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Abstract—Phase formation in the series of Bi3Nd2Fe1 + yTi3 – 2yNbyO15 and Bi3Tb2Fe1 + yTi3 – 2yNbyO15 (y =
0.0–0.6 and Δy = 0.2) samples is studied. When Bi3Nd2Fe1 + yTi3 – 2yNbyO15 solid solutions (ss) are doped
with niobium(V) ions, the formation of Bi3Nd2FeTi3O15 layered perovskite, a member of the Aurivillius phase
family of general formula Am – 1Bi2BmO3m + 3 (m = 4), is not dominant in samples where y ≥ 0.2. Bi4Ti3O12 (m = 3)
and NdFeO3 phases are formed in the course of phase interaction under the chosen conditions. With higher
niobium(V) amounts, a Bi2Ti2O7-base pyrochlore ss phase is formed in the Bi3Tb2Fe1 + yTi3 – 2yNbyO15 mul-
ticomponent system. Dielectric spectroscopy shows that the phases in samples of both series where y > 0.0
undergo structural alterations associated with magnetic and electric ordering.
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INTRODUCTION
Aurivillius phases having the general formula

Am – 1Bi2BmO3m + 3 are structurally built of alternating
charged layers (Bi2O2)2+ and perovskite-like blocks
built of m (Am – 1BmO3m + 1)2– layers [1]. Positions A
can be occupied by Na+, K+, Ca2+, Sr2+, Ba2+, Pb2+,
Bi3+, and Ln3+ ions; positions B inside oxygen octahe-
dra can be occupied by Ti4+, Cr3+, Ga3+, Mn4+, Fe3+,
Co3+, Ni3+, Nb5+, Ta5+, and W6+ ions [2].

Bi5FeTi3O15, an Aurivillius phase with m = 4, has
repeatedly attracted the attention of scientists and has
been studied comprehensively [3–10]. At the Curie
temperature TС = 740°C, Bi5FeTi3O15 experiences
transition from the ferroelectric phase (orthorhombic
space group A21am) to the paraelectric phase (tetrago-
nal space group I4/mmm) [9, 11].

The properties of Bi5FeTi3O15 can be modified by
modifying its composition. Ion substitutions in the bis-
muth(III) and titanium(IV) positions in the Bi5FeTi3O15
structure enable one to multiply expand the Aurivillius
phase family [1, 12–22]; substitutions appreciably
affect the electrophysical characteristics and thermal
stability of ceramics [21]. These properties are import-
ant for layered perovskite-like structures to be used in

advanced electronic industry. In addition, the Curie
temperature can vary widely, decreasing or increasing
depending on the nature and amount of the substitu-
ent ion (Table 1). Therefore, the study of such substi-
tutions in the structure of Aurivillius phases is import-
ant for materials design for various technical applica-
tions, such as sensors, filters, resonators, multilayer
capacitors, and memory devices.

In particular, Aurivillius phases are a promising
class of compounds in the context of search for new
multiferroics, i.e., phases having ferroelectric and
magnetic properties [3]. The main task in this area is to
increase the content of magnetic ions to accomplish
stable long-range magnetic order at high tempera-
tures. The Aurivillius phase family provides sufficient
chemical f lexibility and stability to manufacture and
explore new formulations that are promising in this
regard.

EXPERIMENTAL
Choosing the subject matters for our study of

double ion substitutions in the Bi5FeTi3O15 structure,
we were guided by the results of studies into heterov-
alent ion substitutions in Bi5Fe1 + yTi3 – 2yNbyO15 or
Bi5FeTi3 – 2y[FeyNby]O15 [23]: Bi3Nd2Fe1 + yTi3 – 2yNbyO15
1654
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Table 1. Ion substitutions in the bismuth(III) and titanium(IV) sublattices in the Bi5FeTi3O15 structure

Ion Compound
Unite cell parameters

TC, °C TN, °C Source
a, Å b, Å c, Å

– Bi5FeTi3O15 5.47722(6) 5.44365(6) 41.17004(37) 740 –193 [9, 10, 30]

