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Abstract
In the present work, pure CeO2, neodymium-doped CeO2, and neodymium and transition metal element (Cu, Zn, Cr)-
codoped CeO2 nanoparticles were synthesized by an auto-combustion method and annealed at 700 ◦C. The X-ray diffraction
(XRD) studies revealed that all the samples exhibited a single-phase cubic fluorite structure with the incorporation of
respective dopant ions into the CeO2 lattice. The scanning electron microscopy (SEM) images displayed the prepared
nanoparticles which had an irregular flaky structure with large agglomerations. The Fourier transform Raman (FT-Raman)
spectroscopy analysis revealed the increased oxygen vacancy defects in CeO2 host after doping and codoping with
neodymium and transition metal elements. Ultraviolet-diffuse reflectance spectroscopy (UV-DRS) studies revealed the
decrease in bandgap values in doped and codoped samples compared to pure CeO2 sample. The Fourier transform infrared
spectroscopy (FTIR) studies revealed the presence of functional groups in the prepared samples. Photoluminescence (PL)
spectroscopy analysis reported the decreased luminescence intensities of Nd-doped and neodymium and transition metal-
codoped CeO2 nanoparticles. The vibrating sample magnetometer (VSM) results depicted that all the samples exhibited
room-temperature ferromagnetism.
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1 Introduction

In the past few decades, nanosized material has received
considerable interest due to their optical, electrical, thermal,
and magnetic properties as compared to their bulk counter
parts. Room-temperature ferromagnetism in transition metal
(TM)-doped oxide semiconductors has been reported
frequently due to their novel magnetic, magneto-optical, and
magneto-electrical properties [1, 2]. These materials are called
as oxide-based dilute magnetic semiconductors (O-DMSs)
and have led to the intense research in the field of
spintronics and magneto-optic applications [3–5].

Dietl et al. [1] theoretically predicated room-temperature
ferromagnetism (RTFM) in Mn-doped ZnO. This work was
followed by Matsumoto et al. [5], in discovery of room-
temperature ferromagnetism in another O-DMSs, Co-doped
TiO2. Since this time, many efforts have been made to detect
RTFM in doped transition metal oxides such as ZnO, TiO2,
In2O3, and SnO2 [6–10]. Among these O-DMSs, transi-
tion metal and/or rare-earth element-doped cerium oxide
materials are considered to be a promising material to real-
ize spintronics devices for many reasons [11, 12]. Cerium
oxide is one of the most reactive materials in the lan-
thanide group which has a cubic fluorite structure in which
each cerium site is surrounded by eight oxygen sites in
face-centered cubic (FCC) arrangement and each oxygen
has a tetrahedron cerium site [13–15]. In addition, CeO2

nanoparticles have been widely employed in multifunc-
tional applications such as catalysis [16], oxygen sensors
[17], solid electrolytes [18], and ultraviolet radiation detec-
tors [19]. Furthermore, cerium oxide has the ability to
maintain its fluorite structure when doped with transition
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metals or rare-earth elements. Especially, cerium oxide has
the structural properties which are very similar to silicon;
hence, it can be integrated with conventional silicon-based
microelectronic devices [20].

Several studies on magnetic behavior of transition metal-
doped CeO2 nanoparticles and a few studies on rare-earth
(RE) element-doped cerium oxide nanoparticles have been
reported earlier. Alla et al. [21] showed ferromagnetism
at room temperature in Fe-doped CeO2 nanorods with
the highest saturation magnetization of 0.80 Am−4/kg. In
another report, Fazal Abbas et al. [22] observed RTFM in
Co-doped CeO2 nanoparticles with the augmentation of
saturation values (MS) that increases with dopant concentra-
tion. Dimri et al. [23] reported room-temperature ferromag-
netism with rare-earth element (Sm and Nd)-doped CeO2

nanoparticles prepared by a chemical solution method.
Swatsitang et al. [24] showed RTFM in Sm3+doped CeO2

nanoparticles with the highest saturation magnetization of
0.012 emu/g of a dopant concentration of 15 mol%.

