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Dilute-defect magnetism: Origin of magnetism in nanocrystalline CeQO,
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We investigate experimentally and theoretically the origin of magnetism in nanocrystalline-undoped ceria
films. Our results are consistent with density-functional calculations showing that both oxygen and cerium
vacancies lead to ferromagnetism. Although the number of cerium vacancies is smaller than that of oxygen
vacancies, the relatively high magnetic moment of the former might result in a substantial contribution to the
magnetic properties. Diluted defect magnetism is suggested as a universal feature of ferromagnetism in non-

magnetic oxides without magnetic impurities.
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I. INTRODUCTION

The search for novel ferromagnetic materials with high
Curie temperature for multifunctional spintronics applica-
tions has triggered an intense activity on doping of transpar-
ent wide-bandgap nonmagnetic oxides with magnetic ions.'
In spite of all the efforts, room-temperature ferromagnetism
(RT-FM) observed in some diluted magnetic oxides (DMO)
doped with a few percent of a 3d cation is not completely
understood and remains controversial. Experimental arti-
facts, segregation of secondary ferromagnetic phases, mag-
netic clusters, and indirect exchange mediated by carriers>*
(electrons and holes associated with impurities) have been
invoked to explain the RT-FM in some DMOs, since no long-
range order is anticipated below the cation percolation
threshold (normally greater than 10%).>° It is strongly be-
lieved that the defects in DMOs play a crucial role in induc-
ing ferromagnetism since conventional ideas of magnetism
are unable to account for the RT-FM. Due to anisotropic
magnetization effects,®’ it is quite possible that not only
point defects are intervening, but also extended planar de-
fects associated with film surfaces, grain boundaries, and
nanocrystalline surfaces. In fact, experimental evidence of
ferromagnetism has been reported as an intrinsic property in
a number of undoped and nonmagnetic insulating oxides.®'
The term d° ferromagnetism was suggested to cover these
cases.'3 At present, possible mechanisms proposed to explain
the unexpected magnetism in this novel class of ferromag-
netic materials, where nominal magnetic ions are not present
or are not agents, involve point structural defects in crystals
such as cation vacancies.!*"!® These point defects have an
open-shell electronic configuration, which can indeed con-
fine the compensating charges in molecular orbitals and, un-
der certain conditions, a local magnetic moment will be
formed. Nonequilibrium growth conditions and/or the exis-
tence of nanocrystalline surfaces are envisaged practical con-
ditions to facilitate magnetic percolation, which requires a
minimum of 4.9% vacancies in the case of a face-centered
cubic lattice. Electrons trapped in oxygen vacancy (V) sites
(so-called F centers), as in DMOs with oxygen
deficiencies,®!” have also been suggested as most likely es-
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sential to mediate the magnetic coupling."!® In essence, a
deeper insight into complex defect physics is necessary to
understand the ferromagnetic behavior in these systems.

This work presents electronic and magnetic properties of
nanocrystalline undoped CeQO, (ceria) films electrochemi-
cally deposited on silicon. We propose the possibility of in-
trinsic point defects as the effective source of RT-FM in
Ce0,. In contrast to previous reports, we found that not only
oxygen vacancies (V) are responsible for RT-FM, but also
that cerium vacancies (V) contribute to the observed ferro-
magnetic character. This conclusion is based mostly on ex-
perimental results but is also consistent with our density-
functional calculations. These calculations show that both
Vg and Vi, lead to a ferromagnetic state. Nonequilibrium
growth conditions and sample aging suggest that indepen-
dently on the Vq concentration, RT-FM is strongly affected
by the presence of small amounts of V. which possess a
quite large magnetic moment. This diluted defect magnetism
(DDM) is preponderant on the stability of the FM ground
state, elucidating most of the controversial results observed
among nanocrystalline systems and between crystalline and
nanocrystalline samples.

II. EXPERIMENTAL

Electrodeposition of ceria films was carried out with a
simple stationary three-electrode cell. A saturated Ag/AgCl
electrode was used as the reference, whereas the counter
electrode was a Pt disk. As already described,!® ceria films
were electrochemically deposited at cathodic potentials of
—1.0and —1.2 V from bidistilled aqueous solutions, contain-
ing 800 umol/L of CeCl;.7H,O with and without appropri-
ate amounts of hydrogen peroxide, respectively. The sub-
strates were commercial single-side polished p-type Si(001)
with electrical resistivity of 10 -cm at RT, which have
been hydrogen terminated by removal of the native oxide via
chemical HF etching. The samples which were adherent, uni-
form, and transparent were prepared with thickness ranging
from 30 to 250 nm. Here, we denote by sample A deposit
with thickness of 30 nm made in pH=5.5-4.5 and samples B
and C deposits with thicknesses of 30 and 250 nm, respec-
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FIG. 1. (Color online) Plain-view TEM images exhibiting the
nanocrystalline structure of (a) sample A and (b) sample B. Insets
show the corresponding SAED patterns with diffraction rings. The
sequence from inner to outer is indexed as (111), (200), (220),
(311), (331), (422), and (511) planes for CeO, with cubic fluorite-
type structure. Histograms of nanocrystallite areas are given to the
(c) sample A and (d) sample B.

