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a b s t r a c t

In this work, CaTiO3 powders doped with Mg2þ ions and CaTiO3 powders co-doped with Mg2þ and Eu3þ

ions were prepared by the polymeric precursor method (PPM). These powders were characterized by
different characterization techniques to study the influence of Mg2þ doping as well as Mg2þ and Eu3þ co-
doping in structural and optical properties of CaTiO3 perovskite-type structure. The Rietveld refinement
and Micro-Raman analyses suggested the substitution Mg2þ and Eu3þ ions in the A-site of CaTiO3

perovskite. The influence of Mg2þ doping can be detected by the displacement of calcium and oxygen
atomic positions when compared to the non-doped CaTiO3 powder. When Eu3þ ions are added to the A-
site of this perovskite the excess of positive charge can be compensated by the formation of calcium
vacancies. Luminescence data showed that Ca1-xMgxTiO3 and Ca1xMgx/2Eu2y/3TiO3 powders are potential
materials for fabrication of lighting devices based on near-UV and blue LED using an excitation wave-
length of 397 and/or 450 nm.

© 2015 Published by Elsevier B.V.
1. Introduction

CaTiO3 belong to the perovskite class materials (ABO3) and it is
also a chemistry and thermally stable ceramic oxide, which is
widely studied due to its dielectric and photoluminescent proper-
ties [1,2]. CaTiO3 has an orthorhombic structure and space group
Pbnm which remains stable from 23 to 1100 �C [3] and it has a
dielectric permittivity of approximately 180 at room temperature
that changes with experimental conditions. This ceramic oxide is
also a good candidate to be applied in electronic microwave devices
due to its high quality factor (Qu¼ 8000 at 1.5 GHz) specially when
in solid solution with Sr(Mg1/3Nb2/3)O3(SMN) (Qu ¼ 20000 at
1.5 GHz) or MgTiO3 (Qu ¼ 8000 at 7.5 GHz) materials. The CaTiO3
based solid solution such as CaTiO3eLaAlO3 can also be applied as
high performance capacitors [4e6].

Among to these systems, we highlighted the CaTiO3eMgTiO3,
which presents outstanding dielectric properties allowing its
application in resonators dielectric devices, filters and antennas
. Oliveira).
operating in microwave range frequency [7]. Moreover, the
dielectric properties such as dielectric permittivity (k), quality
factor (Q � f) and stabilization temperature (tf) are tunable by
CaTiO3/MgTiO3 ratio in this solid solution and depends on the
partial pressure of O2 used during the sintering procedure [8]. In
order to use them in miniaturized electronic devices, these systems
have also been synthesized as thin films and multilayer hetero-
junctions. In another study, the dependency of composition het-
erogeneity and dielectric properties of
Mg0,93Ca0,07TiO3eCa0,30Li0,14Sm0,42TiO3 heterostructure was
investigated [9].

CaTiO3 and MgTiO3 matrixes exhibited a photoluminescence
emission in the visible region of the electromagnetic spectrum.
These findings of perovskites-type structures have reactivated the
investigation of their luminescent mechanisms due to continuous
request for new phosphor materials as compact light sources and
photonic devices to obtain short wavelength sources that can be
pumped with diode lasers [10]. CaTiO3 doped with rare earth (RE)
ions [12e15] presents various applications in the fields of opto-
electronic devices and have attracted a lot of attention because of
their promising luminescent properties, friendly environment and
well-known chemical stability for being applied in field emission
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displays and white-light emitting diodes (wLEDS) devices [15].
In order to enhance the luminescent properties many re-

searchers have concentrated on varying the concentration of RE
ions as well as charges compensators like Al3þ, In3þ, Ga3þ, Mg2þ,
Zn2þ and Liþ ions. In CaTiO3:Pr3þ doped Liþ thin films [16], Liþ ions
increased the emission quantum efficiency and also promoted
some changes in the morphology as well as particles grain size.
Gasparotto et al. [17] studied the photoluminescent properties of
LiTaO3 powders co-doped with Eu3þ and Mg2þ prepared by the
polymeric precursor method. The presence of Mg2þ also increased
the luminescence intensity of the emission bands due to local lat-
tice distortion effects as well as luminescence mechanisms asso-
ciated to the energy transfer from the host lattice to RE3þ ions. The
same effect was observed in RE doped alkaline-earth stannates
such as TbeMgeSrSnO3, where an intense white luminescence was
observed. Due to capacity of these systems to amplify light, they can
be potential candidates for application in integrated optoelectronic
devices [18].

Based on the potential application of CaTiO3-doped systems, we
investigated the influence of Mg2þ doping as well as Mg2þ and Eu3þ

co-doping in the crystalline structure of CaTiO3matrix. In this work,
Ca1-xMgxTiO3 powders with x ¼ 0.0, 0.005, 0.01 and 0.02 mol of
Mg2þ ions and Ca1-xMgx/2Eu2y/3TiO3 powders with x¼ 0.000, 0.001,
0.002, 0.003 and 0.004 mol of Mg2þ and Eu3þ ions were prepared
by PPM [19] and characterized by X-Ray diffraction (XRD), micro-
Raman spectroscopy (MR) and Ultravioletevisible (UVevis)
absorbance spectroscopy. The photoluminescent properties (PL)
were studied by emission spectra with excitation centered in the
host lattice. However, the PL properties of Ca1-xMgx/2Eu2y/3TiO3
matrices were investigated by emission and excitation spectra of
the Eu3þ ion. The lifetimes of the Eu3þ5D0 / 7F2 transition
(lexc ¼ 397, lem ¼ 617 nm) were also evaluated.

