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We studied the multiferroic property of Ca1-xLaxTi1-xFexO3 (0.0 � x � 0.5) perovskite. We showed that
multiferroic property can be triggered by strain mediation due to different ion doping. The prepared sam-
ples were characterized by X-ray to check for its phase purity. Increasing the La3+ ion concentration is
found to induce a crystal distortion. A pseudo-tetragonal phase is found at the highest La3+ ion concen-
tration. The changes in crystal symmetry induce different effects on the electrical polarization that can be
seen in the electrical hysteresis of the perovskite. The correlation between magnetic and electric ordering
reduces as the concentration of La3+ ion increases in which the lattice symmetry are more close to space
invariant. The changes in the vibrational bands due to changes in the crystal structure were investigated
by FTIR.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The coupling between magnetic and electrical ordering is
known as multiferroicity [1,2]. Multiferroic materials are rare in
nature since ferroelectric and ferromagnetic requirements are
quite different. The ferro-electricity arises due to empty d-shells
while ferromagnetism requires partially filled d-shells. It turns
out having both criteria in the same material are not feasible. Sev-
eral trials were done so far to fabricate multiferroic materials, by
mixing of two solid solutions of ferroelectric and ferromagnetic,
or by doping the ferroelectric material with magnetic ions [3–5].
Special symmetry condition is required in order for both ferroic
properties to be present at the same phase in the crystal [6,7]. In
general breaking symmetry could be the reason for many fascinat-
ing physical properties [8]. The discovery of large ferroelectric
polarization for epitaxial bithmus ferrite were first reported in
Ref. [9] in which the existence of non-collinear magnetic ordering
is considered a reason for multiferroic by triggering the ferroelec-
tricity [10,11]. However, the main aspect of the multiferroic is that
the magnetic ordering and electric ordering exclude each other. In
general, the polarization P of the charge dipoles can be reversed
under space inversion which does not affect the magnetization
M, while the time invariance affects the sign of M and does not
change the dipole symmetry. Hence we can say that the ferro-
electrics are invariant under time reversal and ferromagnetic are
invariant under space reversal, the statement cannot be reversed.
Hence, it is obvious that multiferroic violates the previous state-
ment since they are both time and space invariant at the same
phase, where the mutual exclusion of properties are not valid.

However, there are two categories for multiferroic materials A,
and B [12]. Class A, is highly ordered ferroelectric with antiferro-
magnetic properties, that exhibit lower magnetic ordering temper-
ature, such as BiFeO3, YMnO3. In Class B, the magnetic ordering
induces ferroelectricity, the magnetic and electric ordering tem-
perature are identical and low, all rare earth manganites such as
HoMn2O5, TbMnO3 fall in that category [12]. Those categories are
known as single-phase multiferroic, while composites of two fer-
roic phase can show similar multiferroic properties in which each
phase behaves independently. The first multiferroic composite was
introduced in the 1960s by combining two ferroic phases [13].
However, combining the ferro-electricity and ferromagnetic prop-
erties in one system depends on the coupling strength and the
symmetry of crystal lattice [14–19]. However, the microscopic
view of the magnetic ordering relies on the exchange interaction
of the localized magnetic moments, if the material consists of sep-
arate units, then it is possible to formulate a composite that
induces both ferromagnetic and ferroelectric properties. A noncen-
trosymmetric structure that contains magnetic ions is then
expected to exhibit both properties of ferromagnetic and ferroelec-
tricity in the same phase, but the coupling between the magnetic
and electric properties may not be strong [20]. The mutual exclu-
sion of the magnetic and electric properties in perovskite is still
valid, although it is considered a promising structure for multifer-
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roic applications [21]. The emptiness of the d-shell in the transition
metal perovskite is a common property, although not sufficient but
necessary condition for ferroelectric property to exist, but it will
roll out the magnetic ordering. Hence there should be a different
way to initiate the ferro-electricity while keeping the d-shell half
filled. The geometrical distortion could be the solution, where the
doping metal is shifted off-center in the octahedra. The off-center
shift allows a stronger metal-oxygen bond on one side and weaker
on another side [7,18]. The spatial difference in the oxygen- metal
covalent bond strength is sufficient to induce ferroelectricity. How-
ever, it requires an empty d-shell for the ion to establish the cova-
lent bond, which means ferromagnetism, is expected in case of
non-empty d-shell in a centrosymmetric lattice. The ferroelectric-
ity can be expected in the same lattice configuration if the electron
hybridization can cause the metal d-shell appears temporarily
empty. Hence doping could be the technique to have covalent
bonding of different strength, which in turn triggers the multifer-
roic property [19,22].

