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Electronic, bonding, and optical properties of CeO2 and Ce2O3 from first principles
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First-principles electronic structure calculations of cerium oxide in two forms, CeO2 and Ce2O3, are pre-
sented. The 4f state of Ce is treated as a part of the inner core in Ce2O3 and as a valence-band-like state in
CeO2. The calculated ground-state and magnetic properties of the Ce~III ! oxide are shown to be in agreement
with available experimental data as well as the calculated ground-state and optical properties of Ce~IV !
dioxide. The nature of the bonding in cerium oxide is discussed on the basis of an analysis of the charge-
density and electron localization function distributions and described as a polarized ionic bond in both oxides.
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I. INTRODUCTION

Cerium oxide is a technologically important material wi
remarkable properties used in a number of applications.
instance, it is widely applied in automobile exhaust cataly
as an oxygen storage, due to its ability to take and rele
oxygen under oxidizing and reducing conditions. The ca
of this effect is a continuously ongoing transformation b
tween the two Ce oxides, the oxygen-rich CeO2 and the
oxygen-poor Ce2O3 depending on the external oxygen co
centration.

Due to other important properties of Ce oxide, such a
high dielectric constant and good epitaxy on Si, it is a
viewed as a prospective material for future microelectro
applications. In particular, CeO2 is considered as a candida
for replacing silicon dioxide in electronic appliances.1 This
explains the present intensive attention drawn to this ox
and its optical properties.2–5

Fundamental issues and key features of the cerium oxi
like the occupation of the 4f orbital and bonding, are exten
sively discussed in the literature. They have been inve
gated by a number of experimental techniques, includ
x-ray photoemission and absorption spectroscopies andL-M-
edge and bremsstrahlung isochromat spectroscopies, as
as optical measurements. In most cases model calcula
based on the Anderson impurity model were used to ana
the experimental data.2,6–9As a result two opposite points o
view regarding the occupation of the 4f orbital of Ce have
been formed. One of them considers the 4f electron of Ce in
CeO2 to be in a mixed-valence state with the occupationnf
of about 0.5.6–8 To explain the coexistence of the mixe
valence features and insulating properties of CeO2 the author
of Refs. 6 and 7 has proposed a specific local valence-mix
mechanism between 2p states of O and 4f states of Ce.
According to Ref. 7 the same mechanism exists ina-Ce.

However, other authors, based on the results of sim
experimental techniques, have come to the conclusion
the 4f orbital of Ce in CeO2 is essentially unoccupied an
the Ce ion is in the tetravalent state.9 They show that it is not
correct to consider what seems to be a partial occupatio
the 4f Ce state as an initial state since the creation of a c
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hole leads to a renormalization of all the states, including
4 f states, and can cause the appearance of af 1

configuration.2,9 The measurements of the optical reflectivi
performed by Marabelli and Wachter have also shown t
the occupation of the Ce 4f state is less than 5%.2

Consequently, the question about the nature of the bo
ing in CeO2 is answered differently by different authors d
pending on their opinion regarding the occupation of thef
orbital. A number of possible pictures have been put forwa
such as covalent bonding2 and ionic or partly ionic
bonding,9,10 as well as covalent bonding in the Ce-O a
Ce-Ce pairs but ionic bonds between the oxygen atoms.11 In
spite of this controversy and the practical importance of
cerium oxide, to the best of our knowledge only few firs
principles theoretical investigations have been carried out
the early 1980s Koellinget al.11 calculated the electronic
structure of CeO2 by means of the linear augmented-plan
wave ~LAPW! method with Slater exchange and warp
muffin-tin approximation for the crystal potential and char
density. They reported that thef and d states of Ce are hy
bridized with the oxygen 2p band.12 More recently Hill and
Catlow13 applied the restricted Hartree-Fock method, w
known for describing the exchange interaction correctly
entirely missing the correlation effects. They calculated
electronic and thermodynamic properties of CeO2 and found
that the lattice parameter is equal to 5.385 Å and the b
modulus is equal to 357 GPa. However, the experime
value for the bulk modulus is 236 GPa~Ref. 14! ~204 GPa
according to Ref. 15! and, therefore, the discrepancy b
tween the Hartree-Fock and experimental values is ab
50%.