2. Experimental procedure

2.1. Preparation of the titanium citrate solution

Titanium citrate solution was prepared by adding an amount of
citric acid in 1 L of deionized water at 60 �C. Obeying a titanium/
citric acid molar ratio of 1:3, 40 mL of titanium isopropoxide
([Ti(OC3H7)4]) was also added to the above solution. The resulting
mixture remained under constant stirring and heating until its
complete homogenization. After filter, this citrate solution was
subjected to a gravimetric analysis, where a concentration of
1.4 mmol/g of TiO2 was obtained.

2.2. Preparation of Ca1-xMgxTiO3 and Ca1-xMgx/2Eu2y/3TiO3 powders

Ca1-xMgxTiO3 powders were prepared following the experi-
mental procedure described below: In a Becker vessel containing
10 mmol of titanium citrate at 60 �C, 1 � x mol of Ca(NO3)2$4H2O
was added under constant stirring. After complete dissolution,
stoichiometric quantities of x ¼ 0.00; 0.005; 0.01 and 0.02 mol of
Mg(NO3)2.6H2O were also added to this system.

For Ca1-xMgx/2Eu2y/3TiO3 powders charge and mass balance was
performed [20]. The necessary amounts of europium (z) and
magnesium (y) are equal when charge balance is considered
(3z ¼ 2y) and when mass balance is considered totalize an amount
of x ¼ 0.000, 0.001, 0.002, 0.003 and 0.004 mol of Mg2þ and Eu3þ

ions (3z þ 2y ¼ x). Thus, 1 � x mol of Ca(NO3)2$4H2O, y ¼ x � 3z/
2 mol of Mg(NO3)2$6H2O and z � 2y/3 mol of Eu(NO3)3$xH2O was
added to the titanium citrate solution.

The temperature was raised to 90 �C and ethylene glycol was
added to the reactional mixture using a mass ratio (citric acid/
ethylene glycol) of 40:60. The solvent (water) was evaporated
resulting in a polymeric resin. The polymeric resin was dried in a
conventional oven at 350 �C for 8 h. Then, the resulting powder was
annealed in a tubular oven at 800 �C for 8 h using a heating rate of
10 �C/min under O2 flux.

2.3. Characterizations

The as-prepared powders were structurally characterized by
XRD in a Rietveld routine using a Rigaku-DMax/2500PC (Japan)
with Cu-Ka radiation (l¼ 1.5406 Å) and in the 2q range from 10� to
130� with a scanning rate of 0.02�/min. MR spectra were collected
using a 514.5 nm line of a Ar laser (output 8 mM) in a Jobin-Yvon
model T64000 spectrometer. Uvevis absorption spectra were per-
formed using Cary 5G equipment. PL measurements were per-
formed in a 139 Thermal Jarrel-Ash Monospec 27 monochromator
and a Hamamatsu R446 photomultiplier. The 350 nm exciting
wavelength of a krypton ion laser (Coherent Innova) was used
keeping a nominal output power of 200 mW. Photoluminescence
properties of Ca1-xMgx/2Eu2y/3TiO3 powders were investigated
monitoring the fef intraconfigurational transitions of Eu3þ ions.
Excitation and emission spectra were collected in a Jobin Yvon-
Fluorolog (model #FL3-222) spectrofluorometer using a Xenon
lamp (ozone free) as excitation source. Lifetime data of the Eu3þ
5D0 / 7F2 transition were collected using a Jobin Yvon phos-
phorimeter (model # FL 1040). For decay curves acquisition was
used the emission wavelength set at 617 nm and excitation wave-
length set at 397 nm. All the measurements were performed at
room temperature.

3. Results and discussion

3.1. X-ray diffraction (XRD) and structural refinement Rietveld
analysis

In this work, we synthesize Ca1-xMgxTiO3 powders with x ¼ 0.0;
0.005; 0.01 and 0.02 mol of Mg2þ ions to analyze the influence of
Mg2þ doping in the crystalline structure of CaTiO3 matrix. The co-
doping effect of Mg2þ and Eu3þ ions were also analyzed inCa1-
xMgx/2Eu2y/3TiO3 powders with x ¼ 0.000, 0.001, 0.002, 0.003 and
0.004mol of Mg2þ and Eu3þ ions. Fig.1 (a) and (b) presents the XRD
patterns of Ca1-xMgxTiO3 and Ca1-xMgx/2Eu2y/3TiO3 powders pre-
pared by the PPM, respectively. As it can be seen, these powders
crystallized in a CaTiO3 orthorhombic phase and space group Pbnm,
in accordance to the Inorganic Crystal Structure Database (ICSD)
card number 74-212. Ca1-xMgxTiO3 powders with x ¼ 0.005 and
0.01, presented a rutile TiO2 secondary phase with a tetragonal
structure and space group P42/mnm according to the ICSD card
number 36-212 (C). On the other hand, Ca1-xMgxTiO3 composition
with x ¼ 0.02 presented a trigonal MgTiO3 secondary phase with
space group R-3H as observed, according to the ICSD card number
55-285 (A), probably indicating that the solubility limit of Mg2þ

ions in the CaTiO3 matrix was achieved in the range of 0.01 and
0.02% of Mg2þ ions. None secondary phases were detected in the
Ca1-xMgx/2Eu2y/3TiO3 powders indicating that both Eu3þ and Mg2þ

ions were incorporated to the CaTiO3 matrix.
The average of crystallite sizes were estimated by Scherrer's

equation using the full width at half maximum (FWHM) of themost
intense peak at 2q ~33.2. As reported in the literature [21], the
Scherrer equation (1) is described as follows:

D ¼ 0:9l
B cos q

(1)

D is the average crystallite size, l the X-ray wavelength
(0.15406 nm), q the Bragg angle and B is the FWHM. The values of



