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a-PbO2-type high-pressure polymorph of GeO2
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We have studied the high pressure polymorphism of GeO2 at pressures up to 60 GPa and temperatures to
;1800 K in a laser-heated diamond anvil cell. We have synthesized ana-PbO2-type~space groupPbcn! phase
of GeO2 and demonstrated that it is the stable post-CaCl2-type ~space groupPnnm! polymorph at pressures
above 44 GPa. Thea-PbO2-structured GeO2 , with a bulk modulus of 256~5! GPa, is denser than CaCl2 type
by 1.6% at 60 GPa. Our study shows that group-IV element dioxides (SiO2 , GeO2 , SnO2 , and PbO2) have a
common sequence of high-pressure structural transformations: rutile-type⇒CaCl2-type⇒a-PbO2-type.
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The great interest in the polymorphism of GeO2 comes
from both the fundamental point of a possible common
quence of high pressure structural transformations
group-IV element dioxides (SiO2 , GeO2, SnO2, and PbO2),
and practical application as a material with unique opti
properties. There are two well established polymorphs
GeO2 at ambient pressure:a-quartz and rutile-type structure
with fourfold- and sixfold-coordinated germanium ions, r
spectively. The rutile structure of GeO2 is stable under am
bient conditions and transforms toa-quartz at 1280 K.1 The
high pressure behavior of both the quartz and rutile phase
GeO2 has been studied intensively for the last three deca
because its structure is believed to display the high pres
properties of geologically important silica at relatively mo
erate pressures.2 However, there are inconsistencies in t
results of high pressure phase transformations of GeO2 re-
ported by different groups.

A phase transition ofa-quartz-type GeO2 above 6 GPa
has been observed with various techniques: x-ray diffract
extended x-ray absorption fine structure~EXAFS!, and infra-
red and Raman spectroscopy.3–13 It has been established th
transformation results in an increase of the Ge coordina
number with pressure from 4 to 6. The amorphous struc
of this high pressure phase ofa-quartz-type GeO2 above 6
GPa has been reported by several groups.3–7 Theoretical mo-
lecular dynamic studies indicate that under hydrostatic co
pression a pressure-induced amorphization of quartz-
GeO2 originates from the mechanical instability of the qua
lattice.8,9 Meanwhile, a crystalline high pressure phase
a-quartz-type GeO2 with an undetermined structure was o
served by several investigators10,11 and later a monoclinic
structure ~space groupP21 /c, Z56) of this phase was
reported.12,13The posta-quartz GeO2 monoclinic-type phase
was found to be metastable up to 50 GPa at ro
temperature.13

Recentab initio calculations predict following sequenc
of phase transformations of GeO2: rutile⇒~19 GPa!
CaCl2⇒(36 GPa)a-PbO2⇒(65.5 GPa)Pa3 ~pyrite!.14 Such
phase transitions were either observed, or theoretically
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dicted for silica SiO2 .15–17The second order transition from
rutile- to CaCl2-type phases of GeO2 has been reported a
25–27 GPa and room temperature.18–20 An orthorhombic
high pressure phase of GeO2 was synthesized at pressu
;50 GPa and 1300 K by Ming and Manghnani.21 However,
according to Ming and Manghnani21 the x-ray diffraction
patterns of quenched samples are not thea-PbO2 phase of
GeO2. Evidence of coexisting rutile and disordere
Fe2N-type structures of GeO2 up to 32 GPa after heating o
vitreous GeO2 at ;1300 K have also been reported.21,22

Compression of rutile-structured GeO2 to ;36 GPa and sub-
sequent laser annealing at;1300 K, as described by Haine
et al.,19 also does not result in the transformation
CaCl2-structured GeO2 to the a-PbO2-type phase. Lase
heating above 43 GPa of both monoclinic structured~a-
quartz-type GeO2 starting material! or CaCl2-type structured
phases~rutile or vitreous glass starting materials! results a
mixture of the CaCl2 and Fe2N-type phases.13 At pressures
up to 45 GPa and temperatures up to 2300 K, Onoet al.20

observed only the CaCl2-type post-rutile phase. In summar
despite extensive studies of GeO2, a high pressure polymor
phism of GeO2 remains unclear. No evidence of the theore
cally predicteda-PbO2 phase has been reported. In this p
per we reportin situ x-ray studies of phase transformation
of GeO2 at high pressures and temperatures, direct synth
of a-PbO2-type GeO2 from the CaCl2-structured phase, an
structural refinement of GeO2 polymorphs up to 60 GPa.

