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Abstract

Novel samarium modified intergrowth ferroelectric ceramics, namely Bi4Ti3O12-SrBi4Ti4O15, were synthesized
by conventional solid state reaction method and sintered at 1100 °C for 5 h. X-ray diffraction studies revealed
the formation of a single phase with the signature of intergrowth oxide and plate like morphology was ob-
served by scanning electron microscopic analyses. The orthorhombicity, the grain size and transition temper-
ature were found to decrease with the increase of Sm content. The dielectric and modulus measurements were
performed at different temperatures and frequency ranges. The transition temperature was found to be around
500 °C. The variations of imaginary part of modulus and dielectric constant with the temperature showed dif-
fuse phase transition. The results are corroborated to the defect based mechanism and Curie deviation factor
was evaluated by using the modified Curie-Weiss law. Polarization-electric filed curves displayed a typical
narrow hysteresis loop at room temperature by applying an electric field of 70 kV/cm. However, above room
temperature the hysteresis loop area was found to be increased. The overall results revealed that the com-
plex dipoles and oxygen vacancies are playing a dominant role in the dielectric and electrical properties, and
therefore the adopted intergrowth processing was found to be an effective approach to obtain potentially good
ferroelectric materials.

Keywords: BLSF, intergrowth ferroelectrics, dielectric and ferroelectric properties, relaxor-like behaviour

I. Introduction

Bismuth layered-structure ferroelectric materials
(BLSF), belonging to the Aurivillius family with in-
tergrowth structure, are very attractive for high tem-
perature piezoelectric and ferroelectric random ac-
cess memory devices (FRAM) [1,2]. The structure of
the compound consists of pseudo pervoskite layers
(An-1BnO3n+1)2 – sandwiched between (Bi2O2)2+ layers
along c-axis [3]. It should be noted that A-site cation has
12-fold coordination and B-site cation is in 6-fold coor-
dination. The term “n” represents the number of layers
present in the formula. Rare earth modified Bi4Ti3O12
ceramics are well-known materials for memory devices
[4–6]. Thus, SrBi4Ti4O15 compound, having four lay-
ered structure (n = 4), showed polarization along c-
axis owing to the fact that it has orthorhombic crys-
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talline structure [7]. Rare earth doped BLSF compounds
have large remnant polarization (Pr) compared to other
BLSF layered materials [8]. It has been reported that
SrBi4Ti4O15 compound has high insulating properties,
compared to Bi4Ti3O12. Therefore, continuous efforts
are made to investigate the intergrowth compounds of
these mixed layers [8–12]. In order to enhance the ferro-
electric properties, generally two methods are adopted:
i) thin-film route and ii) intergrowth route [2]. Recently,
considerable attention has been paid to intergrowth fer-
roelectric ceramics in order to enlarge the ferroelectric
and fatigue-free properties [2, 11–14]. In addition, many
researchers have reported that one-half unit cell of n-
layered structure combined with another (n+1)-layered
structure along c-axis is an effective approach to en-
hance potential for ferroelectric applications [12–14].

Based on the theoretical equilibrium energies of var-
ious phases of higher layered-pervoskites of the Auri-
villius and Ruddlesden-Popper materials, it is believed
that the resulting mixed materials are observed to be
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intergrowth compounds [15,16]. Moreover, the synthe-
sis part is considered to be complex and challenging
for compounds with higher number of layers (n > 4).
Zhu et al. [8] reported that La-modified intergrowth
compound, such as SrBi8-xLaxTi7O27 with x = 0.5, has
shown higher 2Pr (25.6µC/cm2) value. In their investi-
gation, they found that rare earth (La) played a role in
increasing 2Pr value by 60%, compared to the parent
compounds.

Due to its potential for ferroelectric application,
in the present investigation we have prepared inter-
growth ferroelectrics based on Sm-doped mixed lay-
ered Bi4Ti3O12-SrBi4Ti4O15. One can speculate that the
substitution of Bi3+ (1.17 Å) with smaller size Sm3+

(1.27 Å) can effectively stabilize the oxygen ion in the
lattice and lead to improved dielectric and ferroelec-
tric properties. Since A-site substitution is expected
to significantly affect macroscopic properties, in this
study, A-site modified three-layered (SmxBi4-xTi3O12
where x = 0, 0.37, 0.57 and 0.72; SBT) and four-
layered (SrSmyBi4-yTi4O15 where y = 0, 0.13, 0.43
and 0.78; SBST) compounds were prepared. The inter-
growth SBT-SBST was fabricated by mixing the above
mentioned two compounds. Detailed dielectric and fer-
roelectric properties were investigated.