Fig. 1. XRD patterns of Ca1-xMgxTiO3 powders with x ¼ 0.000, 0.005, 0.01 and 0.02 mol of Mg2þ ions (a) XRD patterns of the Ca1xMgx/2Eu2y/3TiO3 powders with x ¼ 0.000, 0.001,
0.002, 0.003 and 0.004 mol of Mg2þ and Eu3þ ions (b), lattice parameters a, b and c of CaTiO3 matrix as function of Mg2þ doping (c) and lattice parameters a, b and c of CaTiO3
matrix as function of Mg2þ and Eu3þ co-doping (d), respectively.
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crystallite size of Ca1-xMgxTiO3 and Ca1-xMgx/2Eu2y/3TiO3 powders
are presented at Tables 1 and 2, respectively. As can be seen, the
Mg2þ doping andMg2þ and Eu3þ co-doping promoted a decrease in
crystallite size. This behavior can be associated to the replacement
of Ca sites into the perovskite structure by the Mg and Mg and Eu
atoms in these systems. Thus, Rietveld analyses were employed in
order to estimate the influence of the doping on the lattice pa-
rameters of Ca1-xMgxTiO3 and Ca1-xMgx/2Eu2y/3TiO3 powders.

Rietveld measurement was performed through the GSAS
(General Structure Analysis System) program [22]. The background
was corrected using a Chebyschev polynomial of the first kind. The
diffraction peak profiles were better fitted by Thomp-
soneCoxeHastings pseudo-Voigt (pV-TCH) function and by asym-
metry function described by Finger et al. [23].

The lattice parameters (a, b and c), unit cell volume (V), rotation
angle (a) between adjacent [TiO6] clusters and the correlation pa-
rameters (Rwp, RBragg, c2) of both Ca1-xMgxTiO3 and Ca1-xMgx/2Eu2y/

3TiO3 powders are listed at Tables 1 and 2, respectively. The
Table 1
Lattice parameters (a, b and c), rotation angle (a) between adjacent [TiO6] clusters, unit c
xMgxTiO3 systems obtained by Rietveld refinement method.

Ca1-xMgxTiO3 a (Å) b (Å) c (Å) a

ICSD# 74-212 5.3796 5.4426 7.6401 156.8�

x ¼ 0.0000 5.3865 (8) 5.4374 (8) 7.6464 (11) 156.3�

x ¼ 0.005 5.3864 (21) 5.4349 (20) 7.6444 (34) 156.8�

x ¼ 0.01 5.3842 (30) 5.4335 (25) 7.6420 (4) 155.5�

x ¼ 0.02 5.3871 (13) 5.4387 (14) 7.6467 (20) 156.5�
Rietveld data show a good relation between the observed XRD
patterns and the theoretical ones. The quantative analysis of phases
showed that the calculated percentage of TiO2phase in Ca1-
xMgxTiO3 powders with x ¼ 0.005 and 0.01 was 7.06% and 6.52%,
respectively. Moreover, the percentage of MgTiO3 phase in Ca1-
xMgxTiO3 powders with x ¼ 0.02 was 0.91%.

These results demonstrated that Mg2þ doping has a strong in-
fluence on the crystallinity of the host structure, hence, the lattice
parameter increases as a function of the Mg2þ ions concentration.
This behavior was associated to the difference of ionic radii be-
tween the Ca2þ and Mg2þ ions as well as repulsions caused by the
replacement of Ca2þ by Mg2þ ions in the A site of the perovskite
structure, since both presents a ionic character with radial orien-
tation. This effect changes the chemical environment of CaTiO3
matrix, resulting in a TiO2 secondary phase. Besides that, when the
solubility limit is reached, it was observed the formation of MgTiO3
instead of TiO2 phase. These results are in accordance to the crys-
talline size values obtained by Scherrer's equation.
ell volume (V), crystallite size and correlation parameters (Rwp, RBragg and c2) of Ca1-

V (Å3) Crystallite size (nm) Rwp (%) RBragg (%) c2

223.7 e e e e

223.9 (80) 59.64 8.44 3.14 1.31
223.8 (14) 46.12 23.25 8.63 1.30
223.6 (14) 43.69 24.13 7.70 1.36
224.0 38.62 8.3 3.28 1.21



Table 2
Lattice parameters (a, b and c), rotation angle (a) between adjacent [TiO6] clusters, unit cell volume (V), crystallite size, Mg/Eu ratio and correlation parameters (Rwp, RBragg and
c2) of Ca1xMgx/2Eu2y/3TiO3 systems obtained by Rietveld refinement method.

Ca1-xMgx/2Eu2y/3TiO3 a(Å) b(Å) c(Å) a V(Å3) Mg/Eu Crystallite size (nm) Rwp (%) RBragg (%) c2

ICSD# 74-212 5.3796 5.4426 7.6401 156.8� 223.7 e e e e e

x ¼ 0.0000 5.3865 (8) 5.4374 (8) 7.6464 (11) 156.3� 223.9 (80) 0.0 59.64 8.44 3.14 1.31
x ¼ 0.0001 5.3916 (12) 5.4395 (6) 7.6509 (11) 157.9� 224.7 (90) 2.2 49.88 9.65 8.43 1.37
x ¼ 0.0002 5.3932 (14) 5.4398 (31) 7.6551 (15) 156.54� 224.6 (90) 2.1 40.26 10.29 7.16 1.43
x ¼ 0.0003 5.3935 (14) 5.4414 (12) 7.6504 (10) 157.21� 224.5 (80) 2.2 113.08 12.35 7.08 1.11
x ¼ 0.0004 5.3966 (17) 5.4417 (9) 7.6562 (17) 153.95� 224.8 (80) 1.5 42.12 12.98 9.38 1.29

Table 4
Lifetime values (t) of Ca1-xMgyEuzTiO3 powders with
x¼ 0.001, 0.002, 0.003 and 0.004 mol ofMg2þ and Eu3þ ions
obtained from decay curves (lexc ¼ 397 nm; lem ¼ 617 nm).