In our high pressure experimentsa- quartz-type GeO2
powder~Alfa, purity 99.9999%! was used. The cell constan
~space group P322l , Z53) were found to be a
54.9862(8) Å andc55.6440(4) Å, in good agreemen
with literature data. Various types of diamond anvil ce
~membrane, symmetrical, and four-pin! were used for pres-
sure generation up to;60 GPa. The samples were loaded
the 100–150-mm holes in stainless steel or rhenium gask
preindented to a thickness of 30–40mm. Platinum-black
powder ~1–3 wt. %! was mixed with the GeO2 in order to
absorb laser radiation for heating and to provide an inter
pressure calibrant for high temperature experiments.
©2003 The American Physical Society01-1



ce
at

ri-

-
lity

th

l
s
le
in

ed

ring
600
se
6.4

s

d

m

se-

at
ase
or-
n-

an

bic

p
ral

the

ains
a

ys

is

ted
ith

f
tu
s

r

at
e

-

BRIEF REPORTS PHYSICAL REVIEW B67, 132101 ~2003!
equations of state of Pt or Au, and/or ruby luminescen
were used for pressure measurements in ambient temper
experiments.23

High resolution angle dispersive x-ray diffraction expe
ments were performed at the Advanced Photon Source~APS!
at Argonne National Laboratory~GSECARS, sector 13, Chi
cago, Ill! and the European Synchrotron Radiation Faci
~ESRF, ID30 and SNBL beamlines, Grenoble, France! using
an on-line image plate or a CCD detector. Details of
experiments are described in our earlier publications.24 At
the APS the double-sided laser-heating technique, with a
ser spot of 20–40mm, was used.25 The temperature wa
measured with a Kaiser holographic spectrometer coup
with a CCD. The laser heating at ESRF was carried out us
a Nd-YAG ~yttrium aluminum garnet! laser (l51064 nm,
17 W!.

Examples of diffraction spectra integrated withFIT2D

software26 are shown in Fig. 1. The high pressure induc
phase transformation of ana-quartz-type structure of GeO2
to a poorly crystalline monoclinic structure~space group
P21 /c)13 phase is detected above 7 GPa@Fig. 1~b!#. This

FIG. 1. ~Color online! Integrated x-ray diffraction spectra o
various GeO2 phases collected at different pressure-tempera
conditions:~a! starting materiala-quartz-type at ambient condition
after loading in a DAC.~b! Monoclinic-P21 /c-type structure at 34
GPa at room temperature.~c! CaCl2-type structure at 36.4 GPa afte
laser heating at 16006100 K. ~d! Mixture of a-PbO2-type ~shown
by indices! and CaCl2-type structures at 44.6 GPa after laser he
ing at 16006100 K. ~e! Sample recovered from 60 GPa after las
heating at 18006100 K.
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,
ure

e

a-

d
g

crystalline phase was observed to at least 52 GPa. Du
laser heating, as the temperature was increased to 1
6100 K, the gradual transformation of the monoclinic pha
directly to the orthorhombic structure was observed at 3
GPa@Fig. 1~c!#. The high pressure phase has the CaCl2-type
structure~space groupPnnm, Z52). The lattice parameter
at 36.4 GPa, for example, a54.2617(4) Å, b
54.1268(2) Å, andc52.7817(4) Å, and unit cell volume
of 14.73~1! cm3/mol is just slightly smaller than that reporte
for the same high pressure phase~14.90~9! cm3/mol at 36
GPa! ~Ref. 19! obtained by pressurizing rutile-type GeO2 at
quasihydrostatic~methanol-ethanol-water pressure mediu!
conditions. Detailed results of high-P and -T behaviors of
monoclinic and orthorhombic phases will be published el
where.

