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Abstract

We have measured the magnetization of undoped and Fe?*/3+ doped CeO,_y nanocrystals at
various temperatures and magnetic fields. The Stoner condition N(0) > 1 is multiply fulfilled
in the case of nano-CeO;_,, favoring the band ferromagnetism approach. In the case of
Fe-doped samples, the magnetization versus magnetic field dependence is well fitted with a
weighted Langevin function. A blocking temperature of about 20 K is obtained both from the
ZFC/FC curves and from the coercive field against temperature dependence. The temperature
and field dependence of the magnetization clearly shows the presence of nanosized particles

which exhibit superparamagnetic behavior.

(Some figures may appear in colour only in the online journal)

1. Introduction

The magnetic properties of materials fundamentally change
when the particle sizes are reduced [1]. Below a critical size
(Dc), which typically lies below 100 nm, normal microscopic
multidomain ferromagnetic (FM) structure is energetically
unfavorable, and the particles are in the single domain state,
figure 1. In this state, the mechanism of magnetization reversal
can only occur via the rotation of the magnetization vector
from one easy magnetic direction to another over the magnetic
anisotropy barrier. The magnetic properties of the single
domain state were analyzed in a seminal work first published
by Stoner and Wohlfarth [2]. As particle size decreases within
the single domain range, another critical threshold (Dsp) is
reached, at which remanence and coercivity go to zero and
the particles are in the superparamagnetic (SP) state. Such a
system has no hysteresis and magnetization curves at different
temperatures superimpose onto a universal curve of M /Mg
versus H/T (Langevin’s curve). A schematic representation
of the coercivity change versus particle size is given in
figure 1. The finite size effects in magnetic nanooxides [3]
and magnetic rare-earth semiconducting materials [4, 5] have
recently been a subject of great interest.

The appearance of the room temperature ferromagnetism
in many oxide nanomaterials is related to oxygen vacan-
cies [6], which play a crucial role in changing the electronic
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Figure 1. Schematic representation of the coercivity change as a
function of particle size in an ultrafine particle system. The
hysteresis loops of superparamagnetic (SP) and ferromagnetic (FM)
states are also shown. Dc—critical size of multidomain (MD)/single
domain (SD) transition; Dgp—critical particle size of FM/SP
transition.

structure of oxides on the nanoscale and causing pronounced
change in magnetic properties. The ferromagnetism in ceria
thin films and nanoparticles has been found in pure samples
and samples doped with 3d and 4f elements [7-11].

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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There are two different approaches for the explanation of
the ferromagnetism in ceria oxide.

(i) The Heisenberg approach, where ions have certain lo-
calized magnetic moment, which interacts with the magnetic
moment of the neighbors through an exchange coupling J.
This approach was used by Han et al [12] to explain ferro-
magnetism in cerium oxide. In the oxygen deficient CeO;_y,
two reduced Ce ions form a Ce-O-Ce bond with their
neighboring oxygen anion, where the Cedf,,,—02p-Cedf,,,
interaction is responsible for the magnetic properties. Because
a Ce-O-Ce bond angle is close to 90°, according to
the Goodenough—Kanamori—Anderson rules, it favors a
90° superexchange interaction, leading to ferromagnetic
ordering. Once the ferromagnetic ordering becomes stable
through the Ced4fy,,—O2p—Ce4f,,, superexchange interaction,
in heavy-doping cases the increasing numbers of electrons
remaining on the oxygen vacancy sites are in turn polarized
by the spin moment of neighboring Ce3*t ions under the
ferromagnetic ordering [12].

The F-center exchange model also belongs to this
category. FM in CeO,_y, nanocrystals is commonly explained
as oxygen vacancy driven long range spin ordering, where
each oxygen vacancy site, especially at the surface of
nanoparticles, traps an electron forming an F' center. It has
been also suggested that single charged F' centers are most
likely essential to mediate the magnetic coupling [13].