Nd3+ Bi4NdFeTi3O15 5.4266 5.4106 41.2626 502 –216.7 [25]

Nd3+, Gd3+ Bi4Nd0.5Gd0.5FeTi3O15 5.4218(6) 5.4175(6) 41.211(1) 240 –73 [16]

W6+, Cr3+ Bi5FeTi3 – 3x(WCr2)xO15
x = 0.0–0.15

Orthorhombic crystal system 740–703 – [20]

Gd3+, Co3+ Bi4.25Gd0.75Fe0.5Co0.5Ti3O15 5.4291 5.4095 41.3689 815 97 [19]
(BNdFTNb) and Bi3Tb2Fe1 + yTi3 – 2yNbyO15 (BTb-
FTNb) solid solutions (ss), where y = 0.0–0.6 and
∆y = 0.2.

BNdFTNb and BTbFTNb samples were prepared
using muffle heat treatment by routine ceramic tech-
nology from bismuth(III), iron(III), titanium(IV),
niobium(V), neodymium(III), and terbium (III,IV)
oxides (all chemicals were of reagent grade) taken in
stoichiometric proportions according to the tailored
composition. Mixtures of precursor oxides were tritu-
rated with ethanol and pelletized at each heat-treat-
ment step.

To study the processes that occur in BNdFTNb
and BTbFTNb samples where y = 0.0–0.6 and Δy = 0.2,
we chose the following schedule: T1 = 800°С (6 h), T2 =
900°С (6 h), T3 = 900°С (6 h), and T4 = 1000°С (3 h).

The phase composition of BNdFTNb and BTb-
FTNb was studied by X-ray powder diffraction on
DRON-3 and DRON-7 diffractometers (λCuKα =
1.54056 Å); unit cell parameters were refined using
standard software. Differential thermal analysis and
thermogravimetric analysis (DTA/TG: SDT Q-600,
ΔT = 20–1100°С, v = 10 deg/min) were used to study
interactions of components in the stoichiometric
batches. IR spectroscopy (Nicolet 6700, 4000–
400 cm–1, attenuated total reflection (Pike technol-
ogy), diamond) was used to verify XRD data. The
electrophysical properties of samples were studied by
dielectric spectroscopy (HP 4284A, ΔT = 25–1000°C
(300–1200 K), f = 100 Hz–1 MHz (1 V), and Ag elec-
trodes).

RESULTS AND DISCUSSION
DTA/TG of Stoichiometric Precursor Batches

In order to determine the synthesis parameters we
considered related literature [15, 17, 18, 20, 21] and
carried out DTA of stoichiometric precursor batches
(Figs. 1a, 1b).

The thermal curves for BNdFTNb samples feature
two endotherms without weight loss, one relating to
the polymorphic transition in unreacted bismuth
oxide, α-Bi2O3 → δ-Bi2O3 (~720°C), and the other to
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
ferroelectric transition in newly formed bismuth fer-
rite BiFeO3 (TС = 810°С) (Fig. 1a) [24].

The DTA curves for the BTbFTNb series feature
three endotherms. Two of them (at ~550 and 800°C)
relate to removal of oxygen upon thermal decomposi-
tion of Tb4O7; the third one (at ~720°C), which is not
accompanied with weight loss, as in BNdFTNb sam-
ples, characterizes the polymorphic transition α-Bi2O3 →
δ-Bi2O3 (Fig. 1b).

The interaction of the components in the batches
of both systems begins at temperatures below 800°С
and is multistage [10].

X-ray Powder Diffraction Analysis
Phase analysis shows that samples in the BNdFTNb

series after the first two steps of synthesis are multi-
phase and comprise similar sets of phases, namely,
Bi4Ti3O12, Bi5FeTi3O15, Bi3Nd5O12, Bi2Fe4O9, and
NdFeO3, dominated by ss based on layered perovskite-
like structures of Aurivillius phases: Bi5FeTi3O15 (m = 4)
and Bi4Ti3O12 (m = 3) (Fig. 2).

