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Synthesis of Aurivillius Phase CaBi4Ti4O15 Doped with both La3+ and Mn3+ Cations: Crystal 
Structure and Dielectric Properties
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The four-layer Aurivillius CaBi4Ti4O15 with introducing of La3+ on the A-site and Mn3+ on the B-site with the formula 
Ca1-xBi3+xLaTi4-xMnxO15 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) were synthesized by molten salt method using the mixture of 
sulfate salts K2SO4/Na2SO4 as the flux. XRD data confirmed the formation of single-phase Aurivillius with A21am 
orthorhombic structure for x = 0, 0.2, 0.4, and 0.6, whereas for x = 0.8 and 1, the impurity phases were observed. SEM 
analysis shows the anisotropic plate-like grains, which are a typical grain of Aurivillius phases. The cell volume decreases 
with increasing x, indicating a presence of mixed valences of Mn3+ and Mn4+. The dielectric constants increased with x, 
strongly correlated with the higher distortion of the structure, since the 6s2 lone pair electrons of Bi3+ cation increase. 
The presence of Mn3+ unpaired electrons results in the increase of dielectric loss as increasing x.
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1. Introduction
Oxide compounds based on Aurivillius phase have 

received much attention in recent years due to their 
sufficiently good dielectric properties and high ferroelectric–
paraelectric phase transition temperature, which can be 
applied as memory cells, capacitors, sensors, and high-
temperature piezoelectric transducers, etc1-3. In general, 
the formula of Aurivillius phase can be described as 
(Bi2O2)

2+(Am-1BmO3m+1)
2-, where the A represents the mono-

, di-, trivalent cations with dodecahedral coordination 
(e.g., Na+, Ca2+, Pb2+, Ba2+, Sr2+, Ln3+) and the B represents 
the transition metal cation with octahedral coordination, 
which is smaller than A-site cation (e.g., Ti4+, Ta5+, Nb5+, W6+). 
The structure is constructed by an ordered intergrowth 
of bismuth layers [Bi2O2]

2+ and m perovskite-like layers 
[Am-1BmO3m+1]

2-4.
Recently, the modification of Aurivillius properties by 

introducing a magnetic transition cation (dn) into the B-site 
of perovskite layers have received much interest due to 
this may result in multiferroic properties, which exhibit the 
coupling of both ferroelectric and magnetic properties5. The 
introduction of the magnetic cation with different ionic radius 
leads to a higher degree of BO6 distortion and hence the 
dielectric properties. Besides, the substitution of lanthanides 
(Ln3+) for Bi3+ has been reported to improve the electrical 
properties of the Aurivillius phase6,7. Several magnetoelectric 
materials based on Aurivillius phase have been reported for 
formula Pb1-2xBi1.5+2xLa0.5Nb2-xMnxO9, Pb1-xBi4+xTi4-xMnxO15, 
Pb2-xBi4+xTi5-xMnxO18, and exhibited the improvement in 
dielectric properties8-10.

Four-layered Aurivillius phase with formula CaBi4Ti4O15 
(CBT) has a high Curie temperature (Tc) of ferroelectric 

around 790 °C11. It is interesting to modify CBT by doping 
with La3+ and Mn3+ cations simultaneously with formula 
Ca1-xBi3+xLaTi4-xMnxO15 (CBLTM) to produce a magnetoelectric 
compound. Based on the nominal formula, the substitution 
of Mn3+ for Ti4+ at the B-site is adjusted by the substitution 
of Bi3+ for Ca2+ at the A-site to keep neutrality of charge in 
the compound. To the best of our knowledge, the synthesis 
of this formula has not previously been reported. We use the 
molten salt method since it was reported to have successfully 
synthesized the multiferroic Aurivillius phase12,13. In this paper, 
the synthesis, crystal structure, and dielectric properties of 
products were investigated.

2. Experimental
The raw materials of CaCO3, Bi2O3, TiO2, Mn2O3, La2O3 

(Aldrich, ≥ 99.9%) were weighed stoichiometrically for the 
formula Ca1-xBi3+xLaTi4-xMnxO15 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) 
and then ground together with the mixture of Na2SO4/K2SO4 
salts (1:1 molar ratio) for 2 hours. The amount mixture of 
Na2SO4/K2SO4 (1:1 molar ratio) was added 1:7 molar ratio 
of salt to oxide. The mixtures powders were put into an 
alumina crucible and heated at 750 °C, 850 °C, and 900 °C 
for 5 h for each heating step. Finally, the alkali salts were 
removed by washing with hot distilled water for several 
times and the product then dried at 110 °C for 24 hours. 
The phase identification was performed by X-ray diffraction 
(Shimadzu XRD 7000) using Cu Kα radiation. The Le Bail 
refinement method by the RIETICA program was used to 
determine the cell parameters of samples. Morphology 
analysis was analyzed by scanning electron microscopy (SEM 
HITACHI S-3400). The density of the sample was measured 
by Archimedes method. For the dielectric measurement, 
the obtained powders were pressed into pellets with a *e-mail: zulhadjri@sci.unand.ac.id
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diameter of 1 cm and thickness 0.1 cm, then heated at 800 
°C for 8 hours to form a ceramic. Silver conductive paste 
(Aldrich, 99%) was pasted on both surfaces as electrodes. 
The room temperature capacitance and loss were measured 
using LCR meter (Agilent 4980A) with an applied voltage 
of 1 V over the frequencies range of 1kHz to 1 MHz.