Ca1-xMgx/2Eu2y/3TiO3 t (ms)

x ¼ 0.001 0.94
x ¼ 0.002 0.89
x ¼ 0.003 1.06
x ¼ 0.004 1.01
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Unlike the Mg2þ doping, Table 2 demonstrates that Mg2þ and
Eu3þ do not affect significantly the crystalline structure of host
matrix. The slight differences in the c lattice parameter observed for
Ca1-xMgx/2Eu2y/3TiO3 powders (Fig. 1(d)), probably indicates that
both ions are capable of replace the Ca2þ ions in CaTiO3 matrix
acting as a luminescence centers [24]. This is only possible due to a
small difference in ionic radii of Eu3þ (94.7 pm) and Mg2þ (57 pm)
together when compared to Ca2þ ions (100 pm), in coordination
number of 6 [25]. Moreover, Ca1-xMgx/2Eu2y/3TiO3 system with
x ¼ 0.004 presented the highest lattice parameter and unit cell
volume values, probably indicating the formation of a solid solu-
tion. The same behavior was verified in Sr1þxSm1-xAl1-xTixO4 sys-
tems prepared by the solid state reaction [24]. These results are also
in accordance to the crystallite sizes obtained for these systems.

From Rietveld data, the influence of Mg2þ doping into CaTiO3
can be noticed by atomic displacements in the Ca, Ti, O atomic
positions (x, y and z) when compared to the non-doped CaTiO3
(Table 3). Moreover, the highest changing was observed for calcium
and oxygen (O1) positions, indicating that magnesium atoms
probably promoted distortions along the CaeO linkages. The ideal
CaTiO3 perovskite structure with space group Pbnm, presents the
titanium atoms, as lattice formers, in an octahedral coordination to
oxygen atoms ([TiO6]), while calcium atoms as latticemodifiers, in a
twelve-fold coordination to oxygen atoms ([CaO12]). As there is the
interconnection of [MgO12] and [CaO12] clusters in the perovskite
structure, it was possible to conclude that the distortions along
[CaO12] clusters caused by the [MgO12] ones can promote the
deformation of the CaeO bonds. This phenomenon is more evident
Table 3
Positions of Ca, Ti and O atoms (x, y and z) obtained by Rietveld refinement method for

Atoms Ca1-xMgxTiO3

x ¼ 0.000 x ¼ 0.005

Ca (x,y,z) 0.9929 (30),
0.03366 (14),
0.25

0.9933 (40
0.03452 (1
0.25

Ti (x,y,z) 0, 0.5, 0 0, 0.5, 0
O1 (x,y,z) 0.0724 (6),

0.484 (14),
0.25

0.07139 (1
0.4821 (20
0.25

O2 (x,y,z) 0.7119 (4),
0.2870 (4),
0.03639 (25)

0.7134 (2)
0.2901 (3)
0.03715 (8

Atoms Ca1-xMgx/2Eu2y/3TiO3

x ¼ 0.000 x ¼ 0.001

Ca (x, y, z) 0.9929 (30),
0.03366 (14),
0.25

0.9924 (9),
0.0320 (4),
0.25

Ti (x,y,z) 0, 0.5, 0 0, 0.5, 0
O1(x,y,z) 0.0724 (6),

0.484 (14),
0.25

0.0665 (16),
0.4813 (15),
0.25

O2(x,y,z) 0.7119 (4),
0.2870 (4),
0.03639 (25)

0.7026 (10),
0.2834 (12),
0.0351 (7)
when a second dopant (Eu3þ ions) are added in the A site of CaTiO3
perovskite, where more evident displacement in the calcium (Ca)
and oxygen (O1) positions is observed (Table 4). Therefore, we can
attribute this behavior the increase in the number of distorted
[CaO12] clusters into the CaTiO3 orthorhombic structure.

Mg2þ doping and of Mg2þ and Eu3þ co-doping has a strong in-
fluence in the crystalline structure of CaTiO3. In both cases, major
changes in lattice parameters and atomic positions are related to
the Ca atoms, suggesting that substitution of the A site of perovskite
lead to distortions and strains in the host lattice. Thus, MR spec-
troscopy can be used in order to determine the degree of structural
defects or asymmetricesymmetric into the CaTiO3 lattice.
3.2. Micro-Raman (MR) spectroscopy analysis

Fig. 2 presents the MR spectra of Ca1-xMgxTiO3 powders with
x ¼ 0.0; 0.005; 0.01 and 0.02 mol of Mg2þ ions and Ca1-xMgx/2Eu2y/

3TiO3 powders with x ¼ 0.000, 0.001, 0.002, 0.003, 0.004 mol of
Ca1-xMgxTiO3 and Ca1xMgx/2Eu2y/3TiO3 powders.

x ¼ 0.01 x ¼ 0.02

),
0),

0.9901 (28)
0.03515 (15),
0.25

0.9930 (30),
0.03438 (7),
0.25

0, 0.5, 0 0, 0.5, 0
0),
),

0.076 (4),
0.4856 (16),
0.25

0.07151 (9)
0.4823 (17),
0.25

,

)

0.7097 (3),
0.2924 (6)
0.0341 (23)

0.7122 (3),
0.2871 (1)
0.0376 (9)

x ¼ 0.002 x ¼ 0.003 x ¼ 0.004

0.9971 (11),
0.03068 (31),
0.25

0.9899,
0.02889,
0.25

0.9947,
0.02973,
0.25

0, 0.5, 0 0, 0.5, 0 0, 0.5, 0
0.0710 (14),
0.04805 (12),
0.25

0.0714,
0.4983,
0.25

0.0815,
0.4965,
0.25

0.7079 (8),
0.2837 (10),
0.0354 (5)

