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Bulk modulus of CeO2 and PrO2—An experimental and theoretical study
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Abstract

The high-pressure structural behaviour of CeO2 and PrO2 has been investigated by synchrotron X-ray diffraction at pressures up to 20
and 35 GPa, respectively. The experiments are accompanied by first principles calculations using the self-interaction corrected local spin
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ensity (SIC-LSD) approximation. The experimental values for the zero-pressure bulk modulus of CeO2 and PrO2 are 220(9) and 187(8) GP
espectively. Our calculations reproduce the lattice constants with good accuracy, but find identical bulk modulii for CeO2 (176.9 GPa) an
rO2 (176.8 GPa).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lanthanide dioxides, which have a cubic fluorite struc-
ure, form an interesting and extensively studied series, which
nds potential interest as optical component materials and
aser hosts. The Ce, Pr and Tb dioxides crystallize in the
ubic fluorite structure whereas the other rare earths form
esquioxides. CeO2, commonly known as Ceria, has broad
pplications in industry and hence it has been most exten-
ively studied by experimentalists as well as theoreticians.
ulk CeO2 has got a wide range of application in modern
atalytic industry[1,2]. In addition, the ability of CeO2 to
onduct oxygen ions has made it one of the basic materials
or fuel-cell technologies[3]. PrO2 is an insulator exhibiting
ype-I antiferromagnetic ordering below the Néel tempera-
ureTN = 14 K with an anomalously low ordered moment of
.6µB [4], whereµB is the Bohr magneton. PrO2 forms high
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quality epitaxial films when grown on a hydrogen-termina
Si(1 1 1) surface[5].

Several experimental studies such as inelastic ne
scattering and neutron diffraction measurements on PrO2 re-
veal evidence for Jahn–Teller distortion atTD = 120± 2 K
[6,7]. Below this temperature an internal distortion of
oxygen sublattice causes the unit cell of the crystallogra
structure to be doubled along one crystal axis[8,9]. Apart
from neutron diffraction measurements, spectroscopic
ies such as core-level photoemission, optical reflectivity
fluorescence spectroscopy have been carried out for Pr2 by
several experimental groups[10–13].

Studies of CeO2 and PrO2 under pressure are interest
because they can be related to the systematics of the
pressure behaviour of the lanthanide and actinide diox
Most cubic fluorite-type compounds (space groupFm3̄m

(2 2 5)), such as CeO2 and PrO2, have been shown to tran
form to the orthorhombic�PbCl2-type structure (space gro
Pnma (62)) at high pressure. A key question in the theore
description of CeO2 and PrO2 is the nature of the bonding a
the occupation of the 4f orbital. One reason for the lim
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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number of theoretical studies could be the difficulty to de-
scribe the 4f electron state within standard band–structure
methods.

High-pressure Raman studies on CeO2 in comparison with
the isostructural actinide dioxide ThO2 indicate a pressure-
induced phase transition from the fluorite phase around
31 GPa in CeO2 and around 30 GPa in ThO2 [14,15]. The
high-pressure spectra are consistent with the lower-symmetry
�PbCl2-type structure. These results were confirmed in the
high-pressure X-ray diffraction studies of CeO2 [16,17]. In
both these studies, the bulk modulus of the fluorite-type
phase was determined. The sound wave velocity for each
acoustic phonon mode of CeO2 was estimated by Naka-
jima et al. [18] from the frequency shift of Brillouin scat-
tering lines. Using these experimental values, the elastic
constants of CeO2 were derived. Size-dependent proper-
ties of CeO2 nanoparticles have been recently studied ex-
perimentally[19–22]using Raman spectroscopy and X-ray
diffraction.

The presence of covalent bonding in CeO2 and PrO2 was
demonstrated by Koelling et al.[23], by means of the lin-
ear augmented plane wave method. Hill and Catlow[24], in
a study of bulk CeO2, applied the restricted Hartree–Fock
method to study the ground state properties. The computed
bulk modulus was 357 GPa, which is about 50% larger than
the experimental value. Later, Landrum et al.[25] carried
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of the properties of bulk CeO2. The results also show clearly
that CeO2 is an insulator.