tively, made in pH=3.5-4.0 by addition of an appropriate
amount of hydrogen peroxide to promote an extra oxidized
environment. The chemical composition of the deposits was
analyzed by x-ray photoelectron spectroscopy (XPS), using a
VG ESCA3000 spectrometer, equipped with conventional
Mg and Al x-ray sources and a semihemispherical energy
analyzer with overall resolution of 0.8 eV, and an energy-
dispersive x-ray spectroscopy (EDS) system, using a JEOL
JSM 6360-LV electron microscope. Transmission electron
microscopy (TEM) images in plain view and corresponding
selected-area electron diffraction (SAED) of the deposits
were performed using a JEOL JEM 1200EX-II system oper-
ating at 120 kV. All magnetic measurements were performed
using a Quantum Design MPMS-5S SQUID magnetometer
with the magnetic field applied parallel to the film plane.

III. RESULTS AND DISCUSSION

A. Structure, stoichiometry, and magnetic properties of
CeO, films

Structural characterization of samples A and B are shown
in Figs. 1(a) and 1(b), whereas histograms with crystallite
areas are shown in Figs. 1(c) and 1(d), respectively. Sample
A exhibits a nanocrystalline structure with mean sizes of
grains of about 30 nm. Corresponding electron-diffraction
patterns are shown as an inset in Fig. 1(a). According to Fig.
1(b), more wide and diffuse rings are observed for sample B,
indicating that this deposit includes a significant amount of
an amorphous phase with embedded nanocrystals with mean
sizes ~25 nm. The interplanar spacings determined from the
diffraction-ring diameters for both samples are clearly asso-
ciated with the Bragg-reflections peaks of CeO, having cubic
fluorite-type structure with space group of Fm-3m with a
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FIG. 2. (Color online) XPS spectra of Ce 3d core level for (a)
sample A and (b) sample B with spectral contributions used to es-
timate the amount of O vacancies. (¢) Normalized EDS patterns
showing L-emission line regions for samples A and B indicate dif-
ferent amounts of Ce vacancies in both samples.

lattice-parameter a=0.541 nm. Neither contamination nor
intermediate compounds have been detected.

XPS Ce 3d spectra are illustrated in Figs. 2(a) and 2(b)
for both nanocrystalline CeO, films. The binding-energy
scale was calibrated to that of the Si 2p;,, photopeak of bulk
Si to correct energy shifts due to charging effects. There are
10 deconvoluted Gaussian-peak assignments in the spectra,
where peaks labeled as U, U”, U"”, V, V", and V" refer to
3dsy, and 3ds),, respectively, and are characteristic of Ce**
3d final states; while Uy, U’ and V,, V' refer to 3d;,, and
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3ds,, respectively, and are present for Ce** 34 final states.?
The ratio between fitted peak areas of Ce** and Ce** for
ceria can be used to estimate the contributions of Ce** and
Ce* valence states and the presence of Ce** implies the
defect structure CeO,_ g of the film; i.e., reflects the Vg
concentration.'® Our estimate of Ce**/Ce** ratio indicates an
increase of 3.3% to 22.7% for Sample B prepared in extra
oxidizing environment [Fig. 1(b)] compared to Sample A
[Fig. 1(a)]. This matches well with the trend expected from
the electrochemical experiments, i.e., V concentration is
higher for sample A than for samples B and C. Our results
confirm also that even in the presence of strong deviations
from stoichiometry (nominally, CeO;q; for sample B and
CeO, 5; for sample A) the deposits preserve their fluoride-
type structure,”’ as shown by Figs. 1(a) and 1(b). The el-
emental quantification was also performed using EDS
coupled with scanning electron microscopy (SEM). A se-
lected region of the L emission lines for Ce of samples A and
B is shown in Fig. 2(c). The EDS spectra were normalized
accounting for similar analyzed interacting volumes of the
films. From these measurements, we may estimate, by as-
suming the CeO, bulk density, that the V. concentration is
about 8% higher in sample B than in sample A. For conve-
nience we also assume that V. is low to affect the determi-
nation of Vg by XPS, although some V. is plausible in both
samples. In fact, even if oxygen vacancies are indeed the
most important native charge-compensating defects over a
wide range of conditions, cerium vacancies, oxygen intersti-
tials, and cerium antisites are also important and their roles
have largely been neglected in nonstoichiometric
nanoceria.?>?