0.7117 (17),
0.2805 (16),
0.0376 (9)

0.7130 (15),
0.2862 (13),
0.0366 (8)



Fig. 2. MR spectra of Ca1-xMgxTiO3 (a) and Ca1xMgx/2Eu2y/3TiO3 (b) powders prepared
by the polymeric precursor method.
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Mg2þ and Eu3þ ions in the range of 100 and 700 cm�1.
Literature reports 24 Raman active modes for orthorhombic

CaTiO3 perovskite structure and space group Pbnm with four clus-
ters per unit cell (Z ¼ 4), represented by equation (2) below [26]:

GðRamanÞ ¼ 7Ag þ 7 B1g þ 5 B2g þ 5B3g (2)

For CaTiO3 powder prepared by PPM only nine Raman active
modes (P1, P2, P3, P4, P5, P6, P7, P8 and P9) was observed in Fig. 2. P1
Raman mode (at 156 cm�1) is attributed to the vibration mode of
the CaeTiO3 orthorhombic structure, while the P2 (182 cm�1) P3
(225 cm�1) P4 (247 cm�1), P5 (287 cm�1) and P6 (336 cm�1) Raman
modes are related to the bending of the OeTieO linkages, caused by
the “tilt” phenomenon between the TiO6-a-TiO6 adjacent clusters.
P7 (472 cm�1) and P8 (493 cm�1) Raman modes are attributed to
torsions modes of TieO linkages, while P9 (631 cm�1) is related to
the vibration asymmetric stretching of these bonds [27e30].

For Ca1-xMgxTiO3 powders (Fig. 2(a)), P1 and P9 Raman modes
are shifted to lower wavenumbers as a function of Mg2þ
concentration, indicating a probable presence of structural defects
and strains into CaTiO3 matrix, which is able to modify the
stretching, torsional and bending vibrations of the metal-oxygen
bonds. The displacement observed for P1 Raman mode might be
ascribed to distortions along [CaO12] clusters after the introduction
of Mg2þ ion in these systems. This affect indicates a probable oc-
cupancy of the A site (Ca2þ ions) position by these ions in the
CaTiO3 crystalline structure. Moreover, such distortions modify the
electronic density of the [TiO6] clusters as well as its dipole
moment. As a consequence, P9 Raman mode is also shifted from its
usual position [30,31]. From the extended X-ray absorption fine
structure (EXAFS) data, Hanajiri et al. [32] also show that doping
ions (Ce3þ and Nd3þ) content can also modifies the TieO distances
in CaTiO3 matrix.

Ca1-xMgx/2Eu2y/3TiO3 powders present Raman active modes at
149 (P1), 175 (P2) 224 (P3), 246 (P4), 285 (P5), 469 (P7), 489 (P8) and
629 (P9) cm�1, respectively. From Fig. 2 (b), significant differences
were observed for P1 Raman mode. As described above, this
behavior can be associated to the presence of dopants (Eu3þ and
Mg2þ ions) in the A site of CaTiO3 matrix. Moreover, this effect
enhances the distortion degree of [CaO12] and [TiO6] clusters in the
lattice, shifting the P2, P3, P4, P5, P6 modes to lower wavenumbers
(Fig. 2(b)). MR data showed that disorder degree at short range
along the TieO linkages might be due to the symmetry break of
[CaO12] clusters caused by structural defects.

The structure and chemistry of this perovskite is associated to
distortion from the ideal structure, inducing redistribution on state
of densities along the CaTiO3 unit cell. There are several types of
lattice defects that are associated with this redistribution.

From X-ray absorption spectroscopy technique (XAS), Milanez
et al. [33] indentified two types of charged Titanium complex
clusters in CaTiO3 matrix; the [TiO5 VO

Z] and [TiO6] clusters
randomly distributed into its crystalline structure. Moreover, [TiO5
VO
Z] were associated to oxygen vacancies (VO

Z ¼ VO
x , VO�e VO��), where

the double-ionized oxygen vancies (VO�� species) who mainly par-
ticipates from the conduction mechanism. The charge density is
strong influenced by interaction between [TiO5 VO

Z] � [TiO6] clus-
ters. However, Lazaro et al. [34] showed that charge density into
CaTiO3 matrix is not only affected by the structural disorder in the
network former, but also by structural disorder in the network
modifier, thus, this phenomenon was associated to the presence of
[CaO11 VO

Z] and [CaO12] complex clusters in the A-site of this
perovskite.

For CaTiO3 powders prepared by microwave assisted hydro-
thermal method, Moreira et al. [35] observed that the distortion
degree of (a) angle between [TiO6] complex clusters is influenced
by experimental conditions. Oliveira et al. [31], also showed that
distortion degree can also affected by doping elements, such as
Cu2þ ions, in the A-site of CaTiO3 matrix.

Recently, these structural defects were associated to the nature
of lattice formers and modifiers, doping elements, experimental
conditions and so on. Other phenomenon can be observed when
CaTiO3 matrix is doped with rare earth elements such as Eu3þ or
Pr3þ ions. The substitution of Ca2þ by Eu3þ ions is responsible by
accumulation of positive charge in host matrix. These structural
defects may hamper the process of energy transfer from host ma-
trix to rare earth ions [27]. In principle [38], if two Eu3þ ions occupy
two Ca2þ sites, it will generate one Ca2þ vacancies, according to
charge compensation. The more Eu3þ ions were doped into CaTiO3
matrix, more Ca2þ vacancy is offered.