Very little has been published on the high-pressure be-
haviour of PrO2. High-pressure phase transformations of
PrO2 and some other isostructural fluorite-type dioxides have
been studied using the diamond-anvil cell and laser heating.
In PrO2, a pressure induced structural phase transition from
cubic fluorite phase to an orthorhombic phase similar to that
of ThO2 has been observed[31]. X-ray absorption studies
of PrO2 at pressures up to 12 GPa were carried out by Hu et
al. [32]. Theoretically, calculations have been performed by
Dabrowski et al.[33] to study the ground state properties of
PrO2 in the fluorite-type phase using an ab initio pseudopo-
tential plane wave code, extended for atoms with valence
electrons of f-type. The LSD method for the exchange and
correlation energy and non-local pseudopotentials was used.
The computed bulk modulus is 250 GPa, which is about 15%
larger than the experimental value[33].

The present work is an experimental and theoretical study
of the high-pressure structural behaviour of CeO2 and PrO2.
In particular, we emphasize the determination of the equation
of state and the bulk modulus of the cubic fluorite-type phase.

2. Experimental procedure
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ut a systematic examination of the electronic structure
onding in CeO2 and other cerium compounds using the
ar muffin–tin orbital (LMTO) method in the atomic sph
pproximation.

Recently, electronic, bonding and optical propertie
eO2 and Ce2O3 were calculated in the framework of t

ull-potential LMTO method, using the local-density appr
mation (LSDA) and the generalized gradient approxima
GGA) for the exchange-correlation potential[26]. It was
ound that the lattice parameter and the bulk modulus of C2
stimated for a valence band model (treating the f elec
s valence states) are in much better agreement with e
ent than those calculated for a core state model (treatin

electrons as core states). The best agreement betwee
ry and experiment is obtained within the LSDA, wher
GA calculations predict somewhat too large lattice c
tants and too small bulk modulii[26]. The mechanism b
ind the ability of ceria to store oxygen has been expla
n the basis of first-principles quantum mechanical sim

ions by the same authors[27]. They further extended the
tudy on the surface properties of CeO2 from first principles
28].

Combined experimental and theoretical studies of the
ical properties of CeO2 along with other tetravalent Ce4+

ons confirmed the applicability of CeO2 as a potential UV
bsorber[29]. Recently, Yang et al.[30] have studied th
round-state electronic properties of stoichiometric bul
ell as surfaces of reduced and unreduced CeO2 using the Vi-
nna ab initio simulation package. The projector-augme
ave method was used and shown to give a good descr
-

High-pressure powder X-ray diffraction patterns w
ecorded at room temperature using the white-beam me
nd synchrotron radiation at Station F3 of HASYLAB-DE

n Hamburg, Germany. The diffractometer, working in
nergy-dispersive mode, has been described elsewher[34].
igh pressures were obtained in a Syassen–Holzapfe
iamond-anvil cell. A finely ground powder sample an
uby chip were placed in a 200�m diameter hole in an in
onel gasket, pre-indented to a thickness of 60�m. A 16:3:1
ethanol:ethanol:water mixture was used as the pres

ransmitting medium. The pressure in the cell was determ
rom the wavelength shift of the rubyR1 luminescence lin
nd applying the non-linear pressure scale of Mao et al.[35].
he Bragg angle of each run was calculated from a z
ressure spectrum of sodium chloride in the diamond-
ell.

