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Role of Ce 4 f hybridization in the origin of magnetism in nanoceria
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Nanoscale CeO2 (nanoceria) is a prototypical system that presents d0 ferromagnetism. Using a combination of
x-ray absorption spectroscopy, x-ray magnetic circular dichroism, and modeling, we show that the nanostructure,
defects and disorder, and nonstoichiometry create magnetically polarized Ce 4 f and O 2p hybridized states
captured by the vacancy orbitals (Vorb) that are vital to ferromagnetism. Further, we demonstrate that foreign
ions (Fe and Co) enhance the moment at Ce 4 f sites while the number of Vorb is unchanged, pointing clearly
to the mechanism of orbital hybridization being the key missing ingredient to understanding the unexpected
ferromagnetism in many nanoscale dilute magnetic oxides and semiconductors.
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Defects, disorder, and nonstoichiometry are considered to
be the key ingredients for d0 magnetism in nanoscale wide
band-gap oxides. d0 magnetism has drawn significant interest
as reflected by the many reproducible experimental obser-
vations of unexpected ferromagnetism in bulk-nonmagnetic
oxides such as CeO2, ZnO, HfO2, Al2O3, In2O3, SnO2, and
many dilute magnetic oxides [1–8]. In general, these materials
have been quite puzzling due to the challenge of identifying
the exact origin of the magnetism and distinguishing its spin
and orbital character. It has been shown that nanoscale CeO2

(nanoceria) is the prototypical system that has extensive spon-
taneous ferromagnetism with no magnetic cations [9]. The
physics of this magnetism has been enigmatic. At first, the
magnetism was attributed to the most obvious candidate, ex-
change interactions between localized electron spin moments
resulting from the oxygen vacancies [1]; first-principles cal-
culations revealed that the vacancies (especially those at the
surface) can induce magnetic moments in nanoceria [10,11].
Later, the ferromagnetism was attributed to only sub-20-nm
nanoceria with no obvious dependence on oxygen vacancies
[12]. Others reported that mixed valence Ce3+/Ce4+ pairs
on the surface were responsible [13]. Recently, a model
based on a giant orbital paramagnetism phenomenon [14]
that occurs in a mesoscopic quasi-two-dimensional configu-
ration with dilute magnetically active sites has been proposed.
Despite d0 behavior in nanoceria being widely reproducible
[1,9,10,12,14–18], an understanding of the physics behind
the nanomagnetism with the three key ingredients is still
lacking.

In this Rapid Communication, we focus on the funda-
mental problem related to identifying the origin of the mag-
netism in nanoceria and ascertaining the mechanisms that
affect the magnetic properties. We use local probes of the
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electronic structure and magnetism [e.g., x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD), Mössbauer spectroscopy] combined with conven-
tional magnetometry to provide insights into the underlying
physics. Although there are earlier reports on the element
specific magnetism of nanoceria [17–19], because of the
weak XMCD signal, explicit evidence of the spin and or-
bital contributions to the magnetic moments of the Ce 4 f
states is still lacking. Using electronic structure, surface, and
bulk magnetism measurements and simulations, we unam-
biguously demonstrate that vacancy orbitals (Vorb), Ce 4 f –
O 2p hybridization, and their affect on the Ce3+ spin and
orbital angular momenta are fundamental to understanding the
origins of the long-range ferromagnetic order. Additionally,
we have identified that foreign ions (Fe and Co) on nanoceria
enhance the ferromagnetic moment at the Ce 4 f sites, and a
microscopic mechanism is proposed to explain the origin of
magnetism in nanoscale oxide semiconductors.

