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a b s t r a c t

Neodymium calcium titanate, (Ca0.99Nd0.01)TiO3 powders were synthesized by the complex polymeriza-
tion method and heat treated at different temperatures for 2 h under air atmosphere. The structural
evolution of these powders as a function of heat treatment temperature was analyzed by X-ray
diffraction (XRD) and micro-Raman (MR) spectroscopy. The optical properties were investigated by
Ultraviolet–visible (UV–vis) absorption spectroscopy and Photoluminescence (PL) measurements. XRD
patterns, Rietveld refinement and MR spectra indicated that the powders heated treated at 750 ◦C for
2 h present an orthorhombic structure without secondary phases. UV–vis measurements suggested the
presence of intermediary energy in disordered (Ca0.99Nd0.01)TiO3 powders. Broad and narrow bands were
observed in the PL spectra of these powders when excited with 350 nm wavelength. The broad bands
were associated to the structural defects and/or p–d electronic transitions while, the narrow bands were
ascribed to f–f transitions arising from Nd3+ ions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the last years, several studies have been reported in the litera-
ture on the structural phase transitions of calcium titanate (CaTiO3)
as a function of temperature and pressure [1–5]. In particular, this
perovskite has a wide potential for applications in resonators and
filters due to its high-dielectric constant and low-dielectric loss
at high frequencies [6–14]. When doped with rare earth trivalent
ions (La3+, Sm3+ or Nd3+), the dielectric properties of CaTiO3 can be
modified as consequence of the formation of Ca2+ vacancies into
the lattice [13,14]. On the other hand, this material is considered
an incipient ferroelectric or quantum paraelectric at low tempera-
tures. In this case, small perturbations (electric fields, elastic strains
and impurities) can destroy the structural stability and induce a
ferroelectric phase [15]. Lemanov et al. [16] reported a phase tran-
sition from incipient to normal ferroelectric state in Ca1−xPbxTiO3
solid solutions with Pb content up to x = 0.3.

Currently, this perovskite has been employed for different
technological purposes. For example, the formation of a CaTiO3
interface layer on the hydroxyapatite-coated Ti substrates is able
to increase the bond strength of this system as well as decrease the

∗ Corresponding author. Tel.: +55 16 3361 5215; fax: +55 16 3351 8214.
E-mail address: laeciosc@bol.com.br (L.S. Cavalcante).

progression of hydroxyapatite dissolution in acidic environment,
which is produced by osteoclastic resorption in the human body
[17–19]. Also, CaTiO3 phase has contributed to the fast precipita-
tion and deposition of silicon-substituted hydroxyapatite coatings
on titanium substrates through the biomimetic method [17]. In
the electrochemical area, Wang et al. [20] reported that CaTiO3-
coated Ti electrodes modified with a thin hydrophobic layer are
more corrosion resistance than the TiO2-coated Ti electrodes. In
addition, Zr4+-doped CaTiO3 powders (from 5 mol% to 7 mol%) [21]
and CoO/CaTiO3 catalysts [22] present a high efficiency in the water
conversion process into hydrogen. In terms of photoluminescence
properties, the CaTiO3 has been mainly investigated when doped
with Pr3+, Eu3+ and Sm3+ ions [23–32]. The use of these rare earth
lanthanides into the matrix of this ceramic material results in the
formation of red phosphors, except for the Sm3+, which it has been
employed as an optical probe in order to estimate the degree of
structural order. However, the literature does not report studies on
the optical properties of Nd3+-doped CaTiO3.

Different synthesis methods have been employed for the for-
mation of this perovskite, mainly including: solid-state reaction or
mechanochemical [33–37], molten salts [38–40], self-propagating
high temperature [41–43], topochemical microcrystal conver-
sion [44] and ultrasonic mist combustion/pyrolysis processes
[45]. However, these methods present some drawbacks, such
as: formation of secondary phases, contamination by impuri-
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ties, high heat treatment temperatures, long processing times
and nonuniform particle size distribution. In order to overcome
these problems, the wet chemical methods can be significantly
more effective, for example: sol–gel [46–50], inorganic salt sol–gel
[51], hydrolysis of metal alkoxides [52], co-precipitation [53,44],
polymeric precursor [54–56], hydrothermal method [57–59] and
hydrothermal–electrochemical [60]. Also, these synthesis methods
are able to improve the dielectrical, structural and morphological
properties of CaTiO3 ceramics [61–64]. In particular, the complex
polymerization method (CPM) has become a versatile chemical
route in which pure compounds are formed at low heat treatment
temperatures with short processing times. In this chemical route,
the chelation process of the metal cations by a hydroxycarboxylic
acid reduces the phase segregation and favor a homogeneous cation
distribution at molecular scale into the polymeric resin [65].

