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Transition to a crystalline high-pressure phase ina-GeO2 at room temperature

J. Haines, J. M. Le´ger, and C. Chateau
Laboratoire de Physico-Chimie des Mate´riaux, Centre National de la Recherche Scientifique, 1 Place Aristide Briand,

F-92190 Meudon, France
~Received 19 October 1999!

a-quartz-type GeO2 was found to undergo a transition to a crystalline phase above 6 GPa at room tempera-
ture from in situ, angle-dispersive, x-ray-diffraction measurements. There was no evidence of amorphization,
although this phase is poorly crystallized. Hydrostatic conditions play an important role in the crystallization
process. The crystal structure of this high-pressure form of GeO2 was found to be monoclinic, space group
P21 /c, Z56 and is built up of 332 kinked chains of edge-sharing GeO6 octahedra. This phase is 45% denser
thana-quartz-type GeO2 and 1% less dense than the rutile-type phase and is metastable from ambient pressure
up to at least 50 GPa at room temperature. Upon heating this monoclinic phase at pressures up to 22 GPa,
rutile-type GeO2 is formed, whereas at 43 GPa a mixture of the CaCl2-type and Fe2N-type phases is obtained.
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I. INTRODUCTION

There has been considerable interest in pressure-ind
amorphization since the phenomenon was first identified
Ice-Ih.1 Pressure-induced amorphization has also been
ported to occur ina-quartz SiO2 ~Ref. 2! and related quartz
like materials, such asa-GeO2 ~Refs. 3–11!, PON,12 and
berlinite-type ABO4.(A5Al,Ga, B5P,As) compounds.13–18

Some recent studies indicate that in the case of several
linites, the high-pressure phase may in fact
crystalline.14–18 The coexistence of crystalline and amo
phous phases has been reported fora-quartz SiO2 com-
pressed under nonhydrostatic conditions.19 The high-pressure
behavior of quartz-typea-GeO2 has been investigated by
large variety of experimental techniques including x-ray d
fraction, x-ray absorption, Brillouin scattering and infrar
and Raman spectroscopy.3–11,20–23A transition was found to
occur above 6 GPa at which the germanium coordina
number increases from four to six.20 In several studies the
high-pressure phase has been reported to be amorphou3–11

however, others21,22 indicate that the phase is crystalline f
which the structure remains unknown. It is possible that
pending on the starting material and the experimental co
tions either an amorphous or a crystalline phase may
formed. Recent work24 on FePO4 indicated that both a crys
talline and an amorphous phase are formed simultaneo
above the phase transition. In the present study,a-GeO2 was
found to transform to a crystalline phase with a monocli
structure both under hydrostatic and nonhydrostatic co
tions and no evidence was found for pressure-induced am
phization.

II. EXPERIMENT

High-pressure experiments on quartz-typea-GeO2 ~Pro-
duits Touzart & Matignon, purity 99.999%! were performed
in a diamond anvil cell~DAC!. The phase purity of the
sample was 99.4% based on data acquired on a stan
diffractometer using copperKa radiation with the remaining
material being in the rutile form. The cell constants
PRB 610163-1829/2000/61~13!/8701~6!/$15.00
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a-quartz-type GeO2 ~space groupP3121,Z53) were found
to be a54.9853(1) Å andc55.6471(2) Å. Heating the
sample for 10 h at 1070 °C followed by quenching increas
the phase purity to more than 99.9%. The widths of
x-ray-diffraction lines of thea-GeO2 sample are consisten
with a crystallite size of the order of 80 nm. Samples we
loaded in the 150–200mm diameter holes of inconel o
stainless steel gaskets preindented to a thickness of 100
mm along with a small amount of ruby powder as a press
calibrant. Experiments were performed using the followi
media: 16:3:1 methanol:ethanol:H2O, silicone grease and
no medium. In certain runs, titanium carbide was added
absorb laser radiation for sample heating. Laser heating
performed using a 50 W Nd-YAG laser. The sample te
perature was not measured, but was estimated to be
1000 °C based on the visible emission observed. Laser h
ing experiments at high pressure were also performed
GeO2 glass and on rutile-type GeO2 ~space group
P42 /mnm, Z52, a54.3966(1) Å, c52.8626(1) Å. Both
materials were prepared froma-GeO2. The glass was pre
pared at 1200 °C and ambient pressure and the rutile-
phase at 3.0 GPa and 585 °C in a belt-type apparatus.25

