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b Institute of Nanotechnology, Karlsruhe Institute of Technology, 76344, Eggenstein-Leopoldshafen, Germany 
c Institute of Condensed Matter Physics, Braunschweig University of Technology, 38106, Braunschweig, Germany 
d M.N. Mikheev Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, 620137, Yekaterinburg, Russia 
e Institute of Natural Sciences, Ural Federal University, 620083, Yekaterinburg, Russia 
f Faculty of Mining, Ecology, Process Control and Geotechnology, Technical University of Košice, 04001, Košice, Slovakia 
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A B S T R A C T   

Electromagnetic properties of complex oxide solid solutions containing Ce and Y attract increasing interests due 
to their high application potential. Their properties are known to be dependent on many factors including grain 
size and crystal defects. Here we focus on unique features of nanocrystalline Ce1-xYxO2-δ (x ≤ 0.3) solid solutions 
prepared via a mechanosynthesis. Mechanically activated CeO2-δ and mechanosynthesized Ce1-xYxO2-δ exhibit 
room-temperature ferromagnetism. The saturation magnetization reaches maximum for the Ce0.9Y0.1O2-δ solid 
solution. XPS and Raman spectra show that Ce4+ ions are partially reduced to Ce3+, with simultaneous intro
duction of oxygen vacancies accumulated on surface of the solid solutions. An analysis of the experimental 
magnetization data and the determination of both the spin state and the concentration of magnetic carriers 
revealed that a small part of the Ce3+ spins (<1%) is responsible for the magnetic state of the Ce1-xYxO2-δ system. 
Existence of clusters with a short-range antiferromagnetic order is also suspected.   

1. Introduction 

Numerous studies have shown that nanomaterials exhibit functional 
and structural properties significantly different from those observed for 
their microcrystalline counterparts. Among others, in recent years, 
cerium dioxide (ceria, CeO2) and ceria-based nanomaterials have 
attracted much attention because they possess many attractive proper
ties which make them highly promising for a wide range of applications 
such as catalysts, oxygen sensors, solid oxide fuel cells as well as parts of 
optical, microelectronic and optoelectronic devices [1–7]. The cationic 

valence balance, Ce4+/Ce3+, is known to significantly influence func
tional properties of ceria [8]. The room-temperature ferromagnetism 
(RTFM) in diluted magnetic oxides has attracted considerable interest 
because of its potential applications for spintronics with 
room-temperature functionalities. Oxygen vacancies have been pro
posed to play an important role in the magnetic origin for these oxides 
[9–11]. 

It has been reported that crystal defects in insulators with a wide 
band gap may offer a path to unique ferromagnetic materials [12]. 
Sundaresan et al. [13] and Ge et al. [14] attributed the RTFM state of 
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ceria nanoparticles to exchange interactions between unpaired spins 
that result from surface oxygen vacancies. Also Fernandes et al. [15] 
reported that the RTFM in nanostructured ceria is mostly associated 
with point defects, i.e., Ce and O vacancies in the structure. El Hachimi 
et al. [16] found that oxygen interstitials, oxygen antisites and cerium 
vacancies in nanocrystalline ceria could induce ferromagnetism. Lu 
et al. [17] attributed the formation of local magnetic moments mainly to 
the O2p hole state of the O atoms neighboring the Ce vacancy. On the 
other hand, Chen et al. [18] and Wang et al. [19] attributed the RTFM in 
ceria to the existence of net spins. However, some researchers have 
doubted the effect of oxygen vacancies on the RTFM. For example, Liu 
et al. [20] observed the RTFM in 20 nm CeO2-δ powder particles and 
argued that this phenomenon might not be linked to oxygen vacancies. 
Li et al. [21] suggested that the RTFM is not related to the surface oxygen 
vacancies but to the Ce3+/Ce4+ pairs. Besides, Lee et al. [22] concluded 
that RTFM in the ceria solid solution is mainly attributed to Ce3+ cations, 
which accumulate on the particle surface when their concentration in
creases. Thus, the origin of magnetism and possible mechanisms of its 
formation in nanostructured ceria-based materials are very complex and 
not fully understood yet; see, for example, the recent review [23]. 