Therefore, in this work, (Ca0.99Nd0.01)TiO3 powders were syn-
thesized for the first time by the complex polymerization method
(CPM) and heat treated at different temperatures for 2 h under
air atmosphere. These powders were structurally character-
ized by X-ray diffraction, Rietveld refinement and micro-Raman
(MR) spectroscopy. The optical properties were analyzed by
ultraviolet–visible (UV–vis) absorption spectroscopy and photolu-
minescence (PL) measurements.

2. Experimental details

2.1. Synthesis of (Ca0.99Nd0.01)TiO3 powders

The (Ca0.99Nd0.01)TiO3 powders were synthesized by the CPM.
In this synthesis method, calcium carbonate CaCO3 (99% Aldrich),
titanium (IV) isopropoxide [Ti(OC3H7)4] (98% Acros Organics),
ethylene glycol C2H6O2 (99.5% Synth), citric acid anhydrous C6H8O7
(99.5% Synth) and neodymium oxide Nd2O3 (99.9% Aldrich) were
used as raw materials. Initially, C6H8O7 was dissolved in deion-
ized water heated at 75 ◦C under constant stirring. Afterwards,
[Ti(OC3H7)4] was quickly added into this citric acid aqueous
solution to avoid hydrolysis reaction between alkoxide and air
environment. This chemical mixture after heated at 90 ◦C under
constant stirring for several hours resulted in the formation of a
clear and homogenous titanium citrate solution. The gravimetric
procedure was performed to estimate the stoichiometric value cor-
respondent to the mass (g) of titanium oxide contained into the
citrate. In the sequence, a stoichiometric quantity of CaCO3 was
dissolved into this titanium citrate solution. A neodymium solu-
tion was prepared through the dissolution of Nd2O3 in nitric acid
and then, it was mixed with the calcium–titanium citrate solution.
After solution homogenization, C2H6O2 was added in order to pro-
mote the citrate polymerization by the polyesterification reaction.
The citric acid/ethylene glycol mass ratio was fixed at 60:40 wt%.
The resulting solution was heated at 120 ◦C under constant stir-
ring to eliminate water, consequently forming a polymeric resin.
This polymeric resin was then placed in a conventional furnace
and heat treated at 300 ◦C for 4 h to promote the pulverization
and decomposition of organic compounds arising from C6H8O7 and
C2H6O2. Finally, the obtained precursors were heat treated at dif-
ferent temperatures in the range from 300 ◦C to 750 ◦C for 2 h under
air atmosphere.

2.2. Characterizations of (Ca0.99Nd0.01)TiO3 powders

The (Ca0.99Nd0.01)TiO3 powders were characterized by X-ray
powder diffraction (XRD) using a DMax/2500PC diffractometer
(Rigaku, Japan). XRD patterns were obtained using Cu-K˛ radia-
tion in the 2� range from 5◦ to 75◦, while the Rietveld routine was
performed in the 2� range from 10◦ to 110◦, using a scanning rate

Fig. 1. XRD patterns of (Ca0.99Nd0.01)TiO3 powders heat treated from: (a) 300 ◦C to
500 ◦C and (b) 550 ◦C to 750 ◦C at different temperatures for 2 h under air atmo-
sphere.

of 0.2◦/s. MR measurements were performed using a T64000 spec-
trometer (Jobin-Yvon, France) triple monochromator coupled to a
CCD detector. The spectra were obtained using an argon ion laser of
514.5 nm, keeping its maximum output power at 9 mW. A 100 �m
lens was used to prevent sample overheating. UV–vis spectra were
taken using a Cary 5G (Varian, USA) equipment in total reflection
mode. PL measurements were performed through a Monospec 27
monochromator (Thermal Jarrel Ash, USA) coupled to a R446 pho-
tomultiplier (Hamamatsu, Japan). A krypton ion laser of 350 nm
(Coherent Innova 90 K, USA) was used as excitation source, keep-
ing its maximum output power at 200 mW. UV–vis and PL spectra
were taken three times for each sample in order to ensure the reli-
ability of the results. All measurements were performed at room
temperature.

3. Results and discussion

3.1. X-ray diffraction and Rietveld refinement analyses

Fig. 1(a and b) shows the XRD patterns of (Ca0.99Nd0.01)TiO3
powders heat treated at different temperatures for 2 h under air
atmosphere.
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Fig. 2. a, b and c lattice parameters of (Ca0.99Nd0.01)TiO3 powders as a function of
heat treatment temperature.

