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The compression behavior of crystalline and amorphous germania holds considerable interest as an analog for
silica and for understanding the structural response of AX2 compounds generally. In this paper, the α-PbO2-type
and Pa3̄-type polymorphs of GeO2 were investigated under high pressure using angle-dispersive synchrotron
x-ray diffraction in the laser-heated diamond anvil cell. Theoretical calculations based on density functional
theory were also performed. The experimental pressure-volume data were fitted to third-order Birch-Murnaghan

equations of state. The fit parameters for the α-PbO2 type are V0 = 53.8 (2) Å
3
, K0T = 293 (7) GPa with

fixed K ′
0T = 4, where V, KT , and K ′

T are the volume, isothermal bulk modulus, and pressure derivative of
the bulk modulus and the subscript zero refers to ambient conditions. The corresponding parameters for the

Pa3̄-type phase are V0 = 50.3 (3) Å
3
, K0T = 342 (12) GPa with fixed K ′

0T = 4. The theoretical calculations are
in good agreement with the experimental results with slight underestimation and overestimation of V0 and K0T ,
respectively. A theoretical Hugoniot was calculated from our data and compared to shock equation of state data
for vitreous and rutile-type GeO2. The high-pressure phase observed on the Hugoniot is most consistent with
either the α-PbO2-type or CaCl2-type phase. Finally, we have compared our data on crystalline germania with
existing studies on the corresponding phases of SiO2 to better understand the effects of cation substitution on
phase transformations and equations of state in group 14 dioxides.

DOI: 10.1103/PhysRevB.98.144106

I. INTRODUCTION

The crystalline and vitreous forms of germania, GeO2,
have been extensively studied using a wide range of static
and dynamic compression techniques [1–3]. The structure
of amorphous germania at high pressure has been exam-
ined using x-ray-absorption spectroscopy [4–7], Raman [8]
and infrared spectroscopy [9], as well as x-ray [10–13] and
neutron diffraction [14–16]. Static compression experiments
on crystalline GeO2 have concentrated on the high-pressure
crystal structure [17–19] and phase transitions [20–22]. Dy-
namic compression experiments [1,2,23–25] have also been
carried out on germania crystals and glass. There have also
been a number of theoretical studies [26–29] investigating the
high-pressure behavior of the different phases of this material.

The long-standing interest in GeO2 is due in part to
its role as a structural analog for SiO2. Silica is the most
abundant oxide component of the earth’s crust and mantle.
High-pressure experiments and theoretical calculations show
that the phase transition sequence in SiO2, starting from rutile
type (stishovite), is CaCl2 type [30,31] (60 GPa) to α-PbO2

type (seifertite) [32] (121 GPa) to Pa3̄ type [33] (sometimes
referred to as pyrite type) (268 GPa). Density functional calcu-
lations have predicted a further transition from the Pa3̄-type
structure to a Fe2P-type [34] structure at 640 GPa or cotunnite
[35] (α-PbCl2)-type structure around 700 GPa. Although the

*rd7@princeton.edu

ultra-high-pressure phases are not expected to be stable in the
Earth’s interior, they may be key components of large, rocky
extra-solar planets [36]. A large number of additional studies
[37–41] have also focused on the high-pressure behavior of
silica glass to understand the structural and coordination num-
ber changes it undergoes as a function of static and dynamic
compression.

The extreme pressures required for phase transitions in
SiO2 make it very challenging to study many of these phases
experimentally, necessitating the use of analogs [3,42–44]. At
pressures above 1 Mbar (100 GPa), it is difficult to maintain
thermally uniform conditions in laser-heated diamond anvil
cells. GeO2 follows a similar sequence of phase transitions as
SiO2, but the phase transitions occur at lower pressures due
to the larger ionic radius of Ge4+ compared with Si4+. This
facilitates the use of thicker samples and insulating layers in
the diamond anvil cell and more controlled heating conditions.