Unfortunately, little is known about the properties
Ce2O3, although it has been discussed in a fe
publications.16–18 There are, for instance, results from th
photoemission experiments and analysis based on the An
son impurity model showing that Ce in Ce2O3 is close to the
trivalent state.19

One reason for the relatively limited number of theoretic
studies of Ce oxides could be the difficulty to provide
proper description of the 4f -electron state of Ce within stan
dard band methods as the on-site electron repulsion~‘‘Hub-
©2001 The American Physical Society08-1
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bard U’’! may be high compared to the bandwidth. Seve
methods such as LDA1U ~Ref. 20! and SIC-LDA~Ref. 21!
have recently been developed to deal with this type of c
related systems. In particular, they were successfully app
to describe theg-a transition in pure Ce~Refs. 22–27! and
properties of Ce monopnictides and chalcogenides.28–30 In
spite of this success the general applicability of these m
ods to systems with strong correlations still remains uncl
At the same time, a number of authors31,32also reported very
satisfactory results for the calculated ground-state prope
of g- anda-Ce phases, as well as for theg-a transition in Ce,
obtained within a much simpler band scheme, which con
ers one 4f electron ing-Ce as fully localized by treating it a
part of the inner core, whereas the 4f state ina-Ce is con-
sidered as an itinerant band state.

In the present paper we extend the latter approach to
cerium oxides and present the results ofab initio investiga-
tions of the electronic structure, bonding, and optical pr
erties of CeO2 and Ce2O3. Stoichiometric CeO2 has a cubic
fluorite lattice (Fm3m) with four cerium and eight oxygen
atoms per unit cell33 @Fig. 1~a!#. The sesquioxide of Ce
Ce2O3 ~A type!, has a hexagonal lattice withP3̄m1 space
group, two cerium, and three oxygen atoms per unit cell,
with a c/a ratio equal to 1.55~Ref. 33! @Fig. 1~b!#. We cal-
culate the properties of these oxides in the framework of
full-potential linear muffin-tin orbital~FP-LMTO! method.34

This method has been shown to be an efficient tool for c
culating properties of different compounds, includin
oxides.35 The description of the applied technique and deta
of the calculations are given in Sec. II. Section III is devot
to the obtained electronic, structural, bonding, and opt
properties of CeO2 and Ce2O3. A summary of the presente
results is given in Sec. IV.

II. DETAILS OF THE CALCULATION

The total energy and electronic structure have been ca
lated by means of the FP-LMTO method. The lattice spac
divided into nonoverlapping muffin-tin spheres~MTS’s! sur-
rounding each atomic site and interstitial regions betw
them. No approximation for the shape of the potential a

FIG. 1. Crystal structures of~a! the cubic fluorite lattice

(Fm3m) of CeO2 and~b! the hexagonal lattice (P3̄m1) of Ce2O3.
Here Ce and O atoms are shown by black and gray circles, res
tively.
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charge density is introduced. The basis of augmented lin
muffin tin orbitals is employed.36,37 Inside the MTS’s the
basis set, potential, and charge density are expande
spherical harmonics, while Fourier series are used in the
terstitial region. For both CeO2 and Ce2O3, the spherical har-
monic series expansion has been carried out up tol 56. The
tails of the basis functions outside their parent spheres
linear combinations of Hankel and Neuman functions. A
basis set 5s, 5p, 5d, 4f , and 6s orbitals inside the Ce
MTS’s are used when the 4f electron is treated as a valenc
electron, while only 5s, 5p, 5d, and 6s states are included
in the Hamiltonian when thef electron is treated as a loca
ized core state. The basis for the O atom contains 2s, 2p,
and 3d orbitals. Further, we use a so-called ‘‘multiple basi
where different orbitals ofl ,ml character connect, in a con
tinuous and differentiable way, Hankel and Neumann fu
tions with different kinetic energies. We perform calculatio
in the framework of the local-density approximation~LDA !
and the generalized gradient approximation~GGA! for the
exchange-correlation energy density and potential in
Perdew-Wang parametrization.38 For sampling of the Bril-
louin zone ~BZ! we employ the specialk-point method39

with a Gaussian smearing of 20 mRy taking 40 and 24k
points in the irreducible wedge of the Brillouin zones f
CeO2 and Ce2O3, respectively. We have carried out a numb
of tests to ensure convergence with respect tok points and
different grids.