Angle-dispersive, x-ray-diffraction patterns were obtain
on an imaging plate placed at between 113.65 and 147
mm from the sample using zirconium-filtered molybdenu
radiation from a microfocus tube. An x-ray capillary opt
was used giving a beam diameter of 100mm. Exposure times
were typically of between 24–60 h. A DAC in which the re
diamond was mounted over a 16° wide slit allowing acc
to an angular range 4u580° was used for these experimen
Pressures were measured based on the shifts of the rubR1
and R2 fluorescence lines.26 Exposures on the materials re
covered in the gasket after the various experiments were
tained using the same installation with sample to plate d
tances of 106.73–142.64 mm.

The observed intensities on the imaging plates were in
grated as a function of 2u in order to give conventional
one-dimensional diffraction profiles. Profile fitting and sim
lations of the powder diffraction pattern obtained after a 9
8701 ©2000 The American Physical Society
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exposure on a sample in a gasket were performed using
programFULLPROF.27 All figures in parentheses refer to es
mated standard deviations~e.s.d.!.

III. RESULTS AND DISCUSSION

A. High-pressure phase transition

Pronounced changes to the diffraction pattern ofa-GeO2
were observed above 6 GPa, Fig. 1. The diffraction lin
from the initiala-quartz-type phase were found to disappe
and several new diffraction lines were observed indicat
the formation of a crystalline high-pressure phase. The tra
parent powder grains were found to become translucen
the phase transition as had previously been observed.7 These
changes can be interpreted in terms of the breaking up o
crystallites at the phase transition. This is supported by
observation that the full width at half maximum~FWHM! of
the x-ray-diffraction lines doubles at the phase transition
der hydrostatic conditions. No further transition was o
served up to 50 GPa at room temperature. Upon decomp
sion, this phase could be retained down to ambient press

This transition was found to occur under hydrostatic co
ditions in 16:3:1 methanol:ethanol.H2O and under nonhydro

FIG. 1. X-ray-diffraction patterns (l50.71073 Å) of GeO2 as a
function of pressure. The data for thea-quartz-type phase at 3.
GPa and the monoclinic phase at 7.8 GPa were obtained u
hydrostatic conditions, whereas for the data for the monocl
phase at 50 GPa, the pressure-transmitting medium was solid.
principal lines due to GeO2 are indexed. Additional lines are iden
tified: Kb5strongest line due toKb radiation, Ni5nickel ~gasket!,
Fe5iron ~gasket!, and Q5strongest line from thea-quartz-type
phase persisting above the high-pressure phase transition.
he

s
r
g
s-
at

he
e

-
-
s-

re.
-

static conditions in either silicone grease or without
pressure-transmitting medium. Under nonhydrostatic con
tions, a significant quantity of thea-quartz-type phase con
tinued to be present above 9 GPa and the diffraction li
broadened to an even greater extent. The FWHM of the
fraction lines arising from a sample without a pressu
transmitting medium compressed to 20 GPa over a 20
time frame and then quenched approached 1° in 2u. In con-
trast, the FWHM of lines of a sample slowly compress
under hydrostatic conditions to a maximum pressure of
GPa were of the order of 0.5°. In both cases the rela
intensities of the diffraction lines were similar; howeve
their positions were shifted by between 0.04–0.15°.