II. Materials and methods

SBT (SmxBi4-xTi3O12, x = 0, 0.37. 0.57 and 0.72)
and SBST (SrBi4-ySmyTi4O15, y = 0, 0.13, 0.43,
0.78) precursor mixtures were prepared by the tra-
ditional solid state reaction. The starting oxides of
AR grade with 99.99% purity of Bi2O3, Sm2O3, TiO2
and SrCO3 were taken in stoichiometric ratios and
mixed thoroughly, using agate mortar and pestle. In-
tergrowth SmxBi4-xTi3O12-SrBi4-ySmyTi4O15 samples
(SBT-SBST, where total Sm contents x + y are 0, 0.5,
1.0 and 1.5) were obtained by mixing the SBT and
SBST phases (Table 1). The reactants were mixed thor-
oughly using agate mortar and pestle. The dried mix-
tures were calcined at 900 °C for 5 h. Requisite amount
of polyvinyl alcohol (2 wt.%) was added as a binder
before making the final pellets. Circular shaped pellets
were obtained by applying approximately uniaxial pres-
sure of 300 MPa. The pellets were finally sintered at
1100 °C for 5 h.

Phase analysis was performed by XRD studies made
at room temperature on the calcined and sintered pow-
der samples. Electrical measurements were obtained by
using impedance analyser HP4192A and Marine India

Loop Tracer. Before measurements, the pellets were
coated with silver paste. Detailed dielectric, impedance
and ferroelectric properties of the intergrowth ferro-
electrics (SBT-SBST) were studied.

III. Results and discussion

3.1. Structural characterization

Figure 1a shows XRD patterns (measured at room
temperature) of the SBT samples with different Sm
contents. All diffraction peaks were indexed with the
parent Bi4Ti3O12 compound and there is no consider-
able change in the structure of Bi4Ti3O12 after Sm-
substitution at the Bi-site. This is clearly confirmation
that the samarium ion readily replaces bismuth ion in the
structure. However, the intensities of diffraction peaks
corresponding to (00l) plane decrease with increasing
Sm addition, which may be due to the reduction of grain
growth along the preferred (00l) planes. The results are
consistent with our earlier report [17].

XRD patterns of the SBST samples with differ-
ent Sm contents are shown in Fig. 1b. The Aurivil-
lius crystalline structure of SBST was indexed based
on the parent SrBi4Ti4O15 compound, whose space
group is A2iam [18]. The intensity of the diffraction
peaks corresponding to (006), (008), (0010) and (0022)
planes increase with increasing the incorporation of
Sm in the SBST lattice. The lattice parameters of the
SrBi3.22Sm0.78Ti4O15 compound were found to be a =

5.4520, b = 5.4377 and c = 41.5883 Å. The lattice pa-
rameter a is larger when compared to the parameter b

and there was no much variation seen in the other lattice
parameters of SBST. The maximum peak intensities ob-
served for the SBT and SBST samples, corresponding
to (117) and (119) planes, are consistent with the strong
diffraction peaks of the parent compounds (Bi4Ti3O12
and SrBi4Ti4O15).

XRD pattern of the calcined intergrowth SBT-SBST
samples at 900 °C (Fig. 1c) clearly confirms the forma-
tion of a single phase structure and the detected peaks
were indexed according to the standard powder diffrac-
tion pattern of SrBi8Ti7O27. The lattice parameters were
also calculated based on the parent compound and deter-
mined data are given in Table 2. The strongest diffrac-
tion peaks of SBT (n = 3) and SBST (n = 4) are known
to occur at (11 2n+1) and therefore the strongest XRD
peak of intergrowth compound is located between 117
and 119 or hk l+1 reflections. In addition, the full width
at half maximum value of the strongest XRD peak was
found to increase with the increase of Sm content (i.e.