Under room-temperature compression, α-quartz-type ger-
mania has been reported to undergo pressure-induced amor-
phization [45] or form a disordered monoclinic (P 21/c) phase
above 6 GPa [18]. Rutile-structured germania (P42/mnm)
undergoes a phase transition to the orthorhombic CaCl2 type
(Pnnm) near 26 GPa with a positive Clapeyron slope [20].
This is followed by transitions to the α-PbO2-type (Pbcn)
phase near 36 GPa [21] and the Pa3̄-type phase near 65 GPa
[26] (theory) or 90 GPa [46]. No further phase transitions are
observed up to 130 GPa [19]. First-principles calculations [29]
predict the Pa3̄-type to cotunnite-type and cotunnite-type to
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Fe2P-type phase transitions to occur at ∼300 and ∼600 GPa,
respectively.

For glasses and liquids, GeO2 is used to model the re-
sponse of tetrahedral-network glasses and their evolution from
corner-sharing tetrahedra at ambient pressure to a dense octa-
hedrally coordinated glass at high pressures [7,10,47]. It has
been suggested based on molecular dynamics simulations that
GeO2 glass undergoes multiple amorphous-amorphous transi-
tions that have direct parallels to their crystalline counterparts
under pressure [48]. Recent extended x-ray-absorption fine-
structure and x-ray-absorption near-edge structure spectra
on dense GeO2 glass show evidence for changes in bond
distance and coordination number increase at high pressure
above 45 GPa [7]. Shock-wave compression of vitreous and
crystalline rutile-type GeO2 suggest a common high-pressure
phase (HPP) or a phase with ∼5% higher zero-pressure den-
sity (with respect to rutile) above 35 and 70 GPa, respectively
[1].

Much of the existing work on high-pressure GeO2 crys-
talline phases is fragmentary, and there are limited experi-
mental data above 50 GPa. In this paper, we have performed
laser-heated diamond anvil cell experiments and ab initio cal-
culations to obtain the 300-K (0 K for theoretical calculations)
equation of state (EOS) of the α-PbO2- and Pa3̄-type phases
of GeO2 to 120 GPa. We have compared our pressure-volume
data with previous studies for both SiO2 and GeO2. We
have also compared our results with shock compression data
to better identify possible candidates for the high-pressure
Hugoniot phase(s).

A. Experimental procedure

Polycrystalline GeO2 (Aldrich, >99.998% purity) was
examined at ambient conditions using synchrotron x-ray
diffraction and was found to be in the α-quartz structure
with lattice parameters a = 4.963 (1) Å, c = 5.638 (3) Å, in
good agreement with literature values [49]. The sample was
ground to micron-sized grains under ethanol and mixed with
10-wt.-% platinum to serve as both the pressure calibrant and
laser absorber. The sample + Pt mixture was then pressed into
∼7–10-μm-thick foils. Rhenium gaskets were preindented to
∼20–30-μm thickness and 60–120-μm-diameter holes were
drilled to form the sample chamber. The sample foils were
then loaded into symmetric diamond anvil cells with 100–
200-μm culet diamond anvils mounted on tungsten carbide or
cubic boron nitride seats. Three ruby balls (∼5-μm diameter)
arranged in a triangular pattern were used to support the
sample. Neon was loaded into the sample chamber using the
gas-loading system at GeoSoilEnviroCARS, Sector 13 of the
Advanced Photon Source (APS). Pressure was determined
using the (111) diffraction peak and the EOS of Pt [50,51].

In situ angle-dispersive x-ray diffraction was carried out at
beamline 13-ID-D of the APS using a monochromatic x-ray
beam (λ = 0.3344 Å). The x rays were focused to a ∼3×3-
μm spot size using Kirkpatrick-Baez mirrors. Diffraction pat-
terns were collected using a two-dimensional 165 MAR-CCD
or a CdTe 1M Pilatus detector. Lanthanum hexaboride (LaB6)
was used as a standard to calibrate the detector position and
orientation.