In the present work, we report the structure-related magnetic prop
erties of nanocrystalline Ce1-xYxO2-δ (x ≤ 0.3) solid solutions synthesized 
via one-step mechanosynthesis. The special effort is devoted to the 
approximation of the short-range structural arrangement of Ce1-xYxO2-δ 
via simultaneous use of several analytical methods, i.e., X-ray photo
electron spectroscopy (XPS), diffuse reflectance UV–Vis–NIR and Raman 
spectroscopies. The observed RTFM is discussed in relationship to the 
local structure of the mechanosynthesized samples. 

2. Experimental 

The details of the mechanosynthesis of Ce1-xYxO2-δ (x ≤ 0.3) solid 
solutions have been published previously [24]. The XPS measurements 
were performed using an XPS instrument (SPECS) equipped with 
PHOIBOS 100 SCD and non-monochromatic X-ray source. The survey 
surface spectrum was measured at 40 eV at room temperature. All 
spectra were acquired at a basic pressure of 2 × 10− 8 mbar with MgKα 
excitation at 10 kV (150 W). 

The UV–Vis–NIR diffuse reflectance spectroscopic (DRS) measure
ments were performed under ambient conditions using a Thermo Evo
lution 300 UV–Vis–NIR spectrophotometer equipped with a Praying 
Mantis accessory. The spectra were recorded in the range of 200–1100 
nm. The Spectralon (Labsphere, Inc.) as a ‘white reflectance standard’ 
was used to collect a background. 

The Raman spectra were measured using a MonoVista UV–Vis–NIR 
confocal Raman Microscope with excitation wavelengths of 514 nm 
(Ar+ laser) and 325 nm (He–Cd laser). 

Magnetization measurements were performed using a MPMS-5S 
SQUID magnetometer (Quantum Design). The powder samples were 
measured in a gelatinous capsule. The magnetization data were cor
rected for the diamagnetic moment of the capsule. 

3. Results and discussion 

The detailed information on the X-ray powder diffraction (XRD) 
analyses and HR-TEM studies of the mechanosynthesized Ce1-xYxO2-δ 
solid solutions has been presented in our previous work [24]. In brief, 
the high-energy ball milling of stoichiometric (1-x)CeO2:(x/2)Y2O3 
mixtures for 90 min resulted in the formation of Ce1-xYxO2-δ (x ≤ 0.3) 
solid solutions. Rietveld analysis of XRD data revealed that the crystal
lite size of the mechanosynthesized powders ranges from 14 to 21 nm 
and the value of microstrains increases with increasing concentration of 
Y3+ cations. These effects were explained in terms of the formation of 
oxygen vacancies and replacement of eightfold coordinated Ce4+ ions by 
Y3+ or Ce3+ ions with different ionic radius. Consequently, it was 
determined that the lattice parameter a of Ce1-xYxO2-δ decreases linearly 

with increasing yttrium content up to x 0.2; that is in a good agree
ment with Vegard’s law. However, for x > 0.2, a nonlinear behaviour of 
a(x) was observed. In addition, the determined values of lattice pa
rameters for mechanosynthesized Ce1–xYxO2–δ solid solutions were 
found to be higher than those of bulk counterparts. The nanoscale 
character as well as shrinkage of the lattice parameter was further 
confirmed by HR-TEM analyses. In this context it should be emphasized 
that the mechanosynthesized Ce1–xYxO2–δ solid solutions are found to be 
structurally disordered as a result of the following phenomena: (i) the 
onset of the Ce4+/Y3+ cation exchange, (ii) the reduction of the 
Ce4+/Ce3+concentration ratio (both followed by the formation of oxy
gen defects), (iii) the presence of a core/shell structure and a high value 
of surface-to-bulk volume fraction, (iv) the accumulation of micro
strains. To shed light on the nanostructure of the mechanosynthesized 
solid solutions on a local atomic scale, in the following we will present 
and discuss the results obtained comprehensively by several spectro
scopic methods. Consequently, on the basis of the results of spectro
scopic investigations presented below, we will discuss the origin of the 
RTFM in the mechanosynthesized solid solutions (parts 3.3 and 3.4). 