In recent years, transition metals and rare-earth element-
codoped cerium oxide nanoparticles were found to express
stupendous ferromagnetism at room temperature. For
example, Song et al. [25] noticed RTFM when Y3+ and
Co2+ ions were codoped with CeO2 nanoparticles. Avinash
Kumar et al. [26] exposed a ferromagnetic behavior at room
temperature when CeO2 nanoparticles were codoped Eu3+
and Fe3+ ions. These edicts emphasize that the decent
room-temperature ferromagnetic behavior can be expected
from CeO2 nanoparticles codoped with rare-earth ions (Nd)
and transition metal elements (Cu, Zn, Cr).

Many methods have been applied to produce doped cerium
oxide nanoparticles such as solidstate reaction method [27],
chemical precipitation method [28], hydrothermal method
[29], Pechini-type sol-gel method [30] and solvothermal
method [31]. Among these methods, the citrate-nitrate auto-
combustion method has advantages over the other methods
mentioned above [32]. In this type of combustion technique,
the concept of propellant chemistry is exploited that uti-
lizes the exothermicity of the redox reaction, which takes
places between the oxidizer and the fuel [33]. In this citrate-
nitrate combustion method, citrate and metal nitrates act
as a fuel and oxidizer respectively. Moreover, the combus-
tion technique is convenient, low in cost and simple process
for producing a highly pure, homogenous compound with a
large surface area of ultrafine nanoparticles.

Therefore, in this report, we have investigated the chance
of embellishment of ferromagnetic behavior of transition
metal (Cu, Zn, Cr)-doped Ce0.95Nd0.05O2 nanoparticles.
The structural, morphological and optical properties were
characterized by XRD, SEM, ultraviolet-diffuse reflec-
tance spectroscopy (UV-DRS), Fourier transform infrared

spectroscopy (FTIR), Fourier transform Raman (FT-Raman)
spectroscopy and photoluminescence (PL) spectroscopy.
The magnetic behaviors of samples were studied by
vibrating sample magnetometer.

2 Experiment

2.1 Materials

Analytical grades of powders were purchased from all source
chemicals: ceric(III) nitrate hexahydrate (Loba Chemie,
99.9%), neodymium(III) hexahydrate (Alfa Aesar, 99.9%),
cupric(II) nitrate (Loba Chemie, 99.9%), zinc(II) nitrate
(Fisher Chemicals, 99.9%), chromium(III) nitrate (Alfa
Aesar, 99.9%) and citric acid anhydrous (C6H7O8, 99.9%).
Distilled water was used to prepare nanoparticles.

2.2 Synthesis

Pure CeO2, neodymium doped CeO2 (Ce0.95Nd0.05O2)
neodymium and transition metal-codoped CeO2 (Ce0.90

Nd0.05Cu0.05O2, Ce0.90Nd0.05Zn0.05O2, and Ce0.90Nd0.05

Cr0.05O2) nanoparticles were prepared by a citrate-nitrate
auto-combustion method. An appropriate amount (as per
the stoichiometry) of nitrates and citric acid was dissolved
in a beaker containing 20 ml of distilled water. The metal
nitrates act as an oxidizer, and citric acid works as a fuel for
this combustion reaction. Fuel-to-metal nitrate molar ratio
was determined from the concept of propellant chemistry
[33]. The resultant mixtures were kept on a hot plate under
constant stirring for 2 h at 60 ◦C. On dehydration of an
excess amount of water, the mixtures turned into a colorless
viscous gel. The obtained gel was transferred to electric
mantle which was kept preheated at 100 ◦C. After a period
of time, gel underwent a vigorous self-propagating com-
bustion reaction to produce yellow porous solid foam of
nanoparticles. During the process of combustion reaction,
a huge amount of non-toxic gas like N2, CO2, and other
gaseous products was released as a by-product in the form
of brown color fumes. The prepared nanoparticles were
annealed at 700 ◦C for 4 h and ground smoothly for 1 h and
used for further characterization. Hereafter, the pure CeO2,
Ce0.90Nd0.05O2, Ce0.90Nd0.05Cu0.05O2, Ce0.90Nd0.05Zn0.05O2,
and Ce0.90Nd0.05Cr0.05O2 samples were labeled as CeO2,
CN, CNCu, CNZn, and CNCr, respectively.