The investigation of optical properties is based on cal
lations of the dielectric function and reflectivity. The detaile
description of the calculational technique in the framewo
of the FP-LMTO method can be found in Refs. 35 and 40.
analyze the bonding in the oxides under consideration
have calculated the density of states, band structure, ch
density, and the electron localization function~ELF!.41–43

III. RESULTS AND DISCUSSION

A. Electronic structure, bonding, and ground-state properties
of bulk CeO2

Since CeO2 is experimentally known to be
paramagnetic,44 we present our results for paramagne
CeO2. As the discussion about the degree of the localizat
of the 4f Ce electron in this oxide has led to contradicto
conclusions,2,6–8 in the present study of the electronic stru
ture and ground-state properties we have made calculat
for two models. First, we treat the Ce 4f state as part of the
valence band. Second, we consider the 4f electron as a fully
localized core electron. The latter means that we put
electron into the 4f state and treat this state as a part of t
inner core of the Ce. In the following discussion we w
refer to these models as the valence band model~VBM ! and
the core state model~CSM!, respectively. The ground-stat
properties calculated in the framework of these two mod
together with available experimental and theoretical data,
summarized in Table I. One can see that the lattice param
and the bulk modulus of CeO2 obtained for the VBM are in
much better agreement with experiment than those calcul
for the CSM. We remark that this conclusion does not d
pend on the particular form of the exchange and correla

c-
8-2
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TABLE I. Theoretical and calculated lattice parameter@a ~Å!# and bulk modulus@B ~GPa!# of CeO2 .

Valence-band modela Core-state modela HFb Expt.

Property LDA GGA LDA GGA

a ~Å! 5.39 5.48 5.56 5.69 5.385 5.41c

B ~GPa! 214.7 187.7 144.9 128.8 357 236d, 204e

aThis work.
bReference 13.
cReference 33.
dReference 14.
eReference 15.
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functional; i.e., it is true for both the LDA and GGA calcu
lations. The best agreement with the experiment is obtai
within the LDA, while GGA calculations predict a bit lowe
bulk modulus and higher lattice parameter. Thus our st
suggests that a more realistic description of Ce 4f states in
the dioxide is given by the VBM, because within this mod
the Ce ion is essentially treated as being in a tetravalent s
with a very small occupation of the 4f level. As a matter of
fact, both LDA and GGA results for CeO2 within the CSM
are in significant disagreement with the experimental val
of the ground-state parameters~Table I!. The main cause for
this is that with this configuration Ce is essentially treated
being in a trivalent state.

This conclusion is also supported by the details of
electronic structure of CeO2 calculated in the framework o
the VBM for the Ce 4f state which are in good agreeme
with the experimental data.2,9,45Figure 2 shows the paramag
netic density of states and band structure calculated wi
the LDA, where the 4f electron of Ce is included in the
valence band. The density of states is shown in more deta
Fig. 3, where we present the partial densities of states fo
states~upper panel! and O states~lower panel!. In this figure

FIG. 2. Band structure~left panel! and density of states~DOS,
right panel! for CeO2 calculated within the valence-band model f
the Ce4f electron. The DOS is given in arbitrary units.
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the lowest shown band consists of 2s states of O and 5p
states of Ce. The highest occupied valence band has a l
O 2p character, while the narrow band situated just abo
the Fermi level is mainly due tof states of Ce. The width o
the 2p band is about 4 eV, and that is in good agreement w
experiment2,9,45 as well as previous calculations.11 The en-
ergy gap between the occupied 2p band of O and unoccupied
band of 5d and 6s states of Ce, situated above the emptf
band of Ce, is about 5.5 eV, which also agrees well w
measurements~;6 eV!.2,9 The gap between the 2p O band
and narrowf Ce band is about 2.5 eV, which matches the
eV obtained in the experiment.9 Note also that our results
show the usual underestimation of the band gap within
standard density functional theory~DFT! scheme. Neverthe
less, according to the calculations CeO2 is a pronounced in-
sulator.