3.1. Composition and chemical state of mechanosynthesized Ce1-xYxO2-δ 

The variation in the oxidation state of the cerium ions in the 
mechanosynthesized Ce1-xYxO2-δ (x ≤ 0.3) solid solutions manifests itself 
in their Ce 3d XPS spectra. As shown in Fig. 1, ten sub-peaks were used 
for the fitting of the Ce 3d spectra; i.e., four peaks (at 881.0, 885.4, 
889.4, and 903.8 eV) corresponding to a Ce3+ oxidation state and the 
other six peaks (at 882.4, 888.9, 898.0, 900.8, 907.3, and 916.4 eV) 
originating from a Ce4+ oxidation state [25]. The presence of Ce3+ re
sults in the formation of intrinsic defects in the samples and thus partly 
reflects the concentration of oxygen vacancies. A semiquantitative 
analysis of the integrated peak area provides information on the con
centration of Ce3+ ions in the prepared samples. The determined Ce3+

fractions in the mechanosynthesized samples are given in Table 1. It 
should be noted that the mean free path of photoelectrons in ceria oxides 
for the Ce 3d signal is about 11 nm [26], leading to the value of the 
information depth of the XPS measurements of about 33 nm (with the 
approximation that the information depth is three times that of the mean 
free path of photoelectrons) [27]. Accordingly, taking into account 
similar values of the information depth and the particle size of the 
mechanosynthesized Ce1–xYxO2–δ samples (dG ~ 14–21 nm) [24], it 
could be assumed that the results of XPS measurements reflects not only 
the surface and interfacial structural disorder (represented by intrinsic 
defects and oxygen vacancies) but also the interior structure of the 
prepared nanoparticles. 

The ratio between fitted peak areas of Ce3+ and Ce4+ for ceria can be 
used to estimate the intrinsic concentration of oxygen vacancies, V0 
(Table 1). According to the F-center exchange mechanism [28], V0 
trapped with one electron can be responsible for an enhanced 
room-temperature ferromagnetism of the ceria-based materials. How
ever, as shown in Table 1, the mechanosynthesized samples do not show 
systematic increase of the Ce3+ content with increasing yttrium 
concentration. 

3.2. Optical properties and atomic vibrational modes of 
mechanosynthesized Ce1-xYxO2-δ 

The UV–Vis–NIR diffuse reflectance spectra of the mechanosynthe
sized Ce1–xYxO2–δ (x ≤ 0.3) samples are shown in the inset of Fig. 2. The 
analysis of the collected experimental data was performed by converting 
the reflectance spectra to the Kubelka-Munk absorbance spectra (see 
Fig. 2) using the Kubelka-Munk equation [29]. 

In the case of CeO2, band structure calculations show that the 
valence band (VB) has mainly a 2p(O) character and the conduction 
band (CB) is essentially of the 5d (Ce) nature. Following the DFT cal
culations, the gap between these two bands is given to be ~5.75 eV [30]. 



However, the 4f-block band that is empty for Ce4+ lies between the VB 
and CB, and the experimental optical gap, i.e., Eg is attributed to a 2p(O) 
→ 4f (Ce) charge transfer [31,32]. As it is clearly seen in Fig. 2, all the 
samples strongly absorb the UV light below 400 nm (above ~3.1 eV). 
The optical absorption intensity of the milled CeO2-δ sample is higher in 
comparison to its bulk counterpart. Additionally, the absorption in
tensity decreased with increasing yttrium content, most likely due to the 
lower values of yttrium refractive index [33]. The band gap energies are 
determined by fitting the absorption data to the direct/indirect transi
tion equation by extrapolating on the linear portions of the curves to 
absorption equal to zero (see Fig. S1 in supplementary files), and they 
are listed in Table 1. The correlated direct band gap (Ed) for ball milled 
CeO2-δ nanoparticles (average crystallite size dG ~ 21 nm) was found to 
be 3.4 eV. This value is within the range characteristic for 