Table 1. Sample notation

Sample composition
Total Sm content

Sample notation
x + y

Bi4Ti3O12-SrBi4Ti4O15 0.0 0-SBT-SBST
Sm0.37Bi3.63Ti3O12-SrSm0.13Bi3.87Ti4O15 0.5 0.5-SBT-SBST
Sm0.57Bi3.43Ti3O12-SrSm0.43Bi3.57Ti4O15 1.0 1-SBT-SBST
Sm0.72Bi3.28Ti3O12-SrSm0.78Bi3.22Ti4O15 1.5 1.5-SBT-SBST
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Figure 1. XRD patterns of a) SBT, b) SBST, c) calcined SBT-SBST and d) sintered SBT-SBST samples

Table 2. Lattice parameters and orthorombicity (Or) of intergrowth SBT-SBST ceramics vs. Sm content (x + y)

Sample composition
Total Sm content Lattice parameter [Å]

Or
x + y a b 2c

0-SBT-SBST 0.0 5.4530 5.4415 76.978 0.00211
0.5-SBT-SBST 0.5 5.4515 5.4415 74.074 0.00184
1-SBT-SBST 1.0 5.4515 5.4415 74.946 0.00184

1.5-SBT-SBST 1.5 5.4515 5.4386 74.074 0.00237
SrBi4Ti7O27 0.0 5.4500 5.4400 73.990 0.00184

x + y value). This is thought to be due to the formation
of intergrowth structure.

The XRD patterns of the SBT-SBST samples sintered
at 1100 °C (Fig. 1d) consist all major phases and sec-
ondary phases: Bi2Ti2O7 (marked as open circles) and
SBST (marked as stars). It was reported that Sm3+ can
replace easily all Bi3+ ions at the A-site as well as Bi3+

sites of (Bi2O2)2+ in Bi4Ti3O12 [4,5]. However, the same
is not the case for SBT-SBST or SrBi8Ti7O27 (higher
layer-structured, n > 4, materials). Therefore, it should
be remembered here that a mixed (intergrowth) layered
structure may not be stable as ordinary bismuth layer
structure. The basic reason is attributed to the size mis-
match of one-half unit cell of SBT and another one-half

unit cell of SBST. In order to extract more information,
the orthorhombicity of the present layered pervoskite
was evaluated by using the following formula:

Or =
2(a − b)

a + b
(1)

The lattice parameters and orthorhombicity of
SrBi8Ti7O27 are also given in Table 2, for comparison
with the SBT-SBST. From Table 2, it is observed that
the relaxation of structural distortion (orthorhombicity)
is more or less the same for all the compositions except
for the samples with Sm content of 0 and 1.5. This
is attributed to the shrinkage of c-lattice parameter.
Since the bond distance of Sm–O is shorter than Ti–O
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hybridization, the substitution of smaller ion Sm3+ for
Bi3+ might cause changes in structural-distortion and
ferroelectric properties [19–22]. The peak magnitude
of (200) plane reflection (shown in Fig. 1d) is found to
be increased. This clearly states that the grain growth
mechanism is restricted along a- and b-directions,
which is being considered as characteristic feature of
these compounds. The splitting of the peak near 2θ
of 50° is clearly observed with increasing the Sm3+

content in the compounds. Since the radius of Sm3+

ion (1.24 Å) is smaller than the Bi3+ ion (1.35 Å), it
should be noted here that Sm3+ ion may be unavoidably
incorporated into (Bi2O2)2+ layers with increasing
Sm3+ concentration in the SBT- SBST intergrowth
formula. This kind of phenomenon is attributed to
the different chemical nature of Bi3+ and Sm3+ ions.
Another possible reason could be the effect of 6s2 lone
pair electron for Bi3+ ion and the lattice mismatch of
SBT-SBST, which is sandwiched between (Bi2O2)2+

layers. In addition, Bi3+ has lone-pair electrons whereas
Sm3+ ion may not have any lone pair electrons. If the
substitution of Sm3+ breaks the crystalline structure of
(Bi2O2)2+ layers, then one should get a shift towards the
maximum peak position at higher 2θ angle. Therefore,
a slightly broader peak observed near 30° of 2θ is a
clear indication of signature behaviour of mixed kind
intergrowth polycrystalline nature.

Figure 2 shows SEM pictures of the SBT-SBST frac-
tured surfaces. It is a well known that the sintering

mechanism is mainly concerned with the reaction be-
tween the reactants. Moreover, these materials used to
have anisotropic crystal structure with lower surface
energy of (00l) planes, which leads to an easy grain
growth in ab-plane and finally develops plate like mor-
phology. The SEM photographs show typical plate-like
structure and the average grain size is found to de-
crease from 3 to 1 µm, with increasing Sm concentra-
tion in the SBT-SBST intergrowth composition. This
clearly indicates that Sm3+ acts as an inhibiter of the
grain growth. The decrease of the preferred orientation
of (0018) plane (Fig. 1d) indicates the reduction of the
preferential growth of plate-like morphology, as seen in
the SEM images. However, the tendency of the grain
orientation towards long c-axis, normal to the ab-plane,
and decreasing the c-parameter with increasing the Sm
concentration (i.e. x + y value) is observed. The results
are evident with decreasing the thickness of the grain
and a slight variation of density form 94 to 96%, calcu-
lated from the experimental and theoretical values.

