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The EPR spectroscopy and magnetization measurements were used to study the effect of an-
nealing conditions on the local structure of Er®*t ions in CeOs : 1% Er®* nanoparticles. The
nanoparticles were synthesized using the coprecipitation technique from an aqueous solution of
cerium nitrate and hexamethylenetetramine.

A correlation was found between the EPR spectra of the Er®t ions, magnetization and lumines-
cence, depending on the annealing atmosphere, which proved the crucial role of oxygen vacancies
in the origin of magnetism in CeOy nanoparticles.

EPR lines due to trigonal centers were clearly detected in CeOs : 1% Er3* nanoparticles annealed
in a vacuum, while no such lines were found for similar nanoparticles annealed under argon or
air atmospheres.

PACS: 75.75.-c, 76.30.Kg, 78.67.-n.

Keywords: CeO3, nanoparticles, vacancies, EPR, trigonal centers.

1. Introduction

Cerium dioxide (CeOg) nanoparticles (NPs) are promising materials for applications in various
fields, including energy, catalysis, medicine, bio-imaging, and electronics [1-8]. The key feature
of CeOy NPs is the ability to keep its fluorite-type structure at high concentrations of oxygen
vacancies which defines the main applications of this material [9]. This property is related
to the easy transition between the Ce*t and Ce3t oxidation states of cerium in CeOs, which
are accompanied by the formation of oxygen vacancies in the structure [10]. According to
the publications from various research groups [11-15], doping CeOy NPs with rare earth ions
increases the concentration of the oxygen vacancies. Indeed, the rare earth ions typically have
an oxidation state of 3+, and they substitute for cerium ions in the 44 oxidation state. To
maintain charge balance, the vacancies can be formed, similar to those in the undoped CeOs
NPs. The knowledge of the concentration and distribution of vacancies is essential for the
efficient use of rare earth doped CeOy NPs. It has been found that the elements from the first
half of the lanthanide row, such as samarium and neodymium have positive association energies
and do not form complexes with oxygen vacancies, while elements from the second half of the
lanthanide row, like holmium and erbium, have negative association energies and trap oxygen
vacancies [11]. The location of these vacancies in the CeOq structure relative to doped rare
earth ions like Er®t, Yb3* or Nd?t can be determined using electron paramagnetic resonance
spectroscopy (EPR), which is an effective tool for analyzing a comparative low concentration of
doped ions (< 1%). Indeed, EPR spectra due to cubic centers in the CeOq structure indicate
the remote location of vacancies, while EPR lines from axial centers point out to the location

tThis paper is dedicated to Professor Boris Z. Malkin, who made a significant contribution to the field of magnetic
radio spectroscopy in Kazan University, on the occasion of his 85th birthday.
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of vacancies in the close environment of a paramagnetic center. Note that the concentrations of
rare earth ions greater than 1% lead to the broadening of the resonance lines due to dipole-dipole
interactions between doped ions, and fine details of the EPR spectrum may be lost. Recently we
have published the results of EPR studies on CeOy NPs doped with a low concentration of Er3+
ions (< 0.1%), and it has been found that at this concentration, the Er3* ions occupy mainly
cubic sites [16,17]. Here we present the results for a higher concentration of Er3* ions, to study
the effect of annealing conditions on the local structure of the rare earth ions in CeOs : 1% Er3*

nanoparticles.

2. Experimental techniques

The phase composition of the powders was studied by X-ray diffraction method (XRD) using
Bruker D8 Advance X-ray diffractometer (Cu Ka radiation A = 0.154nm).

The EPR measurements were conducted using a continuous wave spectrometer operating
at ~ 9.4GHz (X-band, Bruker ESP-300). The modulation frequency was 100kHz and the
modulation amplitude was 1 G, the power level varied within of 2.5 — 25 mW. Low temperatures
were obtained using a commercial liquid-helium flow cryostat system (Oxford Instruments).