The same behavior was verified for Pr3þ-doped CaTiO3 powders
[37], which it was associated to Ti3þ defects as well as oxygen va-
cancies in the crystalline structure. A part of Pr3þ red emission can
be reabsorbed in the broad d/d absorption band of Ti3þ ions. The
oxygen vacancies species are neutral and ionized centers,
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contributing to the conduction mechanism in the matrix. The
captured electrons in conduction band contributes to non-radiative
processes, competing with the energy transfer from matrix to the
excited levels of Pr3þ ions, corroborating to a decrease in the in-
tensity of the 4f/4f emission. The excess of positive charge can be
compensated by intertitals defects, when Ti4þ sites are substituted
by Al3þ ions, improving its optical properties. Mazzo et al. [39] also
noticed an improvement in local order-disorder degree by creation
of cations or oxygen vacancies with substitution of Eu3þ ions in
both A and B sites of CaTiO3 matrix. This factor also provided sig-
nificant changes in local order-disorder degree around Ca and Ti
clusters.

Based on these papers, we believe that symmetry break along
[TiO6] and [CaO12] clusters is mainly caused by disorder into the
lattice modifiers (Ca atoms) due to distorted [CaO12] clusters and/or
Ca2þ vacancies in Ca1-xMgxTiO3 and Ca1-xMgx/2Eu2y/3TiO3 powders.
These species are strongly related to the formation of
½CaO12�

�

d4½CaO12�0o clusters (o¼ ordered, d¼ disordered) and Vz
Ca ¼

Vx
Ca þ V

�

Ca þ V
��

Ca species in CaTiO3 matrix, respectively. These spe-
cies are neutral and ionized centers, creating electronehole pairs
(hole (h�)�electron (e�)-polarons) in the Ca1-xMgxTiO3 and Ca1-
xMgx/2Eu2y/3TiO3 powders, contributing to the conduction mecha-
nism in the matrix [35].
3.3. UVevis absorbance spectroscopy

In this work, the band gap energy (Egap) of the Ca1-xMgxTiO3
with x ¼ 0.00, 0.005, 0.01 and 0.02 of Mg2þ and Ca1-xMgyEuzTiO3
powders with x ¼ 0.000, 0.001, 0.002, 0.003 and 0.004 were
measured by Kubelka-Munk method [40]. The band gap energy is
associated to the electronic transitions, which occurs from the
located states in the conduction band (CB) to the located states in
the valence band (VB). A direct band gap is related to the electronic
transitions that occur from localized states in the same Brillouin
region [35], while the indirect band gap is associated to localized
states in a different Brillouin region. The band gap (Egap) and the
absorption coefficient (a) of a semiconductor oxide are associated
according to the equation (3):

ahn ¼ C1
�
R∞

�
hn� Egap

�n (3)

where a is the linear absorption coefficient of the material, hn is the
photon energy, C1 is a proportional constant, Egap is the optical band
gap and n is a constant associated to the different types of elec-
tronic transitions (n ¼ ½ for direct allowed, n ¼ 2 for indirect
allowed, n ¼ 3/2 for direct forbidden and n ¼ 3 for indirect
forbidden). Egap values weremeasured considering a direct allowed
electronic transition in equation (3) and the values were evaluated
by the extrapolation of the linear portion of the curve considering
linear regression of r ¼ 0,99. For Ca1-xMgxTiO3 powders (Fig. 3(a))
were founded a Egap values of 3.51 (x¼ 0.000), 2.96 (x¼ 0.005), 2.89
(x ¼ 0.01) and 3.44 (x ¼ 0.02), respectively.

The calculated band structures [35,34,33,41] show that the
electronic transition for CaTiO3 powders occurs inside [TiO6]
octahedral clusters since 2p orbitals of oxygen atoms in valence
band and 3d orbitals of the titanium atoms can be associated with
the conduction band. These electronic states are located in the
same Brillouin region. However, for Ca1-xMgxTiO3 powders 3s or-
bitals states of Mg atoms will be associated to the conduction band
[42,43], so a decrease of the optical gap is observed.

The different band gap values indicate the existence of various
intermediary levels between the CB and VB, which is affected by
Mg2þ concentration in the A-site of CaTiO3. This factor can favor or
inhibit the formation of structural defects, which are able to control
the degree of structural orderedisorder of the material and
consequently, the number of intermediary energy levels within
band gap [44]. Thus, decrease in the bandgap can be attributed to
defects, such as distortions along CaeO linkages which yield
localized electronic levels in the band gap. Moreover, the presence
of TiO2 secondary phase can be responsible for the conductive
character observed for Ca1-xMgxTiO3 powders with x ¼ 0.005 and
x ¼ 0.01 of Mg2þ ions.

Ca1-xMgx/2Eu2y/3TiO3 powders with x ¼ 0.001, 0.002, 0.003 and
0.004 presented Egap values of 3.51 eV, 3.55 eV, 3.52 eV and 3.66 eV,
respectively. In the Ca1-xMgyEuzTiO3 powders, when the concen-
tration of Mg2þ and Eu3þ increases from 0.000 to 0.003, Egap values
are practically constant. Absorbance measurements for these
samples suggests that the density of localized states in the band gap
did not change as Mg2þ and Eu3þ ions were added to the CaTiO3
matrix. The x ¼ 0.004 powder presented an increase in the Egap
when compared to the other samples. This behavior can be asso-
ciated to the formation of a solid solution, being in accordance to
the Rietveld refinement analysis.