(i) The band ferromagnetism approach, where the
magnetic moment is delocalized through the solid, and the
exchange interaction / (Stoner integral) splits the majority
and minority sub-bands. This method has been used by
several authors [14-16] to study the ferromagnetism in CeO,
oxides. Coey et al recently developed the charge-transfer
model, which involves a spin-split defect band populated by
charge transfer from a proximate charge reservoir. The charge-
transfer ferromagnetism is of a percolating Stoner type, rather
than a percolating Heisenberg type. In addition, according
to the band structure calculations using density functional
theory [12—15, 17, 18] it is found that spin-polarized charge
density around vacancy sites leads to an electronic structure
with an energy minimum for the global ferromagnetic state.
Our finding [19] about electron delocalization in highly
oxygen deficient Ce(Fe2+/Fe3+)02_y samples favors such
an assumption and indicates that the ferromagnetism in
nanooxides can be due to the electronic structure change that
takes place on the nanoscale. In fact, due to the structural
disorder (oxygen or cerium nonstoichiometry) a defect-related
band is formed in the energy gap of CeO,_, (like the
impurity band in semiconductors). The density of states of
the defect-related band increases with oxygen deficiency
(vacancy concentration) increase and/or Fe3* doping. This
means that d states of iron are hybridized with Ce 4f states and
the Fe* ions act as a charge reservoir. Our Raman scattering
measurements clearly showed that Ce 4f electrons are in part
delocalized on Ce(Fe)-O(Vo)—Ce(Fe) orbitals. It is important
to note that for the d° electron of the Fe3t ion, according to
our Raman spectra, it is energetically more favorable to be
transferred to the defect-related band than to be localized on
the Fe ion. The existence of a high density of states at the

narrow defect-related band is a necessary condition for the
appearance of the room temperature ferromagnetism. Taking
the Stoner integral I for oxygen as being about 1 eV [16],
the obtained value N(0) = 22 (eV)~! from electron-molecular
vibration coupling [19] is high enough to satisfy the Stoner
criterion N(0)I > 1 for the appearance of ferromagnetism in
nanoceria.

As far as we know, there are no experimental reports
about the superparamagnetic behavior of nanoceria doped
with any 3d elements. In this paper we have measured the
magnetization of Ce(Fez+/Fe3+)Oz,y samples as a function
of temperature and magnetic field. Superparamagnetic
behavior of this system is revealed by nearly zero coercive
field, an appearance of the blocking temperature below 20 K,
as well as the M(H) dependence, which is well fitted by a
weighted Langevin function which takes into account particle
magnetic moment distribution.

2. Experimental details

The self-propagating-room-temperature synthesis method
was used to produce high quality Cej_,Fe2*(Felt)0,_,
nanocrystals. Starting materials were metal nitrates and
sodium hydroxide. The details of the sample preparation
procedure can be found in our recent publications [20,
21]. The particle size of the samples under consideration,
according to the x-ray diffraction (XRD) and Raman
scattering measurements, was less than 5 nm [19]. Atomic
force microscope (AFM) images were taken at room
temperature using an Omicron B002645 SPM system,
operating in non-contact mode to achieve minimal tip—sample
interaction. The magnetic properties of the samples were
measured in the temperature range between 75 and 300 K
using a 14 T cryogen free measurement system (Cryogenic,
Ltd) with a vibrating sample magnetometer VSM 2000.

3. Results and discussion

The particle size distribution (PSD) of a Fe3* doped sample,
derived from the AFM image (inset) is presented in figure 2.
The AFM image shows that the particle diameter distribution
corresponds to the log-normal profile with a maximum
centered at about 10 nm. The difference between XRD
and AFM sizes originates from the fact that the sizes
obtained by the XRD method reflect the average size of
individual nanocrystallites, whereas the sizes obtained from
AFM images reflects the particle sizes which are influenced
by agglomeration of nanocrystallites.

The room temperature magnetization curves as a function
of magnetic field of CeO; poly- and CeO;_, nanocrystalline
samples, as well as Fe-doped Ceo.ggFegjz(FeSB)Oz_y
nanocrystals are given in figure 3(a). These samples
are diamagnetic, ferromagnetic and superparamagnetic,
respectively with a significant diamagnetic (undoped samples,
see the inset A in figure 3(a)) and paramagnetic contribution
(Fe-doped samples). In figure 3(b) is given a reduced
magnetization MR for these samples obtained by subtracting



J. Phys.: Condens. Matter 24 (2012) 456001

N Paunovi¢ et al

Relative content

0 10 20 30 40 50 60
Particle size (nm)