nanocrystalline CeO2-δ (3.31–3.7 eV) previously reported in the litera
ture [1,34–38]. Compared to the bulk CeO2 (Ed 3.10–3.40 eV) [34,35] 
the ball milled CeO2-δ samples did not show a significant variation in Ed. 
Although Liu et al. [39] and Cheviré et al. [31] reported on blue shifting 
phenomena due to the creation of new (extrinsic) oxygen vacancies 
upon doping, this effect has not been observed in the prepared samples. 
Since the conduction and the valence bands are relatively flat according 
to reported electronic calculations [40], one can assume a direct band 
gap transition. However, for completeness, the values of the indirect 
band gaps (Ei) are also included in Table 1. The calculated value for 
indirect band gap for ball milled CeO2-δ (3.13 eV) was lower than that of 
the bulk sample (3.22 eV) and within the Ei range of reported values 
characteristic for nanocrystalline CeO2-δ samples (2.41–3.13 eV) 
[41–45]. 

Fig. 1. Experimental data and Gaussian fits of Ce 3d XPS spectra for the mechanosynthesized Ce1–xYxO2–δ with (a) x = 0, (b) x = 0.1, (c) x = 0.2, and (d) x = 0.3.  

Table 1 
The Ce3+ content (at.%) and the crystallite size for the mechanosynthesized Ce1–xYxO2–δ determined by XPS and XRD [24], respectively. Lattice parameters and 
crystallite size as well as estimated values of direct band gap (Ed) and indirect band gap (Ei), derived from UV–Vis–NIR DRS analyses (presented in part 3.2), are also 
given.  

Nominated Composition CeO2-δ (ball milled) Ce0.9Y0.1O2–δ Ce0.8Y0.2O2–δ Ce0.7Y0.3O2–δ 

Ce3þ(at.%) 27 24 19 23 
Composition derived from XPS analysis CeIV

0 73CeIII
0 27O1 865  CeIV

0 684CeIII
0 216Y0 1O1 842  CeIV

0 648CeIII
0 152Y0 2O1 624  CeIV

0 539CeIII
0 161Y0 3O1 4965  

Lattice parameter, a (Å) 5.4231 (1) 5.4189 (9) 5.4153 (9) 5.4101 (2) 
Crystallite size (nm) 21 17 17 14 
Direct band gap (Ed) (eV) 3.40 3.40 3.38 3.38 
Indirect band gap (Ei) (eV) 3.11 3.11 3.09 3.09  



In order to better understand the nature of defects induced by ball 
milling and the charge compensation when yttrium is introduced into 
ceria Fig. 3 shows Raman spectra of the ball milled CeO2-δ and of the 
mechanosynthesized Ce1–xYxO2–δ (x ≤ 0.3) solid solutions collected 
under ambient conditions with two different excitation laser lines. As 
shown in Fig. 3, the spectra are dominated by two bands; besides the F2g 
mode vibration centered at about 460 cm− 1 another broad band located 
at about 600 cm− 1 is clearly visible. The F2g mode can be understood as 
symmetrical stretching vibration of the oxygen atoms around cerium 
ions. The broad band at about 600 cm− 1 can be explained as a super
position of two subspectra centered at about 560 and 600 cm− 1. The 
band at 560 cm− 1 is assigned to the extrinsic oxygen vacancies as a result 
of the charge compensation when Ce4+ cations are replaced by trivalent 
ones. The weak band centered at about 600 cm− 1 is attributed to the 

intrinsic oxygen vacancies as a result of the Ce4+ to Ce3+ reduction [24]. 
A considerable amount of work has demonstrated that Raman spectral 
features are significantly influenced by the excitation laser line used. 
This is due to different penetration depths of electromagnetic radiation 
[32,46,47]. According to Fig. 2, the mechanosynthesized samples 
strongly absorb UV light while there is no absorption in the visible 
range. This demonstrates that the present UV and Vis Raman spectra 
were measured at the resonant and non-resonant (or weakly resonant) 
conditions, respectively. The spectra recorded at the 514 nm excitation 
laser line reflect both the bulk and surface structure due to the weak 
absorption of the samples, while the spectra measured at 325 nm reflect 
only the particle surface structure due to the strong UV light absorption 
of the samples [47,48]. 