B. High-temperature transition at ambient pressure

A series of high-temperature experiments were perform
on the quenched high-pressure phase in the gasket, Fi
The sample was heated in a furnace for four hours
quenched between x-ray exposures. The positions and in
sities of the diffraction lines were found to tend gradua
towards those of the rutile-type phase with each treatmen
a progressively higher temperature. The pure rutile-ty
phase was obtained by 600 °C. No changes were obse

er
c
he

FIG. 2. X-ray-diffraction patterns (l50.71073 Å) under ambi-
ent conditions obtained as a function of the temperature at wh
monoclinic GeO2 was annealed followed by quenching at ambie
pressure. The sample had been compressed to a maximum pre
of 18.1 GPa in 16:3:1 methanol:ethanol:H2O. The principal lines
due to GeO2 are indexed in the 25 °C pattern corresponding to
P21 /c phase and in that after heating at 600 °C corresponding
the rutile-type phase. Additional lines are identified:Kb
5strongest line due toKb radiation and Fe5iron from the gasket.
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upon further heating to 920 °C. This behavior is very diffe
ent from that of GeO2 glass, which was found to complete
transform to quartz-type GeO2 below 600 °C, and from those
of pressure-amorphized samples, which transformed t
mixture of the quartz-type and rutile-type phases bel
600 °C ~Ref. 10!. X-ray absorption experiments20 indicated
that whereas in GeO2 glass, the coordination number in
creased from 4 to 6 reversibly with pressure, ina-GeO2 the
increase in coordination number is irreversible. In the la
case, the high-pressure phase was found to be crystalline21 It
can therefore be expected that crystalline material recov
from high pressure in which the germanium is in sixfo
coordination would transform to the rutile-type phase up
heating, whereas amorphous material containing fourfold
ordinated germanium would transform to the quartz-ty
phase. In the present study, noa-GeO2 was formed. This is
taken as an indication that no amorphous material w
present in the sample and that the entire sample underw
crystalline-crystalline phase transition to the rutile-ty
phase. The gradual changes in intensity and position of
diffraction lines is interpreted in terms of the progress
displacement of germanium atoms from their positions in
new phase to those in the rutile-type phase with the ger
nium atoms remaining in sixfold coordination.

C. Structure of the high-pressure phase

The broad diffraction lines of the high-pressure pha
ruled out the use of automatic indexing programs in orde
determine the unit cell. The positions of selected relativ
intense diffraction lines of the high-pressure phase atu
.16° were found to be similar to those observed for b
tetragonal, rutile-type and hexagonal Fe2N-type ~space group
P63 /mmc, Z51) ~Ref. 28! GeO2. These structures ar
based on a hexagonal close packed~hcp! oxygen array in
which one half of the octahedral sites are occupied by
ions. In the rutile structure, the oxygen array is distorted a
the cations are ordered, whereas in the Fe2N structure the
octahedral sites are occupied randomly. In the diffract
pattern of Fe2N-type GeO2 ~Ref. 28!, no diffraction lines are
observed below 17°. Based on the similarities in the hig
angle part of the diffraction pattern, the hypothesis of a h
oxygen array was adopted, while the presence of strong
flections between 12° and 16° was taken as an indicatio
cation ordering. A search was thus made in the literature
structures based on a hcp anion array with an ordered o
pation of one half of the octahedral sites. A large numbe
observed and theoretical structures were tested as mo
however, only one solution could adequately reproduce
experimental line positions. This structural model is based
the (332)-kinked P21 /c structure type recently describe
by Teteret al.29 It was also possible to index the diagram
a phase obtained upon compression ofa-quartz SiO2 to 213
GPa under nonhydrostatic conditions using this structu
model.19,29 In addition, calculations29 indicate thata-quartz
can undergo a diffusionless transformation to this structu
In the present case, this could explain the formation o
(332)-kinked P21 /c phase upon compression ofa-GeO2
at room temperature, rather than the stable rutile-type ph
which is readily obtained upon heating. Simulation of t
experimental x-ray-diffraction pattern using this model stru
-
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ture produced good agreement except for the intensitie
the diffraction lines that were found to tend towards those
the rutile-type phase at high temperature. The experime
intensities of these lines were found to be greater than th
calculated, which was taken to be an indication that a cer
proportion of the cations were already in rutile-like sites. T
presence of a certain degree of cation disorder could
partially account for the broad diffraction lines observ
even under hydrostatic conditions.