The presence of diffraction peaks can be used to evaluate the
structural order at long-range or periodicity of the material [66].
All powders heat treated from 300 ◦C to 450 ◦C do not exhibited
diffraction peaks ascribed to (Ca0.99Nd0.01)TiO3 phase, evidencing
a typical behavior of material in amorphous state or considered
as structurally disordered at long-range (Fig. 1a). After heat treat-
ment performed in the range from 550 ◦C to 750 ◦C, it was observed
a progressive increase in the degree of crystallization of these
powders because of the formation of intense and well-defined
diffraction peaks (Fig. 1b). In addition, XRD patterns correspond-
ing to the secondary phases were not detected, indicating that the
Nd3+ ions were incorporated into the CaTiO3 lattice. The diffrac-
tion peaks of crystalline (Ca0.99Nd0.01)TiO3 powders were indexed
to the orthorhombic structure, in agreement with the respective
Inorganic Crystal Structure Database (ICSD) card N◦. 06-2149 [67].

Fig. 2 shows the lattice parameter values of (Ca0.99Nd0.01)TiO3
powders heat treated from 500 ◦C to 700 ◦C for 2 h under air atmo-
sphere.

The experimental lattice parameters were calculated using the
least square refinement with the UNITCELL-97 program [68]. From
the results presented in Fig. 2, it is possible to note that the lattice
parameter values of (Ca0.99Nd0.01)TiO3 powders presented small
deviations from those reported in ICSD card N◦. 06-2149 [67] for
the pure CaTiO3 phase. Hence, we believe that this behavior can be
caused by the differences between the ionic radius of Ca2+ (1.14 Å)
and Nd3+ (1.27 Å). On the basis of this affirmation, possibly the sub-
stitution of Ca2+ by Nd3+ ions is able to induce small anisotropic
distortions and/or strains along the CaTiO3 lattice, modifying con-
sequently the a, b and c lattice parameters. Also, these structural
defects can be arising from the transformation process from disor-
dered to ordered structure, mainly during the initial stages of heat
treatment where the residual organic compounds are gradually
eliminated from the matrix. Hence, the influence of these struc-
tural defects on the lattice parameters can be minimized with the
increase of heat treatment temperature (Fig. 1).

Fig. 3 shows the Rietveld refinement performed on the
(Ca0.99Nd0.01)TiO3 powder heat treated at 750 ◦C for 2 h under air
atmosphere.

The Rietveld refinement is a method in which the profile inten-
sities obtained from step-scanning measurements of the powders
allow to estimate an approximate structural model for the real
structure [69]. In our work, the Rietveld refinement was per-
formed through the GSAS program [70]. In the Rietveld analysis,
the refined parameters were scale factor, background, shift lattice
constants, profile half-width parameters (u, v, w), isotropic thermal
parameters, strain anisotropy factor, occupancy, atomic functional
positions, bond lengths and bond angles. Firstly, the Rietveld

Fig. 3. Rietveld refinement of (Ca0.99Nd0.01)TiO3 powders heat treated at 750 ◦C for
2 h under air atmosphere.

refinement was based on the CaTiO3 phase with perovskite-type
orthorhombic structure and space group Pbnm as indicated in
ICSD card N◦. 06-2149 [67]. The background was corrected using
a Chebyschev polynomial of the first kind. The diffraction peak
profiles were better fitted by the Thompson–Cox–Hastings pseudo-
Voigt (pV-TCH) function and by the asymmetry function described
by Finger et al. [71]. The strain anisotropy was corrected by the
phenomenological model described by Stephens [72]. The obtained
results from the Rietveld refinement are displayed in Table 1.

In this table, the fitting parameters (Rp, Rwp and �2) indicate a
good agreement between the refined and observed XRD patterns
for the (Ca0.99Nd0.01)TiO3 phase. The refined lattice parameter val-
ues (a = 5.390562 Å; b = 5.443374 Å and c = 7.649834 Å) and bond
angles (˛ = ˇ = � = 90◦) confirmed that the (Ca0.99Nd0.01)TiO3
phase has an orthorhombic structure. These Rietveld refinement
results obtained in this work are in good agreement with those
reported in the literature [73–79].

3.2. Micro-Raman spectroscopy analyses

Fig. 4(a and b) show the MR spectra of (Ca0.99Nd0.01)TiO3
powders heat treated at different temperatures for 2 h under air
atmosphere.