As it is seen in Fig. 3b, when UV laser line is used, the bands at 560 
and 600 cm− 1 merge together and appear as a one broad band, and the 
band at 460 cm− 1 is much weaker compared to that measured using a 
visible laser line. Accordingly, we can conclude that both, the Ce4+ to 
Ce3+ reduction as well as the formation of extrinsic and intrinsic oxygen 
defects in the ball milled CeO2-δ and in its yttrium containing solid so
lutions are spatially confined to their surface rather than to inner core of 
the nanocrystallites. 

3.3. Magnetic properties of Ce1-xYxO2-δ prepared by mechanosynthesis 

The results of dc magnetization measurements performed at RT are 
shown in Fig. 4. Contributions to the magnetization, which are linearly 
dependent on the magnetic field, have been substracted from the 
magnetization data. It is well-known that stoichiometric CeO2 does not 
possess ferromagnetic behaviour. Excluding extrinsic nature responsible 
for magnetism (e.g., 3d-impurities, segregations), several reasons of 
intrinsic nature of its spontaneous magnetization have been proposed. 
They include (i) oxygen vacancies connected to impurity presence in the 
gap of the semiconductor accompanied by the realization of the Stoner 
criterion for ferromagnetism [49] and (ii) the exchange interaction be
tween magnetic carriers (e.g., Ce3+ having J 5/2) mediated via, e.g., F+

centres. Theoretical calculations have pointed out that the oxygen va
cancies formed on the surface of cerium oxide are more stable than those 
present in the bulk of the material [50]. 

We, thus, suppose a structural inhomogeneity within a 

Fig. 2. Room-temperature optical absorbance and reflectance (inset) spectra of 
the milled CeO2-δ sample, its bulk counterpart, and of the mechanosynthesized 
Ce1–xYxO2–δ solid solutions. 

Fig. 3. Raman spectra of the ball milled CeO2-δ and mechanosynthesized Ce1-xYxO2-δ samples recorded with (left) 514 and (right) 325 nm excitation laser lines.  



mechanosynthesized solid solution, Ce1-xYxO2-δ with an enhanced con
centration of Ce3+ and oxygen defects at the near surface region. This is 
in line with the results of Raman spectroscopic investigations discussed 
above. It has already been reported that oxygen vacancies in nano-CeO2- 

δ tend to migrate to the surface of the nanoparticles [51]. 
Hence, it should be noted that a high concentration of surface- 

localized vacancies may fulfill the Stoner criterion [52] due to the for
mation of an impurity band in the gap. On top of that, the surface of the 
nanoparticles or grain boundaries may act as an electron donor or 
acceptor, i.e., the charge transfer can provide magnetism [53,54]. 
Similar influence can be attributed to the surface-concentrated oxy
gen/cation vacancy defects in CeO2-δ structure [55]. However, with 
respect to complexity of the investigated system the influence of 
superexchange interactions (usually AF type) and RKKY (Rudermann-
Kittel-Kasuya-Yoshida) interactions via delocalized charge carriers on 
the surface can also not be excluded. As further seen in Fig. 4, when 
yttrium is introduced into ceria, the saturation magnetization (Ms) rea
ches its maximum for the sample Ce0.9Y0.1O2-δ (3.2 × 10− 3 Am2/kg). 

