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Synthesis and Dielectric Properties of Nd Doped Bi5Ti3FeO15 Ceramics

Aurivillius Bi5Ti3FeO15 (BTF) and Bi5-xNdxTi3FeO15 (BNTF) ceramics were successfully synthesized by a simple solid state
reaction method. Ceramics were prepared from simple oxide powders Bi2O3, TiO2, Nd2O3 and Fe2O3. The microstructure, structure,
chemical composition and dielectric properties of the obtained materials were examined. Dielectric properties were investigated
in a wide range of temperatures (T = 25ºC-550ºC) and frequencies (20Hz-1MHz).
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1. Introduction
Multiferroic materials that possess simultaneous magnetic
and ferroelectric features have attracted interest in recent years
because of their special properties, promising applications and
especially due to the associated electric and magnetic polarization coupling between the two different orders [1,2]. Important
potential applications of these multiferroic materials include electrical transformers, information storage devices such as multistate non-volatile memories, sensors, phase shifters, amplitude
modulators and optical wave devices [3,4]. Multiferroism has
been observed in several perovskite-type materials like BiFeO3,
YMnO3, BiMnO3 and others [5,6].
Bi5Ti3FeO15 (BTF) ceramics can be regarded as a model
of the Aurivillius type of single ferroelectromagnetics. The
unique interest in this material is caused, among others, by the
fact that it is a combination of multiferroic BiFeO3 and ferroelectric Bi4Ti3O12 and can be used for producing advanced
materials for information processing and information storage
applications [7,8].
The general formula of these compounds is Bim+1Fem-3
Ti3O3m+3 [9]. These compounds have layered perovskite-like
structures, first described by Aurivillius, in which fluoritelike bismuth-oxygen layers of thickness f and composition
{(Bi2O2)2+}∞ alternate with (001) perovskite-like slabs of composition {(Bim+1Fem‑3Ti3O3m+1)2–}∞ and thickness h = pm. The
values of f and h are related to the c cell parameter by f + h = c/2,

m indicates the number of perovskite-like layers per labs and may
take integer or fractional values, and p is the average thickness
of perovskite-like layers (Fig. 1). Fractional m value corresponds
to mixed-layer structures which contain perovskite slabs of different thicknesses [10].
The purpose of this paper was to fabricate Bi5-xNdxTi3FeO15
for x = 0 (BTF), 0.03 (BNTF3), 0.05 (BNTF5), 0.07 (BNTF7)
and 0.1 (BNTF10) ceramics by a solid state reaction.
The aim of the was to investigate how Nd3+ ions influence
on samples of Bi5-xNdxTi3FeO15 ceramics, like their structure,
microstructure and dielectric properties.

2. Experiment
The Bi5Ti3FeO15 (BTF) and Bi5-xNdxTi3FeO15 (BNTF)
ceramics were prepared by the conventional solid state reaction
route. Analytical-purity oxides: TiO2, Fe2O3, Bi2O3 and Nd2O3
were weighed carefully and mixed in stoichiometric proportions
in the planetary ball mill for 24 h using the YTZ balls as grinding
media in the ethanol solution. Dried and mixed powders, were
pressed in pellets (p = 60 MPa, d = 23 mm) and subsequently
calcined in air, at T = 750ºC for t = 10 h. After calcination the
samples were crushed and re-grinded. Finally, the pretreated
powders were pressed into small pellets at p = 30 MPa (d = 10
mm) and sintered in air, at 950ºC for 3 h. Fig. 2 presents the flow
chart of the BTF and BNTF ceramics preparation.
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The microstructure and chemical composition of the ﬁnal
ceramics were examined with a scanning electron microscope
(SEM) JSM - 7100F equipped with an energy dispersive spectrometer (EDS) NORAN Vantage. The microscope was operating
at 15 kV acceleration voltage.
The crystal structure of the obtained samples was investigated using Panalytical-Empyrean diffractometer with CuKα
radiation. The difractometer was working in the standard Θ – 2θ
mode in the 2θ range 10°-90° and the step Δ2θ = 0.01°. The
phase and structural analyses of the recorded XRD patterns were
performed with an X’Pert HighScore Plus program.
The computerized automatic system based on precision
LCR meter Agilent E4980A was used to measure the temperature
dependencies of permittivity. Silver electrodes were deposited
on BTFO ceramics by firing silver paste at a temperature of
T = 700ºC to form parallel plate measuring capacitor.

