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Phase transition between the CaCl2-type and a-PbO2-type structures of germanium dioxide
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Observations of the phase transition between the CaCl2-type ~Pnnm! anda-PbO2-type ~Pbcn! structures of
germanium dioxide (GeO2) were carried out using quench andin situ x-ray diffraction methods in a laser-
heated diamond anvil cell~LHDAC!. First-principle theoretical simulations were also performed to comple-
ment the experimental results. The experiments showed that the transition had a positivedP/dT dependence.
The phase boundary between the CaCl2-type anda-PbO2-type structures in the temperature range 1500–2400
K was determined to beP (GPa)5(5363)1(0.01160.005)(T-1800) ~K! based on the equation of state of
platinum and the ruby scale. The positive slope of the transition is consistent with the known phase boundary
between the CaCl2-type anda-PbO2-type structures of tin dioxide (SnO2) as germanium dioxide analog and
theoretical simulation results. However, our results do not agree with the slope of the phase boundary of silica
(SiO2), which has been reported to have a negative slope.

DOI: 10.1103/PhysRevB.68.134108 PACS number~s!: 62.50.1p, 61.10.2i, 61.50.Ks
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I. INTRODUCTION

The sequence of phase transitions in GeO2 has attracted
special attention because GeO2 is an analog of silica
(SiO2),1 which is an important component of the Earth
mantle. One particular study of the high-pressure phase t
sitions in silica has recently attracted significant attenti
The discovery of stishovite~rutile-type structure! from im-
pact craters has led to several experimental investigation
the pressure and temperature stability relationship of th
phases. It has been suggested that free silica could exi
the subducted oceanic crust in the lower mantle of the Ea2

Knowledge of the nature and mechanisms of these tra
tions and of the structures of post-stishovite phases are
cial for understanding the physical and seismological pr
erties of the lower mantle. The lack of an adequ
understanding of the high-pressure behavior of silica has
tivated many theoretical and experimental studies on
phase transitions in silica. Theoretical calculations3,4 have
predicted that silica exhibits the following sequence of hig
pressure phase transitions: from stishovite~rutile type!, to
CaCl2 type, a-PbO2 type, and finally pyrite type. However
high-pressure experiments have failed to establish the p
sure at which the transition between the CaCl2 anda-PbO2
types of silica occurs, and there are conflicting values in
literature.5–8

Tin dioxide, SnO2, which is also analogous to silica
shows a similar sequence of phase transitions~i.e., from
rutile type to CaCl2 type, a-PbO2 type, and finally pyrite
type!.9,10 Moreover, in GeO2, a similar series of phase tran
sitions has also been observed and calculated.11–16 Interest
has therefore been focused on this analogous structur
silica. Although the phase transition from the CaCl2 type to
0163-1829/2003/68~13!/134108~7!/$20.00 68 1341
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a-PbO2 type structure of GeO2 was confirmed,15 this phase
boundary has not been determined. An understanding of
GeO2 analog would make a valuable contribution to the u
derstanding of the transition between the CaCl2-type and the
a-PbO2-type structures of silica.

We performed our experiments using a laser-heated
mond anvil cell~LHDAC!, which made it possible to acquir
precise data on the sample at high pressures and tem
tures, and we also employed intense x rays from a sync
tron radiation source. Moreover, the quenched samples w
further analyzed using Raman spectroscopy. In this rep
we provide the results of ourin situ x-ray and Raman obser
vations on the high-pressure phases of GeO2. We also dis-
cuss the phase boundary between the CaCl2 and a-PbO2
types of GeO2. The first-principle simulations were also pe
formed to check and augment the observed phase relation
GeO2 from the theoretical point of view.

