation of state
(Angel et al. 1997). Quartz provides a pressure standard con-
sistent with the ruby scale and it yields a typical reproducibil-
ity in pressure measurement of #0.01 GPa up to 10 GPa.
Extensive studies have shown that the standard deviations of
the volumes obtained from the single-crystal measurements are
also reasonable estimates of their reproducibility. Therefore the
standard deviations of the stishovite volumes have been used
in fitting the stishovite EoS together with pressure uncertain-
ties derived from the uncertainty in the corresponding quartz
volume.

For powder diffraction data, pressure is derived from the
measured NaCl volume using the associated EoS’s for the B1
or B2 forms. The accuracy of the NaCl volume determination
is converted into an experimental precision for the pressure
determination of #0.3% at 10 GPa in the B1 phase, and #0.2%
in the B2 phase. However, scatter between previous studies of
the NaCl-B2 EoS (Heinz and Jeanloz 1984; Sata et al. 2002;
Sato-Sorensen 1983; and unpublished data from our group)
suggest that the NaCl-B2 volume can be affected by deviatoric
stresses, even after laser annealing at high temperature. There-
fore, such precision appears to be overestimated. In fact, the
reproducibility of our experimental data suggest a precision of
about 3% of the pressure, a value similar to that obtained using
the ruby fluorescence technique. It is also compatible with the
accuracy of the Pt EoS (see Holmes et al. 1989) that was used
as a pressure standard to determine the NaCl-B2 EoS (Sata et
al. 2002).

The uncertainties used in weighting the data in the least-
squares fit of the EoS therefore represent our best estimates of
the reproducibility of the experimental measurements. The re-
sulting esd’s of the parameters K0 and K' derived from the least-
squares matrix therefore only reflect the quality of fit to the
data, or precision of the values. An estimate of the true uncer-
tainty (i.e., accuracy) of the parameter values should also in-
clude the uncertainty in the pressure scale itself. Since all of
our experimental pressure scales are linked to the ruby scale,
and that is believed to have an absolute accuracy of about 0.3%,
the additional uncertainty in the accuracy of K0 is also 0.3%,
or about an additional 1 GPa for stishovite. The influence of
the pressure scale uncertainty on the value of K' depends on
the form of the uncertainty. If the pressure scale is incorrect by
a constant factor over the entire range of pressures, then this

has no effect on the uncertainty of K'. But if the pressure scale
has an inaccuracy that varies with pressure, the value of K' will
be affected. With our current state of knowledge, this is impos-
sible to evaluate.

Finite strain formalism
Analysis of compression data was done through the Eulerian

finite-strain EoS. When truncated to the third order in energy,
one obtains the Birch-Murnagham equation (Birch 1978):

P = 1.5 K0 [(V0 / V)7/3 – (V0 / V)5/3] {1 + 0.75 (K'0 – 4) [(V0 / V)2/3 – 1]}(1)

where K0 and K'0 are the room pressure bulk modulus and its
first pressure derivative, respectively. In Equation 1, the strain
is defined relative to the strain state, and with the effective
strain (f) and normalized stress (F),

f = 0.5 [(V0 / V)2/3 – 1]                (2)
F = P / [3f(2f + 1)5/2]                (3)

Equation 1 transforms to
F = K0 [1 + 1.5 f (K'0 – 4)]                (4)

F and f are provided by the experiments. K0 and K'0 are the EoS
parameters to be determined. The so-called f-F plot provides a
useful visual representation of the EoS because the intercept of
the experimental data on the F-axis (at f = 0) is the value of the
bulk modulus at room pressure, and the experimental slope is a
simple function of K'0. Note that the f-F graph must be inter-
preted with caution, as the values of both f and F are dependent
upon the value a priori chosen for V0. Thus, the uncertainty of
the V0 value cannot be propagated to those of f and F. This is
incompatible with experimental evidence that indicates that the
uncertainties in the volume measurements at room pressure are
comparable to those at high pressure. Therefore, K0 and K'0
should be calculated directly from the BM3 equation (Eq. 1).

