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First principles study of the magnetism driven by cation
defects in CeQO,: the important role of O2p states*
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The magnetism driven by cation defects in undoped CeO2 bulk and thin films is studied by the density functional
theory corrected for on-site Coulomb interactions (DFT+U) with U = 5 eV for the Ce4f states and U = 7 €V for the
O2p states. It is found that the Ce vacancies can induce a magnetic moment of the ~ 4 ppg/supercell, which arises

mainly from the 2p hole state of the nearest neighbouring O atom (~ 1 up on per oxygen) to the Ce vacancy. The effect

of the methodology is investigated, indicating that U = 7 eV for the O2p state is necessary to obtain the localized O2p

hole state in defective ceria with cation vacancies.
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1. Introduction

Much effort has been made to investigate dilute
magnetic semiconductors (DMSs) due to their pecu-
liar magnetic properties for potential spintronic ap-
plications. Metal oxides have been an intense re-
search subject for applications in the spintronic field!*
since the discovery of room-temperature ferromag-
netism (FM) in DMS oxide systems.?~4 FM has
been found in HfOs thin films on sapphire or sili-
con substrates without any doping,®6 so-called “d®

[l M behaviour has also been ex-

ferromagnetism”.
perimentally found in other undoped non-magnetic
metal oxides, such as thin films of TiOs and In,Os3, !
and in nanoparticles of CeOs, SnOs, and ZnO.[%10!
Moreover, diluted defect magnetism was suggested as
a universal feature of ferromagnetism in nonmagnetic
oxides without magnetic impurities.*%

As a wide band gap insulator, ceria has been stud-
ied as a possible DMS material. However, the expla-
nation for FM behaviour in CeOs nanoparticles has
been a source of controversy.'!l Recent theoretical

gl11-13]

and experimental result have suggested that

the ferromagnetic behaviour in pure CeOs at ambi-
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ent temperature can be induced by oxygen vacancies
(anion vacancies), which cause spin polarization of the
Cedf states surrounding the oxygen vacancies. On the
other hand, Liu et al.' concluded that it was Ce
vacancies, not oxygen vacancies, as a potential FM
causing defect could be responsible for FM behaviour
in the CeO2 nanoparticles, and it is found that the
neutral cation vacancies in CaQ,5) HfO,, 16l Ti0,,17]
Zn0,18:191 Mg0,129 Sn0,, 21 CeO,,% and so on, can
induce local magnetic moments on its neighbouring
atoms and that the moments order ferromagnetically.

2. Computational methods

In the present study, we carry out first principles
calculations of the cation vacancy effect on the ferro-
magnetism of CeOz bulk and thin films. Our research
shows that like other ionic materials, the cation va-
cancies in CeOs do induce ferromagnetism. All of the
calculations are performed using the Vienna ab ini-
tio Simulation Package (VASP)?2-2%] based on den-
sity functional theory (DFT). The electron—ion inter-
action is described by the PAW (projector-augmented
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wave) method,l?527] and the PBE (Perdew Burke-

Ernzerhof) functional(?®l

is employed to deal with
the electron—electron exchange-correlation energies.
Twelve electrons from the 5s25p®6s24f'5d! of Ce and
six electrons from the 2s?2p* of the O are treated as
valance electrons.

The description of the electronic structure of re-
duced CeOs from the regular DFT-GGA has been
shown to be inconsistent with experimental results,
in that no gap state between the valence band and
the unoccupied Cedf states is present.??) Thus, the
DFT+4U method has been applied to partially re-
duced ceria systems.[3%:31] The superiority of DFT+U
to DFT has also been shown for the description of re-
duced ceria.l3%31 In a DFT+U calculation, the U pa-
rameter for the Cedf state is determined empirically
and there are several studies0—32] in which how the
value of U is fitted against the experimental results
is described. According to the recent tests,[?°=32 the
DFT+U method (UC4 = 5 eV) is used to correct the
strong on-site Coulomb repulsion of Ce4f states. More
details of this approach and the choice of U4 have
been discussed extensively in earlier studies.!30—32]