Three potential transformation pathways between
monoclinic (m)(332)-kinked P21 /c structure and the te
tragonal~t! rutile structure, Fig. 3, involving cation displace
ments can readily be envisaged. One possibility, involv
the following cell relationships: am523ct , bm52a1t ,
cm5a2t1ct , would require a shift of 1/3 of the cations b
1/2 alongbm and a shear of the unit cell. In this case, t
straight chains of the rutile-type structure would be co
structed by linking the units composed of two edge-shar
octahedra in theP21 /c structure. A second possibility with a
different set of cell relationships: am53/2(a2t1ct ), bm5
2a1t , cm52a2t1ct , involves a shift of the cations in ever
second unit cell in thea direction by 1/2 alongbm again with
a shear of the unit cell. This model implies passage vi
triclinic ~tr! cell obtained as follows from the monoclini
cell: atr52am , btr5bm , ctr5cm . The straight chains of the
rutile-type structure would thus be constructed by linking t
units composed of three edge-sharing octahedra in
P21 /c structure. A third possibility also involves passage v
a (2am ,bm ,cm) triclinic intermediate and the correspondin
cell relationships are as follows:am523/2(a2t1ct), bm
52a1t , cm522ct . In this case, the straight chains wou
form alongcm .

The simpler monoclinic case was adopted in attempts
simulate the observed x-ray-diffraction pattern of GeO2. It
was found that if 9% of the cations are shifted to rutile-ty
positions, a good fit to the observed intensities could be
tained. This was done by partially occupying the 2d Wyck-
off sites (occupancy50.26) and reducing the occupancy
the 2b sites to 0.74, thus introducing a degree of cation d
order. The 2d site in the (332)-kinked P21 /c structure is
normally unoccupied. The transformation to the rutile-ty
structure involves a shift of the germanium atoms from
2b site to the 2d sites, while the other germanium atom

FIG. 3. Polyhedral representations of a layer of t
(332)-kinkedP21 /c structure and the corresponding layer of t
rutile-type structure. Shaded and unshaded polyhedra in the m
clinic structure correspond to octahedra centered by Ge1 and
respectively.
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remain on 4e sites. The present results indicate that there
a degree of cation disorder in the phase recovered after c
pression and that at the transition, a proportion of the ger
nium atoms are placed in the octahedral sites normally oc
pied in the rutile-type structure. This structural model with
degree of cation disorder was used to fit the experime
data obtained for the high-pressure phase, Fig. 4. The
from sample compressed under hydrostatic conditions
maximum pressure of 9.2 GPa was used for the profile fitt
procedure as line broadening was the least pronounce
was not possible to refine the structure of theP21 /c phase
due to width of the diffraction lines and the large number
free atomic coordinates. Profile fitting was thus perform
with all atomic positions fixed to the values calculated
silica,29 except for the germanium atoms on the 4e sites.
These germanium positions, the cell constants, and linew
parameters were varied along with the scale factors for
phase,a-quartz-type GeO2 ~7% of the sample! and nickel
from the gasket for which all other parameters were fix
The Ge atoms on the 4e sites were found to shift only
slightly from the positions calculated for silica. The follow
ing agreement factors were obtained,Rp512.5%, Rwp
512.6%,RBragg56.5%, and the structural data are given
Table I. Similar agreement factors could also be obtain
using the second and third models discussed above u
triclinic cells doubled along thea direction with the intro-
duction of cation disorder. There is some supporting e
dence for the second model from the line shifts of so
peaks at high temperature. All these solutions repres
states along transition pathways between the orderedP21 /c
structure and rutile. It is likely that there is competition b
tween these three cation disordering mechanisms and th
three are active.