In Fig. 3 the presence of some Ced andf characters in the
p band of O, as well as the presence of O 2p states in the
narrow Cef band, can be seen. This result was also obtai
in the calculations by Koellinget al.11 and was interpreted a
a justification of the partial occupation of the Cef states.

FIG. 3. Partial density of states~PDOS! for CeO2 within the
VBM. The upper panel shows the contribution of Ce states;
lower panel indicates O states. We have not shown the 5s states of
Ce as they are situated quite low in energy at about230 eV.
8-3
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However, it is important to understand that in our calcu
tions, as well as in the calculations reported in Ref. 11, o
expands Bloch’s wave functions using a basis set of atom
like orbitals inside the MTS’s which can be rather artificia
According to Andersenet al.46 the role of the MTS’s is to
describe the input potential, rather than the output w
function. For the latter, the expansion in MT orbitals tru
cated outside the spheres constitutes merely a decompos
which is used in the self-consistent calculations. As a res
Ce d and f states found in the oxygenp band could be just
tails of neighboring O electronic states spilling into the
MTS’s. Therefore, the fact that there is a nonzero Cef den-
sity of state~DOS! within the Op band does not necessari
mean some partial occupation of thef orbital or covalent
bonding. As a matter of fact, the very narrow, unoccupief
band is situated well above the occupied valence sta
which allows one to consider the 4f states of Ce as an empt
atomiclike 4f level.

To support this statement we have taken a closer loo
the bonding situation since the existence of real hybridi
tion between states of Ce and O should lead to cova
bonds between these atoms. For this purpose we first ana
the charge-density distribution calculated within the VB
for this oxide. Note that the charge density is the quan
which is most accurately given by our method. The pla
~110! with total charge-density distributions typical for CeO2
is shown in Fig. 4~a!. It is clearly seen that cerium oxide i
characterized by a nearly spherical charge-density distr
tion around the Ce and O ions and a low charge densit
the interstitial region. Compared to the charge density in
rest of the interstitial region relatively high charge-dens
bridges are present between the atomic spheres. A sim
result was obtained in Ref. 11. In Ref. 11 the bridges w
viewed as an indication of covalent bonds between Ce an
atoms due to hybridization of oxygenp states with partially
occupied Cef and d states. However, a judgement on t
presence of covalency based on an analysis of the cha
density distribution alone should be made with care.47 That is
why the distribution of the electron-localization functio
~ELF! ~Refs. 42–44 and 47! is also analyzed.

It has been shown that the spatial organization of E
provides a basis for a well-defined classification of bond47

The ELF is defined as@11(D/Dh)2#21, whereD is an ex-
cess of the local kinetic energy due to the Pauli princip
Thus D is given by t2tW , with t being the Kohn-Sham
local kinetic energy,t51/2Su¹w i u2, wherew i are the Kohn-
Sham orbitals, andtW is the value oft in the absence of the
Pauli principle~;u¹ru2/r, r being the charge density!. Dh
representsD for the corresponding uniform electron ga
(;r5/3). According to this definition the ELF can have va
ues between 0 and 1, where 1 corresponds to perfect lo
ization. In Fig. 4~b! the ELF is shown for the same plane
considered above for the charge-density distribution. T
picture is quite peculiar, with almost triangular shapes of
ELF around the O atoms and a lower localization of t
electrons on Ce atoms. Remarkably, although bridges
tween Ce and O atoms are seen in the charge-density d
bution, noshared-electronpicture between any pair of at
oms, characteristic for covalent bonds,47 is seen in the ELF.
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Moreover, our detailed study of the structure of the cha
density shows that the main contribution to the total cha
density at the Ce atoms@Fig. 4~a!# comes from the core
electrons of Ce which, obviously, cannot contribute to co
lency. On the other hand, the bonding has a visible polar
tion that is not typical for a pure ionic bonding~present in a
typical ionic material, like NaCl!. Thus no presence of cova
lency is confirmed by our ELF analysis and the bonding
cerium oxides can be characterized as polarized ionic.