3.4. Photoluminescence measurements

Since Canham et al. [45] studies, the PL spectroscopy has been
the objective of several studies and it is considered a powerful
technique to understand the carrier recombination and quantita-
tive characterization of crystals and heterointerfaces [36]. The
proposed model by Anicete-Santos et al. [46] considered photo-
luminescent emission recurrent from radiative recombination of
(h�)�electron (e�)-polarons in the existing energy levels between
BV and BC, which is associated with the presence of imperfections
or defects in the crystal lattice. To evaluate the effect of Mg doping
in Ca1-xMgxTiO3 prepared by the PPM, the photoluminescence
response for all powders was studied under excitation centered in
the host matrix (l ¼ 350 nm, room temperature).

PL emission of Ca1-xMgxTiO3 powders (Fig.4(a)) covers the
visible and infrared region of the electromagnetic spectrum. Three
broad bands emissions are observed: one situate at 445 nm (blue
region) associated to CaTiO3 matrix, a broad band at 625 nm (red
region) ascribed to MgTiO3 [47] phase and a broad band at 800 nm
(infrared region) associated to the presence of rutile TiO2 [48].

The obtained results showed that all these systems presented a
PL emission band characteristic of a multiphotonic process, i.e., a
system in which relaxation occurs by several paths involving the
participation of numerous states within the bandgap of the mate-
rial. Thus, the decomposition of these broad bands can be used to
get the information of which electronic transitions group is influ-
encing the PL response (Fig. 5). The decomposition of the CaTiO3
emission band was performed using the deconvolution method by
PeakFit [49] Program (version 4.05). The Gaussian function was
successfully used to fit the PL peaks and tuning parameters,
including the peak positions and its corresponding areas.

From deconvolutionmethod, it was verified that the PL emission
of Ca1-xMgxTiO3 powders are composed by three components; a
violet component with a maximum situated at around 420 nm, a
blue component with a maximum at around 450 nm and the green
component with a maximum at 505 nm. Besides that, PL curves is
centered at the blue region of the electromagnetic spectrum, and
Ca1-xMgxTiO3 (x ¼ 0.01) powder presented the highest percentage
(74.5%). This observation confirmed that the PL response is directly
ascribed to localized states in the band gap due to structural defects
in the Ca1-xMgxTiO3 crystalline structure. The blue emission (more
energetic) indicates the redistribution of energetic states, which is
related to the insert of deep defects between conduction and
valence bands.

MR and Rietveld analyses showed that the introduction of Mg2þ



Fig. 3. UVevis absorption spectra of Ca1-xMgxTiO3 (a) and Ca1xMgx/2Eu2y/3TiO3 (b) powders prepared by the polymeric precursor method.

Fig. 4. PL spectra of Ca1-xMgxTiO3 powders with x ¼ 0.000, 0.005, 0.01 and 0.02 mol of
Mg2þ ions with an excitation wavelength of 350 nm centered in CaTiO3 matrix.
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ions in the A-site of CaTiO3 induced the symmetry break in [CaO12]
clusters corroborating to modifications in charge density along the
CaeO linkages. As a result, distorted [CaO12] clusters
(½CaO12�0o4½CaO12�

�

d (o ¼ ordered, d ¼ desordered)) are formed in
the CaTiO3 orthorhombic structure. The presence of these species
can increase the number of ½MgO12��d and ½CaO12�

�

d complex clusters
in Ca1-xMgxTiO3 powders. Also, these kinds of clusters cause the
formation of intermediary levels within band gap. The electronic
transitions between ½MgO12��d and ½CaO12�

�

d states can be classified
as charge transference processes, and the PL response is an indi-
cation that the number of these energy levels within the band gap
is enhanced by Mg2þ doping. Therefore, photoluminescence
response can be a result from charge transference from ½CaO12�

�

d to
½MgO12��d species in Ca1-xMgxTiO3 powders. This phenomenon can
be represented by the Kroger-Vink [50] notation at equation (4)
below:

½CaO12�xo þ ½CaO12�Xd/½CaO12�0o þ ½CaO12�
�

d (4)

½MgO12�xo þ ½CaO12��O/½MgO12��d þ ½CaO12�
�

d

Eu3þ ions is one of the most interesting ions to study site se-
lection spectroscopy technique because of its optical properties are
very sensitive to its local environment. The intensity and splitting of
the spectral lines provide useful information concerning the local
site symmetry, size of cations and properties of chemical bonds
[51].

The monitoring of Eu3þ optical properties as function of con-
centration in Ca1xMgx/2Eu2y/3TiO3 powders is very important for
understanding the nature of lattice modifiers as well as the order-
disorder degree in orthorhombic structure. Thus, PL response of
Ca1xMgx/2Eu2y/3TiO3 powders were performed by the emission and
excitation spectra centered on the 4f-4f Eu3þ transitions and the
obtained results are discussed above.

Fig. 6 shows excitation spectra of the Ca1xMgx/2Eu2y/3TiO3
powders monitored under emission wavelength of 617 nm at room
temperature. In the 350e550 nm spectral range, some narrow
bands are visualized due to electronic transitions from the ground
7F0 fundamental state to the excited 5G6 one at 362 nm, 5H4 at
376 nm, 5L6 at 397 nm, 5D2 at 465 nm and 5D1 at 533 nm states [52].
The main electronic transition is assigned to the 7F0 fundamental
state to the 5L6 excited state at 397 nm. Below 350 nm none broad
band attributed to the clusterecluster charge transference was
observed.