3.2. Dielectric and ferroelectric properties

As mentioned earlier, the dielectric properties of
SBT-SBST ceramics are related with two factors: i) tilt-
ing of TiO6 octahedron and ii) lattice mismatch between
the two different layered compounds (SBT and SBST).
Figure 3 shows the temperature dependent permittivity
(ε′) and dielectrics loss for the intergrowth SBT-SBST
compositions measured at 10, 50 and 100 kHz. The

Figure 2. SEM micrographs of SBT-SBST sintered samples: a) 0-SBT-SBST, b) 0.5-SBT-SBST, c) 1-SBT-SBST and
d) 1.5-SBT-SBST
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Figure 3. Dielectric constant and dielectric loss versus temperature for sintered SBT-SBST samples: a) 0-SBT-SBST,
b) 0.5-SBT-SBST, c) 1-SBT-SBST, and d) 1.5-SBT-SBST (insets present log(1/ε′ − 1/ε′max) vs. log(T − Tmax))

Table 3. Transition temperature (TC), deviation factor (γ)
and tolerance factor (t) values of SBT-SBST

intergrowth ceramics

Intergrowth composition TC
t

γ

SrSmxBi8-xTi7O27 [°C] (at 100 kHz)

0-SBT-SBST 522 0.925 1.54
0.5-SBT-SBST 500 0.934 1.57
1-SBT-SBST 497 0.944 1.64

1.5-SBT-SBST 508 0.953 1.62

observed increase in dielectric loss with the temperature
increase is attributed to the increase of conductivity. The
dielectric constant decreases with increasing frequency
and Sm content. Dielectric curves are characterized with

diffuse nature which is attributed to the random dis-
tribution of two cations, namely Sr2+ and Sm3+, at A
(Bi3+)-site. The random distribution of cations also cre-
ates changes in ferroelectric phase transition tempera-
ture, as it is seen in Table 3. The diffuse phase transition
nature can be evaluated by using the following modified
Curie-Weiss law:

1
ε′
−

1
ε′max

=
(T − Tmax)γ

C
(2)

where ε′ is dielectric constant, ε′max is the maximum di-
electric constant obtained at the transition temperature,
C is the modified Curie-Weiss constant and γ is the de-
viation factor showing the degree of deviation from the
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Curie-Weiss law. The variation of log(1/ε′ − 1/ε′max)
with log(T −Tmax) is shown for all the samples in insets
of Fig. 3. The slope of the plot gives the value of γwhich
generally lies between 1 and 2. It is well-known fact
that for normal ferroelectrics γ = 1 and in the case of
ideal relaxors γ = 2. The values of deviation factor (γ)
and transition temperature are depicted in Table 3. The
value of γ is found to increase with increasing Sm con-
tent, which may be due to the rapid changes in the toler-
ance factor of the pervoskite units (Table 3). It should be
noted here that the tolerance factor for most of the dis-
torted pervoskites should be around 0.9 (0.8 < t < 1).
The tolerance factor of the investigated SBT-SBST com-
pounds was calculated by using the following modified
formula:

t =
RO + RSr2+ + (2 − x)RBi3+ + xRSm3+

√

2(RO + (4 − γ)RTi4+)
(3)

where RO is oxygen ion radius, RSr2+ , RBi3+ , RSm3+ are
the effective A-site ionic radii and RTi4+ is B-site (Ti-
ionic) radius. The tolerance factor for all the compo-

sitions is shown in Table 3. More diffused nature and
smaller grain size of the 1.5-SBT-SBST sample could
be attributed to decreased amount of oxygen vacancies.

In order to extract more information about electric be-
haviour of the processed SBT-SBST ceramics, modulus
plots (complimentary to the dielectric) are shown in Fig.
4. The modulus (M∗), impedance (Z∗) and dielectric (ε∗)
relation is shown in the following equation:

M∗ =
1
ε∗
= j · ω ·C0 · Z

∗ (4)

where C0 represents the geometrical capacitance and
ω = 2π f .