It is well known that creating a cation vacancy
or substituting an M™" cation with a lower valence
M1+ cation in a metal oxide leads to the for-
mation of a localized electronic hole on an oxygen
atom neighbouring the dopant. This electronic hole
gives rise to issues with the description of the re-
sulting electronic structure using DFT, due to be-
ing without the U term on the O2p states, and it
is found that the hole is delocalized over several oxy-
gen atoms. The details have been discussed in Li-
doped MgO and Si-doped Aly;03.133:34 Upon forma-
tion of the Ce vacancies, the O2p holes will be present,
and this kind of cationic defect can be well described
with DET+U (U9?" = 7 eV)—as demonstrated by
Nolan and Watson for the Li-doped MgO,33 Al-
doped SiO134 and by Yeriskin and Nolan[3®36] for
La-doped CeOs. In line with Yeriskin and Nolan’s
studies, 336 the DFT+U with U°?P = 7 eV is used
to describe the O2p states. Hereafter, the DFT+U
with only U®* = 5 eV method will be denoted as
the “DFT4+UC* method” and the DFT+U method
with both U4 = 5 eV and U°% = 7 eV will be
referred to as the “DFT+UCe4 and O2p pethod?”.

Bulk crystalline CeOy has a fluorite structure
and one Ce atom is surrounded by eight oxygen atoms
(Fig. 1). The calculated lattice parameter of the CeOq
is 5.42 A (1 A=0.1 nm) from the DFT4{Ce4f and O2p
method. The 96-site cell, built from the conven-
tional 12-atom cubic unit cell of CeOs (Fig. 1) with

a 2x2x2 replication, was modeled to calculate the
ceria bulk. Similar to the recent studies on the O
vacancy formation in CeQOs,[”) balancing both the
computational efficiency and accuracy, only one k
point (the gamma point) was used for all the calcu-
lations on the 96-site cell.3¥ The ceria thin films,
i.e. the CeO2 (111) and (110) surfaces, were modeled
using the slab models in a three-dimensional (3D)
periodic construction (Fig. 2). Four O-Ce-O triple-
layers with a P(2x2) surface supercell for CeOy (111)
and five CeOq layers with a P(2x1) surface super-
cell for CeOy (110), each with a vacuum gap of 15 A
were included in the computational boxes, respec-
tively. The two lowest layers (see Fig. 2) were kept
fixed at the optimized bulk values, while all other
atoms were allowed to relax. The Brillouin-zone in-
tegrations were performed with a 4x4x1 Monkhorst—
Pack grid.’8 For all of the calculations, plane-waves

CeOs5 bulk

Fig. 1. (colour online) A conventional 12-atom cubic unit
cell of CeOa.

Fig. 2. (colour online) Slab models for ceria surfaces: (a)
CeO2 (111) p(2x2); (b) CeO2 (110) p(1x2). The bottom
six [for the (111) surface] or two [for the (110) surface]
atomic layers are fixed at their bulk positions. The slabs
are repeated in the z direction, and between the slabs there
is a 15 A-thick vacuum layer.
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have been included up to an energetic cutoff of 30 Ry
(1 Ry=13.605 eV). The structure optimizations were
performed until the force on each atom was less than
0.02 eV/ A. Charge analysis was performed according
to the Bader-type charge analysis method.!3%!
Stoichiometric CeOs is non-magnetic. Upon an
oxygen atom moving away from its lattice position,
the two electrons are left behind and localized on the
4f states of two of the neighbouring cerium atoms,
turning Ce** into Ce3+.[*9) The induced ferromag-
netism from the oxygen vacancy in ceria has been
studied clearly.'*=13 Moreover, the effect of the Ce
vacancy in ceria has been studied by Fernandes et

ARY

using the smaller size bulk cells, ie. 12-
sites, 24-sites, and 48-sites, respectively, within the
DFT+UC method. Thus the exact destinations of
the oxygen holes and the localized O2p electrons were
not found as shown in the following. Here, the ferro-
magnetism driven by cation defects in a larger 96-site
CeO5 bulk cell and ceria thin films will be focused

within the DFT+{UCe4f and O2p 1y6thod.