2.3 Characterization

The structure and phase identification of prepared nanopar-
ticles was examined by using a Bruker D8 Advance X-ray
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Fig. 1 X-ray diffraction patterns of CeO2, CN, CNCu, CNZn, and
CNCr nanoparticles

diffractometer with Cu-Kα radiation (λ = 1.54056 Å).
The surface morphology, size, and structure of the samples
were investigated using Carl Zeiss Supra 55 field emis-
sion scanning electron microscopy (FESEM) equipped with
Oxford energy-dispersive X-ray spectroscopy (EDS) attach-
ment for elemental analysis. The phonon modes of pure,
doped, and codoped CeO2 nanoparticles were determined
by using a Bruker RFS 127 FT-Raman spectrometer. The
optical behaviors of all the nanoparticles were studied by
using PerkinElmer Lambda 25 UV-DRS spectroscopy. The
functional groups present in the prepared nanoparticles were
evaluated using a PerkinElmer FT infrared spectrometer.
Room-temperature photoluminescence spectra were deter-
mined by using a JY Fluorolog-3 spectrofluorometer (PL).
The magnetic performance of pure, doped, and codoped
CeO2 nanoparticles was calculated using a Lakeshore 7410
vibrating sample magnetometer (VSM).

3 Results and Discussion

3.1 XRD Studies

The X-ray diffraction pattern was employed to study the
crystal structure and phase purity of the prepared nanopar-
ticles. The XRD patterns of CeO2, CN, CNCu, CNZn, and
CNCr nanoparticles are shown in Fig. 1. All the XRD peaks
positioned in each sample correspond to (111), (200), (220),
(311), (222), (400), (331), and (420) planes that were
indexed to cubic fluorite structure with the space group of
Fm3m and well matched with the JCPDS card no. 81-0792.
No traces of secondary peaks or impurity peaks corre-
sponding to oxide phases of Nd, Cu, Zn, and Cr were
observed in the diffraction pattern, indicating that dopants
were well incorporated into the CeO2 lattice site. More-
over, it has been found that the prominent diffraction peak
(111) shifts towards lower diffraction angle on doping of Nd
ions, whereas on codoping of Nd + TM ions, the promi-
nent peak (111) shifts towards the higher diffraction angle.
This behavior reaffirms that dopant ions were successfully
incorporated in the CeO2 lattice structure [34].

From the XRD analysis, the mean crystallite sizes of all
the samples were determined using the Scherrer formula
[35].

D = 0.9λ

β cos θ
(1)

where λ is the wavelength of the X-ray (1.5406 Å), β is the
full width at half maximum (FWHM) in radians, and θ is
the diffraction angle.

The average crystallite size of CeO2 nanoparticles was
found to be 19.20, which was comparable with the previous
report of 20 nm [36]. It can be observed from Table 1
that the crystallite size of CeO2 nanoparticles increased
when doped with Nd ions, and when codoped with Nd +
TM ions, the crystallite size decreased. This variance in

Table 1 Structural parameters and bandgap values of CeO2, CN, CNCu, CNZn, and CNCr nanoparticles

Sample Average crystallite size Lattice constant Lattice strain Dislocation density Volume Bandgap

name (D; nm) (a = b = c; Å) (ε;×10−3 (δ; line/m2 × 10−15) (V ; Å) (Eg; eV)