Figure 2. The particle size distribution (PSD) of the Fe3t doped
sample, derived from the AFM image given in the inset. The solid
line represents the PSD curve calculated using the log-normal
distribution with the best fit parameters: median po = 13.3 nm and
distribution width o = 0.55.

the linear diamagnetic contribution for undoped CeO;
samples (the inset B in figure 3(b)) and the linear
paramagnetic contribution (represented by the lines in
figure 3(a)) for Fe-doped samples. As can be seen from
inset B in figure 3(b), the polycrystalline CeO, exhibits the
expected diamagnetic behavior of closed Ce** shells, whereas

the nanocrystalline CeO;_, shows a small ferromagnetic
contribution of about 6 x 107> emu g~!, comparable with
previous findings [22].

Figure 4 shows the magnetization of the Ceo.ggFegﬁzOz_y
sample (the hysteresis loop) measured in the magnetic field up
to 10 T and in the temperature range between 75 and 300 K.
The reduced magnetization MR of the same sample, obtained
by subtraction of the linear paramagnetic contribution, is
shown in the left inset of figure 4. The right inset presents
the susceptibility of the paramagnetic contribution versus
temperature of the same sample together with the Curie
law calculated curve, which perfectly fits the experimental
data. The magnetization curves show very low coercivity
and almost linear increase of saturation magnetization with
the lowering of the temperature in the measured temperature
range.

The strong paramagnetic contribution in M(H) de-
pendence leads us to conclude that our samples are far
from the simple assumption of single domain particles
with perfect magnetic ordering. Accordingly, in figure 1
we schematically represent our sample as an assembly of
core—shell particles, the magnetic behavior of which differs
at the surface (mostly paramagnetic) from that of the core
(mostly superparamagnetic).

The field dependence of the magnetization in the
superparamagnetic materials can be described with [23]:

M H kgT H
- = Coth 'LL_ — B_ =L 'LL_ s (1)
Mg kgT uH kgT

0.75—( ‘
a)
0.2
6
. ;
0.50 +—B2{ceo, poly {
.............. N
:
5—2
= 0.1
0.25 °
_ -40 A
? ]
E )
; - 0.0
2 s
-0.25 s
f é -0.1
=
-0.50 &&V
-0.75 )

H [kOe]

40 80
H [kOe]

Figure 3. Magnetic properties of pure and iron-doped CeO;_, nanocrystals. (a) Room temperature magnetization (M) versus magnetic
field (H) curves of Ceo,ggFe(z)fT2 (Fegjz)Oz,y samples. Inset A: room temperature M (H) dependence of undoped CeO, samples. (b) Reduced
magnetization Mg of Fe-doped samples obtained by subtracting the linear paramagnetic contribution from the magnetization curves shown
in (a). Inset B: reduced magnetization MR of undoped CeO, samples obtained by subtracting the linear diamagnetic contribution from the

magnetization curves shown in inset A.
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Figure 4. (a) Magnetization versus magnetic field curves of the CeolggFengOQ,y sample measured at different temperatures. Inset left:
reduced magnetization My for the same sample obtained by subtracting the linear paramagnetic contributions. Inset right: susceptibility of
the paramagnetic contribution versus temperature for the same sample. The solid line represents the Curie law.
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Figure 5. M /Mg versus H/T dependence (Langevin curves) at
different temperatures for the CeolggpethOZ,y sample.

where L is the Langevin function, Mg the saturation
magnetization, kg the Boltzmann constant and x the magnetic
moment of the particles. In figure 5 we have shown the M /Mg
versus H/T dependence. In an ideal superparamagnetic
system, one expects that all M /Mg versus H/T curves collapse
into a single universal Langevin’s curve, if the measurement
temperature is above the irreversibility temperature. In
real nanosystems such as the case of Ce(Fez+/Fe3+)Oz_y
samples, there is significant deviation from the Langevin
curve, particularly at lower temperatures, due to some of the
following reasons: the existence of a distribution of particle
sizes, random anisotropy axis distribution, surface anisotropy
or interparticle magnetic interaction.

