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Abstract: The structural and dielectric properties of iron and bismuth co-substituted BaTiO3 ceramic with the 
formula: Ba0.95Bi0.05Ti1-xFexO3 for x=0.00 to 1.00, synthesized by solid state route, were characterized. The X-ray 
diffraction results showed a tetragonal phase for x=0.00. While for x=0.40 to 0.80 we observed a coexistence of 
tetragonal, hexagonal and pseudo-cubic phases. At x= 1.00 only the pseudo-cubic phase is present and the other 
phase disappeared. The Raman results indicated the existence of tetragonal band for x≤0.40, and an appearance of 
characteristic bands of Fe3+ ions for Fe content of higher than 0.4. The SEM micrographs showed an increase in 
grain size with the increase of Fe content and it reached a maximum at x=0.40.  The Mossbauer spectroscopy 
indicated that the samples are paramagnetic at room temperature and that the Fe is oxidized under Fe3+ with no 
existence of Fe2+ or Fe4+ ions. The temperature dependence of dielectric permittivity was investigated in the 
frequency range from 20 Hz to 2 MHz. The results showed three dielectric relaxation phase transitions from a 
rhombohedral ferroelectric to orthorhombic ferroelectric (TR-O) then to a tetragonal ferroelectric phase (at TO-T), 
and finally to cubic paraelectric at the Curie temperature (TC).  In addition, the temperature of phase transition 
shifted to the lower temperature with the increase of Fe content for all the phase transitions. And the maximum of 
dielectric permittivity increased for TR-O while for TT-O and Tm phases transitions, it reached a maximum at x=0.60 
and x=0.80 respectively and then decreased. 

Keywords: Structural, dielectric, BaTiO3, solid state, SEM, Mossbauer, paramagnetic, phase transition, Curie 
temperature. 

 

1. INTRODUCTION 

Multiferroic crystalline compounds are currently 
the subject of extensive research, due to their 
potential applications in the emerging field of 
spintronics, information storage and multi-state 
memory storage devices [1, 2, 3]. In order to 
explore the possibility of synthesizing a materials 
with superior multiferroic performances, different 
approaches are underway and the most used 
approach is to substitute magnetic ions such as 
transition metal ions (Fe3+, Co2+, Ni2+, Mn2+, etc.) 
in ferroelectric materials [4, 5]. In the 
ferroelectric family, the barium titanate (BaTiO3) 
is the most widely used ferroelectric material and, 
even after seventy-five years of its discovery, it 
remained an essential material with excellent 
dielectric [6, 7], optical [8], piezoelectric [9] and 
ferroelectric [10] properties. The BaTiO3 ceramic 
can exist in different polymorphs at different 
temperatures: hexagonal P63/mmc (at T> 1460°C), 
cubic Pm3m (at 130°C <T <1460°C), P4mm 

tetragonal (at 0°C <T <130°C), orthorhombic 
Amm2 (at –90°C <T <5˚C) and the rhombohedral 
crystal structure R3m (at T <‒90°C) [11, 12]. 
Alternatively, doping with various transition 
metal ions such as Fe, Co, Ni, Mn on Ti sites can 
also lead to the formation of hexagonal 
polymorphs at room temperature [13, 14].  
Recently, the effect of Fe doping BaTiO3 ceramic 
on the structural evolution from the tetragonal 
perovskite phase to the hexagonal phase, prepared 
by the solid route, has been studied [15, 16]. It is 
confirmed by several studies that doping with Fe 
promotes the formation of the hexagonal phase 
[17]. Although the Fe substitution BaTiO3 
ceramic (BTF) decreases the dielectric properties 
of the latter by reduction of the dielectric constant 
and displacement of the temperature of the phase 
transition to the higher temperatures [4, 18]. It has 
been also reported that the Bi substituted BaTiO3 
ceramic into the Ba site achieve a maximum 
dielectric constant at x=0.05 [19]. And the 
structure of these ceramics was reported to be 
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tetragonal for contents inferior to 0.10 of Bi [19, 
20]. In the previous work we have studied the 
structural and dielectric evolution of Fe doped 
BaTiO3 ceramic [17]. And in the other work we 
have studied the effect of Bi and Fe co-
substitution on structural and dielectric properties 
of BaTiO3 up to 0.20 of Fe content and the 
concentration of Bi fixed at 0.0521. In this work 
we have synthesis the Ba0.95Bi0.05Ti1-xFexO3 
ceramics for x=0.00 to 1.00 and studied the 
influence of Bi co-substitution on the structural 
and dielectric properties of BTF ceramics.  