As to longer anneals at T = 900°C, not only do they
reduce the number of phases in BNdFTNb samples, but
they also lead to the disappearance of the Bi5FeTi3O15
phase in y = 0.4–0.6 samples. Bi4Ti3O12- and
NdFeO3-base ss are formed in niobium-containing
samples in the course of phase formation.

A rise in heat-treatment temperature to 1000°C has
no effects on the phase composition of the BNdFTNb
samples where y = 0.2–0.6 compared to the preceding
step; in the y = 0.0 sample, phase formation ends with
the formation of Bi5FeTi3O15-base layered perovskite
ss (Fig. 2).

All BTbFTNb samples after the first annealing step
are also multiphase as shown by XRD. The set of their
phases is the same for the entire range of 0.0 ≤ y ≤ 0.6:
BiTbO3, Tb2TiO5, and Bi5FeTi3O15. The strongest
reflections in the X-ray diffraction patterns of these
samples relate to BiTbO3-base ss.

As the annealing temperature rises to T2 = 900°C,
an impurity pyrochlore-type phase Bi2Ti2O7 appears
l. 65  No. 11  2020
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Fig. 1. Thermoanalytical curves for stoichiometric batches: (a) DTA curves for BNdFTNb samples and (b) DTA and TG curves
for BTbFTNb samples.
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Fig. 2. X-ray phase diffraction patterns for BNdFTNb samples with y = (a) 0.0 and (b) 0.6; the NdFeO3 phase is marked with an
asterisk.
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Fig. 3. X-ray phase diffraction patterns for BNdFTNb
samples after annealing at T4 = 1000°С (3 h); the Bi2Ti2O7
phase is marked with an asterisk. 
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in all BTbFTNb batches, and the reflections from the
Bi5FeTi3O15 layered perovskite phase appreciably grow
in intensity.

As the annealing time at 900°C increases (T3, 6 h),
Bi5FeTi3O15-base ss phase formation is complete in the
BTbFTNb end-member sample where y = 0.0, and
the samples where 0.2 ≤ y ≤ 0.6 comprise the Bi5FeTi3O15
layered perovskite phase and Bi2Ti2O7 pyrochlore
phase coexisting in various proportions.

A further rise in annealing temperature to T4 =
1000°С makes the samples denser, but does not affect
the phase composition of BTbFTNb (Fig. 3). The
reflections of the phases in X-ray diffraction patterns
change their intensity ratio, which is an indirect evi-
dence for a change in quantitative ratio of these
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Table 2. Concentration-dependent unit cell parameters of the p
(3 h)

y
Bi5FeTi3O15-base ph

a, Å b, Å c,

0.0 5.349(6) 5.415(7) 40.9
0.2 5.382(5) 5.470(6) 41.0
0.4 5.401(4) 5.503(4) 41.0
0.6 – – –
phases. The y = 0.0 end-member remains a single
phase. In the y = 0.2 sample the reflections of the
Bi5FeTi3O15 layered perovskite and Bi2Ti2O7
pyrochlore have nearly equal intensities. In the y = 0.4
and 0.6 samples, the Bi2Ti2O7-base phase has stronger
reflections, and the Bi5FeTi3O15-base phase decreases,
as y rises, to trace amounts. The formation of the
Bi2Ti2O7-base pyrochlore phase in the studied BTb-
FTNb series, this phase having an extensive homoge-
neity range, can be due to a deficit of bismuth(III) ions
arising from their loss during high-temperature
annealing [18, 25, 26].