On further compression to 41 GPa and laser heating
;1600 K the reflections from a new high pressure ph
started to grow. The relative intensities of the reflections c
responding to the CaCl2-structured phase decreased with i
creasing pressure~Fig. 2!. Above 44 GPa@Fig. 1~d!# the
diffraction intensities from the new phase are greater th
those from the CaCl2-type phase~Fig. 2!, although the coex-
istence of both phases was observed up to 60 GPa.

The structure of the new phase is an orthorhom
a-PbO2 type~Fig. 3!. The crystal structure ofa-PbO2 ~Pbcn
space group symmetry! can be described in terms of a hc
packing of oxygen with one-half of the available octahed
interstices occupied by germanium ions to form 232 zigzag
chains of GeO6 edge-sharing octahedra. In the case of
CaCl2 ~Pnnm! or rutile (P42 /mnm) structures, germanium
ions are arranged in such a way as to generate straight ch
of edge-sharing octahedra, which are corner linked to form
three-dimensional network with hcp or distorted hcp arra
of oxygen, respectively.27 The molar volume ofa-PbO2 type
is smaller than CaCl2 type: at 44.5 GPa the difference
1.4% @14.36~1! and 14.56~5! cm3/mol, respectively#, and at
60 GPa it is 1.6%@13.89~0! and 14.12~1! cm3/mol, respec-
tively#. The molar volume versus pressure data were fit
using a third-order Birch-Murnaghan equation of state w

re

-
r

FIG. 2. ~Color online! Ratio of relative intensities of the stron
gest reflections froma-PbO2- and CaCl2-type structures of GeO2
vs pressure at room temperature~d! and after laser heating~j, m!
at 16006100 K ~at 60 GPa the temperature was 18006100 K).
1-2
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K8 fixed to 4.28 The fit gave values of the bulk modulus fo
a-PbO2 and rutile-type phases of 256~5! and 247~3! GPa,
respectively, in good agreement with bulk modulus of 250~9!
GPa for the rutile-type phase of GeO2 reported by Haines.19

To determine the relative phase stability of t
a-PbO2-type structure, a reversal experiment was co
ducted, and the pressure was released from 44.5 to 41.3
After laser heating at;1600 K the relative intensity o
a-PbO2 reflections decreased by a factor of;15 ~Fig. 2!. In
a separate experiment, heating of the monoclinicP21 /c-type
phase of GeO2 at 39.5 GPa and;1600 K results in almos
the same ratio ofa-PbO2 to CaCl2-type phases as for th
decompressed and heated one at 41.3 GPa. Compress
room temperature of the sample heated at 41 GPa resu
the growth of thea-PbO2-type phase~Fig. 2!. Laser heating
at 60 GPa a initiated significant increase in the amount of
a-PbO2-structured GeO2 ~Fig. 2!. On decompression a
room temperature from 60 to 29 GPa the proportion
CaCl2- anda-PbO2-type GeO2 was not changed, but trans
formation of a CaCl2- to a rutile-type structure was observe
at ;27 GPa. At ambient pressure, a mixture of rutile-ty
and a-PbO2-type structures was detected in almost eq
proportions@Fig. 1~e!# with molar volumes of 16.65~5! and
16.41~8! cm3/mol, respectively.