Fig. 1 shows synchrotron X-ray diffraction diagrams
eO2 and PrO2. From the observed diffraction pattern, v
es for the lattice parameter and the unit-cell volum
function of pressure can be derived and refined.

ressure–volume data can then be described by an a
riate equation of state (EOS). In the present work, we
sed the Birch–Murnaghan equation[36], which for a cubic
hase can be written:

= 3

2
B0(x−7 − x−5)

[
1 − 3

4
(4 − B′

0)(x−2 − 1)

]
(1)

herex = a/a0,a being the lattice parameter at pressureP, and
0 the lattice parameter at zero pressure,B0 is the bulk modu
us andB′

0 its pressure derivative, both parameters evalu
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Fig. 1. Synchrotron X-ray diffraction spectrum at various pressures. The
small vertical lines at the bottom of the diagram indicate the positions of the
fluorite-phase Bragg-reflections: (a) CeO2; (b) PrO2.

at zero pressure. Values ofB0 andB′
0 are obtained from a

least-squares fit of Eq.(1) to the experimental data points.

3. Theoretical aspects

While the conventional band theory, as implemented in
the local spin-density approximation to the density func-
tional theory, generally has been very successful in describ-
ing solid state properties, it fails for f-electron systems. The
strong on-site correlation effects that tend to localize the f-
electrons in atomic-like orbitals are inadequately accounted
for by the homogeneous electron gas underpinning the LSD.
In fact, the LSD approximation introduces an unphysical self-
interaction, which, though it vanishes for extended states in
a periodic solid, can be substantial for well-localized states.

The self-interaction corrected (SIC)-LSD approximation
constitutes a scheme capable of treating both localized and
delocalized electrons on an equal footing, by including into
the total energy functional an explicit energy contribution
for an electron to localize[37]. The localized f-states thus
gain the self-interaction energy, but loose their band forma-
tion energy, as they are no longer allowed to hybridize with
the remaining conduction electrons. On balance, comparing
different localized fn scenarios, the global energy minimum
establishes the ground state configuration. The details of the
S

Fig. 2. Total energy as a function of volume for CeO2 in the f0 configuration.

Due to the highly correlated 4f electrons, the rare-earth
compounds are characterized by a fixed fn configuration of
atomic-like f-electrons, and the resulting electronic structure
is well reproduced within the SIC-LSD (see for example[39]
and references therein). Calculations based on the LSD ap-
proximation indicate that the experimental observations are
best reproduced by describing CeO2 in terms of delocalized
f-electrons and PrO2 with one f-electron treated as core state.
However, rather than determining the f-electron configuration
from a comparison to empirical data, the SIC-LSD method
is entirely ab initio, and relies on total energy calculations.
Thus, comparing the total energies for various f-localization
scenarios, the Ce(f0) and Pr(f1) configurations were found
to be energetically most favourable[40]. The lattice con-
stant and the bulk modulus for the given configuration can
be derived from the total energy versus volume behaviour
(depicted for the CeO2 ground state configuration inFig. 2)
using the Birch–Murnaghan equation of state[36].

4. Results and discussion

Fig. 3a shows the experimental and theoretical lattice pa-
rameters of cubic CeO2 as functions of pressure. A fit of
the Birch–Murnaghan equation(1) to the experimental data
p
a n
c cted
z
0 )
H un-
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v
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B s-
s hod.
IC-LSD method can be found in Ref.[38].
oints gives the zero-pressure bulk modulusB0 = 220(9) GPa
ndB′

0 = 4.4(4). Also shown inFig. 3 is the compressio
urve calculated by the SIC-LSD method. The predi
ero-pressure lattice parametera0 = 5.384Å agrees within
.5% with the corresponding experimental value 5.411(1Å.
owever, the SIC-LSD method seems to considerably
erestimate the bulk modulus, the calculatedB0-value be

ng 176.9 GPa, which is 20% lower than the experime
alue.

Similarly, the lattice parameters of cubic PrO2 as func-
ions of pressure is shown inFig. 3b. A fit of the Birch–
urnaghan equation(1) to the experimental data points giv

0 = 187(8) GPa andB′
0 = 4.8(5). Also here, the compre

ion curve has been calculated by the SIC-LSD met
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Fig. 3. Room-temperature compression curves. The curve through the
experimental data points (filled squares) has been calculated from the
Birch–Murnaghan equation(1). The result of the theoretical calculation is
shown by the lower curve: (a) CeO2; (b) PrO2.