2. EXPERIMENTAL PROCEDURES 

The Ba0.95Bi0.05Ti1-xFexO3 ceramics for x=0.00 to 
1.00 were prepared by the conventional 
solid-state method using the high-purity oxides 
BaCO3, Bi2O3, TiO2 and Fe2O3. The doping site of 
Fe and Bi ions in BaTiO3 was controlled by 
stoichiometric proportions of raw materials 
allowing to the reaction: 

0.95 BaCO3 +½ 0.05 Bi2O3 + ½ x Fe2O3 + (1-
଴.଴ହ

ସ
- 

x) TiO2 → Ba0.95Bi0.05Ti1-0.05/4 - xFexO3-x/2 + CO2 

The starting powders were weighted in 
stoichiometric proportion and milled under 
acetone for 4h. After that the powders were dried 
at 80°C for 24h. The dried powders were mixed 
using agate mortar for 30 min and then 
 de-carbonated and pre-reacted by calcining in 
alumina at 1100°C for 4h. After calcination, the 
powders were mixed for 30 min. The crystal 
structure, phase purity, space groups, and lattice 
parameters of the product (Ba0.95Bi0.05Ti1-xFexO3) 
were characterized by X-ray diffraction (XPERT-
PRO with Cu Kα radiation with λ=1.5406Å) and 
Raman spectrum was recorded at room 
temperature. The valence of Fe was analyzed with 
the 57Fe Mössbauer spectra at room and all the 
values of isomer shift within this paper are related 
to the α-Fe standard. 
The calcined powders were pressed into pellets, 
after adding few drops of 1  wt % Polyvinyl 
Alcohol (PVA) as a binder, and sintered in air at 
1200°C for 6h. The investigations of the 
microstructure of the pellets were performed 
using by a scanning electron microscope (SEM). 
And the dielectric properties as function of 
frequency and temperature were studied with 
Agilent E4980A (20 Hz-2 MHz). 

3. RESULTS AND DISCUSSION 

3.1. X-RAY DIFFRACTION RESULTS 

The X-ray diffraction results of Ba0.95Bi0.05Ti1-xFexO3 
powders for x=0.00 to 1.00 calcined at 1100°C for 
4h is shown in Figure.1. The spectrum of 
Ba0.95Bi0.05TiO3 (x=0.00) shows the existence of 
peaks characteristic of the quadratic (tetragonal) 
phase [21] without the presence of other 
secondary phases. For x=0.20, the results were 
discussed in our previous work [22] and show the 
appearance of hexagonal phase with coexistence 
of tetragonal phase. While for x=0.40 to 0.80 we 
can observe the presence of multiphases indexed 
to tetragonal, hexagonal and pseudo-cubic phase. 
And for x=1.00 only the pseudo-cubic phase is 

observed. 

 
(a) 

 
(b) 

Fig. 1. a) X-ray diffractogram of Ba0.95Bi0.05Ti1-xFexO3 
ceramics for x=0.00 to 1.00. b). Zoom on T(101), 

H(140) et P-C (110) peaks characteristic of 
tetragonal, hexagonal and pseudo cubic phase 

respectively. 
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As it is shown in Figure. 1.b, the tetragonal peaks 
are present for the Ba0.95Bi0.05Ti1-xFexO3 
substituted at x=0.00. At x=0.40 the tetragonal 
peak is still present with shifting of this peak 
towards the high angles which confirms the 
incorporation of iron in the Ba0.95Bi0.05Ti1-xFexO3 
ceramic (BBTO). And a new peaks appear which 
are characteristics of the hexagonal and pseudo 
cubic phases, which indicates the coexistence of 
tree phases tetragonal, hexagonal and pseudo 
cubic. For x=0.60 and 0.80 we first notice an 
increase in the intensity of the peak characteristics 
of the hexagonal and pseudo-cubic phases and a 
decrease of these characteristics of the tetragonal 
phase. Whereas for x=1.00 the structure is 
completely transformed to a pure pseudo-cubic 
structure without the presence of other phases. 
From these results, it can be concluded that Bi 
co-substitution delays the appearance of the 
hexagonal phase induced by the Fe substitution 
and maintains the coexistence of tree phases in a 
large domain of Fe-substitution. According to our 
knowledge these results are not found in previous 
works. 