3. Results and discussion
Fig. 3 shows diffractograms registered for the studied samples after final processing. All the visible peaks were assigned
to orthorhombic phase (space group Fmm2) characteristic of
Bi5Ti3FeO15 compound. No additional peaks were detected, thus
it may be claimed that the single phase Bi5-xNdxTi3FeO15 ceramics were obtained. The positions of peaks agree well with the
standard pattern indexed by 074037 ICSD card number shown
in the bottom panel of Fig. 3.
Fig. 1. An elementary cell of Aurivillius structure compound exemplified by Bi4Ti3O12

Fig. 3. X-ray diffraction patterns of Bi5-xNdxTi3FeO15 ceramics
Fig. 2. The ﬂowchart of fabrication process of BTF and BNTF ceramics
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Structural parameters derived from XRD spectra analyses
were summarized in Tab. 1. It can be noted that the a and b lattice parameters do not change significantly with the growth of
Nd concentration. The c parameter increases from 41.184 Å for
x = 0 to 41.221 Å for x = 0.1 however this is growth by only
0.08 % of the height of the unit cell.
EDS spectrum and SEM micrographs showing the morphology of fracture for BTF ceramics are presented in Fig. 4.
The distribution of all elements was investigated with Energy
Dispersion X-ray spectrometer (EDS). The presented research
was carried out for randomly selected areas. The contents of
bismuth, titanium, neodymium and iron elements obtained from
EDS analysis were recalculated to the mass of the suitable oxides. The theoretical and experimental content of elements for
obtained ceramics is given in Tab. 2. It may be observed that

small deviations from the theoretical composition have occurred
but they do not exceed the value of 5%. It is consistent with the
resolution of the utilized method of investigation. The analysis
of the obtained data proved a homogenous distribution of elements throughout the grains and stoichiometry close to nominal.
SEM micrographs showing morphology of fracture for
BNTF ceramics are presented in Fig. 5. All micrographs show
a distinct plate-like morphology of BTF, typical for layered
compounds belonging to the Aurivillius phases. We can see in
the pictures an evident decrease in the grain size of neodymium
modified ceramics in comparison with the single phase BTF
what is likely related to the fact that rare-earth ions are known to
suppress the grain growth in perovskites which can be attributed
to their lower diffusivity [11].
Table 1

Structural parameters derived from XRD spectra analyses. The uncertainty of a and b lattice parameters is of the order
of 0.002 Å while for c it is about 0.007 Å
Crystal system
BTF
BNTF3
BNTF5
BNTF7
BNTF10

Space group

Orthorhombic

Fmm2

a
[Å]

b
[Å]

5.436
5.436
5.435
5.435
5.434

5.468
5.462
5.465
5.462
5.456

c
[Å]

41.184
41.186
41.197
41.211
41.221

α=β=γ
[°]

V
[Å3]

90
90
90
90
90

1224.2
1222.9
1223.6
1223.4
1222.1
Table 2

The theoretical and experimental content of elements (calculation for simple oxide) for BTF and BNTF ceramics
Formula
BTF
BNTF3
BNTF5
BNTF7
BNTF10

Oxide content by EDS measurement [%]
Bi2O3
Fe2O3
TiO2
Nd2O3

7,750
7,700
7,76
7,67
7,616

0,560
0,565
0,560
0,567
0,565

1,690
1,699
1,622
1,682
1,700

—
0,036
0,058
0,081
0,119

Theoretical content of oxides [%]
Bi2O3
Fe2O3
TiO2
Nd2O3

7,848
7,811
7,787
7,762
7,725

Fig. 4. EDS spectra and SEM micrographs of fracture for BTF

0,538
0,539
0,539
0,540
0,540

1,614
1,616
1,617
1,619
1,621

—
0,034
0,057
0,080
0,114

Bi2O3

0,786
1,426
0,344
1,187
1,411

Content error [%]
Fe2O3
TiO2

3,975
4,903
3,884
5,091
4,582

4,583
5,140
0,287
3,906
4,880

Nd2O3

—
4,851
2,119
1,778
4,531
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a)

b)

c)

d)

Fig. 5. SEM micrographs of fracture for a) BNTF3; b) BNTF5; c) BNTF7; d) BNTF10 ceramics

The measurements of dielectric permittivity versus temperature were carried out in an electric measuring field at frequencies in the range of 20Hz-1MHz. Fig. 6 shows the frequency
dependence of electric permittivity on a temperature for BNTF
ceramics. It can be seen that the value of the electrical permittivity of ceramics measured in the frequency range of the measuring
field changes with increasing temperature reaching one local
maximum and minimum in the temperature range T = 200-400ºC.
As the frequency of the measuring field increases, the ε’(T )
waveforms shift towards higher temperatures, while the absolute
permeability values decrease. The curve of the dependence of
electric permittivity on temperature shows an increase at different speeds and forms a kind of ‘arm’ at a temperature of about
T = 450ºC without reaching the second maximum in the range
of the measuring temperature. Such shape of ε(T) waveforms is
characteristic for Aurivillius family described by general formula
Bi5-xNdxTi3FeO15. The origin of the peaks, appearing on ε(T)
dependences at the range of 250ºC-270ºC for BNTF3; BNTF5;