B. Optical properties of CeO2

Based on the results of our electronic structure calcu
tions, some optical properties of Ce dioxide are studied in
framework of the VBM, such as the imaginary@e2(E)# and
real @e1(E)# parts of the dielectric function, as well as th
reflectivity. In Fig. 5~b! the calculatede2(E) up to 25 eV is
shown. For comparison the experimental data measure
this energy range are presented in Fig. 5~a!. It contains the
data reported by Marabelli and Wachter,2 who have carried
out reflectivity measurements between 1 meV and 12 eV
300 K for single crystals of CeO2, by Guoet al.,3 who have
obtainede2 and e1 up to 5 eV for CeO2 films, and by Ni-
wano et al.,4 who have performed measurements for po
crystalline samples between 2.5 and 40 eV.

All the experimental curves show the same trend@Fig.
5~a!#, namely, a sharp peak at about 3 eV and a wide pea
about 8 eV. The measurements by Niwanoet al.4 have also a
peak at about 20 eV. The calculatede2 curve also shows a
sharp increase at about 2.5 eV at the first onset of the op
transitions. The second main peak is situated at about 10
and the third one at 21 eV. Thus the theoretical curve reve
a similar structure, reproducing the experimental behav
rather well.

The intensities obtained in the experiments and calcu
tions are somewhat different. However, the intensities a
differ between the different sets of experimental data u
for the present comparison. For example, the magnitude
the first peak in our calculation is about 10. In the same u
it is 5 in Refs. 2 and 7 in Ref. 3, while it is only 3 in Ref. 4
Note that in Fig. 5 we have scaled this curve with a factor
3 to be able to show its structure better. These discrepan
could appear, for example, due to the use of differ
samples as well as different types of measurements in al
experiments. Another source of discrepancy could be
broadening of the experimental and theoretical curves.
degree of such broadening is seldom mentioned in exp
mental papers, though it can influence the intensities of
peaks. For the results presented in Fig. 5~b! Gaussian smear
ing with an energy width of 0.04 eV has been used. Ho
ever, larger smearing widths lead to lower intensities for
heights of the peaks.

For insulators the peaks ofe2 originate from interband
transitions from valence- into conduction-band states. A
cording to the dipolar selection rule only transitions chan
ing the angular momentum quantum numberl by unity (D l
561) are allowed. The electronic structure of CeO2 ~Figs. 2
and 3! suggests that the first peak ine2 at about 3 eV is due
to the transition from Ced to Ce f states, while the secon
8-4
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FIG. 4. ~Color! Total charge
density ~a! and electron localiza-
tion function ~b! for CeO2.
,
he

tio
un

n

e
ults.
one

eV.
ntal
he
eri-
tic
peak corresponds to the Cep→Ced transition. A remarkable
fact regarding the first peak ine2 , also pointed out in Ref. 2
is that its width is essentially determined by the width of t
highest occupied valence band of CeO2 ~about 4 eV, Fig. 2!.
Moreover, the fine structure of this peak ine2 is similar to
the fine structure of the DOS in the energy interval25 to 21
eV. The most realistic explanation for the above observa
is that the final state for the optical transitions, i.e., the
occupied 4f states of Ce, is a localized atomiclike state.

The real part of the dielectric function obtained by mea
of a Kramers-Kronig transformation is shown in Fig. 6~b!.
11510
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Our results are compared to experimental data2–4 @Fig. 6~a!#
in the same way as fore2 . The shape of the calculated curv
exhibits the same main features as the experimental res
The peak at about 2 eV corresponds to the experimental
at 3 eV, and the second quite broad peak ofe1 is situated at
about 8 eV, corresponding to the experimental peak at 7
Finally, the peak at 18 eV corresponds to the experime
peak at 21 eV.4 Near the fundamental gap, the real part of t
dielectric constant is enhanced in comparison with exp
ments. Our calculation gives a value of about 7 for the sta
dielectric constant, whereas the experimental ones are 5~Ref.
8-5
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2! or 6 ~Ref. 3! and only about 3 at 2.5 eV according to Re
4. This type of overestimation is also observed for oth
materials, such as HgI2.

40 The peak intensities ofe1 again
differ for different experiments and between experiment a
our calculation. The magnitude of the first peak of the cal
lated e1 is quite comparable to the one obtained by G
et al.3 ~Fig. 6!.