Variation of the real part of modulus with temperature
is shown in Fig. 4. A noteworthy aspect from the plot is
that the M′ is found to decrease with increasing tem-
perature and attaines almost a constant value at higher
temperature. This characteristic kind of behaviour is at-
tributed to the diffused phase transition nature of the
sample.

Figure 5 shows the hysteresis (P vs. E) loop for all

Figure 4. The variation of the real part of modulus (M′) with temperature for sintered SBT-SBST intergrowth samples:
a) 0-SBT-SBST, b) 0.5-SBT-SBST, c) 1-SBT-SBST and d) 1.5-SBT-SBST
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Figure 5. Hysteresis loops for sintered SBT-SBST samples: a) 0-SBT-SBST, b) 0.5-SBT-SBST, c) 1-SBT-SBST and
d) 1.5-SBT-SBST

the intergrowth samples, under the applied electric field
up to 70 kV/cm. These loops are not saturated due to
the low applied field, which was the limitation of the
conducted experiments. However with the increase of
temperature, the loop area is found to be larger. The in-
crease of the Pr value with temperature is attributed to
the increase diffusive nature as well as the ferroelectric
nature of the samples. The results are consistent with
the dielectric and modulus plots (Figs. 3 and 4). Substi-
tution of Sm might acts as the resistant to the oxygen
vacancies and intern decreases the space charge effects.

Based on this, one can speculate that higher Sm3+

content in the unit cell (i.e. in the sample 1.5-SBT-
SBST) showed more diffusive behaviour, which was
seen in the dielectric, modulus and ferroelectric hystere-
sis results. The diffusive nature might be also attributed
to the volatile nature of Bi during the sintering process.
According to the following Kroger-Vink reaction (Eq.
5), one can speculate that the number of oxygen vacan-
cies becomes higher at higher temperatures.

2 BixBi + 3 Ox
O −−−→ 2 V ′′Bi + 3 V ′′O + Bi2O3 ↑ (5)

Based on the above Kroger-Vink notation, one can
speculate that the double positive oxygen vacancy (V ′′O)

can easily compensate with titanium ion and maintain
the charge neutrality condition [22]. The complex defect
dipoles such as Ti3+–V ′′O and Ti4+–V ′′O, play an impor-
tant role in the conduction process at lower temperature.
As temperature increases the double ionized vacancies
become single ionized vacancy and electron. They start
playing a role in the conduction process at higher tem-
peratures. From this, one can speculate that the substi-
tution of Bi3+ with Sm3+ ion could improve ferroelec-
tric properties, which can be attributed to the reduction
of oxygen vacancy concentration. This in turn leads to
the weakening of the defect mobility and domain pin-
ning effect and results in the well-defined hysteresis be-
haviour at higher temperatures. The results can be at-
tributed to the increasing stabilization of the 1.5-SBT-
SBST, due to the substitution of Bi3+ with chemically
stable Sm3+ ion. The results can be corroborated with
the tolerance factor values and rotation of octahedral
(TiO6).

IV. Conclusions

SBT-SBST intergrowth ceramics belonging to bis-
muth layered-structure ferroelectric materials were pre-
pared. X-ray diffraction confirms the formation of single
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phase intergrowth ceramics. Orthorhombic distortion is
found to decrease with increasing the Sm3+ concentra-
tions. The related strong XRD peaks corresponding to
(118), (200), and (209) planes are found to increase with
increasing Sm content. An increase in full width at half
maximum value of the strongest XRD peak is attributed
to the characteristic nature of intergrowth. SEM micro-
graphs show typical plate-like structure and the grain
size is found to decrease with increasing Sm concen-
tration in the SBT- SBST intergrowth. The temperature
variation of dielectric constant and M′ vs. temperature
plots shows a diffusive phase transition. An increase
in dielectric loss with increasing the temperature is at-
tributed to the increasing of the conductivity of the sam-
ple. From the modulus plot, complimentary to dielectric
permittivity data, the transition temperature is found to
be approximately in the range of 490–520 °C. The rem-
nant polarization Pr is found to increase with increas-
ing the temperature. The diffusivity parameter, obtained
from the dielectric data at 100 kHz, is also found to
increase with increasing the Sm concentration. Based
on this one can speculate that the adopted intergrowth
might be promising and effective approach in preparing
potentially good intergrowth ferroelectric materials.
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