The MR spectroscopy is considered a powerful tool in order to
estimate the degree of structural order–disorder at short-range of
the materials [66]. According to the literature [80–82], there are
24 Raman-active modes for the orthorhombic structure with four
molecular units in the primitive cell and space group Pbnm (ZB = 4).
Hence, its irreducible representation at the � point of the Brillouin
zone for the lattice vibrations can be described by �Raman,Pbnm =
7Ag + 5B1g + 7B2g + 5B3g .

Table 1
Rietveld refinement results and atomic coordinates employed to model the
(Ca0.99Nd0.01)TiO3 unit cell.

Atom Site x y z

Calcium 4c −0.0049(7) 0.0343(6) 0.25
Neodymium 4c −0.0049(7) 0.0343(6) 0.25
Titanium 4b 0.0 0.5 0.0
Oxygen1 4c 0.0699(3) 0.4868(2) 0.25
Oxygen2 8d 0.7096(2) 0.2911(2) 0.0366(2)

RBragg = 3.87, Rp = 7.39, Rwp = 10.36 and �2 = 1.238.
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Fig. 4. MR spectra of (Ca0.99Nd0.01)TiO3 powders heat treated from: (a) 300 ◦C to
500 ◦C and (b) 550 ◦C to 750 ◦C for 2 h under air atmosphere.

As it can be seen in Fig. 4(a and b), only 9 (R1, R2, R3, R4, R5, R6, R7,
R8 and R9) from the 24 Raman-active modes were detected in the
MR spectra of (Ca0.99Nd0.01)TiO3 powders. Thus, we believe that all
bands were not observed in the MR spectra because some can be
overlapping with other intense bands or due to the small changes
in polarizability [82]. Raman-active modes were not detected for
the powders heat treated from 300 ◦C to 500 ◦C (Fig. 4(a)). It is an
indicative that these powders are disordered at short-range. The
presence of well-defined Raman-active modes was verified only
for the powders heat treated from 550 ◦C to 750 ◦C. Therefore, these
temperature conditions are able to increase the structural organiza-

tion and reduce the structural defects in the lattice. As consequence,
this mechanism promotes a stronger interaction between the ions,
which mainly arise from the stretching, torsional and bending
vibrations of the shorter metal-oxygen bonds, contributing to the
observation of the Raman-active modes. Table 2 shows a compara-
tive between the positions of Raman-active modes obtained in this
work for the (Ca0.99Nd0.01)TiO3 powders with those reported in the
literature for the pure CaTiO3 phase [80,83–86].

According to Hirata et al. [84], the R1 band is related to the
CaTiO3 lattice mode. Balachandran and Eror [85] reported that
the R2, R3, R4, R5 and R6 bands are ascribed to O–Ti–O bending
vibration modes or caused by the tilting phenomenon between the
[TiO6]–[TiO6] clusters. The R7 and R8 bands are attributed to the
torsional modes, while the R9 band is assigned to the Ti–O sym-
metric stretching vibration mode [86]. The slight shifts observed
on the characteristic positions of Raman modes listed in Table 1,
can be related to the degree of crystallization, interaction force
between ions, presence of structural defects (oxygen vacancies, dis-
tortions and/or strains in the structure) and/or influence of doping
ions into the CaTiO3 lattice. The band situated at 641 cm−1 (R9)
for the (Ca0.99Nd0.01)TiO3 powders becomes more defined with
the increase of heat treatment temperature. In this case, at high
temperatures (from 650 ◦C to 750 ◦C) occur stronger interactions
between the Ti–O bonds, suggesting an increase in the formation
of [TiO6]–[TiO6] clusters into the structure.

3.3. Ultraviolet–visible absorption spectroscopy analyses

Fig. 5(a–f) show the UV–vis absorbance spectra of
(Ca0.99Nd0.01)TiO3 powders heat treated at different temperatures
for 2 h under air atmosphere.

The optical band gap energy (Egap) was estimated by the method
proposed by Wood and Tauc [87]. According to these authors, the
optical band gap is associated with absorbance and photon energy
by the following equation:

h�˛ ∝ (h� − Egap)k, (1)

where ˛ is the absorbance, h is the Planck constant, � is the fre-
quency, Egap is the optical band gap and k is a constant associated
to the different types of electronic transitions (k = 1/2, 2, 3/2 or 3
for direct allowed, indirect allowed, direct forbidden and indirect
forbidden transitions, respectively). According to literature [55,96],
the titanates are characterized by an indirect allowed electronic
transition and hence, the k = 2 value was adopted as standard in
Eq. (1). Thus, the Egap values were evaluated extrapolating the linear
portion of the curve or tail [(h�˛)1/k = 0)] in the UV–vis absorbance
spectra.