In this work, we show that a system of multiple element doping
in perovskite structure of the general formula Ca1-xLaxTi1-xFexO3
Fig. 1. (a–c): XRD for the perovskite structure of different La3+ ion doping concentrat
simulation software. (c) Variation of the crystal distortion factor and the crystal size wi
showsmagnetic and electric properties simultaneously in the same
phase, which could be due to temporary empty d-shell due to the
strong hybridization that initiates the ferroelectricity in the ferro-
magnetic structure.
2. Experimental procedure

The perovskite structure with the chemical formula
Ca1-xLaxTi1-xFexO3, 0.06x60.5 were prepared by solid-state
reaction at 1350 �C for 24 h. The detailed procedure of preparation
process can be found in a previous publication [16,23,24]. The FTIR
results were performed using spectrometer (Jasco 6300, Japan) at
room temperature in the range 4000–400 cm�1 and 650–150
cm�1. The magnetic hysteresis was carried out using vibrating
sample magnetometer (9600-1 LDJ, USA), at temperature 70 K,
100 K, 150 K, 200 K, 250 K. The Dc conductivity was measured
using a homemade circuit, and the electrical hysteresis was per-
formed using a modified Sawyer-Tower bridge [25]. An oscillo-
scope (GDS-2204 digital type) was used to characterize the
ion, (b) Crystal structure of the perovskite structure as predicted from structure
th the composition x, the data are based on the Rietveld analysis.
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polarizing voltage. A linear capacitor Co is connected in series with
the sample, the voltage across Co is therefore proportional to the
polarization of the sample. The technique allows measurement of
important quantities such as the spontaneous polarization Ps and
the coercive field Ec. More details about the technique can be found
in the references [25,26].
Fig. 3. Magnetic hysteresis loops of Ca1-xLaxTi1-xFexO3.
3. Results

Fig. 1a shows the X-ray diffraction micrographs for five samples
of perovskite structure Ca1-xLaxTi1-xFexO3, 0.06x60.5, the peak
indexing was done by comparing the samples with JCPDS card
number (81-0562). The disappearance of oxides diffraction peaks
confirms the orthorhombic single phase of the prepared samples.
A detailed description of the Rietveld refinement for the samples
could be found in Ref. [24]. The Rietveld refinement shows a
non-centrosymmetric structure of space group Pbnm for all the
prepared samples. The maximum distortion is found for CaTiO3,
where the cell distortion is found to decrease as the substituted
metal ion concentration increase, at x = 0.5 the cell reaches a
pseudo-tetragonal structure. Fig. 1b shows a schematic diagram
of the structure, while the variation of the crystallite size and cell
distortion factor with changing the ion concentration x is shown
in Fig. 1c. It can be seen that the maximum distortion, as well as
the minimum crystallite size, correspond to x = 0.

Fig. 2: shows the Fourier transform infrared absorption (FTIR)
spectra for the investigated samples. The spectra show 3 absorp-
tion bands in the short wavelengths, while in the long wavelength
the absorption peaks cease to exist up to 4000 cm�1. The vibra-
tional absorption peaks are attributed to the stretching and bend-
ing modes of the oxygen cation complexes. The observed peaks
follow the factor group prediction for perovskite structure [27–
30]. The absorption band at 430 nm seems to be sensitive to the
cell distortion factor, which decreases as the metal concentration
x increase, shown in Fig. 1c. It can be observed that the most of
the bands are shifted to the lower wavenumbers with increasing
the dopant (except x = 0.2 for ms), that is due to the expected differ-
ence in the ionic radius where the ionic radius of La+3 and Fe+3 is
larger than the ionic radius of Ca+2 and Ti+4. It is also noticed that
all mb bands are shifted to lower wavenumbers, which suggest an
increase in the angle O-Fe/Ti-O as the substituted cations concen-
tration increases.

Fig. 3: Shows the magnetic hysteresis loop for the perovskite
structure, it can be seen that for the sample of x = 0.2, 0.3 have sim-
ilar magnetization behavior, while the saturation magnetization
Fig. 2. (a and b): IR absorption spectra for Ca1-xLaxTi1-xFexO3 at
decreases for the rest of samples as x increases for x = 0.1, 0.4,
and 0.5.We should note that 0.5 is the less distorted sample. Hence
we expect x = 0.5 to exhibit the lowest electrical polarization. The
decrease in the saturation magnetization is due to the antiferro-
magnetic structure. The exchange interaction in return is
decreased. However at x = 0.2 the saturation magnetization shows
its maximum value, while it shows its lowest values for x = 0.1 and
0.5. That could be due to the strong hybridization of the outermost
orbitals in the crystal lattice which induces the electrical
polarization.