3.4. Discussion of magnetic properties of mechanosynthesized Ce1-xYxO2-δ 

In the following, the magnetization behaviour of the mechanosy
thesized Ce1-xYxO2-δ is evaluated using a model of localized carriers 
(Ce3+ ions) of the magnetic moment. According to XPS analyses, the 
concentration of Ce3+ ions (responsible for the formation of both the 
paramagnetic and ferromagnetic states) is not proportional to the 
number of introduced yttrium atoms (see Table 2). The estimation of the 
content of Ce3+ carriers, bringing about a ferromagnetic state with a 
value of about 0.003 Am2/kg (for the sample with x 0.1), gives a 
concentration of about 5 × 10− 3. Thus, the concentration of carriers 
providing the ferromagnetic state is very low (≤1%). Hence, many open 
questions remain regarding the origin, localization and distribution of 
the rest of Ce3+ magnetic moments in the sample. The shape of the 

magnetization curves for all the samples in the temperature range from 
100 K to 300 K is mainly characterized by a paramagnetic contribution 
(Figs. S2–S6 in supplementary files). A very small ferromagnetic 
contribution (0.001–0.002 Am2/kg) appears for samples Ce1–xYxO2–δ (x 

0.2 and 0.3). Analyzing both, the magnetization curves for all the 
samples and their temperature dependences χT(T) in the range of 
100–300 K (χ is the susceptibility), we can conclude that the observed 
room-temperature ferromagnetism is relatively small but of physical 
significance. As it is seen in Fig. 5, the extrapolated χT dependences have 
a negative Weiss constant demonstrating that in the mechanosynthe
sized Ce1–xYxO2–δ the antiferromagnetic contribution is very important. 

As shown in Fig. 6, the experimental magnetization curves measured 
at 5 K are well described by the Brillouin function (small ferromagnetic 
contribution was extracted), where only the total magnetic moment of 
the Ce3+ ion with the unquenched orbital contribution equal to J L +
S 5/2 is used. 

As listed in Table 2, from the analysis of the magnetization curves at 
two temperatures (5 and 100 K) it is possible to estimate the required 
concentration (x*) of magnetic Ce3+ carriers with J 5/2. A satisfactory 
description of the magnetization curve by the Brillouin function 
including the bulk state of CeO2 also indicates that the anisotropic 
contributions to magnetization can be neglected even for unquenched 
orbital contributions. This is probably due to the fact that the position of 
the Ce3+ atom in the lattice in the nearest environment is characterized 
by a quasi-spherical distribution of the crystal field with a relatively 
small value. In the context of the present paper, it is more appropriate 
to write chemical formula of the Ce1–xYxO2–δ compounds in the form 
Ce[1-(x+x*)]

4+Cex*
3+YxO2-δ, taking into account the concentration (x*) of 

free magnetic Ce3+ carriers. 
Note that except of the Brillouin function we used an 

Fig. 4. Room-temperature ordered magnetization of ball milled nanocrystalline 
CeO2-δ, its bulk counterpart, and of Ce1–xYxO2–δ (x ≤ 0.3) solid solutions. The 
inset shows Ms(x) behaviour. 

Table 2 
The magnetization values and concentrations (x*) of Ce3+ spins for Ce[1-(x+x*)]

4+ Cex*
3+YxO2-δ derived from Brillouin functions at 5 K and 100 K.  

Nominated composition CeO2 bulk CeO2-δ milled Ce0.9Y0.1O2–δ Ce0.8Y0.2O2–δ Ce0.7Y0.3O2–δ 

Magnetization at 5 K (Am2/kg) 0.027 0.065 0.07 0.059 0.044 
Cex*

3þ (at.%) 
Brillouin function (at 5 K) 

0.012 
2.4 × 10 7H 

~0.032 
4 × 10 7H 

0.045 
1 × 10 7H 

0.035 
1 × 10 7H 

0.022 
2 × 10 7H 

Cex*
3þ (at.%) 
Brillouin function (at 100 K) 

0.012 
1 × 10 7H 

0.032 
1.5 × 10 7H 

0.045 
– 

0.015 
1 × 10 7H 

0.022 
1 × 10 7H  

Fig. 5. (χТ) vs. T for the bulk CeO2, the milled CeO2-δ and the mechanosyn
thesized Ce1–xYxO2–δ (x ≤0.3) solid solutions. The arrows indicate the values of 
negative extrapolated temperatures θ ( 6.5 and 19.5 K) for two compounds 
(Ce0.9Y0.1O2–δ and Ce0.8Y0.2O2–δ) as examples. 