Magnetization measurements were carried out at room temperatures using the Quantum De-
sign Physical Property Measurement System (PPMS-9, USA) with the vibrating sample option
of the magnetometer. The sensitivity of device was better than 1076 emu at a data rate of 1 Hz.

Optical spectra were studied using Horiba Fluorolog QM spectrofluorimeter and StellarNet
CCD spectrometer.

3. Samples preparation and their characterization

Nanoparticles of CeO2 were prepared using the coprecipitation method from aqueous solution
of cerium (III) nitrate hexahydrate (Ce(NO3)3*6H20), the erbium (III) nitrate pentahydrate
(Er(NO3)3*5H20) powders and hexamethylenetetramine (CHg)gNy4, (HMTA) [18-20]. The er-
bium (III) nitrate pentahydrate had purity 99.9% and was taken in the amount to obtain
1mol.% of Er3t ions in CeOy nanoparticles. Aqueous solutions of Ce(NO3)3*6HO (purity
99.9%)+Er(NO3)3*5HoO and HMTA (purity 99.99%) were filtered and then mixed and kept
at room temperature for 15 hours. Then, the solution was heated up to 60°C and kept at this
temperature for an hour during which the mixture was stirred on a magnetic stirrer. The acidity
of the solution was kept at pH = 6 throughout the process. After the heating, the solution was
cooled down during 24 hours.

The precipitated oxides were collected by centrifugation of the mixture at a rate of 9000 rpm
for 10 min. Then the solution was drained, and the particles remaining at the bottom were
broken up using an ultrasonic bath for half an hour. The washing process was repeated 5 times.
The resulting nano powder was dried at 50°C for 24 hours, it was notated as the initial powder
and was used to prepare 3 different samples. The sample #1 was obtained by annealing the
initial powder under air at 600°C for 4 hours in the muffle furnace, the sample #2 was obtained
by annealing the powder in argon atmosphere at 600°C for 2 hours, and the sample #3 was
obtained by annealing the powder in the vacuum (at ~ 10~*mbar) at 1000°C for 2 hours.

Notations of the prepared samples are given in the Table 1. XRD spectra of the CeOs : 1%
Er3* NPs samples are shown in Figure 1. Analysis of the obtained spectra shows the crystalline
structure of CeOs, with no other phases detected. Simulations and calculations of the XRD
peaks were carried out using the Vesta software [21].
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Table 1. Notations and annealing conditions of studied samples

Sample Annealing temperature,
notation Composition atmosphere and duration
#1 600°C, air, 4 hours
#2 CeOy : 1% Er®t 600°C, argon, 2 hours
#3 1000°C, vacuum, 2 hours
(c) | size~67nm Ce0,:1% Er’** annealed in vacuum
| JL J\ NP VU

size ~ 10 nm

(b)

Ce0,:1% Er’" annealed in argon

size ~ 17 nm

(a)

Ce0,:1% Er*" annealed in air
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Figure 1. XRD spectra of studied samples. a) sample #1, b) sample #2, ¢) sample #3.

The size of the NPs was estimated from the XRD lines using the Scherrer equation [22]

D= & (1)
Bp cos
where D represents the coherent scattering domains (CSD) size, K is the particle shape-factor
(0.9), A is the X-ray wavelength of Cu Ko radiation (0.154nm), Op is the full width at half
maximum (FWHM) of the XRD (111) diffraction peak in radians, and 6 is the Bragg diffraction
angle in degree. The estimated average nanoparticle size for samples annealed in air is ~ 17 nm,
those annealed in argon are ~ 10 nm, and those annealed in vacuum are ~ 67 nm.

4. Results and discussion

Luminescence spectra of Er™ doped CeOs NPs were previously studied in refs. [16,17,23]. As
mentioned in ref. [16] the optical properties of these nanoparticles are determined by the optical
transitions of the Er* and Ce3* ions. A corresponding energy level diagram for the Ce3* /Er3+
system is presented in Figure 2a.