Stishovite equation of state
The stishovite EoS determined from the new single-crystal

(Table 1) and powder-diffraction (Table 2) data are represented
in Figure 2. The f-F plot (Fig. 3) shows that these two sets of
data are very consistent with each other, at least for pressures
up to #60 GPa, before the transformation to the CaCl2 form of
SiO2 occurs (Andrault et al. 1998; Kingma et al. 1995). In this
plot, we note that the three data points that disagree most with
the general trend (the EoS) are those corresponding to pres-

!"#$%&'(!"#$%&'()*+,-.&!/.-.!*')0*/'/!#$!1+/*0,-.-#)!)0$/#-#0$,
P a b V
2345 6578899:7;< =5;;97>:?6< 6;597=;:;7<
757;>:;< 657877@:=8< =5;;?9;:?A< 6;5?6=@:9?<
=5=@@:>< 657;9A6:77< =5;;7>A:=6< 6;5789;:6?<
?57?8:>< 657;A97:76< =5;;A;=:=@< 6;5A99A:97<
65=9=:>< 65796>>:7?< =5;9>;>:=;< 695>@;@:69<
95A?8:77< 6579A>6:79< =5;98;8:?A< 6958@A=:9?<
95>97:@< 6576;;@:7=< =5;9;7=:==< 695;8=7:?><
;5;7?:>< 6576?=?:76< =5;968A:=8< 6959879:9A<
859A6:@< 657?>>>:7=< =5;9?6A:==< 69569?;:67<
>5=;6:77< 657?999:79< =5;9==;:?A< 695?;A@:9;<
@5;?9:7=< 657=@;=:77< =5;6@8;:=?< 6957>>9:6=<
Note: 2!,#$%&'!)*+,-.&!0B!CD.*-E!#,!D,'/!.,!.!F*',,D*'!,-.$/.*/5



ANDRAULT ET AL.: STISHOVITE EQUATION OF STATE304

sures at which the NaCl B1 and B2 forms coexisted in the pres-
sure chamber (see Table 2). Higher stresses were probably
present in the pressure chamber due to the NaCl phase trans-
formation. The positive slope of the f-F plot indicates that the
value of K'0 is slightly greater than 4, a result that is not clear
when the two data sets are considered separately. A refinement
of a third-order Birch-Murnaghan EoS yields parameters of K0

= 309.9(1.1) GPa and K'0 = 4.59(0.23). These new values devi-
ate significantly from those obtained in our previous study, K0

= 291 GPa and K'0 = 4]. As mentioned above, this is due to the
previous use of an inaccurate Pt-EoS that underestimates the
experimental pressures. The new results show stishovite to be
even less compressible than previously reported. They are in
reasonable agreement with the value of K0T = 302(5) GPa ob-
tained by ultrasonic interferometry (Li et al. 1996). The high
value of K' is typical for rutile-structured oxides (e.g., Chang

and Graham 1975; Manghnani 1969; Wang and Simmons 1973).
The a (and b) axis of the tetragonal lattice of stishovite are

found to be significantly more compressible than the c axis. A
refinement of a second-order Birch-Murnagham EoS (with K'
= 4) yields K0 = 258(2) GPa or K0 = 496(8) GPa for the pres-
sure evolution of a3 or c3, respectively. The c parameter ap-
pears as a linear function of pressure up to 60 GPa. It contrasts
with the pressure evolution of the a parameter, which exhibits
significant curvature in this pressure range (Fig. 4). To model
the pressure evolution of the stishovite lattice parameters, we
thus use a third-order Birch-Murnagham EoS for a3 [K0 =
250.9(1.6) GPa and K'0 = 5.48(0.32)] and a linear equation for c
(c = 2.6654 – 0.001581 P).

PHASE TRANSITION IN SIO2

Consistency between the different data sets
One aim of these new measurements was to clarify the na-

ture of the phase transformation to the CaCl2 polymorph, using
all of the available data to the highest pressures. In particular,
we wanted to make use of our previous data in which Pt was
used as pressure standard (Andrault et al. 1998). But it is very
important to prevent any systematic error that would result from
misfits between the different data sets. For example, a slight
inconsistency in pressure scales around the transition pressure
can drive large errors in the calculation of spontaneous strains
arising from the transition, and thus erroneous conclusions about
the thermodynamic character of the transition. As the different
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FIGURE 2. Compression curve of stishovite including the new
single-crystal data using quartz as a pressure standard and powder
diffraction data using NaCl as a pressure medium and pressure standard
(see Table 1 and 2).