3. Results and discussion

According to the theoretical research of CaO,
TiO4, and HfO,, in the perfect crystal, the O2p states
are fully filled and form the valence band. Since Ce is
a cation with a 4+ valence, the removal of one neutral
Ce atom introduces four empty states (holes) among
the O2p states.
states determines whether the system is magnetic.

The spin occupation of these four

To investigate the destinations of the oxygen
holes, the spin density (the difference in electron den-
sity between spin-up and spin-down channels) and the
O2p partial electronic density of states (PEDOS) of
the nearest neighbouring (NN) O atoms to the Ce va-
3(a) and 3(b), respec-
tively. It is found that the spin density is strongly lo-

cancy are presented in Figs.

calized on the four nearest neighbouring oxygen atoms
to the Ce vacancy (Fig. 3(a)), with a spin moment of
0.95 up per oxygen. The spin moments on the re-
maining O and Ce atoms are negligible, resulting in a
total moment of 4.00 upg in the supercell, which cor-
responds to the number of holes. The predominant
localization of the holes on the oxygen atoms near the
Ce vacancy is similar to the behaviour for other simi-
lar systems.[35:36]

By comparison with the La-doped ceria (111) sur-
face with DFT+UCe4 and 020 method,[35) a similar
profile of the O2p PEDOS was found in our ceria sys-
tems with Ce vacancy (Fig. 3(b)), which shows several

significant peaks (e.g., two of the peaks are located in
the valence band region at —5.2 eV and —4.0 eV, re-
spectively, below the Fermi energy, and the third is
at 1.5 eV above the Fermi energy). The formation of
the localized O~
peaks above the Fermi energy in the PEDOS, which is
different from that of a delocalized O~
will be discussed in the following). Thus, the strong
localized O2p states in the CeOs with the cation de-
fect are found from the DFT4UCe4f and O2p ethod.

species is identified by the significant

species (which
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Fig. 3. (colour online) The properties of CeO2 bulk

with Ce vacancy from the DFT+UCe4f and O2p 1yethod:
(a) the spin density, and the isosurface value used is
4+0.02 e/A3 (hereafter, the Ce vacancy is denoted as “Ce-
V”); (b) the partial electronic density of states (PEDOS)
of the O2p states for the hole-carrying oxygen denoted as
“#” in panel (a).

To investigate the effects of surface defects on the
magnetism of the CeOy thin film, calculations were
also carried out on CeOy (111) and (110) surfaces as
modeled above. The Ce vacancy was generated by re-
moving a Ce atom separately from the (111) and (110)
surfaces. Similar to the O vacancies,!'!] the presence of
Ce vacancies leads to the formation of local moments
in the surfaces. Basically, one Ce vacancy acting as
an acceptor can leave four holes as mentioned above

and the calculated total magnetic moment is 4.00 ug
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from the DFT+UCe4f and O2p method. To further vi-
sualize the change in magnetic property resulting from
Ce vacancies, the spin densities and the PEDOS for
the polarized O atoms are shown in Figs. 4 and 5,
respectively. Similar to the results of the ceria bulk
with Ce vacancy as given above, the main contribu-
tion to the total magnetic moment arises from the 2p

states of the four O atoms neighbouring the vacancy,
and each of them has a magnetic moment of ~ 1.0 ug,
while the magnetic moments on Ce and other O atoms
are almost negligible. The significant peaks above the
Fermi energy in PEDOS (Fig. 5) confirm the forma-
tion of the localized O~ species in the ceria (111) and
(110) surface with Ce vacancies.

Fig. 4. (colour online) Spin densities of the CeO2 (111) and (110) surfaces with Ce vacancies: panels (a) and (b) show

the side view and top view of the CeOg2 (111) surface, respectively; and panels (¢) and (d) display the side and top

views of the CeO2 (110) surface.
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Fig. 5. (colour online) The PEDOS of the O2p states for the hole-carrying oxygen: (a) in the CeO2 (111)
surface with Ce vacancy; (b) in the CeO2 (110) surface with Ce vacancy.