Magnetization curves as a function of applied magnetic
field (M-H) at 300 K for samples A and B are shown in Fig.
3(a). Both samples are ferromagnetic at 300 K with satura-
tion magnetization (My) of 92.6 and 118.4 G for samples A
and B, respectively. These values correspond to 1.58 and
1.62 Bohr magnetons per CeO, molecule for samples A and
B, respectively. The remanences are, respectively, 0.13 Mg
and 0.10 Mg for samples A and B, whereas coercive fields
have approximately the same value of 110 Oe for both
samples. Temperature dependence of the field-cooling mag-
netization curves for samples A and B with magnetic fields
of 1 and 5 kOe are shown in Fig. 3(b). Magnetization slightly
diminishes with increase in the temperature, indicating a
critical temperature higher than the room temperature. At
temperatures below 50 K, the rise of the magnetization sug-
gests the alignment of isolated magnetic moments along with
the magnetic field applied. Comparatively to sample A,
sample B has a smaller V and a somewhat higher V. pre-
senting a magnetic moment per CeO, higher than that for
sample A. In order to get a deeper insight into the V influ-
ence, we investigated the saturation magnetization values of
sample C, which is similar to sample B, although much
thicker. The saturation magnetization evolution as a function
of storage time under dry atmospheric conditions for sample
C is shown in Fig. 3(c). Despite an exponential-like reduc-
tion in the saturation magnetization from about 100.0 to 7.0
G along almost two years, this sample stabilizes in a ferro-
magnetic state at room temperature. XPS analyses clearly
reveal a progressive reduction in the oxygen deficiency in the
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FIG. 3. (Color online) (a) M-H curves at 300 K are shown for
samples A and B. (b) Field-cooling magnetization curves for
samples A and B taken under magnetic fields of 1 and 5 kOe. (c)
Evolution of the saturation magnetization as a function of storage
time under ambient conditions for sample C reveals a progressive
loss of magnetization. Inset shows XPS O 1s core-level spectra for
sample C as-grown and after 24 months storage in air. High- and
low-binding-energy components denoted as O(Celll) and O(CelV)
correspond to oxygen bounded with Ce’* and Ce** ions, respec-
tively. The energy splitting of these components is ~1.7 eV, as
indicated by vertical dashed lines.

sample. The inset in Fig. 3(c) shows the XPS O 1s core-level
spectra for sample C as-grown and after 24 months storage at
dry atmospheric condition. This result corroborates previous
work, reporting that oxygen vacancies in the interior of CeO,
tend to migrate to the surface,?* where oxidation can more
easily occur. We have observed that annealing effects in O,
atmosphere (vacuum) can also induce an attenuation (en-
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hancement) in the spectral components associated with oxy-
gen bonded with Ce** ions, denoted by O(Celll), with re-
spect to oxygen bonded with Ce** ions, denoted by O(CelV).
This feature is promptly followed by decreasing (increasing)
in the saturation magnetization. We take advantage of aging
effect which involves low-energy processes comparatively to
high-temperature annealing. Aging allows for the mobility of
Vo without significant changes on the grain sizes and V,
positions. Since ferromagnetism in ceria was shown to be
connected to grain sizes,'*1%2% sample aging is more effec-
tive than annealing to demonstrate the residual magnetization
relationship with V.. The observation of residual magneti-
zation is a clear manifestation of DDM, as it strongly indi-
cates the existence of a non-negligible contribution coming
from magnetic moments associated with V..

Several works have recently reported RT-FM for single
crystalline,”®?” polycrystalline,3?%? and nanocrystalline.'®
Co-doped CeO, thin films, as well as Ni-doped CeO,
nanoparticles’®3! and undoped CeO, nanoparticles,'”
nanobelts,” and nanocubes.'® For single-crystalline Co-
doped CeO, thin films, the magnetism depends sensitively
on the oxygen pressure during growth and annealing, being
the magnetization loss reversible under oxidizing and reduc-
ing atmospheres.”’” For CeO, nanocubes it was reported that
oxygen vacancy-induced moment depends on the location of
vacancy.'® In counterpart, crystalline Ni-doped CeO, (Refs.
30 and 31) and undoped CeO, (Ref. 10) nanoparticles exhib-
ited magnetism almost independent of V. Our experimental
findings indicate that both V. and Vo amounts are relevant
parameters for the ferromagnetic behavior. From this point of
view, it is expected that magnetism of crystalline and ordered
samples are strongly dependent on V since a reduced V¢,
amount is determined by the thermodynamics. On the other
hand, it is expected that magnetism of nanocrystalline and
disordered samples with significant V5 and V., amounts
could be weakly dependent on V due to the contribution of
intrinsic ferromagnetism associated with V.. The observa-
tion of paramagnetism in highly crystalline samples prepared
by laser ablation and ferromagnetism in highly disordered
samples prepared by electrodeposition’? are in good agree-
ment with our present explanation. Therefore, our present
results shine some light on most of the controversial results
currently found by different groups.