Fig. 7 presents the emission spectra of Ca1-xMgx/2Eu2y/3TiO3



Fig. 5. Decomposition of PL emission spectra of Ca1-xMgxTiO3 powders with x ¼ 0.005 (a), 0.01(b) and 0.02 (c) mol of Mg2þ ions, respectively.
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powders with x ¼ 0.001, 0.002, 0.003 and 0.004 of Mg2þ and Eu3þ

ions monitored under excitation wavelength of 397 nm. During the
emission process all the electrons in excited 5D0 state, returns to the
ground states by the radiative decay process. This energy is emitted
in the visible range of electromagnetic spectrum. The group of
emission lines at 583, 592, 617, 656 and 697 nm are assigned to the
emission transitions from 5D0 excited states to the 7FJ (J ¼ 0, 1, 2, 3
and 4) ground states, respectively [11,53].
Analyzing these emission spectra, the 5D0 / 7F1 transition at

583 nm is composed by three Stark components. Moreover,
5D0 / 7F2 transition at 617 nm is the most intense band in all
emission spectra indicating that ligand field strongly perturbs the
Eu3þ ions [54]. The relative intensity of these bands did not modify
with the concentration of Eu3þ ions.



Fig. 6. Excitation spectra of Ca1xMgx/2Eu2y/3TiO3 powders with x ¼ 0.001 (a), 0.002 (b),
0.003(c) and 0.004 (d) obtained using an emission wavelength of 617 nm, at room
temperature.
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The intensity of the 5D0 / 7F2 transition can be changed by
chemical interaction around the rare earth ion, while the magnetic
dipole 5D0 / 7F1 transition at 590 nm, is independent of the
crystalline field [55]. Considering the ratio between the intensities
of these two transitions, the local symmetry of Eu3þ sites can be
measured and the larger value of this ratio can be associated to a
more distortion degree from the inversion symmetry [56].

In this work, 5D0 / 7F2 (A02)/5D0 / 7F1 (A01) ratio was
measured and the correspondent 2.18, 1.75, 2.16 and 2.73 values
were obtained for the Ca1xMgx/2Eu2y/3TiO3 powders with x¼ 0.001;
0.002; 0.003 and 0.004, respectively. These results showed that
Eu3þ ions are located at low symmetry sites, i.e., Eu3þ ions are
located in a distorted or asymmetric cation environment in CaTiO3

matrix. Therefore, we believe that distorted cation environment
around Eu3þ ions can be attributed to double ionized calcium va-
cancies in the A-site of CaTiO3 crystalline structure. For Ca1-
xMgxTiO3 powders, the PL emission can be mainly attributed to
charge transference between ½CaO12�

�

d/½MgO12��d clusters. Thus, we
Fig. 7. Emission spectra of Ca1xMgx/2Eu2y/3TiO3 powders with x ¼ 0.001 (a), 0.002 (b),
0.003 (c) and 0.004 (d) mol of Mg2þ and Eu3þ ions obtained using an excitation
wavelength of 397 nm, at room temperature.
believe that Mg2þ ions in the Ca1xMgx/2Eu2y/3TiO3 powders can
increase the number of ½MgO12��d clusters in these systems. As a
consequence, there is a formation of mono-ionized calcium va-
cancies in CaTiO3 matrix. Based on this hypothesis, the Ca1xMgx/
2Eu2y/3TiO3 improved luminescence response is due to the presence
of ½V ‘

CaO12� as well as ½V 00
CaO12� species in CaTiO3 structure. The

charge compensation are represented by the Kroger-Vink [50] no-
tation at equation (5) below

2½EuO12�x þ
�
Vx
CaO12

�
/2½EuO12�

� þ
h
V

00
CaO12

i

�
Vx
CaO12

�þ ½MgO12��/
h
V�CaO12

i
þ ½MgO12�x (5)

Ca1xMgx/2Eu2y/3TiO3 decay curves of Eu3þ 5D0 / 7F2 transition
(not shown), presented a mono-exponential feature when this ion
when the excitation and emission wavelength was set at 397 and
617 nm, respectively. As the Mg/Eu increases, the lifetime values
enhanced for 0.000< x < 0.002 systems. However, x¼ 0.003 system
presented the highest lifetime indicating that the best concentra-
tion of Mg2þ and Eu3þ in CaTiO3 was 0.3% mol. On the other hand,
the x ¼ 0.004 system presented a decrease in the lifetime value. In
this system, the Eu3þ emission quenching can be attributed to high
concentration of Eu3þ in this system. With increasing the Eu3þ

concentration, the distance between Eu3þ ions become closer, and
thus the probability of energy transfer between these species is
higher [57].

4. Conclusions

In summary, Ca1-xMgxTiO3 and Ca1xMgx/2Eu2y/3TiO3 powders
were prepared by the polymeric precursor method. Rietveld and
MR analyses confirmed the substitution of Ca2þ by Mg2þ and Ca2þ

by Mg2þ and Eu3þ ions in the A site of CaTiO3 matrix. Such sub-
stitutions were associated to structural defects such as distortions
and/or calcium vacancies into its crystalline structure. Photo-
luminescence study showed that the Ca1-xMgxTiO3 powders pre-
sented a broad emission band centered at 450 nm (blue region) and
the PL response was associated to symmetry break in [CaO12]
clusters corroborating to modifications in charge density along the
CaeO linkages. Excitation, emission and decay curves of Ca1xMgx/
2Eu2y/3TiO3 powders were also studied. The emission spectra pre-
sented the Eu3þ characteristic 5D0 / 7FJ (J ¼ 0, 1, 2, 3 and 4) elec-
tronic transition sharp bands. The calculus of the relative area (A02/
A01) of 5D0 / 7F2 (A02) and 5D0 / 7F1 (A01) 4f transitions of Eu3þ

ions indicated the presence of Eu3þ ions in low symmetry sites. The
Eu3þ in the A-site of CaTiO3 crystalline structure induced the for-
mation of double ionized calcium vacancies. Moreover, the lumi-
nescence data showed that Mg2þ and Eu3þ co-doping increased the
concentration of calcium vacancies into CaTiO3 matrix, improving
its optical properties.
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