3.2. RAMAN RESULTS 

We have studied the structural properties of 
Ba0.95Bi0.05Ti1-xFexO3 ceramics (x=0.00 to 1.00) 
by Raman spectroscopy (Figure. 2). We can 
distinguish two concentration ranges: the first for 
rates below 0.40 (Figure. 2.a) and the second 
beyond 0.40 (Figure. 2.b). 
The Raman spectrum of Ba0.95Bi0.05Ti1-xFexO3 
powders for x=0.00, 0.20 and 0.40 (Figure. 2.a) is 
indexed in quadratic symmetry [18, 23]. These 
spectra are the same of that of pure BaTiO3 with 
the appearance of the A1g mode around 716 cm-1. 
The A1 (TO1) mode is detected around 177 cm-1 
in the vibrational spectrum of the BBTO 
corresponding to the Ti atoms vibrations. And the 
mode at 305 cm-1, assigned to the B1/E (TO2) 
mode, characteristic of quadratic symmetry, is 
observed in the case of BBTO (x=0.00) and it 
corresponds to the asymmetric vibrations Ti-O. 
The intensity of this peak decreases with 
increasing Fe levels which confirms that the 
rate of the quadratic phase of these powders 
decreases with increasing Fe levels from 0.00 
to 0.40. The A1 (TO2) mode describing the 
symmetrical O-Ti-O vibrations, is characterized 
by a resonance which also varies with the strong 

substitution of Fe at B site of the perovskite 
structure. The last mode A1 (LO2) / E (LO3) at 669 
cm-1, reflects a large concentration of polar 
octahedra [TiO6] undergoing a quadratic 
distortion. 

 

 
(a) 

 
(b) 

Fig. 2.  Raman spectra of Ba0.95Bi0.05Ti1-xFexO3     
ceramics for a) x = 0.00 to 0.40. and b) x = 0.60 to 

1.00. 

The A1g mode (octahedral breathing mode) 
observed around 716 cm-1 is chemical in nature 
and is not related to the structural distortions of 
the crystal lattice. This mode is inactive in Raman 
for simple perovskites since it is symmetrical and 
does not cause a change in polarizability. 
However, this mode becomes active in Raman for 
complex perovskites having two different cations 
at the center of the BO6 octahedron (for example 
Fe3+ / Ti4+) or even when the site ion A (Ba2+ in 
this case) is replaced by a donor dopant Bi3+ [24, 
25]. The appearance of the A1g mode confirms the 
fact that Fe substituted Ti on B site. 
From x=0.60 (Figure. 2.b), the spectra undergo a 
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significant changes. However, we observe the 
existence of A1g, E1g and E2g peaks which are 
attributed to Fe3+ ions (indexed in red). This 
confirms that the chemical environment at B sites 
has indeed been modified between x=0.60 and 
x=1.00. This is related probably to the presence of 
Fe3+ at B sites which increases as a function of x 
relative to the Ba2+/Bi3+ cations. It should be noted 
that the peaks A1(TO2) and B1/E(TO2) 
characteristics of the tetragonal phase are always 
present for the levels of Fe more than 0.60. 

3.3. SEM RESULTS 

The morphologies of the Ba0.95Bi0.05Ti1-

xFexO3 pellets for x=0.00 to 1.00, sintered at 
1200°C for 6h, were observed by SEM and 
are shown in Figure. 3. The micrographs 
indicate that the grains have a relatively 
homogeneous shape and a porosity which 
differs from one sample to another. Figures. 
3.c, d and e (x=0.40, 0.60 and 0.80) indicate 
that the particles have a hexagonal shape. In 
fact, with the increase of the Fe substitution, 
the shape of the grain is no longer spherical 
as at x=0.00.  

The evolution of the average grain size as 
function of Fe contents is shown in Figure. 4. 
The graph shows a small decrease in the average 
grain size from 0.00 to 0.20 of the Fe levels, then 
it increases rapidly at x=0.40. However, when 
the Fe concentration is 0.40, there is coexistence 
of small and large grains in SEM micrographs. It 
indicates that addition of Fe leads to abnormal 
grain growth in this sample. After this 
concentration the grain size decreases to x=0.60. 
And beyond it increases slightly. Therefore, 
from these results it can be concluded that the 
evolution of the grain size is not linear, due 
probably to the instability of the phase structure 
as a function of the Fe rate which is observed in 
XRD results. 