FIGURE 3. F-f plot (see equations 2 and 3) of SiO2 data from our
present and previous study (Andrault et al. 1998). For the latter set of
data, we recalculated pressures using the Holmes et al. (1989) Pt-EoS.
The positive slope in the f-F plot shows that the pressure derivative of
the bulk modulus (K'0) is greater than 4 below the transition pressure to
the CaCl2 form of SiO2.
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Pt-EoS show significant scatter between one another, we found
that the most secure procedure was to refine an apparent Pt
bulk modulus for data points of our previous study. The refine-
ment was done in two steps; first, the pressures corresponding
to the previous data points recorded within the stishovite sta-
bility field were calculated from the volume and the newly
determined stishovite EoS. Then, we used these pressures and
the corresponding Pt-volumes to refine an apparent Pt bulk
modulus. We obtained K0 = 266.9 (3.6) GPa, with a first pres-
sure derivative fixed to K'0 = 5.81. This is perfectly compatible
with the EoS values of K0 = 266 and K'0 = 5.81 reported by
Holmes et al. (1989). We can thus conclude that the Pt did not
encountered large differential stresses in our previous experi-
ments. Also, we can safely use the Holmes EoS to derive pres-
sures from the Pt volumes reported in our previous experiment
(Table 3). Note that the Pt-EoS calculated here is significantly
different than that reported by Jamieson et al. (1982).

EoS of the CaCl2 phase
Combining the available data sets as described above, the

SiO2 compression curve and its corresponding f-F plot can then
be drawn up to #135 GPa (Figs. 3 and 5). A noticeable feature
of the f-F plot is that the data for the CaCl2 phase plot on a
horizontal trend, slightly below the extrapolation of the
stishovite EoS. This indicates that the K'0 value of the CaCl2

phase is very close to 4, and that the CaCl2 form becomes

slightly more compressible than stishovite above the transition
pressure. We obtain K0 = 334(7) GPa and V0 = 46.31(15) Å3 for
the CaCl2 phase, with a first pressure derivative fixed to K'0 = 4.
We refined a CaCl2 form V0 value slightly lower than that of
stishovite, which seems contradictory with the slope of the
compression curve, which is higher for the CaCl2 form (Fig.
5). This effect is related to the greater value of K'0 for stishovite,
which makes the curvature of its compression curve greater.

The pressure evolution of the a, b, and c unit-cell param-
eters of the CaCl2 form are reported in Figure 4. Due to the
symmetry breakdown from tetragonal to orthorhombic, the a
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and b cell parameters diverge from the extrapolation of the
stishovite a cell parameter above 60 GPa (as already reported
by Andrault et al. 1998). In addition, we observe that the mean
CaCl2 form (a + b)/2 values plot at slightly lower value than
the extrapolation of the a stishovite cell parameter. This con-
trasts with the behavior of the c axis parameter, which is found
to be less compressible in the CaCl2 form than in stishovite.

Spontaneous strains
The symmetry change at the phase transition is from the

tetragonal rutile-structured phase to the orthorhombic CaCl2

phase. The changes in lattice parameters that occur as the re-
sult of this transition (see Fig. 4) can therefore be expressed in
terms of spontaneous strains, which in turn can be divided into
“symmetry-breaking” and “non-symmetry-breaking” strains
(e.g., Carpenter et al. 2000; Carpenter and Salje 1998). Spe-
cifically, the non-zero components of the symmetry-breaking
strains are (11sb = –(22sb = (a – b)/2a0, and the non-symmetry
breaking strain components are (11nsb = (22nsb = (a + b)/2a0 – 1
and (33nsb = c/c0 – 1, where the subscripted cell parameters are
those of the rutile-structured phase extrapolated to the pres-
sures of the measurements of the CaCl2 phase (Fig. 6). The two
independent components of this non-symmetry-breaking strain,
(11nsb and (33nsb, calculated from the extrapolations of the unit-
cell parameters both remain small at all pressures, as does the
volume strain VS = V/V0 – 1 derived from the extrapolation of
the stishovite EoS. The fact that the relationship 2(11nsb + (33nsb