B. Band-structure calculations

The origin of ferromagnetism in solids can be described
using two opposite approaches: (i) the Heisenberg approach,
where the ions have a certain localized moment, which inter-
acts with the moment at the neighbors through an exchange-
coupling J. This method was used, for instance, by Litvinov
to study ferromagnetism in doped GaN,** and (ii) the band
ferromagnetism approach, where the magnetic moment is de-
localized through the solid, and the exchange interaction I
splits the majority and minority sub-bands. This method was
used, for instance, by Ge et al.'® to study ferromagnetism in
CeO, nanocubes. Using the second approach, we show that
not only O but also Ce vacancies could, in principle, produce
ferromagnetism in CeO, thin films. The magnetic moment in
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FIG. 4. (Color online) Comparison between the spin-resolved
Density of States (DOS) calculated with the LDA, GGA, GGA
+U, and LDA+U approaches for stoichiometric CeO,.

this method is not localized at the vacancy site, but rather it
is delocalized through the entire supercell. It is worth noting
that the conclusions are derived from the experimental data,
our calculations are just to support these conclusions.

We present here band-structure calculation for stoichio-
metric CeO,, as well as for a single Ce or O vacancy in
supercells with 4, 8, and 16 CeO, units. The resulting Ce and
O vacancy concentration was between 3% and 25%, which is
in the range of the experimental estimates for our CeO, thin
films (3.3-27.7 %). Our density-functional theory calcula-
tions were performed with the local-density approximation
(LDA) and the generalized-gradient approximation (GGA)
using the full-potential linear muffin-tin-orbital method
(LMTO) code LmtART.** The space group of CeO, was Fm-
3m, the lattice parameter was a=0.541 nm, ancli t%lelatomic

positions were Ce (4a) (0; 0; 0) and O (8¢) (3:7:7). The
basis set for the (semicore) valence electrons consisted of the
(2s), 2p, and 3d orbitals for O, and the 6s, (5p), 5d, and 4f
orbitals for Ce.

Figure 4 shows the spin-resolved DOS of stoichiometric
CeO, with the LDA, GGA, LDA+U, and GGA+U ap-
proaches, where U=5 eV.* We note that the results are
similar in all cases, which show that LDA is already a good
approximation in this case. The value of the intra-atomic
interaction U for Ce 4f electrons is relatively large. How-
ever, the Coulomb interaction in LDA(GGA)+U is propor-
tional to (n)U, where (n) is the average number of Ce 4f
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FIG. 5. (Color online) Comparison between the spin-resolved Density of States (DOS) calculated with the LDA and GGA +U approaches
for stoichiometric CeO,, for one Ce vacancy (V¢,.) and for one O vacancy (Vg) in a supercell with four CeO, units. The total DOS is
decomposed into the main (O 2p, Ce 4f, and Ce 5d) partial contributions.

electrons. But the CeO, compound is formally a 4f° system
and the value of the calculated (n) is close to zero.

Figure 5 compares the spin-resolved DOS calculated with
the LDA and GGA+U approaches for stoichiometric CeO,,
as well as for one Ce vacancy (V¢.) and for one O vacancy
(Vo) in a CeO, supercell with 4 formula units. Both calcu-
lations show that stoichiometric CeO, is a diamagnetic insu-
lator with a bandgap of about 1.8 eV, and is in good agree-
ment with a previous calculation.’® The results show that the
valence band is formed mostly by O 2p states, whereas the
conduction band is composed mainly by Ce 4f and Ce 5d
states. The presence of a Ce vacancy (V¢,) turns CeO, into a
ferromagnet with the Fermi level intersecting the minority O
2p band. The magnetic moment in this case (4up per Ce
vacancy in both calculations) would be mostly associated
with O 2p states. On the other hand, the O vacancy (Vo)
produces also a ferromagnet with the Fermi level cutting the
majority Ce 4f band. Now the magnetic moment (2ug per O
vacancy in both calculations) would be mainly related to the
Ce 4f states. The results show again that the LDA calcula-
tions already lead to a consistent spin-resolved DOS and
magnetic moments even with Ce and O vacancies.