X-ray-diffraction patterns were collected at 1–5-GPa in-
tervals for 5–30 s. High-pressure phases were synthesized
by heating from both sides using diode pumped fiber lasers
[52] with a ∼15-μm spot size. The sample was annealed at
∼1200 K after each ∼5-GPa pressure step to relax differential
stress. Temperatures were measured using spectroradiometry
[53]. The laser power on each side was adjusted independently
so that temperature differences between the upstream and
downstream sides were less than 50 K. The two-dimensional
images were integrated to obtain the one-dimensional
x-ray patterns using the software DIOPTAS [54]. Peak posi-
tions were determined by fitting background-subtracted Voigt
shapes to the data. Lattice parameters were calculated using
least-squares refinement of the peak positions using the pro-
gram UNITCELL [55].

B. Computational details

Total-energy calculations were performed using the plane-
wave implementation of density functional theory [56,57] as
implemented in the CASTEP [58] code. The exchange and cor-
relation energies were treated using the local-density approx-
imation (LDA). For all calculations, we used a kinetic-energy
cutoff of 400 eV for the basis set. The Brillouin zone was
sampled using a Monkhorst-Pack [59] 4×3×3 and 4 × 4 ×
4k-point grid for the α-PbO2- and Pa3̄-type phases, respec-
tively. Ultrasoft [60] pseudopotentials were used to treat the
electron-ion interactions. The geometry optimizations were
carried out using the Broyden-Fletcher-Goldfarb-Shanno [61]
algorithm and were considered complete when the forces on
atoms were less than 0.01 eV/Å and the energy change was
less than 5 × 10−6 eV/atom. Both atomic positions and lattice
parameters were optimized at each pressure step.

C. Data analysis

The pressure-volume data for the different phases were fit
to an isothermal third-order Birch-Murnaghan (BM-3) EOS:

P (V ) = 3
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K0T

[(
V0

V

) 7
3

−
(

V0

V

) 5
3

]

×
{

1 + 3

4
(K ′

0T − 4)

[(
V0

V

) 2
3

− 1

]}
, (1)

where P is the pressure, KT is the isothermal bulk modulus,
K ′

T is the pressure derivative of the bulk modulus, V is the
unit-cell volume, and the subscript zero refers to ambient
pressure. For the experimental data, K ′

0T was fixed at 4 in
performing the fit.

The presence of nonhydrostatic stresses can affect equa-
tion of state determination in a diamond anvil cell. To as-
sess this, the differential stresses in the Pt pressure standard
were evaluated using lattice strain theory [62]. Differential
stress (t) results in variation in the lattice dimension as a
function of crystallographic orientation (hkl) for elastically
anisotropic crystals. For a crystal with cubic symmetry, the
elastic anisotropy can be expressed using the anisotropy
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factor, S:

S =
(

S11 − S12 − S44

2

)
, (2)

where Sij are the single-crystal elastic compliances. The effect
of deviatoric stress on the measured unit-cell parameter, am,
for a given hkl can be expressed as [62,63]

am(hkl) = M0 + M1[3(1 − 3sin2θ )Г(hkl)], (3)

where

M0 = aP

{
1 + αt

3
(1 − 3sin2θ )

[
S11 − S12 − 1 − α−1

2GV

]}
,

(4)

M1 = −aP αSt

3
, (5)

Г(hkl) = h2k2 + k2l2 + l2h2

(h2 + k2 + l2)2 . (6)

aP is the lattice parameter under hydrostatic pressure (P) only,
α is a measure of continuity of stress and strain across grain
boundaries, and θ is the scattering angle; α typically takes
values between 0.5 and 1 but it has been suggested that it can
exceed 1 in certain cases [64]. Gv is the Voigt limit of the
shear modulus under isostrain conditions. Assuming M0 ≈ aP

and α = 1 [49,53], the product St can be derived directly
from the slope and intercept of the Г plot [am(hkl) versus
3(1 − 3sin2θ )Г(hkl)]:

St ≈ 3M1

M0
. (7)

The anisotropy factor of platinum as a function of pressure
was obtained from theoretical calculations of Menéndez-
Proupin and Singh [66].