II. EXPERIMENT

High-pressure x-ray diffraction experiments were p
formed using an LHDAC. Powdereda-quartz-type GeO2
~purity 99.9999%! was loaded into a 100-mm-diameter holes
drilled into rhenium gasket that was preindented to a thi
ness of 30–70mm. Platinum powder was mixed with th
sample to absorb the laser radiation to provide a heat sou
and the Pt was also as an internal pressure calibrant. Sod
chloride was used as the pressure medium, which minimi
the pressure and temperature gradients across the sa
For the quench experiments, the samples were heated u
the TEM01 ~donut! mode YLF laser~Fig. 1!, and a multi-
mode Nd:YAG laser17 were used for thein situ x-ray experi-
ments employing a double-sided laser heating technique
©2003 The American Physical Society08-1
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minimized the axial and radial temperature gradients ac
the heated area.18 The heated spot diameter was abo
20–30mm for the YLF laser, and 70–100mm for Nd:YAG
laser. The sample temperature was measured on one si
the LHDAC using a spectroradiometric system that consis
of a thermoelectrically cooled CCD detector and
spectrograph.19 The sample temperature was measured
one side of the sample using a spectroradiometric meth
The spectroradiometric system consists of a thermoele
cally cooled CCD detector~Princeton Instruments, HAM
25631024) and a spectrograph~Acton Research,
SpectraPro-150!. A grating of 300 g/mm was used, and co
ers the wavelength range of 460–925 nm with a cen
wavelength at 700 nm. The imaging spectrometer allows
to simultaneously measure all points on a linear tempera
profile across a laser-heated spot. The entrance slit of
spectrograph is used to select a thin line traversing the l
spot. A temperature profile across the hotspot of about 10
in 40 pixels is measured~Fig. 2!. Temperatures are dete
mined by fitting the thermal radiation spectrum between 6
and 800 nm to the Planck radiation function. The syst
response was calibrated by use of a tungsten ribbon l
~OL550, Optronic Laboratories! with known radiance. The
accuracy of temperature measurement using spectral rad
etry in the diamond anvil cell is affected by the waveleng

FIG. 1. Schematic diagram of the experimental design of YL
type LHDAC. Abbreviations are lens~L! and mirror (M ).

FIG. 2. A temperature profile across the hotspot heated by
laser can be obtained for each measurement.
13410
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dependence of emissivity and the systems optical aberra
However, no data of emissivity are available at highP-T.
Therefore, the emissivity of tungsten20 is used for the radia-
tion spectrum from the heated sample. In order to reduce
chromatic aberration effect of the optical system, it is ve
important to minimize temperature gradients in the la
heating spot. Therefore, our efforts in enlarging the heat
spots are not only to establish a large heating volume,
also to minimize the chromatic aberration effect and so
prove the accuracy of temperature measurement. The
perature error in our experiments was estimated to be wi
about6150°C.

The heated samples were probed using angle-disper
x-ray diffraction at the BL10XU synchrotron beam line~op-
erating at 8 GeV and 70–100 mA! of the SPring-8, a syn-
chrotron radiation source at the Japan Synchrotron Radia
Research Institute~JASRI! in Japan. The incident x-ray
beam was monochromatized to a wavelength of 0.4122
The x-ray beam was collimated to diameter of 20mm. More
detailed descriptions of the laser-heated technique using
synchrotron x ray at Spring-8 are given by Onoet al.19 The
observed intensities on the imaging plates were integrate
a function of 2u using theFIT2D code to obtain conventional
one-dimensional diffraction profiles. The diffraction profile
were refined using theGSAS package to obtain the cell pa
rameters and volumes for GeO2 and Pt. The pressure wa
determined from the observed unit cell volume of platinu
from the Pt equation of state~EOS! of Holmeset al.,21 with
the electronic thermal pressure correction of Tsuchiya
Kawamura.22 The uncertainty in the pressure value was
lated to the experimental temperature, because we used
platinum EOS. Moreover, a pressure gradient could have
isted in the sample, even at high sample temperatures. Th
fore, the maximum pressure error was greater than 2 GP
high temperatures.