Fig. 4: Depicts the variation of the saturation magnetization and
the remnant magnetization with increasing temperature, both
parameters show a slight decrease with temperature increase.
The saturation magnetization shows a dip at T = 150 K. The magne-
tization parameters and the canting angle are shown in table 1. It
can be seen that the canting angle (Ti/Fe-O1-Ti/Fe) decreases with
increasing x. The decrease in the saturation magnetization with
increasing x is then due to increasing both the La–O and Fe–O dis-
tances .The origin of enhanced M at x = 0.2 might be caused by the
distorted spiral magnetic order. The superexchange interaction
increases slightly then drop at x = 0.4 then increases again, the
behavior is similar to the electrical polarization behavior of the
same sample, that concludes that the electrical polarization in that
sample is magnetic based. In other words, the crystal distortion
the ranges 400–4000 cm�1 and 150–630 cm�1 respectively.



Fig. 4. Saturation, and remenant magnetization Ms, Mr. as a function of x at
different temperature.

Table 2
Electric hysteresis parameters of Ca1-xLaxTi1-xFexO3, 0.16x60.5.

Concentration Pm Pr Ec

0.0 42.5 23 273
0.2 41 28 257
0.3 42 25 206
0.4 55 32 278
0.5 34 18 227

Fig. 5. Shows P-E curves of Ca1-xLaxTi1-xFexO3for x = 0, 0.2, 0.3, 0.4 and 0.5.

Fig. 6. Arrhenius plot of the conductivity for different La3+ ion doped Ca-Titanate
perovskite structure.
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due to doping is affecting the superexchange interaction based on
the canting angle, and the strength of the d-shell hybridization.
Hence, the magnetically driven ferro-electricity is one reason for
the polarization behavior in that type of perovskite (Table 2).

Fig. 5 Shows the variation of the electric hysteresis with varying
the doping parameter x. only a slight change in the remnant polar-
ization can be noticed. The data reveals a slight change in the
polarization data as well as the remnant polarization. The similar-
ity of the electrical and magnetic polarization behavior suggests
Table 1
Magnetic parameters of Ca1-xLaxTi1-xFexO3, 0.16x60.5.

Super-exchange angle (Ti/Fe-O2-Ti/Fe) (�) Canting angle (Ti/Fe-O1-Ti/Fe) (�)

157.30 (4) 159.01 (1)
159.57 (6) 157.29 (2)
165.51 (8) 157.05 (2)
158.08 (8) 154.5 (3)
166.38 (12) 146.35 (3)
that the ferroelectricity of the samples is magnetic driven. A crucial
parameter is an electrical conductivity is shown in Fig. 6. The vari-
Squareness Hc(G) Mr (emu/g) Ms (emu/g) x

0.080 583.34 5.077E�3 63.85 E�3 0.1
0.076 26.500 31.88E�3 417.07 E�3 0.2
0.123 48.48 25.00E�3 374 E�3 0.3
0.119 79.70 26.5E�3 223.4 E�3 0.4
0.034 64.93 3.157E�3 92.62 E�3 0.5
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ation of ln(r) with 1000/T, known as the Arrhenius plot, shows
that the conductivity follows the same trend as the electrical polar-
ization. The perovskite samples are consists of grains and grain
boundaries. The grain boundaries are more sensitive to AC- electric
field which results in a circumferential current around the grain.
The circumferential current results in an internal magnetic field
that takes part in the magnetic ordering.
4. Conclusion

We reported for the first time the correlation of the magnetic
and ferroelectric properties in the compound CaTiO3 doped La,
Fe. The compound has a perovskite structure of a noncentrosym-
metric space group Pbnm. The symmetry group allows the ferro-
electricity as a function of crystal distortion. We have shown that
inducing the multiferroic property can be done by multiple ele-
ment doping. The multiple dopant cause symmetry breaks which
induce both electric and magnetic ordering. The maximum distor-
tion was found for x = 0, which corresponds to CaTiO3. The exper-
imental results of the magnetization and electrical polarization are
consistent with the previously published work on structural Riet-
veld analysis. The maximum distortion corresponds to the maxi-
mum correlation of the ferromagnetic and ferroelectric property
of the compound at the same x value. As the x value increases
the crystal structure approaches pseudo-tetragonal perovskite
structure with minimum crystal distortion at x = 0.5. Hence the
electrical polarization is reduced and the coupling between mag-
netic and electric order gets weaker.
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