We have also calculated a theoretical Hugoniot for
GeO2 using our experimental 300-K isotherm and the
Mie-Grüneisen equation [67]. For any volume of interest, V,
we compute the pressure along the principal isentrope, PS (V ),
and then we isochorically determine the difference in pressure
between the isentrope and the Hugoniot using

PH (V ) =
{
PS (V ) − γ

V
(�ES + Etr )

}
{
1 − (

γ

2

)(
V00
V

− 1
)} , (8)

where PH , V00, γ , and Etr are the Hugoniot pressure, initial
volume of the shocked material, the Grüneisen parameter, and
the phase transition energy at ambient pressure. The volume
dependence of the Grüneisen parameter is assumed to be
given by

γ = γ0(V/V0)q, (9)

In our calculations, we have used q = 1 and γ0 between 1
and 2. The energy change along the principal isentrope (�ES)
is evaluated by numerically integrating

�ES = −
∫ V

V0

PSdV. (10)

FIG. 1. X-ray-diffraction pattern at 51.0 GPa obtained upon
quenching GeO2 to room temperature after heating (∼1700 K).
Asterisks indicate peaks from the starting P 21/c phase. The ticks at
the bottom represent the expected peak positions of platinum (blue),
neon (green), and α-PbO2-type GeO2 (red). The Miller indices of
α-PbO2-type germania are indicated for the corresponding peaks.

The principal isentrope was assumed to have the form of
the third-order Birch-Murnaghan equation of state.

KS , the isentropic bulk modulus, and K ′
S , its pressure

derivative, are assumed to be related to the isothermal

FIG. 2. Experimental (red circles) and calculated (green trian-
gles) of α-PbO2-type GeO2 as a function of pressure at room tem-
perature. Solid diamonds represent previous studies (yellow, Shiraki
et al. [19]; purple, Prakapenka et al. [69]; green, Ono et al. [46]).
The lattice parameters reported by Shiraki et al. [19] were obtained
from experiments performed at high pressure and high temperature
(70.7 GPa, 2110 K).
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FIG. 3. Variation in unit cell volume of α-PbO2-type GeO2 with
pressure (red circles: experiments; green triangles: theory). Solid
lines are third-order Birch-Murnaghan fits to the data. Other symbols
are defined in Fig. 2.

counterparts, KT and K ′
T , using

KS = KT (1 + αγT ), (11)(
∂Ks

∂P

)
T

≈ (1 + αγT )K ′
T + γ T
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(
∂KT
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)
P

, (12)
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T =

(
∂KT
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)
T

, (13)

K ′
S =

(
∂KS

∂P

)
S

=
(

∂Ks

∂P

)
T

+
(

∂Ks

∂T

)
P

γ T

KS

. (14)

II. RESULTS

A. Equation of state

A GeO2 sample was compressed at room temperature to
50.4 GPa. The 300-K diffraction pattern was consistent with

a poorly crystalline monoclinic phase (P 21/c) previously
reported [18,22]. Upon heating to ∼1700 K, new diffrac-
tion peaks appeared, and these peaks were retained upon
quenching to room temperature after 30 min of heating time
(in situ P = 51.0 GPa, Fig. 1). The measured d spacings
could be fit to the α-PbO2-type structure (see Supplemen-
tal Material [68], Table S1), which is the expected stable
phase at these pressures [21]. The difference between our
observed and calculated d spacings is less than <0.003 Å,
indicating a good fit to the α-PbO2-type structure. We then
increased the pressure in 1–5-GPa steps with annealing at
1200 K (for ∼5 min) at ∼5-GPa intervals. Annealing was
designed to reduce the differential stress. Figure 2 shows the
lattice parameters obtained from both the experiments and
theoretical calculations as a function of pressure up to 95 GPa.
As expected, LDA underestimates the unit-cell dimensions
with respect to experimentally obtained values. Our measured
values are in good agreement with existing literature [46,69].
The experimental a, b, and c axial dimensions were found to
decrease by 2.4, 2.6, and 2.3%, respectively, in the pressure
range considered. The theoretically calculated parameters on
the other hand decrease by 2.7, 2.1, and 2.1% between 50
and 90 GPa. However, the volume reductions obtained from
the two methods are in good agreement (7.1 and 6.9% using
experiments and theory, respectively).