3.4. MOSSBAUER SPECTROSCOPY 

The experiments graphs of Mössbauer 
spectroscopy of 57Fe of Ba0.95Bi0.05Ti1-xFexO3 
is shown in Figure.5. Despite a relatively 
long counting time (ten days), no trace of 
magnetic component was detected in the 
spectra performed for Ba0.95Bi0.05Ti1-xFexO3 
 

 

 
(a) (b) (c) 

 
(d) (e) (f) 

Fig. 3. Micrographs SEM of Ba0.95Bi0.05Ti1-xFexO3 ceramics for x = a) 0.00, b) 0.20, c) 0.40, d) 0.60, e) 0.80 and 
f) 1.00. 
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Fig. 4. Grain size evolution of Ba0.95Bi0.05Ti1-xFexO3 

ceramics as function of Fe content. 

ceramics (x = 0.20, 0.40, 0.60, 0.80 and 1.00), 
which shows that our ceramics are in 
paramagnetic state. Consequently, no trace 
ofdivalent iron is observed within the detection 
limit of the technique. 
The values of IS=0.24 mm/s and QS=0.40 mm/s 
(shown in Table. 1) are typical of Fe3+ ions in an 
octahedral environment [26, 27, 28]. Therefore, we 
can deduce that in the phase Ba0.95Bi0.05Ti1-xFexO3, 
there are two iron sites, both occupied by Fe3+ 
and surrounded by a deformed octahedron of 
oxygen atoms with different degrees of 

distortion.  
All the spectra in Figure. 4 lead to the same 
results: an asymmetry of the lines of the 
quadrupole doublet D1 is systematically 
observed for these ceramics (QS=0.40). Whereas 
for the D2 doublet, the parameter of the 
quadrupole separation QS decreases largely with 
the substitution in Fe at x=0.80 which shows that 
D2 doublet presents a quadratic symmetry which 
becomes stable at this doping rate. 

3.5. DIELECTRIC PROPERTIES 

The Figure. 6 shows the evolution of the dielectric 
permittivity, as a function of temperature from the 
room temperature to 600°C and at different 
frequencies (from 5 KHz to 2 MHz), for 
Ba0.95Bi0.05Ti1-xFexO3 samples (x=0.00, 0.20, 0.40, 
0.60, 0.80 and 1.00). The spectra show three 
dielectric anomalies at different temperatures. 
Based on the literature [29, 30] we can distinguish 
three phase transitions. The first maximum at low 
temperature  ̴ 150°C, corresponds to a phase 
transition from the ferroelectric rhombohedral 
phase to the ferroelectric orthorhombic phase 
TR-O. This anomaly persists for all ceramics but at 

 

Fig. 5. Mössbauer spectra of Ba0.95Bi0.05Ti1-xFexO3 ceramics for x= a) 0.20, b) 0.60, c) 0.80 and d) 1.00. 
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Table 1. The hyperfine parameters of Ba0.95Bi0.05Ti1-xFexO3 ceramics 
(x = 0.20, 0.40, 0.60, 0.80 and 1.00). 

x Doublets Area IS (mm.s-1) QS (mm.s-1) FWHM 

0.20 
Doublet-1 74.80 0.24 0.4 0.28 
Doublet-2 25.20 0.14 0.10 0.13 

0.60 
Doublet-1 74.80 0.24 0.4 0.28 
Doublet-2 25.20 0.14 0.10 0.13 

0.80 
Doublet-1 54.40 0.24 0.40 0.25 
Doublet-2 45.60 0.10 0.001 0.31 

1.00 
Doublet-1 70.90 0.24 0.40 0.28 
Doublet-2 29.10 0.09 0.11 0.17 

 

 