D. Phase stability in GeO2

The ratios of relative volumes at ambient pressu
V0 /V0Q , of the various six-coordinated GeO2 phases,

FIG. 4. Experimental data~1! for a sample of GeO2 recovered
at ambient after compression to a maximum pressure of 9.2 GP
16:3:1 methanol:ethanol:H2O and calculated profile~solid line! us-
ing the P21 /c structural model with the values given in Table
The difference profile is on the same scale. Vertical bars indic
the calculated positions of the diffraction lines of theP21 /c phase,
the remaininga-quartz-type phase (Q), and nickel from the gaske
~Ni!.
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P21 /c, Fe2N, and rutile with respect to thea-quartz-type
phase~Q! are as follows: 0.690, 0.686, and 0.683. T
P21 /c phase is thus 45% denser than thea-quartz-type
phase and 0.6% and 1.0% less dense than the Fe2N- and the
rutile-type phases, respectively. The very similar densi
observed for theP21 /c, Fe2N-, and rutile-type phases aris
from the fact that the germanium coordination number is
as opposed to 4 in the low-density,a-quartz-type phase, an
that the oxygen sublattice is hcp or distorted hcp in all th
structures. The possible relationships between theP21 /c and
the rutile-type are given in the previous section and both
readily be identified as cation-ordered superstructures of
Fe2N-type. The cell constants of hexagonal~h! Fe2N-type
GeO2 at ambient pressure area52.729 Å andc54.312 Å
~Ref. 28!. Comparison with the cell constants of theP21 /c
phase, Table I, yields the following relationship between
unit cells: am53a1h , bm5ch , andcm52a2h ~note that the
monoclinic b angle in theP21 /c phase is very close to
120°!. The corresponding relationship between the ruti
and Fe2N-type structures are as follows:a1t52ch , a2t
5a1h1a2h and ct5a1h . The anion sublattice is much les
distorted from hexagonal symmetry in theP21 /c structure.
As cation displacement is required for transformations
tween these three structures, thermal activation is requir

The rutile-type phase is stable at ambient pressure
temperature and transforms to the quartz-type phase a
1024–1040 °C~Ref. 3!. The P21 /c structure found in the
present study and the Fe2N-type phase, which was prepare
from vitreous GeO2 between 25 and 30 GPa at hig
temperature,28,30 can be retained as metastable phases un
ambient conditions. An additional phase, for which the str
ture is also based on a hcp oxygen sublattice with ger
nium occupying one half of the octahedral sites, is know
The rutile-type phase has been found to undergo a sec
order transition to an orthorhombic CaCl2-type phase, space
groupPnnm Z52, at 26.7 GPa and ambient temperature.25

Laser heating experiments were performed to investig
the relative stabilities of the various six-coordinated stru
tures at high pressure.a-quartz-type GeO2, the glass phase
and the rutile-type phase were used as starting materials.
P21 /c phase, obtained above 6 GPa from thea-quartz-type
phase, was found to transform to the rutile-type phase w
heated at pressures up to 22 GPa. Heating theP21 /c phase
at 43 GPa yielded a mixture of the CaCl2-type phase, the
Fe2N-type phase and some untransformed material. A m
ture of the CaCl2-type and Fe2N-type phases was also ob

in

te

TABLE I. Structural data used to simulate the diffraction patte
of monoclinic GeO2 under ambient conditions: space grou
P21 /c, Z56, a58.285(3) Å, b54.320(1) Å, c55.410(3) Å,
andb5119.94(4)°.