An analysis of XRD data for the prepared BTbFTNb
samples shows that the Bi5FeTi3O15-base layered per-
ovskite ss phase has an orthorhombically distorted unit
cell and the Bi2Ti2O7-base pyrochlore phase has a
cubic structure (Table 2). The unit cell volume of the
Bi3Tb2FeTi3O15 ss in the y = 0.0 sample is smaller than
in unsubstituted Bi5FeTi3O15, due to the substitution of
ions in the Bi3+ sublattice by smaller Tb3+ ions (1.17
against 1.04 Å for CN = 8, respectively) [27] (Tables 1, 2).
In the progress of doping of BTbFTNb samples where
0.2 ≤ y ≤ 0.6 with Fe3+ and Nb5+ ions, which have
a greater mean ionic radius than the Ti4+ ionic radius
(0.64 against 0.605 Å for CN = 6, respectively) [27],
the unit cell parameters increase linearly as y
increases, in both the perovskite phase and the
pyrochlore phase (Table 2). The elucidated trend, as
well as the nonappearance of X-ray diffraction reflec-
tions from individual niobium-containing phases,
points to the formation of Bi5FeTi3O15- and Bi2Ti2O7-
base ss, where these ions are in the titanium(IV) sub-
lattice.

IR Spectroscopy

The data derived from the IR spectra of samples of
the BNdFTNb and BTbFTNb series are in agreement
with the XRD results (Figs. 4a, 4b). In the BNdFTNb
series, the y ≥ 0.2 samples have identical set of phases
comprised of Bi5FeTi3O15-, Bi4Ti3O12-, and NdFeO3-
base perovskite-like ss, whose IR spectra typically fea-
ture absorption bands in the ranges ~900–800 and
~700–500 cm–1 due to the M–O stretching vibrations
in BO6 octahedra of perovskite blocks (Fig. 4a). The
l. 65  No. 11  2020

hases found in BtbFtNb samples as-annealed at T4 = 1000°С

ase Bi2Ti2O7-base phase

 Å V, Å3 a, Å V, Å3

8(3) 1187(4) – –
3(3) 1208(3) 20.449(5) 8551(6)
5(3) 1220(2) 20.476(5) 8585(6)

– 20.585(5) 8723(6)
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Fig. 4. IR spectra of (a) BNdFTNb and (b) BTbFTNb samples after annealing at T4 = 1000°С (3 h).
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split of the ~700–500 cm–1 absorption band strength-
ening in response to rising y is likely due to the chang-
ing quantitative phase ratio in the samples: the disap-
pearance of the Bi5FeTi3O15-base phase and the
increase in amounts of the NdFeO3-base perovskite
phase.

The IR spectra of the BTbFTNb samples where
у = 0.0 and 0.2, which are dominated by the Bi5FeTi3O15-
base perovskite phase as probed by XRD, also feature
absorption bands typical of stretching vibrations in
BO6 octahedra, in the ranges ~900–800 and ~700–
500 cm–1. The evolution of the general spectral pattern
in BTbFTNb samples in response to rising y and,
accordingly, increasing amount of the Bi2Ti2O7-base
phase verifies the XRD observation of the formation
of a pyrochlore-type phase in these samples [28].

Dielectric Spectroscopy
The dielectric-spectroscopic study of the electro-

physical properties of the BNdFTNb and BTbFTNb
samples as annealed at T4 = 1000°С shows that,
regardless of phase composition, all samples experi-
ence relaxation processes accompanied with fre-
quency-dependent peaks on the dielectric permittivity
curves (Figs. 5b, 6b). With this, the conductivity (σ)
curves logσ(1000/T) feature frequency dispersion in
the range ~298–500 K, typical of ionic conductivity
(Figs. 5a, 6a) [1]. These observations imply that the
RUSSIAN JOURNAL OF
phases have oxygen conductivity; that is, an anion-
deficient oxygen sublattice is formed. The formation
of this sublattice is due to the loss of bismuth in the
course of high-temperature synthesis [18, 25, 26].

The second type of anomaly appears on the tem-
perature-dependent dielectric permittivity curves ε(T)
in the y ≥ 0.2 samples of the BNdFTNb and BTbFTNb
series at ~247–287°С (~520–560 K) and ~727°С
(~1000 K), respectively, and these anomalies are inde-
pendent of the electric field frequency (Figs. 5b, 6b).
These anomalies are associated with changes in the
crystal structure of the phases that make up the sam-
ples. They are not manifested in the BNdFTNb and
BTbFTNb samples where y = 0.0, which are
Bi3Nd2FeTi3O15 ss and Bi3Tb2FeTi3O15 ss, respectively.
This implies that electric ordering in the Bi5FeTi3O15
structure is inhibited upon an about 40 at % substitu-
tion of Bi(III) ions by Nd(III) and Tb(III) ions [29]
(Table 1).