Figure 3 shows the pressure-volume relation of α-PbO2-
type GeO2. The EOS parameters are shown in Table I.
Figure 4 (solid black lines) shows the covariance between
K0T and V0 in the fitting results (1σ , 68.3% confidence).
The negative slope of the confidence ellipse indicates the
strong negative correlation between K0T and V0. The error
bars indicate the estimated standard deviations of the two
parameters.

We have examined the dependence of the fitting parameters
on the choice of EOS of the platinum pressure standard.
The EOS of Dewaele et al. [51] and Fei et al. [50] used as
our primary pressure calibration is based on DAC data and
cross-calibration of multiple standards up to 94 GPa. On the
other hand, the pressure scale of Dorfman et al. [65] (data
fit to BM-3) is calibrated over high pressures (to 250 GPa)
using the MgO scale [70]. Using this EOS [65], we find
that V0 is 0.1% lower, while K0T is 4.1% higher. Although
not significantly different from our initial fitting parameters
(Table I), it illustrates how modest differences in EOS

TABLE I. Equation of state parameters of the α-PbO2- and Pa3̄-type phases of GeO2 and SiO2.

GeO2 (This paper) SiO2

Phase Method V0(Å
3
) K0T (GPa) K ′

0T V0(Å
3
) K0T (GPa) K ′

0T

Experiment 53.8 (2) 293 (7) 4 (fixed) 45.8a 322 (2)a 4a (fixed)
α-PbO2 LDA 51.7 291 4.4 45.56b 324b 4.2b

51.6 307 4 (fixed)

Experiment 50.3 (3) 342 (12) 4 (fixed) 43.6 (2)c 348 (5)c 4c (fixed)
Pa3̄ LDA 48.8 313 4.4 43.5b 345b 4.3b

48.3 351 4 (fixed)

aGrocholski et al. [75].
bOganov et al. [35].
cKuwayama et al. [76].
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FIG. 4. Covariance (1σ ) of the bulk modulus (K0T ) and the unit-
cell volume (V0) (experimental data) from equation of state fitting
for the α-PbO2-type phase. The two different covariance ellipses
represent different Pt pressure scales (solid black, Dewaele et al. [51]
and Fei et al. [50]; dashed red, Dorfman et al. [65]).

parameters for standards affect the final EOS of the material
under study. The V0 versus K0T tradeoff curve for this case is
also shown in Fig. 4 (red dashed lines).

An equation of state fit was also performed for the theoret-
ical results both with and without fixing K ′

0T . Table II lists
the EOS parameters obtained from experiments and theory
from this paper and previous studies on GeO2 and SiO2. Using
K ′

0T = 4 for both the experimental and theoretical data, LDA
was found to underestimate V0 by 4.0% and overestimate K0T

by 4.6%. Our estimated K0T values (293 and 291 GPa using
experiments and theory, respectively) are higher than reported
by Prakapenka et al. [69], which was based on more limited
pressure range (to 60 GPa) and lacked a pressure-transmitting
medium.

A fresh sample was then prepared and compressed
to 80.0 GPa at room temperature. Again, the ambient-
temperature diffraction pattern could be assigned to the

TABLE II. Thermodynamic parameters of GeO2 used for the
calculation of the theoretical Hugoniot. The asterisk denotes an
assumed value, HPP denotes the high-pressure phase observed on
shock compression of rutile-type GeO2 (Ref. [1]), γ0 denotes the
Grüneisen parameter, α denotes the thermal expansion coefficient,
and ETR denotes phase transition energy. The subscript 0 indicates
zero-pressure conditions.