Nanoceria [20], and Fe- and Co-decorated nanoceria were
prepared as described in Refs. [21,22]. The surface densities
(chosen for no secondary phase formation) were 1.11 Fe/nm2

and 3.57 Co/nm2 [21,22]. X-ray diffraction (XRD) pattern
refinements yielded identical CeO2 cubic Fm3̄m structures for
all systems [23]. Transmission electron micrographs (TEM)
and high-angle annular dark-field (HAADF) images were
consistent with the XRD analysis. Crystallite sizes were of
the order of 20 nm in diameter and lattice constants were
5.411 ± 0.001 Å. XRD, TEM, and Mössbauer spectroscopy
(see Ref. [23]) results confirmed that no secondary phases
(e.g., metal oxides) were present, as do the hard and soft
x-ray absorption measurements discussed below. To identify
the overall magnetism, M(μ0H ) measurements were per-
formed [23]. The M(μ0H ) of nanoceria shows a coercivity of
∼50 mT and a saturation magnetization (Ms) of ∼4 A m−1.
Co- and Fe-decorated nanoceria Ms’s were ∼4 and 7 A m−1,
respectively, in agreement with many reports in the literatures
(see Ref. [9] and references therein).
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FIG. 1. (a) The normalized XANES spectra were fitted with
Gaussian functions. To exclude the effects of the edge jump from fits,
an arctan function was included, as shown. (b) Fourier transforms
represent raw data without correcting for phase shifts. Theoretical
fits are the solid lines. (c) Ce M4,5 edge XAS data and the simulation.
Charge transfer effects with 4 f 0 + 4 f 1L ground and 4 f 1 + 4 f 2L
final states are included in order to match the experimental spectra
as discussed in the text. (d) Representation of charge transfer effect
between O 2p ligand and Ce 4 f are shown; c is the core hole on Ce.

Because the electronic and magnetic properties of Ce ions
depend strongly on the localized and delocalized 4 f electron
states, x-ray absorption near edge structure (XANES) experi-
ments were performed to identify and quantify the oxidation
state of Ce ions in nanoceria, Fe-decorated nanoceria (Fe-
CeO2), and Co-decorated nanoceria (Co-CeO2). As shown
in Fig. 1(a), XANES spectra exhibit a doublet due to the
interaction between the 4 f orbitals of the Ce atoms and 2p
orbitals of oxygen ligands. The peculiar doublet consists of
four observed peaks [24–26]. Component A is assigned to
the transition from the Ce 2p shell to 5d shell (final state
2p4 f 05d1 with no f electrons) while component B is assigned
to the excitation from the 2p shell to 5d shell along with
an electron being excited from the O 2p shell to the Ce 4 f
shell, thus leaving a hole in the valence band (final state
2p4 f 15d1v; v is the hole). Component C is assigned to Ce3+,
and component D is assigned to the 2p 3

2
→ 4 f quadrupole

transition that is a consequence of 5d admixtures to the 4 f
states [27]. The concentrations of Ce3+ from spectral weight-
ing were estimated to be 20 ± 2%. In nanoceria each Ce atom
([Xe]4 f 15d16s2) can donate four electrons to bonding orbitals
with two O (1s22s22p4) atoms. When an oxygen vacancy is
formed, the two electrons previously occupying p orbitals
of the O atom are free to distribute. The localized electrons
around Ce atoms change the oxidation state from Ce4+ to
Ce3+. The constant Ce3+(4 f 1) is as expected since the Fe
and Co ions are surface decorating the nanoceria (i.e., Fe and
Co ions distributed randomly on the surface of the nanoceria

crystallites, bonding covalently through available O ions, as
shown experimentally in Refs. [21,22]).

In order to gain insights into the local environment around
Ce ions, we examined the extended x-ray absorption fine
structure (EXAFS). Fourier transformed data and the corre-
sponding EXAFS oscillations are shown in Fig. 1(b). Spectral
fits identify that the bond distances of first-shell Ce-O systems
are of 2.31 ± 0.04 Å. The coordination number (see Ref. [23]
for details) and structural disorder around Ce (identified by
Debye-Waller factors) increase in Fe-CeO2 and Co-CeO2. The
Ce L3 edge XAS results show that for all systems, the Ce sites
exist between Ce3+ (4 f 1v) and Ce4+ (4 f 0) character, with a
hole (v) in the O 2p valence band.