The calculated optical reflectivity is shown in Fig. 7, t
gether with experimental data taken from Refs. 2 and 4.
calculated reflectivity starts at about 20% and has a m
mum value of roughly 35% at about 2.5 eV. The experim
tal reflectivity is 24%~Ref. 2! and 15%~Ref. 4! at 3.5 eV.
Therefore, our result reproduces the positions of the pe
determined by interband transitions with a good accur
~Fig. 7!.

FIG. 5. Experimental~a! and calculated within the VBM~b!
imaginary parts of the dielectric function for CeO2. In ~a! the solid,
dashed, and dotted lines represent the data from Refs. 4, 2, a
respectively. The results from Ref. 4 have been scaled with a fa
of 3.

FIG. 6. Experimental~a! and calculated within the VBM~b! real
parts of the dielectric function for CeO2. Notations are the same a
in Fig. 5.
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C. Electronic structure, bonding, and ground-state properties
of bulk Ce2O3

In this section we present our results for the sesquiox
of Ce, Ce2O3 ~A-type!. Calculations are done for the exper
mental value of thec/a ratio, i.e., 1.55.33 Similarly to the
case of the Ce dioxide we have considered two models
the Cef states, the VBM and the CSM for the Ce 4f state.
The calculated structural and bonding properties and av
able experimental data for the oxide are presented in Tabl
Unfortunately, to the best of our knowledge no experimen
information regarding the bulk modulus of Ce2O3 has been
reported so far. Therefore, comparison with experiment
to be limited to the lattice parameter of this oxide. One c
see that considering the Ce 4f electron as a fully localized
core state leads to results that are closest to experime
Our GGA calculations for this model overestimate the latt
parameter value by about 2%, while the LDA calculatio
are essentially in agreement with experiment. On the ot
hand, the lattice parameter obtained for the VBM is
clear underestimate, by more than 4% for the LDA. Th
our study indicates that the description of the 4f electron
as a localized core electron can be appropriate for
oxide.

As a matter of fact, this conclusion finds more supp
from a slightly deepened analysis of the calculated electro
structure of Ce2O3. In Figs. 8~a! and 8~b! we show the den-
sity of states of the oxide obtained within the CSM and t
VBM, respectively. In this figure the paramagnetic density
states is shown, and the effect of magnetism will be d
cussed below. The treatment of the Ce 4f state as a delocal
ized band state leads to a result with a partly filledf band
situated right at the Fermi level@Fig. 8~b!#. However, if the
4 f electron is kept in the core, the density of states revea
gap between the valence and conduction bands@Fig. 8~a!#, in
agreement with experiment.

The highest occupied valence band of the calculated D
corresponds to the 2p band of oxygen. The lowest states w

3,
or

FIG. 7. Experimental~a! and calculated within the VBM~b!
reflectivities for CeO2. In ~a! the solid and dashed lines represe
data from Refs. 4 and 2, respectively.
8-6
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TABLE II. Theoretical and calculated lattice parameter@a ~Å!# and bulk modulus@B ~GPa!# of Ce2O3.

Core-state modela Valence-band modela Exptb

Property LDA GGA LDA GGA

a ~Å! 3.888 3.967 3.720 3.805 3.888
B ~GPa! 165.79 145.27 208.63 131.83 -

aThis work.
bReference 16.
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show are composed of 5p states of Ce and 2s states of O.
This structure corresponds to the x-ray photoelectron spe
of the valence band of Ce2O3 ~Ref. 33! as well as to the
photoemission results.19 The energy range between the ce
ters of the 2p band of O and 5p12s band of Ce and O
obtained in this experiment is approximately 15 eV, wher
our calculation gives 13.5 eV. The calculated gap betw
the valence and conduction bands is about 3 eV, whic
smaller than the corresponding gap for CeO2 ~5.5 eV, here
identified as the gap between the highest occupied vale
band and the emptyd band of Ce!, following the same ten-
dency as the one observed in experiment.18