Again, the predicted zero-pressure lattice parameter 5.364Å
agrees with the corresponding experimental value 5.394(2)Å
within 0.5%, whereas the calculated zero-pressure bulk
modulus 176.8 GPa is 8% lower than the experimental
value.

In Tables 1 and 2we summarize experimental and cal-
culated values of the zero-pressure lattice constant,a0, and

Table 1
Comparison of experimental and calculated values of the lattice parameter
a0 and the zero-pressure bulk modulusB0 of CeO2

a0 (Å) B0 (GPa) Method Reference

5.406(10) 230(10) X-ray diffraction [16]
5.411(3) 236(4) X-ray diffraction [17]

204 Brillouin scattering [18]
5.385 357 Hartree–Fock [24]
5.39 215 FP-LMTO [26]
5.45 194 VASP-PAW [30]
5.411(1) 220(9) X-ray diffraction Present work
5.384 176.9 SIC-LSD Present work

The number in parentheses is in each case the estimated error or the standard
error of the fit, in units of the last decimal place.

Table 2
Comparison of experimental and calculated values of the lattice parameter
a0 and the zero-pressure bulk modulusB0 of PrO2

a0 (Å) B0 (GPa) Method Reference

250 LSD [33]
5.394(2) 187(8) X-ray diffraction Present work
5.364 176.8 SIC-LSD Present work

The number in parentheses is in each case the estimated error or the standard
error of the fit, in units of the last decimal place.

bulk modulus,B0, for cubic CeO2 and PrO2 as obtained in
the present work and as found in the literature. It is seen
that the experimental values for the bulk modulus of CeO2
(Table 1) are confined to a 15% range from 204 to 236 GPa,
whereas there is a large scatter of the calculated values.
Apart from the very high value of Hill and Catlow[24],
calculations tend to underestimate the bulk modulus. For
PrO2 (Table 2) there are too few data to draw any general
conclusions.

In Fig. 4a and b we show the ground state density of
states (DOS) of CeO2 and PrO2, respectively. We notice that
both DOSs are remarkably similar. Below the Fermi level,

Fig. 4. DOS plots: (a) CeO2 in the f0 configuration; (b) PrO2 in the f1

configuration.
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the oxygenp band is completely filled by accommodating
two electrons from the rare earth element through charge
transfer and hybridization. Above the Fermi level we find the
unoccupied f-levels. In a pure LSD picture, the additional f-
electron of Pr would be placed in the narrow band state above
the energy gap, resulting in a large DOS at the Fermi level,
which is in disagreement with the insulating nature of PrO2.
Here, in the SIC-LSD, we find that the f-electron prefers to
occupy an atomic like orbital due to the associated gain in
self-interaction energy. The ground state DOS for CeO2 in
Fig. 4a is obtained from the LSD approximation. The calcu-
lated energy gaps are 1.7 eV for CeO2 and 1.1 eV for PrO2,
respectively. The experimental BIS spectrum shows a mini-
mum energy gap of around 3 eV for CeO2 [41], and conduc-
tivity measurements indicate a gap of 0.26 eV for PrO2 [42].
Given the considerable similarity between the two DOSs, it
may not be surprising that the calculated bulk modulii are
more or less the same for the two compounds. This cannot,
however, explain the large difference of about 15% between
the actually measured values for CeO2 and PrO2.

In summary, the experimental zero-pressure bulk modulii
for cubic fluorite-type CeO2 and PrO2, as determined in the
present work, are 220(9) and 187(8) GPa, respectively. Cal-
culations using the self-interaction corrected local-density
approximation reproduce the insulating nature of CeO2 and
PrO compounds and the measured equilibrium lattice con-
s d to
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