In the quench experiments, the pressure was determ
using the ruby scale.23 The pressure-dependent ruby fluore
cence shift was measured after the laser heating. As the
scale is not applicable at high temperatures, the estimatio
the pressure at high temperatures for the quench experim
included a correction for the thermal pressure. In the cas
our study of in situ x-ray experiments, the difference be
tween a unit cell volume of platinum during heating and th
after temperature quench was small. This indicates that
pressure during heating seemed to increase by thermal p
sure. However, the pressure-temperature paths in a l
heated diamond anvil cell experiments are genera
complicated.24 The effects of thermal pressure, release of d
viatoric stress, and relaxation of the DAC itself cause
change of pressure. Therefore, the pressure error in
quench experiments was estimated to be greater than 5
After heating, the samples were investigated by using mic
Raman spectroscopy, and any phases synthesized were
tified. The micro-Raman spectra were obtained using the
nm laser radiation line. The laser spot focus was reduced
diameter of about 5mm, which was smaller than the heate
spot.

The polymorphic relations of GeO2 were also investigated
from the first-principle total energy calculations based
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PHASE TRANSITION BETWEEN . . . PHYSICAL REVIEW B68, 134108 ~2003!
density functional formalism.25 In our study, the local density
approximation approach26 was adapted to use the exchang
correlation potential, and a pseudopotential with a pla
wave basis was used to solve the electronic structure.
pseudopotentials were constructed based on the Trou
Martins-type norm-conserving scheme27 with Ge and O ref-
erence configurations of 3d104s24p24 f 0 and 2s22p4, re-
spectively. Because of the strong closed-shell interac
between the Ge 3d orbitals and the O 2s orbitals in GeO2,
the potential of the semicore Ge 3d shell had to be included

FIG. 3. X-ray diffraction pattern for GeO2 phases obtained us
ing angle-dispersive technique with LHDAC at highP-T condi-
tions. Abbreviations of peaks are as follows: Pt, platinum as inte
pressure maker; NaCl, sodium chloride as pressure medium;
rhenium gasket; stars, small unknown peaks.
13410
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as a valence shell to represent the correct ground state.
local component of the potential was treated as anf-like form
to avoid the so-called ‘‘ghost state.’’28 This type of pseudo-
potential can produce the lattice parameters in full acc
dance with all-electron calculations, but it is difficult. Th
cutoff energy of the plane-wave expansion of the wave fu
tion was set at 160 Ry.

III. RESULTS

In the case of thein situ x-ray experiments, after pressu
izing the starting material to the desired pressure, the t
perature was increased to transform the materials to the h
pressure form. We performed diffraction measurements at
desiredP-T conditions. The duration of each measureme
was typically 3–5 min. Figure 3 shows the acquired x-r
diffraction data. The stable phase at eachP-T was deter-
mined from the diffraction peaks of the GeO2 phases~Table
I!. In the first experiment, thea-PbO2-type phase was ob
served at 72 GPa and 2100 K. Some diffraction lines fr
the internal Pt pressure calibrant and the NaCl pressure
dium could be observed in addition to the diffraction lin
from the sample. The quenched sample of this run was
vestigated using Raman spectroscopy. We observed tha
a-quartz-type starting material was transformed to the hi
pressure phase~Fig. 3!. This is consistent with our identifi-
cation of the phase duringin situ observations. In the secon
experiment, the CaCl2-type phase was observed at 59 G
and 2350 K~Table I!. The CaCl2-type phase was not recov
erable on quenching, as it is converted to the rutile-ty
phase on releasing the pressure.12 The sample quenched from
59 GPa and 2350 K exhibited the rutile-type phase from
Raman spectroscopy measurements~Fig. 4!. The spectrum in
Fig. 4 agrees with previous studies.29,30 The A1g Raman
mode at 684 cm21 and theB2g Raman mode at 853 cm21

were observed. Also, theEg Raman mode was identified a

al
e,
n
TABLE I. Observed and calculated x-ray diffraction patterns of CaCl2-type anda-PbO2-type phases. Calculatedd spacings are based o
orthorhombic unit cell dimensions; CaCl2-type structure,a54.240(2) Å, b54.145(2) Å, c52.786(1), and48.97(4) Å3; a-PbO2-type
structure,a54.051(1) Å,b55.028(1) Å,c54.522(1), and92.10(4) Å3.