= VS is relatively preserved at all pressures indicates a reason-
able level of uncertainty associated with the calculations of the
spontaneous strain components. The largest component of spon-

taneous strain is clearly the symmetry-breaking strain, (11sb.
These trends are compatible with a transition mechanism

that involves the rotation of the SiO6 octahedra in the a-b plane.
Indeed, if the main cause of this rotation is the occurrence of
an O-O contact that becomes too short with increasing pres-
sure (see Andrault et al. 1998), rather than the appearance of a
new compression mechanism to reduce the volume, it seems
logical that the symmetry-breaking strain component is the
highest.

Landau analysis
The SiO2 P-V plot shows that the volume of the CaCl2 phase

is smaller than the extrapolation of the EoS of stishovite above
the phase transition at #60 GPa (Fig. 5). The volume differ-
ence ()V) is much larger than the uncertainties associated with
both the volume measurements and the extrapolation. The pres-
sure difference is, however, of the same order as the error in
the pressure determination (estimated to be #3% in this pres-
sure range). Still, the fact that all CaCl2 data points plot below
the extrapolation of the stishovite EoS above 80 GPa is a strong
argument for a significantly denser CaCl2 form in this high-
pressure range. In contrast, previous analyses of the thermody-
namics of the transition (Carpenter et al. 2000; Hemley et al.
2000) assumed that the non-symmetry breaking strains were
negligible. At each pressure, the )V can be used to calculate
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FIGURE 7. (a) Strain energy, as calculated from experimental
volume strain and pressure (P)V), plotted as a function of pressure.
The energy strain increase continuously above the transition pressure,
without any visible jump at 60 GPa. (b) The normalized energy ()E/
)T, see text) shows a quadratic correlation with the order parameter,
as expected for a purely second order transition in the Landau formalism
truncated at second order ()E = –1/2A)TQ2).

FIGURE 6. Symmetry-breaking ((11sb) and non symmetry-breaking
((11nsb, (33) spontaneous strains in the CaCl2 form of SiO2. The largest
component appears to be (11sb, in agreement with a mechanism of the
phase transformation involving rotation of the SiO6 octahedra in the
a-b plane.
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the energy difference ()E = P)V) between the two polymor-
phs. We observe that the strain energy ()E) increases progres-
sively as a function of pressure above the transition pressure
(Fig. 7a), a trend compatible with a second-order transition and
a dominant symmetry-breaking strain component. The strain
energy is found to be #4 kJ/mole at #120 GPa and 300 K. This
value is significantly lower than, but of the same order of mag-
nitude, as the enthalpy of fusion of SiO2 quartz (9.4 kJ/mole)
measured at room pressure (Richet et al. 1982).

Using the fact that the Clapeyron slope between stishovite
and the CaCl2 form is positive [P(GPa) = 51 + 0.012T(K); Ono
et al. 2002], we propose to exchange pressure by temperature
as the main parameter controlling the phase transformation.
This is possible because the calculated strain energy, )E(P,300),
related to the increase of pressure above the transition pressure
at 300 K, can be compared with the thermal energy, )E(Pi,
)T), required to heat, at a given pressure (Pi), the sample from
300 K to the temperature of the Clapeyron slope. In fact, these
energies are essentially equal if the heat capacity and the ther-
mal expansion of the stishovite and CaCl2 forms are similar.
These assumptions are justified by the similarity between the
two crystal structures. Therefore, each data point can be turned
into a value of “thermal energy.” [)E(Pi,*)T) =*)E = P)V]
correlated with the Q order parameter, in a procedure similar
to that for a typical Landau-analysis of a temperature-induced
phase transformation. The order parameter of the transition is
estimated as Q = (a – b)/(a + b) to avoid the uncertainties,
discussed above, associated with extrapolation of the unit-cell
parameters of stishovite (Fig. 4). We observe that the normal-
ized energy ()E/)T) plots as a quadratic function of the order
parameter ()E = –1/2A)TQ2), indicating that the phase transi-
tion is essentially second order (Fig. 7b).
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