Experiments on the magnetic properties of Ce2O3 show
that it is an antiferromagnet with a very low Ne´el tempera-
ture (TN) ~;9 K!.33,17 The absolute magnetic moment h
been measured to be 2.17mB per molecule17 ~the absolute
moment means here a sum of the absolute values of
ments on all atoms in the unit cell!. Spin-polarized calcula-
tions for Ce2O3 were performed in the framework of th
CSM and VBM for both ferromagnetic~FM! and antiferro-
magnetic ~AFM! configurations. In the framework of th
CSM it is assumed that each localized 4f electron of Ce
contributes exactly 1mB to the magnetic moment. Therefor

FIG. 8. Density of states~DOS! for Ce2O3 calculated within the
core-state model~a! and the valence-band model~b!.
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since there are two Ce atoms in the unit cell, the magn
moment of 2mB comes from the 4f electrons. The rest o
the magnetic moment is due to the valenced band of Ce and
the p band of O, and it is calculated self-consistent
Within the VBM only valence electrons contribute to th
magnetic moment, and it is obtained directly from our c
culations.

The result of the CSM is that the AFM state is energe
cally more stable than the FM one, though these two c
figurations are nearly degenerate, the energy difference b
smaller than 5mRy per atom. On the one hand, this is of th
order ofTN for this oxide. On the other hand, it is at the lim
of the accuracy of our method. At the same time the cal
lated absolute magnetic moment is 2.13mB for both the FM
and the AFM configurations, very close to the experimen
value 2.17mB .17 Thus, the CSM accounts well for the mag
netic properties of Ce2O3. On the contrary, within the VBM
we have found that the FM solution for this oxide is mo
stable than the AFM one by 0.3 mRy per atom, and
calculated absolute magnetic moment at the equilibrium v
ume ~situated in the vicinity of the low-spin to high-spi
transition! is substantially smaller than the experimen
value ~1.35mB for the FM case and 0.72mB for the AFM
case!. As a matter of fact, the magnetic moment for the hig
spin solution is
also quite small~;1.95mB and 0.95mB for the FM and
AFM solutions, respectively!. Therefore, the VBM leads to
an unsatisfactory description of the magnetic structure
Ce2O3. Finally, we remark that the magnetic splitting o
the valence band is rather small in all cases, and accordi
the paramagnetic DOS presented in Fig. 8 is qu
meaningful.

Similar to the case of CeO2, the bonding situation in
Ce2O3 was also studied by analyzing the charge density
ELF distributions. However, for this oxide they were calc
lated within the CSM. In Fig. 9 the results are shown for t
plane (112̄0) which has an atomic arrangement similar
the ~110! plane of CeO2 ~see Fig. 4!. Thus, one can compar
the charge-density and ELF distributions for these t
oxides. One can see that the charge density and
ELF in Ce2O3 are essentially similar to those of CeO2. The
charge density is again characterized by nearly spherical
tributions around the Ce and O ions and a low value in
interstitial region. The ELF has triangular shapes around
O atoms and no shared-electron picture between any pa
atoms. Thus we conclude that the bonding in Ce2O3 can be
also characterized as polarized ionic.
8-7
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FIG. 9. ~Color! Total charge
density ~a! and electron localiza-
tion function ~b! for Ce2O3.
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IV. CONCLUSIONS

We have calculated the electronic, structural, bonding,
tical, and magnetic properties of the most important ceri
oxides, CeO2 and Ce2O3, by means of the full-potential lin-
ear muffin-tin orbital method in the framework of the dens
functional theory using the local density and generalized g
dient approximations. The 4f states on the Ce atoms a
11510
-

-

treated within two simple models, as fully localized coreli
states and as valence-band-like states. The former mod
realized by considering the Ce 4f electron as a part of the
inner core, while the 4f wave functions were included a
part of the valence band in the latter model. We have
tained a better agreement with experimentally known para
eters for Ce2O3 within the core-state model and within th
valence-band model for CeO2. Thus, we conclude that the 4f
8-8
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electron does not contribute to the bonding in Ce2O3. In the
case of CeO2 the calculated density of states, optical tran
tions, and electron localization function indicate that the u
occupied 4f states of Ce can be considered as essent
equivalent to an empty atomiclike 4f level. We have also
shown that the nature of bonding in CeO2 and Ce2O3 may be
described as polarized ionic.
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