CaCl2 2350 K 59 GPa a-PbO2 2100 K 72 GPa
hkl dobsÅ dcalÅ Dd hkl dobsÅ dcalÅ Dd

110 2.9637 2.9640 20.0003 110 3.1557 3.1546 0.0011
101 2.3295 2.3286 0.0009 111 2.5874 2.5872 0.0002
011 2.3106 2.3125 20.0019 020 2.5166 2.5141 0.0025
200 2.1200 002 2.2619 2.2608 0.0011
020 2.0726 021 2.1964 2.1973 20.0009
111 2.0290 2.0302 20.0012 200 2.0255
210 1.8875 102 1.9744 1.9742 0.0002
120 1.8616 1.8620 20.0004 121 1.9313 1.9314 20.0001
211 1.5628 1.5627 0.0001 112 1.8371 1.8376 20.0005
121 1.5488 1.5481 0.0007 022 1.6815 1.6811 0.0004
220 1.4819 1.4820 20.0001 220 1.5775 1.5773 0.0002

130 1.5482 1.5487 20.0005
202 1.5081 1.5086 20.0005
221 1.4897 1.4893 0.0004
8-3
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the low-frequency side of theA1g mode.
In the case of the quench experiments, the Raman s

trum of thea-quartz-type GeO2 starting material at ambien
conditions is shown in Fig. 4. The spectrum is characteri
by an extremely strongA1 mode at 442 cm21. The fre-
quency of theA1 Raman mode increased with increasi
pressure. Significant changes in the Raman spectrum b
when thea-quartz-type GeO2 was compressed above 7 GP
The Raman modes of thea-quartz-type GeO2 decreased
strongly in intensity with increasing pressure. After press
izing the sample above 40 GPa, no Raman mode were
served. Then, the temperature of the sample was incre
using the YLF laser. The heating duration of each meas
ment was typically 2–5 min. After quenching, the identific
tion of the high-pressure phase of GeO2 was based on the
Raman spectroscopy results, which are summarized in T
II. The uncertainties in the pressure at high temperature
the quench experiments were greater than those in thein situ
x-ray experiments, because the correction using the the
pressure had a considerable error.

The theoretical structural parameters of the predic
stable phases of GeO2 are given in Table III using available
data. We obtained those data from the ground-state en
minimization of the electronic states and ionic configu
tions. Close agreement of the LDA results with the expe
mental lattice constants, which is the same degree of a
racy as the previous results of Lodzianaet al.,13 are obtained.
The small differences between the two calculations are p
ably caused by the different of pseudopotentials used. In
study, the Ge pseudopotential intrinsically includes the se
cored shells, whereas Lodzianaet al.13 used the partial core
correction within an ultrasoft scheme. Table III also sho
that GGA provides too large values of cell parameters co
pared to the experimental and the LDA structural propert
We found that gradient corrections increase the lattice
rameters by roughly 2%.

The calculated enthalpy relations between the rutile-ty
CaCl2-type,a-PbO2-type, and pyrite-type phases are demo

FIG. 4. Observed Raman spectra of quenched GeO2 samples.
13410
c-

d

an
.

-
b-
ed
e-

le
in

al

d

gy
-
i-
u-

b-
ur
i-

s
-

s.
a-

e,
-

strated in Fig. 5. The transition pressures from rutile type
CaCl2 type, from CaCl2 type to a-PbO2 type, and from
a-PbO2 type to pyrite type were found by the LDA calcula
tion to be 19, 30, and 59 GPa, respectively, which are g
erally consistent with the values of 19, 36, and 65.5 G
reported by Lodzianaet al.13 The agreement of the rutile
CaCl2 transition pressure means that the transition press

TABLE II. Experimental conditions and results in GeO2. Abbre-
viations are as follows:t, Heating duration;A, a-PbO2-type phase;
C, CaCl2-type phase.