Fig. 6. Temperature dependence of dielectric 
permittivity of Ba0.95Bi0.05Ti1-xFexO3 ceramics for 

x=0.00 to 1.00. 
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different temperatures. The second maximum at 
intermediate temperatures ( ̴ 500°C) corresponds 
to a phase transition from the ferroelectric 
orthorhombic phase to the ferroelectric tetragonal 
phase TO-T. While the third maximum at high 
temperatures ( ̴ 600°C) corresponds to a phase 
transition from the tetragonal ferroelectric phase 
to the cubic paraelectric phase Tm.  
These three phase transitions show a dielectric 
relaxation phenomenon in all these ceramics 
which is very clear at x=0.40, with a maximum of 
dielectric permittivity which shifts towards high 
temperatures with increasing frequency. We also 
note that the three maximums of phase transitions 
are diffuse and present a strong diffuse character 
with increasing frequency. 
According to the curves of the evolution of TR-O, 
TO-T and Tm as a function of the Fe content 
(Figure. 7), we can notice that the two phases 
temperature TO-T and Tm move towards the low 
temperatures with the increase in the Fe level. 
This decrease in Tm is also observed for BaTiO3 
ceramics doped with Fe that we have reported 
before [17] and it is attributed to the phenomenon 
of coexistence of different phases [30].  
In general, cations with a smaller ionic radius tend 
to produce stronger covalent bonds with oxygen 
ligands. The replacement of the Fe3+ ion 
(ri=0.64Å) by a high ferroelectric Ti4+ ion forms 
polar clusters of BaTiO3 which lead to 
decentering the Ti4+ cations (ri=0.605 Å) within 
the octahedral cage, by hybridization between the 
Ti 3d orbit and the O 2p orbitals. This forms a 
long-range Coulomb field and leads directly to a 
decrease in the transition temperature [31]. While 
for the TR-O phase transition there is a 
displacement of the latter towards the high 
temperatures for x less than 0.40 then towards the 
low temperatures beyond this Fe content.  
In addition we note that the maximum of the 
dielectric permittivity (ɛr,max) of the first phase 
transition TR-O increases with the increase of the 
Fe content while the other two maximums of the 
dielectric permittivity reach a maximum for 
x=0.60 (for Tm) and x=0.80 (for TO-T) then 
decrease. It is well established that the high value 
of the dielectric permittivity of the composition is 
due to the presence of three phases in these 
ceramics at x=0.60 and 0.80, detected by X-ray 
diffraction. In addition, the ionic radius of Ba2+ 
(ri=1.35 Å) larger than that of Bi3+ (ri=1.2 Å) and 
the heavier atomic number of bismut (z=83) that 

 
(a) 

 
(b) 

Fig. 7. Evolution of a) temperature of phase transition 
and b) dielectric permittivity of the tree phase 

transition TR-O, TO-T and Tm. 

barium (z=56) suggest that the dipole moment 
associated with the spontaneous polarization of 
the Ba2+ ions is greater than the dipole moment 
associated with the Bi3+ ions due to the greater 
distance 'a' which separates the center of positive 
charge from negative charge center in the cation 
Ba2+, as described by the relation P=Q a, where P 
is the dipole moment and Q is the quantity of 
charge [30]. For these reasons, the dielectric 
properties of BT co-substituted with Bi and Fe are 
improved compared to the BT material doped 
with Fe [17]. We can deduct from these results 
that the dielectric constant remains high values in 
a wide temperature range between TO-T and Tm. 
By comparing the results obtained for 
Ba0.95Bi0.05TiO3 (x=0.00) with those obtained 
by F. Bahri et al [32], we note that the value 
of ɛr,max in our study is greater. This difference 
in value may be due to the formula used. 
However, these authors have created a 
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vacancy sites in A site using the following 
formula: Ba1-xBi2x /3Vx/ 3TiO3. 

4. CONCLUSIONS 

The Ba0.95Bi0.05Ti1-xFexO3 ceramics were 
synthesized by the solid-state method. The XRD 
results confirm the existence of tetragonal phase 
for x=0.00. While for x=0.40 to 0.80 there is a 
coexistence of three phases which are tetragonal, 
hexagonal and pseudo-cubic. At x=1.00, the 
tetragonal and hexagonal phase disappear and 
only the pseudo-cubic phase persists. The SEM 
results show a homogenous grain shape in these 
ceramics and the grain size reaches a maximum at 
0.40 of Fe content. The isomer shift in Mossbauer 
spectroscopy indicates the third oxidation state of 
iron. On the other hand, the evolution of dielectric 
properties as function of temperature shows the 
existence of three phase transitions TR-O, TO-T and 
Tm and the dielectric properties of Bi co-
substituted BTF were improved compared with 
BTF ceramics. 
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