BNTF7 and moves up to 350ºC for BNTF10, is not clear. The
described maximum should not be connected with the phase
transition. This is supported by the following premises: the lack
of compliance with the Curie-Weiss law, frequency dependence
of maximum value of permittivity, absence of any corresponding anomaly on tgδ(T) characteristic at the mentioned range of
temperature [12]. The Curie temperature is located at the range
of significantly higher temperatures. The Curie temperature for
pure Bi5Ti3FeO15 ceramics is equal 759ºC and corresponding
to a structural transition from the ferroelectric phase A21am
to paraelectric phase I4/mmm [13]. The same value of Curie
temperature has been obtained by other authors [14,15]. In the
opinion of the hereby paper the observed broadened peaks corresponds to the space charge polarization, as has been suggested
by tha authors of following paper [14]. At discussed materials
is commonly observed the problem of volatilization of Bi during the calcination process, which leads to the occurrence of Bi
vacancies (V```Bi) accompanied by oxygen vacancies (V```O).
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b)
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Fig. 6. Temperature dependences of dielectric permittivity for several frequencies chosen for a) BNTF3; b) BNTF5; c) BNTF7; d) BNTF10 ceramics

Fig. 7 shows the frequency dependence of the tangent of the
dielectric loss angle on the temperature for BNTF5 and BNTF10
ceramics. The dependence of dielectric loss angle values on the
temperature tgδ(T) shows a sharp increase with increasing temperature. The tgδ(T) curves move towards a higher temperature
with an increase in the frequency of the measurement field which
indicates a reduction in dielectric losses.
The results of measurements of the dependence of electric
permittivity and the tangent of the dielectric loss angle on the
temperature for ceramic compounds of the BTFO composition
allow to state that ceramics are generally characterized by high
dielectric losses of conductivity. The dependence of electric
permeability on temperature shows the presence of a wide
maximum characteristic for materials with ionic disorder and
having relaxation properties.
In order to confirm our assumption concerned the origin
of frequency dispersion of dielectric permittivity, measurements
of electric conductivity as a function of temperature were carried out at a wide range of temperature. The obtained results
are presented in Fig. 8 in the form of the dependence of lnσ vs.

inverse of temperature. At high temperatures all presented
dependencies are a constant function of temperature, however,
along with the lowering of temperature, the discussed relationships become a linear function of temperature and the process
of conductivity assume a clearly activating character. Besed on
the Aurrivilius low:

 Ea 

 kT 

   0 exp 

where Ea is the activation energy, σ0 is specific resistivity at an
infinite temperature, the activation energy was calculated and
presented in Fig. 8 for all presented dependencies. The low values
of Ea may surprise reader at first. However, after a deeper suggestion that such small values may indicate that the conduction
might be attributed to the movements of electrons resulting from
defects. The data received from literature point out on two kinds
of conducting electrons mainly contribute to the low temperature conduction in the investigated materials. The first ones are
created by the oxygen vacancy ionization, which main origin
is connected with bismuth volatilization at high temperature
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a)

b)

Fig. 7. Temperature dependence of loss tangent for a) BNTF5 and b) BNTF10

a)

c)

b)

d)

Fig. 8. The natural logarithm of electric conductivity vs inverse temperature for a) BNTF3; b) BNTF5; c) BNTF7; d) BNTF10 ceramics
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[16,17]. The second ones are connected with the Fe2+ and Fe3+
valence fluctuations [18, 19], i.e., Fe3+ + e’ ↔ Fe2+.

4. Conclusions
The Bi5Ti3FeO15 and Bi5-xNdxTi3FeO15 ceramic powder
was synthesized by the mixed oxide method from the stoichiometric mixture of oxides, viz Bi2O3, Fe2O3, TiO2 and Nd2O3. All
the visible peaks were assigned to the orthorhombic phase (space
group Fmm2) characteristic of Bi5Ti3FeO15 compound. It can be
noted that neodymium concentration has significant influence
on the grain growth. The increasing the concentration of dopant
causes the grain size to decrease. The obtained materials were
the single phase and homogeneous samples. Measurements of
dielectric permittivity as a function of temperature have shown
that as the frequency of the measuring field increases, the ε(T)
waveform shifts towards higher temperatures and the absolute
permittivity values decrease and the dependence of dielectric loss
angle values on temperature tgδ(T) shows a sharp increase with
an increasing temperature. Measurements of electric conductivity as a function of temperature shown, that all dependencies
are a constant function of temperature, but with the lowering of
temperature, the discussed relationships become a linear function
of temperature and the process of conductivity assume a clearly
activating character.
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