From Scherrer From the W-H plot

CeO2 19.20 17.20 5.4011 4.08 2.7116 157.56 3.25

CN 26.24 20.55 5.4042 3.245 1.4514 157.83 3.21

CNCu 13.71 12.69 5.3974 5.495 5.3154 157.23 2.90

CNZn 22.65 20.08 5.3969 3.505 1.9478 157.2 3.19

CNCr 20.30 17.82 5.3878 3.945 2.4250 157.40 2.95
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crystallite size on doping and codoping can be attributed to
the incorporation of Nd3+ and TM ions (Cu2+, Zn2+, Cr2+)

in the CeO2 crystal lattice sites. Figure 2a clearly shows the
variation on crystallite size as a function of dopants in the
CeO2 nanoparticles. In general, the codoping of Nd + TM
ions in CeO2 lattice induces structural defects specifically
oxygen vacancies in the grain boundaries and in the lattice
sites that in turn causes densification that restricts the grain
growth which reduces the crystallite size of the samples
[37].

The lattices constant a of the prepared samples was
deconvoluted using the following relations [38]:

1

dhkl

=
(

h2 + k2 + l2

a2

)
(a=b=c)

(2)

where dhkl is the interplanar spacing and h, k, and l are the
corresponding Miller indices to each line in the XRD pattern.

The lattice constant values of CeO2, CN, CNCu, CNZn,
and CNCr nanoparticles were calculated and are listed in
Table 1. The calculated lattice constant value of CeO2

nanoparticles was found to be 0.54011 nm which was less
than that of the bulk CeO2 (0.5411 nm). It is clear that the
lattice constant increases with the addition of Nd ions in
the CeO2 lattice. After codoping of Nd + TM ions, there
is a linear decreasing trend in lattice constant values as
shown in Table 1. This variation in lattice constant can be
attributed due to the difference in the ionic radii of host
Ce4+ (0.97 Å) being replaced by dopants with the ionic radii
of Nd3+ (0.983 Å), Cu2+ (0.57 Å), Zn3+ (0.88 Å), and Cr2+
(0.64 Å) ions [39–42]. Figure 2b illustrates the variation

Fig. 2 a Variation of crystallite size with various dopants of CeO2 nanoparticles. b Variation of lattice constant with various dopants of CeO2
nanoparticles. c W-H plot of CeO2, CN, CNCu, CNZn, and CNCr nanoparticles. d Variation of lattice strain with various dopants of CeO2
nanoparticles
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of lattice constant with respect to the various dopants of
CeO2. Moreover, it is observed from the XRD pattern that
the intensity of the diffraction peak (111) of CeO2 increases
with width enhancement when codoped with neodymium
and transition metal ions. This behavior was related to the
strain associated with lattice constants.

The lattice strain value associated with the crystallite
size variation of each sample can be calculated using the
Williamson-Hall (W-H) method [43]. The W-H equation is
given by

β cos θ = 0.9λ

D
4η sin θ (3)

where β is the FWHM, θ is the diffraction angle, λ is the
wavelength of the X-ray, D is the crystallite size of the
sample and η is the lattice strain. A plot was drawn between
4sinθ (x-axis) against βcosθ (y-axis) for all reflections

shown in Fig. 2c. The slope and the y-intercept of the linear
fitted line represent the lattice strain and crystallite size
respectively. The lattice strain values and crystallite sizes
are listed in Table 1.

It is apparent from Table 1 that the strain value increases
when codoped with Nd + TM ions when compared with
CeO2 nanoparticles. In the CeO2 sample, lattice strain
originated due to the oxygen vacancy defects and Ce3+
ions present in the surface of the structure [43]. In codoped
samples, the lattice strain values are enhanced due to the
formation of more oxygen vacancies (VO) in the structure to
maintain the charge neutrality [44]. Figure 2d displays the
increase in the lattice strain values as a function of dopants
in the CeO2 samples. Noteworthy, the mean crystallite size
from both the Scherrer and W-H methods was in good
agreement. In addition, these strains could be localized at
the subgrain and subdomain levels near grain boundaries,

Fig. 3 FESEM micrograph of
a CeO2, b CN, c CNCu,
d CNZn, and e CNCr
nanoparticles
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which may also be a reason for the reduction of the
crystallite size in doped and codoped samples [45].