Atom Site x y z Occupancy

Ge1 2b 1/2 0 0 0.74
Ge2 2d 1/2 1/2 0 0.26
Ge3 4e 0.160 0.521 0.977 1.00
O1 4e 0.054 0.243 0.651 1.00
O2 4e 0.721 0.242 0.186 1.00
O3 4e 0.387 0.237 0.660 1.00
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tained upon heating the glass at 43 GPa. A small amoun
the Fe2N-type phase was obtained upon heating
CaCl2-type phase~rutile-type starting material! at 44 GPa.
Reheating the above samples at pressures below 25
yielded the rutile-type phase, otherwise the Fe2N-type phase
is retained down to ambient pressure. Trace german
metal was detected in the samples containing the Fe2N-type
phase after laser heating at high pressure indicating th
small amount of the GeO2 was reduced. The strongest di
fraction line of germanium was also present in the diffract
pattern obtained by Liuet al.28 for GeO2 after laser heating
Nonstoichiometry may play a role in stabilizing the diso
dered Fe2N structure.

The cell constants of the CaCl2-type phase at 43 GPa ar
a54.260(3) Å, b54.109(4) Å, andc52.768(4) Å, while
those of the Fe2N-type phase area52.600(3) Å andc
54.095(9) Å. The volume of the Fe2N-type phase is 1%
lower than that of the CaCl2-type phase at 43 GPa and 0.3
lower at 28 GPa. As the CaCl2-type phase is only presen
above 26.7 GPa~Ref. 25!, it is apparent that its volume i
always greater than that of the Fe2N-type phase. These re
sults are in agreement with previous work30 that indicated
although the Fe2N-type phase is less dense than the rut
type phase at ambient pressure, it is more compressibl
the germanium dioxide remained stoichiometric in t
present study, then the Fe2N-type structure is stable at hig
pressure and the CaCl2-type structure is metastable. The r
sults of this work indicate that the rutile-type phase is sta
below 25 GPa and that theP21 /c phase is metastable from
ambient pressure over the entire pressure range investig

E. Pressure-induced amorphization

The present results bring into question the existence
pressure-induced amorphous phase in GeO2. It is obvious
from the present study that under certain experimental c
ditions ~i.e., severe nonhydrostatic stress! the diffraction
H.
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lines of the high-pressure phase will be so broad that
sample may appear ‘‘x-ray amorphous.’’ There is eviden
however, that a distinct amorphous phase may exist. An
frared study3 indicated that the increase in germanium co
dination number was reversible in samples ofa-GeO2 com-
pressed to 30 GPa. Reversible amorphization was
observed by x-ray diffraction.6 In another study,5 the bulk
density of the compressed sample was much closer to th
a-GeO2 than that of theP21 /c phase. Samples compress
up to 20 GPa have also been reported to partially rever
a-GeO2 upon heating at ambient pressure.10 The behavior
described in the present study is distinct. The phase tra
tion was found to be irreversible in all cases, even when
sample was compressed to a maximum pressure of 9.2 G
and was observed under hydrostatic and nonhydrostatic
ditions and upon slow and rapid compression. The new c
talline phase is only 1% less dense than rutile and it tra
forms entirely to the rutile-type phase upon heating
ambient pressure. These differences in reported behavio
dicate that the competition between crystallization and am
phization is highly sensitive to the origin and nature of t
various samples studied.

IV. CONCLUSIONS

a-GeO2 was found to transform to a crystalline pha
above 6 GPa at room temperature. There was no evidenc
pressure-induced amorphization. This phase has a m
clinic, crystal structure, space groupP21 /c Z52, composed
of (332)-kinked chains of GeO6 octahedra. No pressure
temperature region of stability was identified for this pha
which is metastable at room temperature from ambient p
sure up to 50 GPa. This phase transformed to the st
rutile-type phase when heated at pressures up to 22 GP
mixture of the CaCl2-type and Fe2N-type phases was ob
tained upon heating thisP21 /c phase at 43 GPa.
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