In a real nanocrystalline system the size of the particles
is usually not uniform and most frequently it is described

with a log-normal distribution. This kind of particle size
distribution has already been used for the characterization of
our samples [24]. The particle size distribution reflects in the
corresponding particle moment distribution f (). For a real
nanocrystalline system, the macroscopic magnetization can be
obtained using [23]:

o0 H
M(H, T) = /O ulL (“—)f(u) du @)

kT

where f(w) is a log-normal distribution function of the type

1 In® (/ 110)
f(u)_\/Z_To,ueXp T2 | 3)

where o is the distribution width and g is the median
of the distribution which is related to the mean magnetic
moment ity as m = /o exp(o?/2). In this way, the median
1o and the distribution width o can be obtained through
appropriate fits of the experimental magnetization curve,
which is illustrated in figure 6. As can be seen from
figure 6, good agreement between fits and experimental data
is obtained by taking into account the log-normal magnetic
moment distribution (equation (3)). Best fit parameters
are given in table 1. It can be seen from table 1 that
with temperature decrease, the median of the distribution
decreases whereas the distribution width slightly increases.
This discrepancy from the usual superparamagnetic behavior,
where no temperature dependence of the distribution is
expected, can be a consequence of a very wide particle size
distribution. In such a case, a portion of particles will not be
in the superparamagnetic but in ferromagnetic state. In that
way, the apparent change in distribution will actually be a
consequence of deformation of the supermagnetic curves by
the presence of a small ferromagnetic component.
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Figure 6. Magnetization versus magnetic field curves of
CepssFegt,0s_y (a) and Ceg gsFe 1,02, (b) samples measured at
different temperatures (symbols) together with M (H) curves
calculated using equation (2).

Table 1. Magnetic moment distribution parameters.

F€2+ 1::637L

Temperature (K) o o o o
300 178  0.78 159 094
275 154 0.82 159 094
250 152 0.82 138 0.99
225 150  0.83 130 1.02
200 145 0.84 119 1.05
175 144 0.83 125 1.01
150 121 0.90 107 1.06
125 104 0.93 95 1.08
100 96 092 83 1.09

75 58 1.05 81 1.00

Figure 7 shows the low temperature dependence of the
magnetization measured in zero field cooled (ZFC) and field
cooled (FC) regimes in a magnetic field of 150 Oe. It can
be seen that the bifurcation between ZFC and FC curves
occurs at the irreversibility temperature Tiy ~ 35 K. On the
other hand, the ZFC curve does not show the usual maximum
which would correspond to the blocking temperature 7p,
but exhibits a flatter plateau instead. This is because of the

g T T T T T T T T T 0.7
g
Y 3+ —o—Fe” | 140.
Ce,oFes 120,y - z.zzz ! ANt
g o
;" 0.015 1 105
o 0.010
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10 20 30 40

Figure 7. ZFC and FC magnetization versus temperature curves of
the Ceo,ggFeg_szOz,y sample. Inset: coercive field versus
temperature dependence of Ceoj;gFe(zﬁ2 (Fegjz)oz_y samples.

strong paramagnetic contribution that is superimposed on
the ZFC/FC curves, and which becomes dominant at lower
temperatures, effectively rising and deforming ZFC and FC
curves. In an assembly of superparamagnetic particles with
wide size distribution as in our case, it can be expected that
the blocking temperature T is 2-3 times lower than Tj.
ZFC and FC curves in the magnetic field of 5000 Oe are also
presented in figure 7. The increase in magnetic field intensity
leads to the merging of ZFC and FC curves as is expected for
a superparamagnetic system. The inset in figure 7 shows the
coercive field for Fe?t/3% doped CeO» samples measured at
different temperatures. The coercive field Hc rises abruptly
below about 20 K, which represents the value of blocking
temperature 7. The appearance of a local minimum at about
the blocking temperature in the H(7T) dependence (inset in
figure 7) has already been observed in a nanocrystalline
Cu—Co system [25]. Such a temperature dependence can be
explained as a consequence of the temperature dependence of
the average blocking temperature and the superparamagnetic
susceptibility of the unblocked particles [23].

In summary, we reported magnetization measurements
of Ce()‘gg(Fegﬁz/Fegjz)Oz,y nanocrystals at various tem-
peratures and magnetic fields. Nearly zero coercive field,
the existence of the blocking temperature at about 20 K,
as well as the M(H) dependence, which can be fitted by
a weighted Langevin function that takes into account the
particle magnetic moment distribution, have led us to the
conclusion that Fe-doped ceria shows superparamagnetic
behavior.
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