Phase γ0 q α (10−5 K−1) Etr (kJ/g)

Rutile 1.16a 1* 2.03b –
CaCl2 1, 2* 1* 2.05* 0
α-PbO2 1, 2* 1* 2.05* +0.07
Pa3̄ 1, 2* 1* 2.05* +0.21
HPPc 1.24c 0c +0.1c

aWang and Simmons [81].
bHazen and Finger [82].
cJackson and Ahrens [1].

FIG. 5. X-ray-diffraction pattern at 82.8 GPa obtained upon
quenching GeO2 to ambient temperature after heating (∼1690 K).
Ticks at the bottom indicate the simulated peak positions of platinum
(blue), neon (green), and Pa3̄-type GeO2 (red). Miller indices of
Pa3̄-type germania are shown next to the corresponding diffraction
peaks. Asterisks indicate peaks from the P 21/c phase.

P 21/c monoclinic phase. On heating at ∼1690 K, new x-ray-
diffraction peaks were observed. The temperature-quenched
diffraction pattern after 20-min heating could be indexed
using the Pa3̄-type structure (see Supplemental Material [68],
Table S2). Figure 5 shows the diffraction pattern obtained on
quenching from the peak temperature (in situP = 82.8 GPa).
The sample was then further compressed to 119.5 GPa re-
sulting in a 1.7% decrease in unit-cell parameter over this

FIG. 6. Change in the unit-cell volume of Pa3̄-type GeO2 as a
function of pressure. Solid lines are third-order Birch-Murnaghan fits
to the data (red, experiments; green, theory). Literature data (yellow,
Shiraki et al. [19]; blue, Ono et al. [46]) are represented by the solid
diamonds.
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FIG. 7. Covariance (1σ ) of the bulk modulus (K0T ) and the unit-
cell volume (V0) from equation of state fitting for the Pa3̄-type phase
(experimental data). Red and black ellipses have the same meaning
as in Fig. 4.

range. The LDA calculations systematically underestimate the
lattice parameter as also observed for the α-PbO2-type phase.
However, theory and experiment show a similar pressure
dependence as the theoretically calculated lattice parameter
decreases by 1.8% between 80 and 120 GPa. Figure 6 shows
the pressure-volume relation obtained from this paper as well
as limited data available from previous experimental studies
[19,46]. Using a third-order Birch-Murnaghan fit to our ex-

perimental data, the EOS parameters are V0 = 100.6 (5) Å
3
,

K0T = 342 (12) GPa, and K ′
0T = 4 (fixed). At 108 GPa, our

cell volume (81.68 Å
3
) is in good agreement with Shiraki et al.

[19] (81.54 Å
3
) and Ono et al. [46] (81.48 Å

3
). Figure 8 shows

the covariance (1σ ) of K0T and V0 for the experimental data.
In case of the theoretical data, V0 and K0T are underestimated
and overestimated by 3.9 and 2.7%, respectively. Table I sum-
marizes the EOS parameters obtained from both experiments
and theory and compares it to available experimental and
theoretical data. Figure 7 shows the correlation ellipses for
V0 and K0T using the platinum EOS parameters of Dewaele
et al. [51] and Fei et al. [50] (solid black) and Dorfman et al.
[65] (red dashed). In the latter case, the fitting parameters V0

and K0T are 0.1 and 4.1% higher and lower, respectively.

B. Differential stress

Figure 8 shows an example of variation of the measured
lattice parameter (am) with 3(1 − 3sin2θ )Г(hkl) for Pt at
113.8 GPa. The data points can be fit well using a straight line.
The negative slope of the line is consistent with the orientation
of anisotropy in Pt [66], and thus the variations in lattice
parameter are consistent with effects of differential stress.
Using the slope and intercept of the Г plots, we calculated
the differential stress as a function of pressure and compared
it with previous experiments on Pt in a Ne medium [65]
and without any medium [71] (Fig. 9). The differential stress

FIG. 8. Lattice parameter variation of platinum determined from
individual (hkl) values at 113.9 GPa.

increases with pressure from ∼0.7 GPa at 52 GPa to ∼2.6 GPa
at the peak pressure (119.5 GPa).