antiferromagnetic (AF) contribution in the form of a linear dependence 
χafH (where χaf is antiferromagnetic susceptibility of antiferromagnetic 
correlations, H is the external magnetic field) to describe in detail the 
magnetization data of Ce[1-(x+x*)]

4+Cex*
3+YxO2-δ. It is quite a rough 

calculation but it allows us to estimate the discovered AF contribution in 
the samples. This suggestion describes the magnetic behaviour of the 
samples in the defined temperature range quite reasonably. The AF 
interaction χaf slightly decreases at higher temperatures. 

Hence, only very small content of paramagnetic Ce3+ spins 
contribute to the experimental curves described by Brillouin functions. 
To explain the different content of Ce3+ determined by XPS and esti
mated from magnetic measurements, several physical reasons should be 
analyzed. Firstly, we can propose the existence of low spin state for 
Ce3+. However, there is no physical reason to ascribe another spin state 
for cerium except S 5/2 due to the localized nature of Ce3+. Besides, 
the attempt to describe magnetization curve by the Brillouin function 
with a variable concentration and spin values S 1/2, 3/2 and S 2, 
admitting the existence of a low spin state, was unsuccessful (not shown 
in the paper). The discrepancy between the Brillouin function and the 
experimental curve for the milled CeO2-δ could be attributed to the 
contamination of the sample by ferromagnetic impurities (sample 
preparation by ball-milling in Co containing WC container) [24]. 
Nevertheless, the presence of secondary impurities contribution to 
explain the Ce3+ content discrepancy should be excluded. Accordingly, 
it seems impossible to completely exclude the formation of antiferro
magnetic phases with a crystal structure and long-range magnetic order. 
These phases, however, would have to be detected. Considering the 
results of our previous work [24], only solid solutions are formed, which 
do not contain other extraneous phases. As mentioned above, negative 
temperatures θ obtained by extrapolation of χT(T) are indicators of 
negative exchange interactions between Ce3+ carriers existing in the 
system. The number of these regions or magnetic clusters containing 
Ce3+ ions is relatively small, however their volume fraction is much 
larger than the concentration of free non-interacting carriers described 
by the Brillouin function. In other words, a significant part of the carriers 
of the magnetic moment at low and even high temperature can interact 
with each other antiferromagnetically and, therefore, will not contribute 
to the macroscopic magnetization. It can also be assumed that the value 
of the negative exchange interaction between the spins is sufficiently 
large and, therefore, does not affect the shape of the magnetization 

curve. The estimation of the Ce3+ carrier concentration, which would 
not participate in the exchange interaction with increasing temperature 
to 100 K, shows that the number of free carriers remain practically the 
same. 

4. Conclusions 

In this paper, structural, optical and magnetic properties of mecha
nosynthesized Ce1-xYxO2-δ (x ≤ 0.3) solid solutions are studied. Spec
troscopic investigations show that oxygen vacancies are mostly located 
on the surface of mechanosynthesized particles rather than in their 
interior. The XPS spectra indicate that the concentration of Ce3+ is 
higher than 19 at.% for all the samples treated by ball-milling. Magnetic 
measurements show a weak room-temperature ferromagnetism of the 
ball milled CeO2-δ and the mechanosynthesized Ce1-xYxO2-δ (x ≤ 0.3) 
solid solutions. The magnetization curves at low temperatures of all the 
compounds are well described by the Brillouin function, assuming the 
total spin for Ce3+ equals to J L + S 5/2 with the unquenched orbital 
contribution. However, the value of the magnetization is not propor
tional to the concentration of the added yttrium. The experimental 
magnetization curves of Ce1-xYxO2-δ are described by the Brillouin 
function with a free Ce3+ magnetic carriers with the concentration of <1 
at.%. Moreover, existence of clusters or regions with a short-range an
tiferromagnetic order was also found. 
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