To describe the f electrons, their occupancy, and the elec-
tronic structure at Ce sites, we used the Ce M4,5 edge XAS
(that probes directly the valence 4 f states by exciting elec-
trons from 3d core orbitals, and gives insights into the ground
state) in combination with atomic multiplet calculations based
on a simplified Anderson impurity model [28,29]. The M4,5

edge XAS spectra [Fig. 1(c)] of nanoceria consist of main
peaks at 884.6 and 902.4 eV and additional weaker satellite
peaks at 889.8 and 908.0 eV. The energy splitting between
Ce M4,5 edges is due to the spin-orbit coupling with the 3d 5

2

and 3d 3
2

core holes. The primary features of the Ce M4,5 edge
XAS spectra originate from electric-dipole allowed transitions
from 3d104 f n → 3d94 f n+1 [29]. For nanoceria, experimental
spectra are simulated including Coulomb, exchange, and spin-
orbit interactions by considering only 3d104 f 0 → 3d94 f 1 and
3d104 f 1 → 3d94 f 2 configurations. Results indicated that if
we assumed only oxygen vacancies and the ground states were
due to 4 f 0 and 4 f 1 atomiclike multiplets, the experimental
spectra could not be modeled successfully (see Fig. S2 of
Ref. [23]). In order to understand the Ce M4,5 edge XAS
spectra, especially the origin of the higher-energy satellites,
we focused on the ligand hole contribution to the 3d104 f 0

ground state (from charge fluctuations in the initial and final
states due to the hole on the oxygen ligand). A schematic
representation of a cluster consisting of a Ce ion surrounded
by eight O ions is shown in Fig. 1(d). Because of the strong
Ce 4 f –O 2p hybridization, the initial state of the transition
is described by 3d104 f 0 + 3d10L4 f 1 and the final state by
3d94 f 1 + 3d9L4 f 2 (where L describes a hole in the O 2p
band [30]). The two configurations in the final state form
bonding (3d94 f 1) and antibonding (3d9L4 f 2) orbital combi-
nations. Four additional terms �Egs, Tgs, �Efs, and Tfs are de-
fined to describe the relative energies and interactions of these
initial and final states [29,31]. Here, �Egs = E (3d10L4 f 1) −
E (3d104 f 0) is the charge transfer energy between two ground
states, and Tgs = 〈(3d10L4 f 1)|H |(3d104 f 0)〉 is the effective
hopping integral connecting the two ground-state configura-
tions. Similarly, �Efs = E (3d9L4 f 2) − E (3d94 f 1) and Tfs =
〈(3d9L4 f 2)|H |(3d94 f 1)〉 are charge transfer and hopping in-
tegrals of the final state [23]. Our simulation was modeled
with 77% 3d104 f 0 and 23% 3d10L4 f 1 ground-state config-
urations and �Egs = 2.0 eV and Tgs = 0.77 eV. The �Efs is
defined as the sum of �Egs + Uf f − Uf d , where Uf f represent
the Coulomb repulsion and Uf d the core-valence repulsion
integrals. Our simulation agrees best with the experimental
data with �Efs = −2.5 eV. For a purely Ce4+-based system,
the Ce M4,5 edge �Efs = −1.5 eV [32]. In lanthanides it is
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expected that Uf f > Uf d due to the smaller orbital radius [28].
However, in nanoceria, Uf d > Uf f indicates that the charge
transfer energy is reduced due to covalent Ce 4 f –O 2p
states in this mixed valency system. Earlier, on the basis of
band-structure calculations, it was shown that ceria is less
ionic [33].