3.2 Morphological Studies

The field emission scanning electron microscopy study was
carried out to examine the surface morphologies of the
prepared samples. Figure 3a-e displays the FESEM images
of CeO2, CN, CNCu, CNZn, and CNCr nanoparticles
prepared by a combustion method. All the nanoparticles
were formed as a foam type exhibiting a porous nature

with aggregated particles. It can be seen from the images
that all the nanoparticles show a flaky and platelet structure
with large aggregates. These sorts of porous nature of
nanoparticles were usually observed in combustion reaction
due to the evaporation of a large amount of unwanted gases
in the reaction mixture during combustion. Moreover, doping
of neodymium ions and codoping of neodymium and transi-
tion metal ions in CeO2 do not influence the morphologies
of the samples. Figure 4a-e shows the energy-dispersive
X-ray spectra of all the nanoparticles which confirm the
presence of respective dopant ions in the CeO2 composition.

Fig. 4 EDS spectrum of a CeO2, b CN, c CNCu, d CNZn, and e CNCr nanoparticles



J Supercond Nov Magn (2018) 31:2603–2615 2609

3.3 FT-Raman Studies

FT-Raman spectral analysis of the prepared nanoparticles
was carried out to confirm the phase chastity and metal-
oxygen bond arrangements. FT-Raman spectra of CeO2,
CN, CNCu, CNZn, and CNCr nanoparticles are shown in
Fig. 5. The high intense band centered at 464 cm−1 is
denoted as the triple-degenerated F2g Raman active mode
of the cubic fluorite structure of CeO2 [46]. This first-order
F2g Raman active mode can be ascribed to the rhythmic
stretching (phonon) mode oxygen anion around each Ce4+
cation. Since only the oxygen atoms move, the vibrational
mode is roughly independent to the cation mass [47]. It
is clear from the spectra that the F2g active peak shifted
towards a lower wavelength when CeO2 nanoparticles were
doped with neodymium ions. This shift is attributed to the
origination of oxygen vacancies in the fluorite structure
to maintain the charge neutrality in the structure [48].
Codoping with neodymium and transition metal ions on
CeO2 lattice, the F2g Raman band shifts further towards the
lower frequencies due to the formation of a large amount
of oxygen vacancies in the structure. Furthermore, the peak
intensity of F2g Raman active mode gets quelled when
doped and codoped with Nd + TM ions. This suppression
was often associated with the formation of crystal structure
with plenty of oxygen defects as a result of dopant-induced
effects [49].

3.4 UV-DRS Studies

To derive the bandgap information of prepared nanoparti-
cles, UV-diffuse reflectance studies were carried out in the

Fig. 5 Raman spectra of CeO2, CN, CNCu, CNZn, and CNCr
nanoparticles

range of 200–1400 nm. The UV-DRS spectra of CeO2, CN,
CNCu, CNZn, and CNCr nanoparticles are shown in Fig. 6.
From the DRS spectra, the optical absorption coefficient can
be determined using the Kubelka-Munk function [50].

F (R) = (1 − R)2

2R
(4)

where R is the diffuse reflectance. The Kubelka-Munk
plot of all the samples is shown in the inset of Fig. 6. It
is apparent from the spectra that the absorption threshold
edge of CeO2 nanoparticles is observed at 260 nm. The
absorption edge of Nd-doped and Nd + TM-codoped CeO2

nanoparticles gets red shifted (below 400 nm) relative to that
of CeO2 nanoparticles. These ultraviolet absorption edges
are due to the electronic transition from the 2p valence
band of O2− to the 4f band of Ce4+ [51]. The red shift of
the absorption edges of doped and codoped CeO2 samples
could be due to the result of interfacial polaron effect arising
from the electron-phonon interaction [52].