A plausible explanation for the variations observed on the Egap

values can be related to the degree of structural order–disorder
into the lattice, which is able to change the intermediary
energy level distribution within the band gap. For the disordered
(Ca0.99Nd0.01)TiO3 powders heat treated from 300 ◦C to 500 ◦C,
the UV–vis absorbance measurements suggest an optical band

Table 2
Comparative results between the positions of Raman-active modes obtained in this work for the (Ca0.99Nd0.01)TiO3 phase with those reported in the literature for the pure
CaTiO3 phase.

M T (◦C) t (min) R1 R2 R3 R4 R5 R6 R7 R8 R9 Ref.

SSR 1050 4320 154 181 225 246 286 335 470 494 – [80]
SSR 1650 240 – 183 227 247 288 339 470 494 641 [83]
SSR 1250 1080 – 175 224 244 286 336 471 492 677 [84]
LMT 800 – 155 180 226 247 286 337 471 495 – [85]
SSR 1600 2880 153 178 222 244 281 333 467 490 – [86]
CP 750 120 161 188 232 253 291 344 475 501 641 This work

M, method; T, temperature; t, time; assignments Raman modes (Rn): (cm−1). Preparation methods: SSR, solid-state reactions; LMT, liquid mix technique; CP, complex
polymerization; and Ref., references.
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Fig. 5. UV–vis absorbance spectra of (Ca0.99Nd0.01)TiO3 powders powders heat treated at different temperatures: (a) 450 ◦C, (b) 500 ◦C, (c) 550 ◦C, (d) 600 ◦C, (e) 650 ◦C and
(f) 700 ◦C for 2 h under air atmosphere. Inset in Fig. 5(f) shows the UV–vis absorbance spectra of (Ca0.99Nd0.01)TiO3 powders heat treated at 750 ◦C.

gap behavior of materials in amorphous state or with a high
degree of structural defects (Fig. 5a and b), while the powders heat
treated from 550 ◦C to 750 ◦C present a typical absorption spec-
tra of ordered or crystalline materials (Fig. 5c–f). On the basis of
these informations, if the structure becomes more ordered with
the heat treatment temperature, i.e., when the concentration of
structural defects (oxygen vacancies, distortions and/or strains in

the lattice) is reduced, the presence of intermediary energy lev-
els (deep and shallow holes) is minimized within the optical band
gap of (Ca0.99Nd0.01)TiO3 powders and consequently the Egap values
increase.

Table 3 shows a comparative between the optical band gap val-
ues of (Ca0.99Nd0.01)TiO3 powders obtained in this work with those
reported in the literature for the CaTiO3 phase [55,89–92]. The Egap
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Table 3
Comparative results between the optical band gap energy of (Ca0.99Nd0.01)TiO3 pow-
ders obtained in this work with those reported in the literature for the pure CaTiO3

phase.

Method Temperature (◦C) Time (min) Optical band gap (eV) Ref.

PP 600 120 3.48 [55]
CPP 600 300 3.55 [88]
CSS 1400 720 3.30 [90]
HT-C 497 – 3.50 [91]
– – – 3.70 [92]
CP 450 120 2.19 This work
CP 500 120 2.84 This work
CP 550 120 3.36 This work
CP 600 120 3.40 This work
CP 650 120 3.42 This work
CP 700 120 3.45 This work
CP 750 120 3.46 This work

PP, polymeric precursor; CPP, complex polymer precursor; CSS, conventional solid
state; HT-C, hydrothermal-calcination and CPM, complex polymerization; and Ref.,
reference.

values of CaTiO3 phase were adopted as standard, since for the
(Ca0.99Nd0.01)TiO3 phase has not been reported in the literature
yet.

As it can be seen in this table, the Egap values are mainly depen-
dents of the preparation methods and experimental conditions
(heat treatment temperature and processing time). In particular,
these key factors can favor or inhibit the formation of struc-
tural defects, which are able to control the degree of structural
order–disorder of the material and consequently, the number of
intermediary energy levels within the band gap. In addition, it is
well acceptable that the small percentage of Nd3+ ions used as
dopant can influence in the Egap of pure CaTiO3 phase.

3.4. Schematic representation for the (Ca0.99Nd0.01)TiO3 unit cell:
symmetric and asymmetric structures

Fig. 6(a and b) shows a schematic representation of two unit
cells in order to explain the structural organization process of

(Ca0.99Nd0.01)TiO3 powders prepared by the complex polymeric
method. These unit cells were modeled through the Diamond
Crystal and Molecular Structure Visualization (Version 3.1 for Win-
dows) program [93], using the atomic coordinates obtained from
the Rietveld refinement (Table 1).