Figure 6 compares the spin-resolved DOS calculated with
the LDA approach for one Ce vacancy (V¢.) as well as for

one O vacancy (V) in different supercells with 4, 8, and 16
CeO, units. The band-structure calculations show that the
overall density of states does not change much with either
the Ce or O vacancy concentration. The results indicate that
both the Ce and O vacancies produce a stable ferromagnetic
solution for all the calculated vacancy concentrations. The
relative energy stabilization of the ferromagnetic phase AE
=Epura—Eferro for Ce and O vacancies in the different CeO,
supercells is given in Table I. It is not possible to estimate the
value of the critical temperature 7~ from a zero-temperature
band-structure calculation. However, the calculated energy-
stabilizations AE for both the Ce and O vacancies are rela-
tively large, and thus compatible with the observed ferro-
magnetism at room temperature.

Further, the magnetic moment per Ce vacancy (4ug) is
still associated to O 2p states, whereas the magnetic moment
per O vacancy (2ug) continues to be related to Ce 4f states.
The sub-band shift I between the majority and minority spins
for Ce and O vacancies in the different CeO, supercells is
listed in Table I. The value of the parameter I is larger for the
Ce vacancy and decreases with both the Ce and O vacancy
concentrations. If one assumes that the parameter I is related
to the effective exchange splitting, then the decrease of I
suggests that the magnetic interactions between the vacan-
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FIG. 6. (Color online) Comparison between the spin-resolved Density of States (DOS) calculated with the LDA for one Ce vacancy (V)
and for one O vacancy (V) in different supercells with 4, 8, and 16 CeO, units. The total DOS is decomposed into the main (O 2p, Ce 4f,

and Ce 5d) partial contributions.

cies decreases with the dilution. Interestingly enough, the
relative energy stabilization AE, the parameter I, and the
magnetic moment per vacancy are larger for a Ce than for an
O vacancy.

The above band-structure calculations suggest that both
Ce and O vacancies could contribute to the observed ferro-
magnetism in CeO,. Although thermodynamically the num-
ber of Ce vacancies is expected to be smaller than oxygen
vacancies, the relatively high magnetic moment of the

TABLE 1. Relative energy stabilization of the ferromagnetic
phase AE=E,;,—Efo, as well as the sub-band splitting of the
DOS 1, calculated with the LDA approach for one Ce vacancy (V)
and one O vacancy (V) in different CeO, supercells with 4, 8, and
16 formula units (all values in meV).

Ce vacancy (V) O vacancy (Vp)

AE 1 AE 1
Formula units (meV) (meV) (meV) (meV)
=221 726 -159 527
8 -229 595 —148 422
16 =217 476 -138 316

former would result in a substantial contribution to the mag-
netic properties. Thus, even a small fraction of Ce vacancies
might help to explain the residual magnetization observed
for the aged sample, which is not expected to contain a con-
siderable amount of O vacancies, [see Fig. 3(c)]. The inter-
action between O-O, Ce-Ce, and Ce-O vacancies is a very
complex question.'® Despite the absence of localized para-
magnetic centers, our experimental results show ferromag-
netism in the diluted limit (~3%). For this reason, we are
now mostly interested in the effect of an isolated Ce or O
vacancy. As a matter of fact, the magnetic moments associ-
ated to the diluted point defects in DDMs would play a simi-
lar role to the 3d magnetic moments in DMOs.

IV. CONCLUSIONS

In summary, our experimental evidences suggest that the
observed ferromagnetism in nanostructured CeQO, is intrinsic,
and that magnetic moments are mostly associated with the
point defects (Ce and O vacancies) in the structure. Our
band-structure calculations indicate that both the Ce and O
vacancies are consistent with a ferromagnetic state for all the
investigated vacancy concentrations. In conclusion, we show
that the presence of diluted defects may be responsible for
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the magnetism of nonmagnetic oxides without magnetic im-
purities, and we think that this effect should be evaluated
carefully even for nonmagnetic oxides with magnetic impu-
rities.

Note added. While we were writing the paper, we became
also aware of the recent articles of Rahman et al.’” and Soon
et al.’® reporting the vacancy-induced room-temperature fer-
romagnetism in two undoped nonmagnetic oxides (Cu,O and
Sn0,). We agree with the results of these papers based on the

PHYSICAL REVIEW B 80, 035202 (2009)

same first-principle density-functional calculations used in
the present work.
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