P ~GPa! T ~K! t ~min! Phases

In situ x-ray
71.7 2100 5 A
59.1 2370 5 C
Quench
62.7 1750 2 A
61.4 1950 3 A
61.6 1850 3 A
52.6 1700 5 A
51.6 1700 5 C
57.1 2000 2 A
68.6 1850 2 A
68.9 1900 5 A
58.5 1850 5 A
51.8 1950 5 C
55.7 2150 5 C
65.5 2200 1 A
76.2 2050 2 A
52.3 1900 4 C
65.0 1950 5 A
70.5 1950 10 A

TABLE III. Calculated structural parameters of GeO2 polymor-
phs at specified pressures with previous results.L, Lodzianaet al.
~Ref. 13!.

Phase Pressure Cell param. Å
Space group ~GPa! This study L Experiments

LDA GGA

Rutile type 0 a54.408 4.492 4.384 4.407a

P42 /mnm c52.887 2.923 2.864 2.862a

CaCl2-type 30 a54.313 4.364 4.281 4.258b

Pnnm b54.157 4.220 4.143 4.203b

c52.819 2.854 2.798 2.805b

aPbO2-type 40 a54.611 4.668 4.579 4.583c

Pbcn b54.124 4.172 4.096 4.111c

c55.119 5.184 5.088 5.099c

Pyrite-type 70 a54.434 4.482 4.405 4.333d

Pa3̄

a1 atm ~Ref. 40!.
b30.1 GPa~Ref. 14!.
c41.1 GPa~Ref. 15!.
d107.8 GPa~Ref. 15!.
8-4
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do not significantly depend on the method of calculation
the type of pseudopotential used. On the other hand,
transition pressures by the GGA calculation for rutile-CaC2,
CaCl2-a-PbO2 anda-PbO2-pyrite are 21, 36, and 69.5 GP
which are higher than those by LDA. The difference is larg
for the higher-pressure transition. In the case of
a-PbO2-pyrite transition, the boundary calculated by GGA
about 10 GPa higher than that by LDA. Such difference
transition pressures calculated by LDA and GGA was a
found in SiO2 polymorphs.31 Demuth et al.31 reported that
the transition pressures provided by GGA were more reas
able than those by LDA for low-pressure polymorphs
SiO2, although the structural parameters are better rep
duced by LDA.

The results of our determinations of CaCl2-type and
a-PbO2-type structure stability fields are summarized in F
6. The transition boundary has a positivedP/dT slope. The
boundary in Fig. 6 is represented by the following line
equation:

P(GPa)5(5363)1(0.01160.005)3(T-1800)(K).
The theoretical zero-temperature value of CaCl2-type to

a-PbO2-type structure transition pressures of GeO2 is 30.5
GPa ~LDA ! and 36 GPa~GGA!. Our experimental results
determined the transition pressure to be 33 GPa at 0
which is in close agreement with theab initio study.

FIG. 5. Calculated enthalpy differences of respective pha
from enthalpy of the rutile-type phase by LDA~upper panel! and
GGA ~lower panel!. The solid, dashed, and dot-dashed lines rep
sent the results of the CaCl2-type, a-PbO2-type, and pyrite-type
structures, respectively.
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IV. DISCUSSION AND CONCLUSIONS

Figure 7 shows the phase diagram of GeO2 determined by
our results and from previous studies. At ambient press
rutile-type anda-quartz-type phases are stable at low a
high temperatures, respectively. Then, the rutile-type ph
transforms to the CaCl2-type phase with increasing pressur
which is indicative of a second-order phase transition. T
phase boundary has a positivedP/dT slope.14 We found that
the transformation from the CaCl2-type phase to the

s

-

FIG. 6. Experimental results and a phase boundary determ
by both in situ and quench experiments. Abbreviations are as
lows: solid circle, CaCl2-type phase ofin situ x-ray experiments;
open circles,a-PbO2-type phases ofin situ x-ray experiments; solid
squares, CaCl2-type phase of the quench experiments; open squa
a-PbO2-type phases of the quench experiments; solid triangle
mixture of two phases~Ref. 15!; solid diamonds, CaCl2-type phase
~Ref. 14!.