Fig. 6(a) shows a schematic representation of an orthorhombic
(Ca0.99Nd0.01)TiO3 unit cell with space group Pbnm (N◦ 62). Basi-
cally, this crystalline or ordered structure presents the Ti atoms
coordinated to six oxygen atoms ([TiO6]–[TiO6] clusters) in an
octahedral configuration. These octahedrons are tilted into this
distorted structure, presenting angles between the polyhedrons
[Ti–O–Ti] of approximately 157◦ and 203◦, respectively [94]. In
principle, the octahedral tilting is associated with the Goldschmidt
tolerance factor. Thus, a low value of this factor suggests the
presence of available spaces for tilt into the structure [95]. In
this perovskite-type structure, the Ca atoms are coordinated to
twelve oxygen in a dodecahedral configuration [96], while the Nd
atoms are bonded to seven oxygen in a heptahedral configuration
[97]. However, these coordinations were not represented in the
(Ca0.99Nd0.01)TiO3 unit cell in order to favor the visualization of
[TiO6] complex clusters (octahedral configuration).

Fig. 6(b) shows schematic representation of an orthorhombic
(Ca0.99Nd0.01)TiO3 unit cell with structural order–disorder due to
the presence of [TiO5]–[TiO6] clusters, which is known as asym-
metric structure. In this kind of structure, four Ti atoms were
displaced along the [001] direction (z-axis) in order to represent
the [TiO5. Vz

O] intermediate complex clusters with pyramidal-type
configuration, where Vz

O = Vx
O, V

•
O and V

••
O . In the last years, stud-

ies performed by means of X-ray absorption near edge structure
[98], extended X-ray absorption fine structure (EXAFS) and X-ray
photoelectron spectroscopy measurements have revealed the pres-
ence of [TiO6]–[TiO5] clusters into the lattice of different titanates
[99–101]. Hanajiri et al. [99] used the EXAFS technique in order
to understand the influence of doping ions (Ce3+ and Nd3+) on the
local structure of CaTiO3 powders. According to these authors, the
Ti–O distances decreased when the Nd3+ content was increased
into this perovskite. In an opposite situation, the high concen-

Fig. 6. Schematic representation of a (a) model symmetric or ordered (Ca0.99Nd0.01)TiO3 unit cell ([TiO6]–[TiO6] clusters) and a (b) model asymmetric or disordered
(Ca0.99Nd0.01)TiO3 unit cell ([TiO5]–[TiO6] clusters).
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Fig. 7. PL spectra of (Ca0.99Nd0.01)TiO3 powders heat treated (a) from 300 ◦C to 500 ◦C, (b) from 550 ◦C to 750 ◦C (in the range from 350 cm−1 to 550 cm−1), (c) from 550 ◦C to
750 ◦C (in the range from 550 cm−1 to 850 cm−1) under air atmosphere and (d) energy level diagram for the f–f electronic transitions arising from Nd3+ ions.

tration of Ce3+ content into the CaTiO3 powders resulted in an
increase between the Ti–O distances. Vance et al. [100] reported
that the introduction of dopants (Gd3+) into the CaTiO3 structure
leads to a charge compensation via reduction from Ti4+ to Ti3+

specimens.

In the unit cell shown in Fig. 6(b), the structural defects were
attributed to the oxygen vacancies, which are able to present three
different charge states: (I) neutral (Vx

O)—it is able to donate up to
two electrons, (II) singly ionized (V

•
O)—it donates or capture only

one electron and (III) double ionized (V
••
O )—it is not able to donate
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electrons. In particular, the double ionized charge states (V
••
O ) are

considered the most responsible for the charge transfer in a mate-
rial with perovskite-type structure, playing an important role in
the conduction process. Another important point to be considered
is that the replacement of trivalent ions (Nd3+) into sites normally
occupied by divalent ions (Ca2+) leads to a negative charge com-
pensation into the CaTiO3 lattice. This behavior can be described
by the following equations:

Nd2O3
CaTiO3−−−−−−−−→ 2Nd•

Ca + V ′′
Ca + 3Ox

O (2)

In this work, the proposed models were based on the supposition
of a reduction caused in the number of oxygen vacancies ([TiO5. Vz

O
intermediate complex clusters) into the (Ca0.99Nd0.01)TiO3 lattice
due to the increase of structural organization promoted by the heat
treatment temperatures. In order to understand this phenomenon,
it was used the Kröger–Vink notation for systems containing the
presence of complex clusters [102,103]. Thus, the complex oxygen
vancancies (Vx