The Ce?t ion has a 4f ground state configuration and a low excited 5d state. Ce®* ions
placed in a crystal field have allowed 4f — 5d electric dipole transitions and can be observed in
the wavelength range from 250 to 500 nm, depending on the matrix and the local symmetry of
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Figure 2. a) The energy level diagram of Ce3" /Er3* system with the observed transitions. b) Lu-
minescence spectrum of CeOy : 1% Er®*, sample #1, excitation at Aoy = 355nm, room
temperature. c¢) Excitation spectrum for \ep, = 545.5nm (Er®t, 483/2—4115/2 transition) at
room temperature.

the impurity ion. The ground 4f state is split by the spin-orbit interaction into two manifolds:
the 2F; /2 and the °F; /2 levels. The excited 5d state of the Ce?t ion has an unshielded electron
shell, which is under the influence of a crystal field. Therefore, interconfiguration radiative
transitions 5d — 4f of the Ce3* ion, due to their predominantly electric dipole nature, manifest

4 Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 2, 24211 (9 pp.)
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themselves as intense broad luminescence bands with a short decay time. In contrast, the Er3*t
ions energy states are belong to 4f-configuration, which is well-shielded from the crystal field by
the outer electronic shells, and the 4f—4f electronic transitions are characterized by numerous

narrow lines.

Figure 2b shows the luminescence spectrum of sample #1 under the excitation wavelength of
355 nm, which corresponds to the 4f-5d absorption band of the Ce3* ion. Groups of intense lines
corresponding to 4f-4f transitions of the Er3* ion are observed in this spectrum. In particular,
intense luminescence bands in the wavelength ranges 509 —534.5 nm, 534.5—572.5 nm, and 635—
702.5 nm are associated with the 2H11/2—4115/2, 483/2—4115/2, 4F9/2—4115/2 electronic transitions
of the Er3T ion.

The luminescence excitation spectrum of the Er3T ion recorded at a wavelength of 545.5 nm
is presented in Figure 2c. This excitation spectrum is characterized by a wide band in the range
of approximately 330 — 400 nm, which is associated with the absorption band of the Ce3t 5d
state. Additionally, the luminescence of Er3* ions can be excited into the narrow absorption
bands of the 4115/2—4F5/2, 4F7/2 or 2H11/2 transitions of Er3* ions.

We observed that the luminescence was absent in samples annealed in argon or vacuum.
We attribute this to the formation of defects during the annealing process. In contrast, air
annealing results in a decrease in the number of these defects. The EPR spectra of the CeOq

Ce0,:1% Er’*

2676

e # 3 vacuum
~ ~~— 0485
3 g
=
= - g0.77 #2 argon
2
2
=

#1 air
0 500 1000 1500 2000 2500

Magnetic field (G)

Figure 3. X-band cw EPR spectra of CeOsy : 1% Er3t NPs at 15K.

NPs samples are displayed in Figure 3. The absorption line with a g-value of approximately
6.76 — 6.77 is due to cubic centers, which have been previously observed in CeOs NPs samples
with a lower concentration of Er3T ions [16,17,24]. The cubic centers of Er®* ions in the bulk
CeOg crystal have been studied by other authors [25,26] who reported the observation of an
isotropic line corresponding to even isotopes of erbium with very similar values of g, namely
g = 6.759+0.005 [25] and g = 6.747 4 0.006 [26], respectively. The EPR linewidths of Er3* ions
in all samples are quite large due to the broadening caused by dipolar interactions and defects
structure in the nanoparticles. This is why no resolved hyperfine structures were observed due to
presence of odd isotopes of Er®*t ions. The line with g ~ 4.85 in the Figure 3 for the sample #3
we assigned to the trigonal center because its g-value is similar to the observed g ~ 4.84 for
the trigonal center in CeOs NPs doped with 0.1% Er®* ions. Previous studies have shown [9]
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Figure 4. a) M-H dependences of the CeOy : 1% Er?* nanopowder samples annealed in air (#1), in
argon (#2) and in vacuum (#3) . b) M-H dependence of the sample #3 after subtracting
the paramagnetic contribution.