Covalent orbitals play a major role in understanding the
origin of magnetism. In trivalent Ce compounds such as
CeRh3B2 and CeCuSi the magnetism is due to highly lo-
calized 4 f electrons. By contrast in tetravalent α-cerium
compounds CeFe2 or CeCo5, the magnetism is from hy-
bridization between 4 f and conduction electrons [34]. The
results of density functional theory calculations local density
approximation (LDA+U ), local spin density approxima-
tion (LSDA)+U , LDA/generalized gradient approxmation
(GGA)+U of nanoceria are controversial. Some studies sup-
port charge localization in the oxygen vacancies [10,11] as
the source of the magnetism. Other studies identify Ce va-
cancies [35,36] as responsible for ferromagnetism (via su-
perexchange between localized electrons in vacancies and
neighboring Ce sites). Finally, some challenge both arguments
[37], leaving the question unresolved. Identifying the origin of
magnetism in nanoceria (via bulk magnetization techniques
such as magnetometry and susceptometry) is complex due to
the challenges in decoupling the contributions from Ce mixed
valence states and oxygen vacancies. X-ray magnetic circular
dichroism (XMCD) is a sensitive tool to investigate the source
of magnetism at an elemental atomic level via the excitation
of core level electrons to unoccupied states above the Fermi
level (EF ). XMCD experiments have the advantage of being
site and orbital selective due to the electric (or quadrupole) se-
lection rules. To gain insights into the role of the 4 f electrons’
contribution (conduction or hybridized), we performed sur-
face and bulk sensitive XMCD measurements simultaneously
using total electron yield (TEY) and total fluorescence yield
(TFY) over the M4,5 edges; TEY probes the first ∼2 nm of the
surface while TFY measures the complete sample but is prone
to self-absorption effects [38]. In Fig. 2 we present the 10-K
artifact-free [39] ±5 T XMCD spectra. The TEY Co-CeO2

Ce M5,4 XMCD in Fig. 2(a) is the most representative due to
the least amount of surface charging. Note that ceria is a poor
conductor, and Co-CeO2’s conductivity is high compared to
that of Fe-CeO2 and CeO2, which made it difficult to measure
a clean XMCD spectra in TEY for the Fe and CeO2 samples.
Both TEY and TFY XMCD spectra clearly identify that the
Ce 4 f electrons unambiguously carry a magnetic moment on
both the surface and in the bulk.

To quantify the magnetic moment, XMCD spectra were
simulated using XCLAIM [40] for the 3d104 f 1 → 3d94 f 2 tran-
sition in the atomic limit. The contributions of the XMCD
spectral orbital and spin magnetic moments obtained from
the surface and bulk contributions are given in Table I. This
dichroic signal is explicit evidence of Ce sites carrying mag-
netizable moments. In general, the spectral shapes of the
Ce M4,5 edges are indicative of a ground-state total angular
momentum (J = 5

2 for a pure state 4 f 1 state). Any changes
in the XMCD spectral shape can be attributed to different
values of J contributing to the ground state [34,41]. It is
important to note that the simulated spectra for a pure J = 5

2
state are not in complete agreement with experiment [e.g.,

FIG. 2. Ce M4,5 TEY (surface) and TFY (bulk) XMCD spectra
evidencing the magnetic moment at Ce 4 f sites. (a) Co-CeO2 TEY
XMCD and simulation are shown. (b), (c) A comparison of Ce
M4,5 XAS and XMCD is shown. The origin of the energy axis of
the simulated spectra has been chosen to align with the maximum
intensity peak of the M5 edge and the simulated spectra is reduced
by a factor of 12 to match the experimental intensity of nanoceria.

Fig. 2(a), a negative peak present at the M5 edge and an
overestimation(underestimation) of M5 (M4) dichroic signals].
Interestingly, nanoceria’s Ce M4,5 XMCD spectral line shape

TABLE I. Contributions of the z component of the orbital and
spin magnetic moments obtained from the TEY (surface) XMCD
simulations of Co-CeO2 and TFY (bulk) XMCD of CeO2, Fe-CeO2,
and Co-CeO2 nanocrystallites.

Co-CeO2 CeO2 Fe-CeO2 Co-CeO2

TEY/surface TFY TFY TFY

〈Lz〉(h̄) −0.24(1) −0.24(1) −0.36(2) −0.48(2)
〈Sz〉(h̄) 0.03(1) 0.03(1) 0.05(1) 0.06(2)
〈Jz〉(h̄) −0.21(1) −0.21(1) −0.32(2) −0.42(2)
〈Lz〉/〈Sz〉 −8 −8 −7 −8