In the BNdFTNb series, the anomalies at ~247–
287°С (~520–560 K) are due to the presence of a neo-
dymium ferrite NdFeO3 base phase, which undergoes
antiferromagnetic-to-paramagnetic phase transition
in this temperature range (TN = 301°С/574 K) [30].
The temperature of this transition increasing in
response to rise in y in BNdFTNb samples can be both
due to the entrance of niobium(V) ions into the phase
and due to a deficit in the ionic sublattice arising from the
loss of bismuth(III) during high-temperature annealing
 INORGANIC CHEMISTRY  Vol. 65  No. 11  2020
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Fig. 5. (a) logσ(1000/T) plot for a BNdFTNb sample with y = 0.0 and (b) ε(T) plot for a BNdFTNb sample with y = 0.6 after
annealing at T4 = 1000°С; the dashed curve is ε(T) for Bi5FeTi3O15 (f = 30 kHz).
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Fig. 6. (a) logσ(1000/T) plot for a BTbFTNb sample with y = 0.0 and (b) ε(T) plot for a BTbFTNb sample with y = 0.6 after
annealing at T4 = 1000°С.
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[31]. Similar reasons can stand behind the absence of
ε(T) anomalies associated with electric disordering in the
Bi4Ti3O12 phase (TC = ~675°C/~948 K) [32].

In the y ≥ 0.2 samples of the BTbFTNb series,
unfortunately, it is difficult to exactly assign the fre-
quency-independent ε(T) anomalies. These samples
as probed by XRD comprise the Bi5FeTi3O15-base
phase (TC = 740°C/1013 K) [9, 11, 33] and Bi2Ti2O7-
base phase; the pyrochlore structure of the latter can
experience order–disorder transitions both at
~1000°C/~1273 K and at higher temperatures [34,
35]. In addition, all of the detected phases are solid
solutions containing Nd(III), Tb(III), Fe(III), and
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
Nb(V) ions, and they can undergo alterations associ-
ated either with structural rearrangement or with
release of electric ordering. Still further, Nb5+ ions,
like Nd3+ and Tb3+, too, have an appreciable effect on
the temperatures of these transformations.

CONCLUSIONS

As a result of our study, we discovered that the
incorporation of iron(III) and niobium(V) ions into
the titanium(IV) sublattice of the Bi3Nd2FeTi3O15
structure gives rise to the formation of perovskite
phases based on layered titanate Bi4Ti3O12 (m = 3) and
l. 65  No. 11  2020
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ferrite NdFeO3 in the Bi3Nd2Fe1 + yTi3 – 2yNbyO15
(BNdFTNb) series. Higher amounts of these ions in
Bi3Tb2Fe1 + yTi3 – 2yNbyO15 (BTbFTNb) favor the for-
mation of a Bi2Ti2O7-base pyrochlore ss phase. Both
the orthorhombic Bi5FeTi3O15-base perovskite phase
and the cubic pyrochlore phase have their unit cell
parameters increasing, as y increases, due to partial
substitutions of Ti4+ ions by Fe3+ and Nb5+ whose
average ionic radius is greater.

We used dielectric spectroscopy to study the ther-
mal behavior of BNdFTNb and BTbFTNb samples.
These samples have been found to have oxygen con-
ductivity; that is, they have an anion-deficient sublat-
tice. This is due to the loss of bismuth(III) oxide in the
course of high-temperature annealing. An about 40 at
% substitution of bismuth ions by neodymium(III)
and terbium(III) ions inhibits electronic ordering in
BNdFTNb and BTbFTNb ss where y = 0.0. The ε(T)
temperature-dependent curves for samples of both
series where y > 0.0 feature anomalies related to
changes in the magnetic and electric structures of the
detected phases.
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