that the annealing CeQO3 in a reduced atmosphere leads to the release of oxygen from the crystal
structure, resulting in the formation of oxygen vacancies. The structure of the trigonal centers
of Er®* ions in bulk CeOs crystal has been discussed in literature [26] but a clear model has not
been established. The trigonal symmetry centers are formed due to defects along the (111) axis
of the crystalline structure, which could be oxygen vacancies or hydroxyl groups. It should be
noted that the EPR spectra of trigonal centers in the bulk CeOs crystal have been reported by
M.M. Abraham et al. [26] who give g = 10.254+0.05, g; = 4.847+0.005 and by A.A. Antipin et
al. [27] who give gj = 10.3+0.05, g; = 4.84+0.02. It should be underlined that for the powder
EPR spectra of axial sites with a random orientation of particles the line with g, should be
much more intensive as compare with g due to statistical consideration [28,29] and may be the
only detectable line in a powder sample. Thus, EPR measurements clearly show the presence of
trigonal centers after annealing CeO2 NPs in a reduced atmosphere that indicates on the oxygen

vacancy formation in the nearest environment of Er3* ion.

The oxygen vacancies in undoped and transition metal doped CeOs NPs have been associ-
ated with room-temperature magnetism (RTM) observed in nonmagnetic oxide NPs [30, 31].
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The room-temperature magnetism in CeOo NPs has been studied and reported in numerous
works, and analyzed in the review [31], however the origin of this phenomenon is still not
fully understood. The theoretical models proposed to explain the RTM in non-magnetic ox-
ide nanoparticles are either directly related to oxygen vacancies, such as the F-center exchange
model [32] or related to charged defects on the nanoparticle surface, including charge trans-
fer ferromagnetism [33] and collective spin response due to giant orbital paramagnetism [34].
However, most publications have shown that oxygen vacancies play a crucial role in RTM.

The dependence of the magnetic moment (M) on the magnetic field for the studied samples is
shown in Figure 4a. Samples #1 and #2 exhibit a linear dependence of M on the magnetic field,
indicating paramagnetic behavior. The sample #3, on the other hand, shows a dependence typ-
ical of ferromagnetic-like behavior in CeO2 NPs [30,31]. Figure 4b presents the M — H curve for
the sample #3 after subtracting the paramagnetic contribution. The saturation magnetization
value My ~ 7.4 -1073 emu/g is similar to the values previously observed for the undoped and
transition metal doped CeO2 NPs [35-37].

Thus, EPR and magnetization measurements clearly indicate that the origin of the ferromagnetic-
like behavior in CeOy NPs is due to vacancies.

5. Conclusions

The CeO5 nanoparticles doped with 1% Er3* were synthesized using the coprecipitation method
from an aqueous solution. In this study, the nanoparticles were analyzed using XRD, as well
as optical, EPR, and magnetization techniques. The CeOs nanoparticles were subjected to
different annealing processes: 4 hours in air at 600°C, 2 hours in argon at 600°C, and 2 hours in
vacuum at 1000°C. Luminescence was only observed in the sample annealed in air, while was not
present in samples annealed in argon and vacuum. This can be attributed to the defects that
formed during the annealing process in the latter two samples. EPR measurements confirmed
the presence of trigonal centers after annealing CeOy nanoparticles in vacuum indicating the
formation of oxygen vacancies in the nearest environment of Er3* ion.

Magnetization measurements displayed a ferromagnetic-like behavior in the CeOs : 1% Er3*
nanoparticles annealed in vacuum, which correlates with the vacancies formed in this sample.
On the other hand, the samples annealed in air and argon exhibited a paramagnetic dependence
of magnetic moment on the magnetic field.
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