180403-3



PAIDI, BREWE, FREELAND, ROBERTS, AND VAN LIEROP PHYSICAL REVIEW B 99, 180403(R) (2019)

is different from CeRh3B2 and CeCuSi [34] (where the ground
state is pure J = 5

2 and magnetism is due to 4 f conduction
electrons) but quite similar to the XMCD spectra of CeFe2

and a Ce/Fe multilayer (the ground state is a mixture of J = 5
2

and J = 7
2 [34,42]). This is indicative of Ce 4 f electrons

being strongly hybridized with the O 2p valence band. At
the M edges, although the TFY XAS signal is distorted
[43] because of self-absorption [Fig. 2(b)], the TFY XMCD
[Fig. 2(c)] signal is similar to TEY XMCD (surface). The
TFY XMCD magnitude increases in the order of CeO2 <

Fe-CeO2 < Co-CeO2. Results identify that foreign ions with
intrinsic moments (such as Fe and Co) enhances [23] the
overall Ce magnetic moment (Fig. 2(c) and Table I).

XMCD measurements (atomic magnetism) identify the
average magnetic moment as 0.18μB/Ce [23], and if all
Ce 4 f magnetic states are contributing to the ferromag-
netism, the ∼20-nm CeO2 crystallites are expected to show
∼2000μB/crystallite. In contrast, superconducting quantum
interference device (SQUID) magnetometry measures the
magnetization from the Ce 4 f , Vorb, and hybridization con-
tributions with Ms = 2 μB/crystallite identifying that the fer-
romagnetic volume fraction is only 0.1% (see Ref. [23] for
XMCD and SQUID magnetometry moment calculations).
Clearly, not all Ce 4 f states are involved in the magnetism;
only the fraction associated with the Vorb and/or hybridization
(it follows that because of the low fraction, only Ce 4 f –O 2p
hybridized states that are captured in the delocalized Vorb are
associated) are responsible.

The radial extent of Ce 4 f orbitals [44] is very small
(0.54 Å) and that limits the Ce 4 f –O 2p covalent mixing to
be relatively low as supported by various DFT/LDA/GGA
calculations [45]. However, the size (0.5–0.8 nm diameter) of
the Vorb is large (see Ref. [23] for the calculation) and less
localized compared to the Ce 4 f states. This is consistent
with first-principles calculations that found the size of Vorb at
∼1.0 nm [46]. Note that only the trapped Ce 4 f states in the
Vorb can polarize spin moments (due to their delocalized na-
ture) on the hybridized states and be responsible for the long-
range ferromagnetic order. The residual 4 f states that are not
in the vicinity of Vorb cannot contribute to the ferromagnetism
due to the lack of hybridized magnetic states. If the number
of Vorb is constant, introducing foreign transition-metal ions
(Fe or Co) impacts Ce 4 f –O 2p hybridization and further
promotes a robust, yet weak, ferromagnetism. Figure 3 shows
the illustration of this microscopic model. This description
is consistent with the observation that air or O2 annealed
d0 nanoscale magnetic oxides exhibit reduced or annihilated
magnetism [1,9,47], as O2 fills the vacancies resulting in a
deficiency of Vorb coupling channels.

FIG. 3. Graphical illustration of the magnetic model. Ce 4 f
magnetic states, Vorb, and hybridized Ce 4 f and O 2p states are
shown. Ce 4 f states captured in the Vorb polarize the hybridized states
and provide a channel to meditate the ferromagnetism. The shaded
region illustrates the magnetic exchange process as discussed in the
text.

In summary, we have found a possible pathway to explain
the origin of ferromagnetism in the dilute magnetic oxide
nanoceria. Using a combination of electronic structure, ele-
mental, and bulk sensitive magnetism techniques, we show
that Vorb, Ce 4 f spin and orbital angular momentum, and
hybridization with O 2p states are crucial for the magnetic
ordering. The concept of magnetism from hybridized Ce
4 f –O 2p states in trapped Vorb is a missing link to under-
stand the ferromagnetism in nanoceria. In closing, this work
provides unambiguous experimental evidence of the origin
of ferromagnetism in nanoceria, and demonstrates that this
hybridization concept may be a solid foundation from which
to explain the unexpected ferromagnetism in ZnO, HfO2,
Al2O3, In2O3, SnO2, and many other dilute magnetic oxides
and semiconductors (where O 2p hole states are key players,
and their hybridization with host or guest metal ions changes
the density of states) that present similar magnetism.
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