Our results are consistent with previous work on Pt using
a Ne medium [65] and lie below reported values of t when

FIG. 9. Differential stress t in platinum as a function of pressure
(solid blue, α-PbO2 cell; solid red, Pa3̄-type cell). The green open
triangles show Pt in a neon pressure medium [65] and the black
inverted triangles are for platinum in the absence of a pressure
medium [71]. The solid red and blue lines are linear fits to our
data for the respective phases. The blue and red arrows show laser
annealing for the respective phase.
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no medium is used [71]. This indicates that Pt has not yet
reached its yield point, so our values provide a reasonable
estimate of the differential stress in the sample. In general
agreement with previous observations [65] t is ∼2% of the
total pressure at megabar conditions. The low differential
stress in platinum indicates that quasihydrostatic conditions
were maintained in the DAC up to the peak pressure. The
effects of laser annealing can also be observed in this data as
differential stress tends to drop immediately after laser heating
(Fig. 9). Differential stresses could not be directly evaluated in
the cubic phase of GeO2 due to lack of reported single-crystal
elasticity data.

C. Comparison with shock compression data

The behavior of GeO2 under dynamic compression has
also attracted interest [1,2,24,25,72]. Gas gun shock-wave ex-
periments [1] on rutile-type and amorphous GeO2 have been
interpreted to indicate a phase transition to a high-pressure
phase at P > 70 and >35 GPa, respectively. However, the
structure of the HPP could not be directly determined in these
experiments.

Figure 10 shows the theoretical Hugoniots assuming the
rutile phase as an initial state and transforming to the different
possible high-pressure phases of GeO2. The Hugoniot of SiO2

stishovite [73] is shown for comparison. The parameters used
for the calculations are summarized in Table II. In agreement
with Jackson and Ahrens [1], the low-pressure region (up to
∼50 GPa) can be well described with the rutile-type phase
and thus there is no evidence of a phase transition up to this

FIG. 10. Theoretical Hugoniot for the rutile- (red), CaCl2-
(green), α-PbO2- (blue), and Pa3̄-type (yellow) GeO2. Solid and
dashed colored lines are for cases where γ = 1 and 2, respectively.
Black circles and lines are the shock data and the fit of Jackson and
Ahrens [1] for GeO2 starting from the rutile structure. V0 refers to the

ambient-pressure volume of the rutile-type phase (55.33 Å
3
). Open

gray symbols are shock data for stishovite (rutile-type SiO2), from
Luo et al. [73].

pressure. The data at 70–90 GPa are generally consistent with
a theoretical Hugoniot calculated assuming either the CaCl2-
or the α-PbO2-type phase as the HPP. The highest-pressure
datum (165.5 GPa) is not consistent with the predicted Hugo-
niots of any of the high-pressure phases of GeO2 and may
represent melt. The Pa3̄-type phase can be ruled out as a
candidate HPP as it is predicted to be much denser along the
Hugoniot than the experimental data.

III. DISCUSSION

The data reported here provide detailed 300-K equations
of state for the high-pressure α-PbO2- and Pa3̄-type phases
of GeO2. Our results are consistent with limited previous data
and enable us to constrain EOS parameters for these materials.
The equations of state of GeO2 phases provide a benchmark
for theoretical calculations and are of interest for comparison
with the behavior of SiO2 (see below). Crystalline GeO2

equation of state data also have applications in interpretation
of experimental studies of GeO2 glass by x-ray-absorption
spectroscopy [4,7] and x-ray diffraction [13] as well as by
theoretical molecular dynamics simulations [48].