As mentioned above, due to the strong on-site
Coulomb repulsion, the DFT+UC®* method has been
used to calculate the properties of the CeOs with O
vacancies.39~32 The dependence of the energetic and
electronic properties for the CeOs with O vacancies on
the U value has been studied in Refs. [30]-[32]. On the
other hand, the DFT4+U with U°? = 7 eV method
has been used to describe the hole states introduced by

the La dopant in ceria surfaces. 536 However, the ef-
fect of the methodology on the properties of the CeOq
with Ce vacancies is still lacking. To this end, the
effect of the different methods, i.e. the DFT+UC4
method and the DFT4+U ¢4 and O2p pethod, on the
properties (especially the magnetic properties) of the
CeO4 with Ce vacancies will be focused on in the fol-
lowing.

047505-4



Chin. Phys. B Vol. 21, No. 4 (2012) 047505

The CeO; bulk with Ce wvacancy is stud-
ied from both the DFT+U®* method and the
DFT+UCedf and O2p method. Without U9? on oxy-
gen, the holes introduced by the Ce vacancy in the
CeOq bulk are delocalized mainly over the eight NN
oxygen atoms to the Ce vacancy with a computed spin
moment of ~ 0.25 up per oxygen (Fig. 6(a)). The spin
moments on the next NN oxygen atoms to the Ce va-
cancy are one order of magnitude smaller (~ 0.05 ug),
and those on the remaining O atoms and Ce atoms are
negligible, resulting in a total spin moment of 4.00 ug
in the supercell. As shown above, with U°?P, the spin
density is strongly localized on the four NN oxygen
atoms to the Ce vacancy (Fig. 3(a)), with a computed
spin moment of 0.95 pup per oxygen.

PEDOS

—2.0

—s -4 o0 4
E

Fig. 6. (colour online) The properties of CeO2 bulk with
Ce vacancy from the DFT+UC®4 method: (a) the spin
density; and (b) the PEDOS of the O2p states for the
oxygen atom denoted as “#” in panel (a).

On the other hand, it is found that there is
an immediate difference between the two descrip-
tions in comparison with the PEDOS (Fig. 3(b) and
Fig. 6(b)) with and without using U°?" on oxygen,
i.e. the DFT+UCe4 and 020 method and DFT+U Y4
method. From the DFT+UC* method, the plotted
profile of the PEDOS for the O atom is quite simi-
lar to that for the TiO5 with Ti vacancy[”] and SnOy

with Sn vacancy!?!l systems, and the spin-polarization
of the O2p states located at the Fermi energy is the
major reason for the magnetism. Thus, the profile cor-
responds to ~ 0.25 pupg per oxygen, which is a delocal-
ized O~ species!®® and shows a very different PEDOS
structure from that of the localized O~ species shown
in Fig. 3(b).

According to the above comparison, for the
CeOy with cation vacancies, a very different local-
ization of the O2p hole states can be reached with
the DET+U 4 method and the DFT+{/ e and O2p
method. The DFT4UC4 method results in delocal-
ized O2p hole states, while the DFT4{Ce4f and O2p
method gives strong localized O2p hole states. These
should be the original reasons for finding the delo-
calized or partially localized O2p states in the other
research on metal oxides with cation vacancies, such
as Ti02,17 Sn0,, 2 Ce0,,[1% and HfO,.[16]

4. Conclusion

The electronic and magnetic properties of CeOq
bulk and thin films are studied using density func-
tional theory calculations. The results show that spin
polarization can be introduced by the cation vacancy,
i.e. Ce vacancy. Each Ce vacancy results in a to-
tal spin moment of 4.00 ug, which corresponds to the
number of holes induced due to the creation of the Ce
vacancy. The local magnetic moments arise mainly
from the O2p hole states of the O atoms neighbouring
the Ce vacancy, which holds a spin moment of ~ 1 ug
per oxygen from the DFT4UCe4 and O2p pethod.
The DFT+UCe4 and O2p pmethod gives a strong local-
ization of the O2p hole states for the CeOy with the
cation vacancy, and therefore can well describe the
cation-defect systems. In contrast, the DFT4UCe4
method gives a delocalized O2p hole state. Thus,
the predictive capability of the DFT+{Ce4t and O2p
method will be useful for studying O2p hole states in

doped and defective oxide materials.[34]
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