3. Results and Discussion
The results of X-ray diffraction (XRD) analysis of 

Ca1-xBi3+xLaTi4-xMnxO15 (CBLTM) powders with x = 0, 0.2, 
0.4, 0.6, 0.8, and 1 are given in Figure 1. All XRD patterns 
could be indexed using the CaBi4Ti4O15 standard diffraction 
pattern with an orthorhombic structure and A21am space group 
(ICSD-99500). The single-phase of four-layer Aurivillius 
were obtained for x = 0, 0.2. 0.4, and 0.6, whereas for 
x = 0.8 and 1, the samples contained impurities identified as 
Bi2La2Ti3O12 (ICSD-150091) and Bi2Mn4O10 (ICSD-26806).

The single-phase sample of x = 0 confirmed the 25% 
molar ratio La3+ was successfully substituted in Bi3+ site of 
CaBi4Ti4O15. Furthermore, the Ti4+ could be simultaneously 
substituted by Mn3+ up to 15% molar ratio Ti4+ with 
adjusted the Ca:Bi ratio as the nominal formula for x = 0.6. 
The substitution of Mn3+ on the B-site cation up to 15% 
molar ratio has been reported in our previous reports both for 
four-layer Aurivillius Pb1-xBi4+xTi4-xMnxO15 and double-layer 
Aurivillius Pb1-2xBi1.5+2xLa0.5Nb2-xMnxO9 synthesized by the 
molten salt method8,9. The presence of impurities for x = 
0.8 and 1 is suggested due to the oxidizing Mn3+ to Mn4+ in 
samples. It has been reported that molten salt fluxes tend to 
form oxidizing species in solution due to an oxygen donor 
mechanism involving basic SO4

2- anions, as explained by Lux-
Flood theory14. This phenomenon of mixed-valent Mn3+/Mn4+ 
has also been observed in molten salt synthesis of Aurivillius 
phase under an oxygen-rich sintering atmosphere9,15. The 
formation of higher oxidation states Mn4+ with increasing 
x leads to the non-stoichiometric charges, which causes the 

instability of crystal structure. This is in agreement with the 
impurity found in samples x = 0.8 and 1, where Bi2Mn4O10 
contains the Mn4+ ions that do not construct the perovskite 
layers, thus breaks the interlayer structure forming the three-
layer Aurivillius phase Bi2La2Ti3O12 as another impurity.

Furthermore, the strongest (119) diffraction peak 
corresponds well with the (112m+1) strongest diffraction peak 
in the four-layer Aurivillius phase, where m = 4 describes 
the number of layers. The crystallite size calculated using 
Scherrer’s formula is approximately 48 nm, 66 nm, 61 nm, 
and 52 nm for x = 0, 0.2, 0.4, and 0.6, respectively. The results 
showed the tendency of an increase in the crystallinity of 
the samples containing Mn3+.

Lattice parameters of the single-phase samples were 
evaluated by the Le Bail refinement in the RIETICA program 
using the structural parameter of A21am CaBi4Ti4O15 phase. 
The results of refinement fitting are shown in Figure 2. 
The good fits between the Le Bail plot of samples and 
the A21am models demonstrate that the introduction of 
La3+ and Mn3+ cations does not change the parent structure. 
The refined lattice parameters and cell volume of single-phase 
Ca1-xBi3+xLaTi4-xMnxO15 were shown in Figure 3.

The a and b lattice parameters are relatively constant, while 
the c lattice parameters tend to decrease as x increase. Since 
the ionic radius of Bi3+ (1.31 Å) in 12-fold coordination is 
similar to Ca2+ (1.34 Å) and the ionic radius of Ti4+ (0.605 Å) 
in 6-fold coordination similar to Mn3+ (0.645 Å)16,17, the cell 
volume should not exhibit the significant difference with 
increasing x. However, it is observed that the cell volume 
decreases with increasing x. This might occur due to the 
smaller ionic radius of Mn4+ (0.54 Å) than that of Mn3+ 

Figure 1. Powder X-ray diffraction patterns of Ca1-xBi3+xLaTi4-xMnxO15 
samples were synthesized by molten salt method. The x = 0.8 and 1.0 
samples indicate peaks from the impurity Bi2La2Ti3O12 and Bi2Mn4O10 
phase.