For the evaluation of bandgap, [F(R)hϑ]1/2 is plotted
against energy and the straight part of the curve was
extrapolated to zero [50] and this gives the bandgap values
of all the samples as shown in Fig. 7a-e. The obtained
bandgap value of CeO2 nanoparticles was found to be 3.25
eV, which agreed well with the values of previous reports
[53]. The bandgap value decreased on doping with Nd ions
and decreased more on codoping with Nd + TM ions as
shown in Table 1. The introduction of Nd and TM ions in
the CeO2 lattice creates a ground and excited energy states
on the mid band of CeO2 as explained in the absorption
spectra. These energy states trap many excited electrons

Fig. 6 UV-DRS spectra of CeO2, CN, CNCu, CNZn, and CNCr
nanoparticles. Inset, Kubelka-Munk versus wavelength of CeO2, CN,
CNCu, CNZn, and CNCr nanoparticles
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Fig. 7 Bandgap of a CeO2, b CN, c CNCu, d CNZn, and e CNCr nanoparticles

coming from the O2− 2p level. This phenomenon causes
the reduction in the bandgap on doping and codoping. In
addition, the observed decrease in bandgap on doping and

codoping could be due to the variation in the microstructural
parameter such as crystallite size and lattice constant [54] as
listed in Table 1.
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3.5 FTIR Studies

The position of functional groups and the nature of chemical
bonding in the prepared nanoparticles were investigated
using an FTIR technique. FTIR transmission spectra of
CeO2, CN, CNCu, CNZn, and CNCr nanoparticles at room
temperature in the frequency range of 400–4000 cm−1 are
shown in Fig. 8. The strong intense bands observed at 3458
cm−1 of all the samples can be attributed to O–H vibration
modes of H-bonded water molecules, which was due to
the physically observed water on the samples [55, 56]. The
absorption bands centered at 2985 cm−1 correspond to the
C–H stretching vibrations. The two intense bands at 1578
and 1420 cm−1 correspond to the stretching vibration of
carboxylate salts (COO−) [57]. The weak bands centered
at 1012 cm−1 were ascribed to the cerium-oxygen groups
with a larger double-bond character [58]. The strong bands
observed at 554 cm−1 are due to the symmetrical stretching
vibration mode of (Ce-O-Ce) or (Ce-O-Nd) or (Ce-O-TM),
indicating the Nd ions and transition metal ion-doped ceria
nanoparticles [59]. In addition, these bands get shifted
towards higher frequencies when CeO2 nanoparticles were
doped and codoped with Nd + TM ions, and this confirms
the incorporation of dopants into the CeO2 structure [60].

3.6 Photoluminescence Studies

Photoluminescence analysis is a promising technique to
find out the defects in the structures. Figure 9 depicts the
room-temperature photoluminescence spectra of CeO2, CN,
CNCu, CNZn, and CNCr nanoparticles at an excitation
wavelength of 270 nm. It can be seen from the spectra that

Fig. 8 FTIR spectra of CeO2, CN, CNCu, CNZn, and CNCr
nanoparticles

CeO2 nanoparticles consist of six peaks centered on 422,
442, 453, 470, 483, and 493 nm in the region between
400 and 525 nm. Nd-doped and Nd + TM-codoped CeO2

nanoparticles exhibit an analogous type of emission bands
as that of CeO2 nanoparticles. All samples exhibit three blue
emission peaks located at 422, 442, and 453 nm and three
blue-green emission peaks centered at 470, 483, and 493 nm
with the varied intensities. In general, the emission bands
positioned between 350 and 540 nm are ascribed to the
existence of structural defects including oxygen vacancies
which were formed between Ce4+ conduction band and
O2− valence band [61–63]. In view of Gnanam et al. [64]
and Huang et al. [65], the emission bands centered from 370
and 440 nm can be attributed to excitonic recombination
in the near-band edge (NBE) emission of CeO2. In another
report by Meng et al. [66], there were wide emission
bands from 445 to 550 nm which can be ascribed to the
transition from the level of different defects to the O 2p

band. The emission band observed at 422 nm is due to
the charge transfer between Ce 4f conduction states to O
2p valence band [67]. According to Wang et al. [68], an
emission band located at 470 nm is due to the abundant
defects such as dislocation which was helpful for the fast
oxygen transportation. With regard to the emission band that
appeared around 482 nm, Kwok et al. [69] reported that it
is due to the transition from the level of the ionized oxygen
vacancies to the valence band.