Though a theoretical calculation14 predicts a single stable
phase in a pressure range of 36–65 GPa, we have obse
the coexistence of both CaCl2- anda-PbO2-type structured
GeO2 up to 60 GPa@Fig. 1~d!#. The nonhydrostatic condi
tions and temperature gradients in laser-heated diamond
vil cells ~DACs! could be the one of reasons for incomple
transformation toa-PbO2-type GeO2, especially near the
diamond surface, where the temperature can drop by a fa
of 5.29,30 In contrast to the rutile-CaCl2-type second orde
phase transition, when tetragonal symmetry breaks du
distortions of O-Ge-O bond angles, but the Ge ions resid
their previous equilibrium positions, the CaCl2⇒a-PbO2
phase transformation is accompanied by a large displacem
of the cations. The alignment of the octahedra along thc

FIG. 3. ~Color online! Rietveld full profile refinement of the
a-PbO2-type phase of GeO2 at 60 GPa after annealing at 180
6100 K.
13210
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direction is lost, and ac lattice vector is almost doubled with
respect to the CaCl2 structure. The higher density of th
a-PbO2 structure~compared to thePnnm-type arrangement!
allows a greater oxygen-oxygen separation.17 The finite vol-
ume difference~1.4% at 44.5 GPa, for example! indicates its
first order character. This kind of transformation does n
occur readily at ambient temperature, and requires signific
activation energy to induce cations displacements or as
been proposed for SnO2, with a rutile toa-PbO2 transition
via a P1121 /a intermediate phase formally identical t
baddeleyite.31,32Our observation of the increasing proportio
of the a-PbO2 type phase with respect to the CaCl2 struc-
tured phase, even at room temperature with increasing p
sure, as well as the higher density ofa-PbO2 modification of
GeO2, lead us to conclude that the stable phase of GeO2 in
the pressure range of 44–60 GPa is thea-PbO2-type struc-
ture. Thus, theoretical simulations14 of the high pressure be
havior of GeO2 are in good agreement with our experimen
results.

The observation of thea-PbO2 phase for GeO2 supports a
possible common sequence of high pressure induced tr
formation of group-IV element dioxides. Th
a-PbO2-structured phases have been reported for the an
gous metal dioxides: SiO2 ~between 40 and 80 GPa, depen
ing on starting material and conditions of high-P and -T
treatment!,33–35 SnO2 ~at ;12 GPa!,31,36 and PbO2 ~at 1.3
GPa!.37 In the cases of SiO2 , GeO2, and SnO2 even with
temperature treatment at high pressures33,36 a wide range of
coexistence of orthorhombic CaCl2- anda-PbO2-type struc-
tures have been observed. Figure 4 illustrates the system
high pressure behavior of group-IV dioxides that all ado
the rutile-type structure with a precise linear relationship
tween the ionic radii of the cation and the lattice constanta
andc.38

In summary, x-rayin situ studies show that on compres
sion at room temperaturea-quartz-type GeO2 transforms to a
poor crystalline phase with monoclinic structure~space

FIG. 4. ~Color online! Phase pressure boundary vs metal ion
radius for the group-IV metal dioxides~the solid lines are guides to
the eye!. Data for pyrite-type structure of SiO2 ~Ref. 17! and GeO2

~Ref. 14! are theoretically predicted. Experimental data are fro
Refs. 31 and 33–38, and this study.
1-3
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groupP21 /c) at 7 GPa, and this exists at least up to 52 G
A temperature induced transformation of the monocli
phase to the CaCl2-type ~space groupPnnm! at pressures up
to 36.4 GPa was detected. We experimentally observed
first order phase transformation of the CaCl2-type structure
of GeO2 to thea-PbO2-type ~space groupPbcn! starting at
41 GPa. A mixture of the CaCl2-type and thea-PbO2-type
were found to exist up to 60 GPa, but the relative intensity
ne
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the a-PbO2-type reflections significantly increased with in
creasing pressure and temperature. Thea-PbO2-type struc-
ture of GeO2 is quenchable and denser than the rutile-type
1.4% @densities are 6.37~0! and 6.27~9! g/cm3, respectively#
at ambient pressure. Our study shows that group IV elem
dioxides (SiO2 , GeO2, SnO2, and PbO2) have a common
sequence of high-pressure structural transformatio
rutile-type⇒CaCl2-type⇒a-PbO2-type.
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