O, V
•
O and V

••
O ) stabilize the lattice defects via charge

compensation.
For the network formers:

[TiO6]x + [TiO5.Vx
O] → [TiO6]

′ + [TiO5.V
•
O] (3)

[TiO6]x + [TiO5.V
•
O] → [TiO6]

′ + [TiO5.V
••
O ] (4)

For the network modifiers:

[CaO12]x + [CaO11.Vx
O] → [CaO12]

′ + [CaO11.V
•
O] (5)

[CaO12]x + [CaO11.V
•
O] → [CaO12]

′ + [CaO11.V
••
O ] (6)

[NdO7]x + [NdO6.Vx
O] → [NdO7]

′ + [NdO6.V
•
O] (7)

[NdO7]x + [NdO6.V
•
O] → [NdO7]

′ + [NdO6.V
••
O ] (8)

In these equations, [TiO5. Vx
O], [CaO11. Vx

O] and [NdO6. Vx
O] complex

clusters are electron donor species; [TiO6]x, [CaO12]x and [NdO7]x

complex clusters are electron acceptor species; [TiO5. V
•
O], [CaO12.

V
•
O] and [NdO6. V

•
O] are electron donor–acceptor species. The [TiO6]

′
,

[CaO12]
′

and [NdO7]
′

with [TiO5. V
•
O], [CaO11. V

•
O] and [NdO6. V

•
O]

complex clusters results in a stabilization of the defects by the
charge compensation.

3.5. Photoluminescence analyses: emission spectra of
(Ca0.99Nd0.01)TiO3 powders

Fig. 7(a–c) show the photoluminescence (PL) spectra of
(Ca0.99Nd0.01)TiO3 powders heat treated at different temperatures
for 2 h under air atmosphere. The energy level diagram correspond-
ing to the Nd3+ ions is shown in Fig. 7(d).

The powders heat treated from 300 ◦C to 500 ◦C exhibited an
intense and broad PL emission with a maximum situated at around
566 nm (yellow light emission) (Fig. 7a). We believe that the ori-
gin of this phenomenon is caused by a symmetry break into the
(Ca0.99Nd0.01)TiO3 structure due to the formation of [TiO5. Vz

O] inter-
mediate complex clusters (Vz

O = Vx
O, V

•
O and V

••
O ) (Fig. 6b). These

kinds of clusters, arising from oxygen vacancies, cause the for-
mation of intermediary energy levels within the band gap, which
are able to trap electrons. In principle, these energy levels are
basically composed of oxygen 2p (near the valence band) and
titanium 3d states (below the conduction band). The electronic
transitions between theses states can be classified as charge-
transference processes from [TiO5. V

•
O] to [TiO6]

′
and/or [CaO11. V

•
O]

to [CaO12]
′
. Moreover, the progressive decrease in the PL intensity

of (Ca0.99Nd0.01)TiO3 powders with the increase of heat treatment
temperature is a possible indication that the number of these
energy levels within the band gap can be reduced by the increase of
structural order into the lattice (Fig. 7a). Therefore, the PL measure-
ments can be a powerful tool in order to investigate a class and/or
energy level distribution within the band gap of the materials [104].
Similar spectra to those shown in Fig. 7(a) have been reported in the
literature for the CaTiO3 powders [55,105]. Pontes et al. [55] per-
formed experimental and theoretical studies on the PL properties
of amorphous CaTiO3 powders obtained by the CPM. According to
these authors, the nature of this optical property is associated with
the contribution of delocalized electronic levels within the band
gap, which are induced by the formation of fivefold Ti–O bonds
into this perovskite-type structure. Yang et al. [105] described that
the broad PL emissions of CaTiO3 mesocubes are influenced by the
structural disorder in the twinned nanodomains.

Broad PL bands were not verified in the (Ca0.99Nd0.01)TiO3 pow-
ders heat treated from 550 ◦C to 750 ◦C (Fig. 7b and c). This behavior
is attributed to a reduction of structural defects (oxygen vacancies)
or [TiO5. V