Moreover, the PL intensities of the Nd-doped and Nd +
TM-codoped CeO2 nanoparticles get decreased compared
with CeO2 nanoparticles. On doping and codoping of Nd
and transition metal ions, luminescence intensity decreased
which is due to the formation of oxygen vacancy defects
in the structure. Codoping of Nd + TM ions in the CeO2

samples exhibited very low emission intensities, thereby

Fig. 9 Photoluminescence spectra of CeO2, CN, CNCu, CNZn, and
CNCr nanoparticles
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indicating the generation of relatively high density of non-
radioactive oxygen vacancy defects in the structure [61] as
elucidated in XRD and FT-Raman studies.

On comparison with CeO2 nanoparticles, the emission
peaks of doped and codoped CeO2 samples were found to be
red shifted. This red shift is due to the formation of oxygen
defects and the conductive conditions for Ce3+ formation
[43]. These defect states from Ce3+ states were localized
slightly below the Ce 4f conduction band. Furthermore,
these red shifts of emission peak of Nd-doped and Nd +
TM-codoped CeO2 samples may be also due to the bandgap
normalization effect (BRG) [70].

3.7 Magnetic Studies

To explore the magnetic properties of CeO2, CN, CNCu,
CNZn, and CNCr nanoparticles at room temperature, vibrat-
ing sample magnetometer measurement has been per-
formed under the applied magnetic field in the ± 15 kOe.
The room-temperature M-H curve of all the samples is shown
in Fig. 10. It can be seen from the graph that all the
samples exhibit ferromagnetism in room-temperature. Mag-
netic parameters such as saturation magnetization (MS),
remanent magnetization (MR), and coercivity (HC) were
calculated, and the values are listed in Table 2.

It is apparent from the graph that pure CeO2 nanopar-
ticles exhibited weak ferromagnetism at room temperature
though bulk CeO2 shows to be diamagnetic in nature.
This FM behavior has been already reported in earlier
studies. For example, Sundaresan et al. [71] observed room-
temperature ferromagnetism in undoped CeO2 nanoparti-
cles and explained the origin of ferromagnetism through
the exchange interaction between the electron spin moments
originated from the oxygen vacancies present at the sur-
face of the particles. Coey et al. [72] noticed RTFM in
CeO2 nanoparticles and depicted the origin of ferromag-
netism in undoped CeO2 through an F-centered mechanism.
According to this mechanism, a considerable amount of
oxygen vacancies and Ce3+ ions was present in the CeO2

nanoparticles. These oxygen vacancy defects can induce
local magnetic moment in the nearby Ce3+ ions. These
Ce3+ ions have an electronic configuration of partially
filled 4f orbital with one unpaired electron. Thus, an
exchange interaction between the Ce3+ and electron bond
to oxygen vacancies (i.e., Ce3+-VO-Ce3+) led to the ferro-
magnetic behavior in CeO2 nanoparticles. From the M-H
graph, it was observed that all samples exhibited room-
temperature ferromagnetism with the increase in saturation
values. The substitution of Nd ions in CeO2 lattice can sys-
tematically inflate the number of oxygen vacancies in the

Fig. 10 M-H loops of CN, CNCu, CNZn, and CNCr nanoparticles (left inset). M-H loops of CeO2 nanoparticles (right inset), showing the
magnified M-H loops of CN, CNCu, CNZn, and CNCr nanoparticles
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Table 2 Magnetic parameters
of CeO2, CN, CNCu, CNZn,
and CNCr nanoparticles