Figure 11 compares the measured 300-K pressure-volume
relationships across four phases of GeO2 and SiO2 [74–76].
Because of the larger size of the Ge4+ cation in comparison
to Si4+, GeO2 has a larger unit-cell volume but SiO2 and
GeO2 follow the same phase transition sequence. The rutile
(stishovite) to CaCl2-type phase transition is second order
[74,77] with almost no volume change. A detailed study of
the equation of state of the rutile and CaCl2-type phases
of GeO2 will be published separately [78]. In the case of
SiO2, the CaCl2 to α-PbO2-type phase transition leads to a
0.6% reduction in molar volume [32], while the α-PbO2-type
to Pa3̄-type phase transition involves a 5% volume change

FIG. 11. Unit-cell volume of the rutile- (red), CaCl2- (green),
α-PbO2- (blue), and Pa3̄-type (yellow) phases of GeO2 (solid) and
SiO2 (unfilled) [74–76]. Purple data points indicate rutile-type phase
data that were not used for the EOS fit. The black and gray dashed
lines indicate the phase boundaries in GeO2 and SiO2, respectively.
The solid black lines are third-order Birch-Murnaghan fits to the data.
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[33]. Using our equation of state parameters, we determine
the volume change to be 1.9 and 1.3% for the CaCl2-type
to α-PbO2-type transition from experiments and theory, re-
spectively (assuming transition pressure = 36 GPa). In case of
the α-PbO2-type to Pa3̄-type transition, the volume reduction
is 4.8 and 4.9% for experiments and theory, respectively
(assuming transition pressure = 65 GPa), which is similar to
the volume change in SiO2.

Table I lists the EOS parameters for the α-PbO2- and Pa3̄-
type phases of both SiO2 and GeO2 from both experiments
and theoretical calculations. For the α-PbO2-type phase, the
zero-pressure bulk modulus of GeO2 is ∼9% lower than that
of the SiO2 phase. However, the experimental data suggest
that the bulk moduli of GeO2 and SiO2 in the Pa3̄-type phase
may be more similar. Based on our experimental equation of
state date, the zero-pressure bulk modulus of the Pa3̄-type
phase is about 16% larger than that of the α-PbO2-type phase.

Shock compression experiments on fused silica and α-
quartz indicate transitions to stishovite and/or stishovite-like
phase(s) at ∼35 GPa [41,79] with melting occurring above
∼70 and ∼110 GPa, respectively [80]. Direct shock com-
pression experiments [73] on stishovite starting material do
not show any evidence for phase transitions up to ∼235 GPa.
We calculated the theoretical Hugoniot of the different phases
of GeO2 based on rutile-type starting material. Our calcula-
tions suggest that the high-pressure phase observed on shock
compression of vitreous and rutile-type germania can be
interpreted as either the CaCl2- or α-PbO2-type phase.

IV. CONCLUSIONS

Using laser-heated diamond anvil cell experiments and
theoretical calculations based on density functional theory,
we have determined the lattice parameter(s) of α-PbO2-

and Pa3̄-type GeO2 up to 1.2 Mbars. The pressure-volume
data were fit to the third-order Birch-Murnaghan equation
of state. Our experimental and theoretical data are in good
agreement. The experimental and theoretical data for the

α-PbO2-type phase can be fit using V0 = 53.8 (2) Å
3
, K0T =

293 (7) GPa; V0 = 51.6 Å
3
, K0T = 307 GPa; and K ′

0T = 4
(fixed), respectively. In case of the Pa3̄-type phase, the EOS
parameters obtained from fitting the experimental and theo-

retical data are V0 = 50.3 (3) Å
3
, K0T = 342 (12) GPa; V0 =

48.3 Å
3
, K0T = 351 GPa; and K ′

0T = 4 (fixed), respectively.
Nonhydrostatic stress analysis of Pt shows that the differential
stress in the cells was low (∼2% at the peak pressure) and
quasihydrostatic conditions were maintained. The effect of
choosing different Pt pressure standards on the equation of
state of GeO2 has also been evaluated.
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