•
O] intermediate complex clusters into the lattice, as con-

sequence of the increase of crystallinity of these powders. Thus,
the energy levels responsible for the p–d transitions arising from
oxygen 2p and titanium 3d states are drastically reduced within the
band gap. Hence, the well-defined narrow bands related to f–f tran-
sitions of Nd3+ ions are predominant in the PL spectra (Fig. 7b and c).
The visible luminescence of Nd3+ ions corresponding to 4f n−15d–
4f n transitions requires appropriate host materials when excited
with ultraviolet wavelengths [105–107]. The ground-state of these
kinds of ions is characterized by [Xe] 4f 46s2 and its PL properties
are ascribed to 4f 25d1– 4f 3 transitions [108]. In this case, during
the excitation process of crystalline (Ca0.99Nd0.01)TiO3 powders,
electron populations can be promoted from ground-state to 4I9/2
energy levels. The emission of photons occurs through the decay

Table 4
Positions of f–f electronic transitions arising from Nd3+ ions into the CaTiO3 matrix

Assignments (f–f transitions) T (◦C) Symbols 550 (nm) 600 (nm) 650 (nm) 700 (nm) 750 (nm)

4I13/2 → 4G11/2 � 422.1 422.1 422.6 422.6 422.6
4I11/2 → 4G11/2 © 428.1 428.1 428.6 428.6 428.6
4I9/2 → 4G11/2 � 435.1 435.1 435.6 435.6 435.6
4I11/2 → 4K15/2 � 450.6 450.6 450.6 451.1 451.1
4I11/2 → 4D3/2 � 454.6 454.6 454.6 455.1 455.1
4I9/2 → 2K15/2 � 458.1 458.1 458.6 458.6 458.6
4I9/2 → 2D3/2

• 466.1 466.1 466.6 466.1 466.1
4I9/2 → 2G9/2 � 468.1 469.1 469.1 469.6 469.6
4I9/2 → 4G5/2 � – – – 585.1 585.1
4I9/2 → 2G7/2 ∗ – – – 592.1 592.1
4I9/2 → 4H11/2 ♠ 605.1 605.1 605.1 605.1 605.1
4I9/2 → 4F9/2 ⊕ 692.1 692.1 692.1 692.1 692.1
4I9/2 → 2H9/2 � – – 800.4 800.4 800.4
4I9/2 → 4F5/2 � – – – 813.1 813.1

T = Temperature and assignments peaks of luminescence for Nd3+ ions.
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process of electrons situated in 4I9/2 energy levels into the empty
2D5/2 energy levels [109].

Table 4 shows the corresponding positions to f–f electronic tran-
sitions arising from Nd3+ ions into the CaTiO3 matrix as shown in
Fig. 7b and c.

As it can be seen in this table, some electronic transitions shown
in the energy level diagram for the Nd3+ ions (Fig. 7d) were not
observed in the (Ca0.99Nd0.01)TiO3 powders because the excita-
tion wavelength (350 nm). In special cases, the literature [110]
has reported that the electronic transitions corresponding to 4I9/2,
4I11/2 and 4I13/2 which are in the deep ultraviolet region, could be
used to enhance emissions in the visible range. Moreover, the slight
shifting verified on the positions referring to f–f electronic transi-
tions can be relate to the residual structural defects, effect of the
matrix on the local environment of Nd3+ ions with its first nearest
neighbor anions (oxygen atoms). Can be observed, all f–f electronic
transitions of Nd3+ ions observed in this work are agreement with
those reported in the literature [111–115].

4. Conclusions

(Ca0.99Nd0.01)TiO3 powders were synthesized by the complex
polymerization method. XRD patterns, Rietveld refinement and MR
spectra confirmed that these powders crystallize in an orthorhom-
bic structure without the presence of deleterious phases. UV–vis
spectra indicated that the Egap values of (Ca0.99Nd0.01)TiO3 pow-
ders are dependent of heat treatment temperature. In fact, high
temperatures lead to a decrease of [TiO5. VZ

O] intermediate com-
plex clusters into the lattice, reducing the presence of intermediary
energy levels within the band gap. Consequently, the gradual
reduction of these energy levels promotes a progressive increase in
the Egap of these materials with perovskite-type structure. Models
representing the ordered (symmetric) and disordered (asymmet-
ric) (Ca0.99Nd0.01)TiO3 structure were proposed in order to explain
the origin of the PL emissions in these ceramic oxides. The PL spec-
tra of the powders exhibited broad and narrow bands when excited
with 350 nm wavelengths. The broad PL bands with a maximum
emission situated at around 566 nm were observed for the powders
heat treated from 300 ◦C to 500 ◦C, as consequence of p–d transi-
tions arising from oxygen 2p and titanium 3d states. The increase
of heat treatment temperature in the range 550–750 ◦C promoted a
reduction of these energy levels, favoring the predominance of nar-
row bands in the PL spectra. These narrow bands are arising from
typical f–f electronic transitions of Nd3+ ions.
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