Sample name Saturation magnetization Remanent magnetization Coercivity Squareness ratio

(MS) (emu/g) ×10−2 (MR) (emu/g) ×10−2 (HC; Oe) (SQR)

CeO2 0.9389 0.06634 890.99 0.07065

CN 1.9295 0.08176 148.46 0.04237

CNCu 2.7692 0.05796 77.397 0.03176

CNZn 2.1037 0.05983 162.81 0.02844

CNCr 2.5601 0.05337 104.35 0.02084

system relative to that of CeO2 nanoparticles. This increase
in VO, in turn, caused the increase in the Ce3+-VO-Ce3+
complexes, resulting in the augmentation of saturation mag-
netization. The FM behavior of codoped CeO2 samples at
room temperature can be described on the basis of the fer-
romagnetic exchange coupling of F centers which were
involved with oxygen vacancies and transition metal ions.
Codoping of Nd + TM ions in the CeO2 host lattice pro-
motes the origination of oxygen vacancies to maintain the
charge neutrality. An oxygen vacancy in the CeO2 can trap
an electron to form an F center. This oxygen vacancy can
establish groups with two magnetic ions, i.e., TM-VO-TM
or Ce3+-VO-TM complexes in this case. Moreover, electron
trapped by the oxygen vacancy occupies an orbital which
overlaps the shells of neighboring polarons. From the con-
cepts of Hund’s rule and the Pauli exclusion principle, an
electron trapped in the oxygen vacancy should possess spin
in the direction parallel to the neighboring polarons. Thus,
the overlapping of such neighboring polarons offers long-
range ferromagnetic ordering in codoped CeO2 nanopar-
ticles. Hence, the observed RT ferromagnetism in CNCu,
CNZn, and CNCr samples can be ascribed to the occurrence
of magnetic ions mediated by the oxygen vacancies [72–74].

The saturation magnetization value of CeO2 nanopar-
ticles was found to be 9.38 × 10−3 emu/g which was
comparable with the previous studies [22]. The MS values
of Nd-doped and Nd + TM-codoped CeO2 nanoparticles
were found to increase as enlisted in Table 2. This increase
is due to the formation oxygen vacancy defects and charge
carriers produced by the defects in the host lattice.

The remanent magnetization (MR) values of all the
prepared nanoparticles were acquired from M-H loops and
are listed in Table 2. From the table, the MR values of
Nd-doped CeO2 samples were found to increase when
compared with the CeO2 nanoparticles. The increase in
MR values is attributed to the increase in the saturation
magnetization values of Nd-doped CeO2 samples.

The quality of the samples was examined by squareness
ratio (SQR). The squareness ratio was estimated using the
following relation [75]:

SQR = MR

MS
(5)

The SQR values ranging from 0.05755 to 0.02084 with
doped and codoped CeO2 nanoparticles are enlisted in
Table 2. These values are less than 0.5 for all the samples
which reveal that all the nanoparticles possess uniaxial
anisotropy produced through internal strains [76].

4 Conclusion

Through a simple citrate-nitrate auto-combustion method,
pure CeO2, Nd-doped CeO2, and Nd + TM-codoped CeO2

nanoparticles were prepared. The structural, optical, and
magnetic properties were studied. The formations of cubic
fluorite structure of all the samples were confirmed by XRD
studies. Surface morphologies of the prepared nanoparticles
had a flaky and porous nature with irregular shape analyzed
through SEM. The presence of respective dopants in the
CeO2 host was confirmed by EDS spectra. An increase in
oxygen vacancies in doped and codoped CeO2 samples was
analyzed by FT-Raman and FTIR studies. The blue-green
emission peaks obtained at 470 nm in PL spectra proved
the presence of oxygen vacancy defects in all the samples.
The VSM studies revealed that the saturation magnetization
values of doped and codoped CeO2 nanoparticles got
increased compared to CeO2 nanoparticles.
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