FIG. 7. Phase diagram of GeO2. Solid triangles are pyrite-type
phase reported by Onoet al. ~Ref. 15!. Abbreviations are as fol-
lows: a, b, and c, calculated transition points at 0 K using the GGA
method in this study; d, Liu and Bassett~Ref. 39!; e, Onoet al.
~Ref. 14!; f, this study; g, estimated phase boundary.
8-5
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a-PbO2-type phase, also had a positivedP/dT slope. At
higher pressures, the transition from thea-PbO2-type phase
to the pyrite-type phase has been reported.15 The slope of the
dP/dT transition is difficult to determine, but this transitio
seems to have a positivedP/dT slope if we assume that th
phase boundary at 0 K is located at either the theoretica
pressure of 59 GPa~LDA ! and 69.5 GPa~GGA! in this study
or the 65.5 GPa of Lodzianaet al.13 Consequently, GeO2
shows the following sequence of phase transitions: ru
type, CaCl2 type, a-PbO2 type, and finally, pyrite type, and
all the transitions have a positivedP/dT slope.

The transition sequence in GeO2 is the same as that in
SnO2 reported in previous studies.9,10 Furthermore, the ex-
perimental studies reported that the silica, SiO2, showed this
same transition sequence, except for the pyrite-t
phase.5,6,8,32 The low-pressure limit of the stability field o
the pyrite-type phase in SiO2 seems to be too high to syn
thesize this form by experiment.3,4 From the results of the
SiO2 and SnO2 analog of GeO2, the high-pressure transitio
sequence of GeO2 from rutile type to CaCl2 type toa-PbO2
type to pyrite type seems reasonable.

Table IV shows a comparison of thedP/dT slopes of the
phase boundary between the CaCl2-type anda-PbO2-type
structures in SiO2 , GeO2, and SnO2. Our results for GeO2
show a positive slope, which agrees with that of SnO2.33

However, a negative slope for SiO2 was reported by Du-
brovinsky et al.7 At the lower phase transition between th
rutile-type and CaCl2-type structures, positivedP/dT slopes
were reported for SiO2 and GeO2.8,14 Since the structura
changes are similar in those phase transitions, it is difficu

TABLE IV. The dP/dT slope of phase boundary between t
CaCl2-type anda-PbO2-type structures in the AO2 phase. A, Du-
brovinskyet al. ~Ref. 7!; B, this study; C, Suitoet al. ~Ref, 33!.

dP/dT ~MPa/K! References

SiO2 211 A
GeO2 11 B
SnO2 2.2 C
in,

e

on

S
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o

understand why SiO2 shows an exception in the transitio
between the CaCl2-type anda-PbO2-type phases. Therefore
there is a need for further investigation into thedP/dT slope
of the SiO2 phase boundary.

Based on relatively poor x-ray data recorded using a c
ventional source, previous studies have reported
Fe2N-type structure in GeO2 at pressures above 25 GPa.34,35

Recent studies using synchrotron x-ray diffraction15 to pres-
sures up to 130 GPa have confirmed that the Fe2N-type
structure reported by previous studies was in fact
a-PbO2-type structure.36 Moreover, a neutron and synchro
tron study has reported thatz-Fe2N can exhibit the
a-PbO2-type structure.37

An unknown orthorhombic structure in GeO2 has been
reported at pressures above 25 GPa.38 However, this phase
was not observed in our experiments. This discrepa
seems to be a result of the kinetics of the phase transiti
At low temperatures, materials are often compressed i
metastable state relative to their phase boundaries, bec
of the small thermal energy of the atoms compared to
activation barrier for the transition. To avoid the formation
metastable phases, we used the laser-heated technique
crease the temperature to above 2000 K, and additionall
release any stress in the sample. Our heating techn
seemed to enhance the phase transition. Although the
P-T phase was observed after the temperature quench in
previous study, their heating temperature was lower th
ours, because of technical problems they experienced.
used the method of in situ observations at the highP-T con-
ditions by using intense x rays from synchrotron radiati
source. Therefore, the previously reported unknown ort
rhombic phases seem to be thermally metastable.
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