Figure 2. Le Bail plot of XRD powder of Ca1-xBi3+xLaTi4-xMnxO15 with 
x = 0, 0.2, 0.4, and 0.6. Observed XRD intensity (circle), calculated 
data (solid line), and the difference of patterns, yobs-ycal (solid line 
on the bottom curve). The tick marks represent the positions of 
allowed Bragg reflections in the phase of A21am.
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(0.645 Å) in 6-fold coordination. The formation of Mn4+ ions 
on the B-site can also be observed by the decrease of c lattice 
parameter, which corresponds to the shrinkage of the BO6 
octahedra18. The presence of mixed-valent Mn3+/Mn4+ with 
increasing x confirmed the suggestion of possible impurity 
phases, as evidenced by the XRD discussion above.

The density of single-phase samples increase slightly with 
increasing x was about 6.49 g/cm3, 6.66 g/cm3, 6.84 g/cm3, 
and 6.95 g/cm3 for x = 0, 0.2, 0.4, and 0.6, respectively. This 
increased density was also obtained from the refinement 

result. The relative density was calculated according to the 
experimental density and theoretical density. The relative 
density of single-phase samples is higher than 93% of 
theoretical density, indicating a well-densified grain can be 
achieved by the molten salt method.

The powder morphology of single-phase samples analyzed 
by SEM is shown in Figure 4. Anisotropic plate-like grains, 
a typical grain for layered compounds belonging to the 
Aurivillius phase was observed for all samples. The average 
grain size is in the range 0.6 - 2.7 μm for x = 0, 1.2 – 6.3 μm 
for x = 0.2, 0.9 - 4.3 μm for x = 0.4, and 0.9 – 3.3 μm for 
x = 0.6. The results showed the same tendency with the 
crystallite size, where the larger grain size obtained in the 
samples containing Mn3+.

The frequency dependence of the dielectric constant and 
dielectric loss of single-phase samples measured at room 
temperature is shown in Figure 5. All samples showed a 
strong dielectric dispersion at low frequency and becomes 
stable at the high frequency of 100 kHz, which is typical 
behavior for the common ferroelectric phase. This behavior 
is due to the different types of polarization (i.e. dipolar, ionic, 
electronic, and interfacial) and the accumulation of charge 
carriers on the surface and at grain boundaries, known as 
the Maxwell-Wagner effect5,19. Therefore, we focus on the 
dielectric properties of samples at higher frequencies since 
it properly exhibits the intrinsic polarizability of samples.

The dielectric constant value at 100 kHz increases as 
x increases, where the value is 206.03, 342.4, 491.11, and 
868.41 for x = 0, 0.2, 0.4, and 0.6, respectively. It was 
reported that the presence of A-site cations with 6s2 lone 

Figure 4. SEM micrographs of the single-phase Ca1-xBi3+xLaTi4-xMnxO15 powder. (a) x = 0 (b) x = 0.2 (c) x = 0.4, and (d) x = 0.6.

Figure 3. Lattice parameters and cell volume of single-phase 
Ca1-xBi3+xLaTi4-xMnxO15 obtained from XRD refinement results.
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pair electrons such as Bi3+ strongly favors a highly distorted 
structure, resulting in increased polarization8,20. According 
to the nominal formula, the substitution of Mn3+ for Ti4+ on 
the B-site was compensated by the increasing proportion 
of Bi3+ cations, which could result in the higher distortion 
of BO6 octahedra. Furthermore, the occupancy of cations 
with different radii caused the mismatch between bismuth 
and perovskite layers, which also gives rise to the highly 
distorted structure. Therefore, both factors contribute to 
the ferroelectric displacement and further hence a higher 
magnitude of dielectric constant.

The high dielectric loss (tan δ) is found at the lower 
frequency is due to the interfacial polarization between electrode 
and sample. Furthermore, the tan δ values of single-phase 
samples increase with increasing x with value 0.0166 for x = 
0 to 0.0834 for x = 0.2, 0.2473 for x = 0.4, and 0.5291 for x = 
0.6 at 100 kHz. The substitution of Mn3+ for Ti4+ increase in 
the unpaired electron concentrations as the charge carriers, 
which results in the higher electrical conductivity8. Besides, the 
formation of the mixed-valent Mn3+ and Mn4+ in the higher x, 
as discussed in the refinement results above, probably induced 
the electron transport via Mn3+-O-Mn4+ double-exchange 
interaction contributing to a significant increase in dielectric 
loss value of x = 0.4 and 0.6 samples.

4. Conclusion
The single phases of four-layer Aurivillius compound 

Ca1-xBi3+xLaTi4-xMnxO15 (x = 0, 0.2, 0.4, and 0.6) have been 
successfully synthesized by the molten salt method. All samples 
showed an orthorhombic crystal structure with the A21am 
space group. The results confirmed that La3+ successfully 
substituted for Bi3+ and simultaneously substituted Mn3+ for 
Ti4+. The cell volume as the lattice parameter c decrease with 
increasing x, which attributed to the formation of smaller 
Mn4+ cations on B-site. The dielectric constant increases with 
increasing x, which is correlated to the increases structural 
distortion induced by the increasing Bi3+ composition The 
increased concentration of Mn3+ unpaired electrons as 

charge carriers exhibits a higher dielectric loss, indicating 
the sample more conductive.
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