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Abstract
The effect of magnetoactive cations on the stability and properties of Aurivillius phases (1) Bi5Ti2(TiFe)1−x(NiNb)xO15, (2) 
Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12, (3) Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9, (4) Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 
has been investigated. The range of existence of solid solutions was found to be limited to the values of x = 0–0.10 (1), 0–0.3 
(2), and 0–0.2 (3). Although the solid solutions exist in the whole concentration range studied (x = 0–0.07) in the series (4), 
the stability is limited to the value of m = 6–7. The unit cell volumes increase with increasing x, which is expected due to 
the ionic radii of the dopant cations that are larger than those of the substituted cations. The coexistence of piezoelectric and 
magnetic properties was observed in the samples of solid solutions (1) and (4): the values of the piezoelectric coefficient d33 
and piezoelectric voltage coefficient g33 reach 7 pC/N and 3.5 mV m/N, respectively; the saturation magnetization Ms and 
remanent magnetization Mr increase with increasing x, while the coercivity remains almost unchanged. Thermal studies 
indicate phase transitions in Bi5Ti2(TiFe)1−x(NiNb)xO15, and Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 at ~ 300–400, 750 and 
840 °C. Additionally, these samples demonstrate a magnetodielectric effect of up to ~ 50% when applying a DC magnetic 
field of ~ 1 T in the temperature range of ~ 340–350 °C that is supposed to be a ferromagnetic Curie point.
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1  Introduction

Aurivillius phases with the general formula (A′, A′…)m+1(B′, 
B′…)mO3m+3 are the family of layered perovskites, which has 
been known for more than half a century [1–4]. The structure 

of these compounds is usually described as a sequence of 
[A′2O2]2+ layers and perovskite blocks of [(A′, A′…)m−1(B′, 
B′…)mO3m+1]2−, where the natural number m corresponds to 
the number of layers of BO6 octahedra that form the perovs-
kite blocks. The cubooctahedral A sites with a coordination 
number of 12 can be occupied by large cations such as Na+, 
K+, Ca2+, Sr2+, Ba2+, Pb2+, Bi3+, Ln3+, while the B sites 
are suitable for the six-coordinated cations such as Fe3+, 
Cr3+, Ti4+, Nb5+, W6+ that prefer the octahedral geometry. 
While the perovskite blocks may have considerable vari-
ation in composition, the sites in the interblock layers are 
entirely occupied by Bi3+ ions in the form of [Bi2O2]2+ 
sheets. Figure 1 shows the unit cells of some well-known 
layered perovskites.

Aurivillius phases which contain the ferroelectric cati-
ons such as Ti4+, Zr4+, Nb5+, Ta5+ usually have distorted 
and polar structures at room temperature and exhibit 
one or more ferroelectric phase transition at high tem-
peratures. The compounds with magnetic ions (primarily, 
the iron triad) are involved in phase transitions associ-
ated with magnetic ordering. Thus, for example, in the 
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Bi4Ti3O12–BiFeO3 series (Bim+1Fem−3Ti3O3m+3), many 
Aurivillius phases showing both ferroelectric and mag-
netic properties can be obtained with a various number 
of layers in perovskite blocks [5]. The combination of 
ferroelectric and magnetic properties is indirectly associ-
ated with the fact that the end members of this solid solu-
tion series have magnetic and/or ferroelectric properties: 
Bi4Ti3O12 is a ferroelectric with monoclinic symmetry 
that shows a ferroelectric phase transition at the tempera-
ture of 675 °C, while BiFeO3 is an antiferromagnetic and 
ferroelectric material with rhombohedral symmetry and 
cycloidal magnetic ordering (ferroelectric and antiferro-
magnetic point at ~ 850 °C and ~ 370 °C, respectively [6]). 
In other words, according to the experimental data, the 
compounds of the Bim+1Fem−3Ti3O3m+3 family are multi-
ferroics. For example, it was reported on the magnetoelec-
tric (ME) properties in several-layered perovskites of the 
Bi4Ti3O12–BiFeO3 series [7–9]. In particular, four-layered 
bismuth ferrotitanate Bi5FeTi3O15 exhibits a record high 
ME effect for single-phase multiferroics (16 mV/(cm Oe)) 

at − 190 °C. On average, the ME coefficients for Aurivil-
lius phases are not larger than 10 mV/(cm Oe).

The introduction of magnetically active cobalt and/or 
nickel cations into the B-sublattice of Aurivillius phases 
was reported to enhance the magnetic parameters regard-
less of the composition [10–15]: the remanent magnetization 
Mr and saturation magnetization Ms are increased twofold 
or more compared to those of the undoped compounds. 
Therefore, Co- and/or Ni-containing Aurivillius phases 
attract much research interest. Thus, Wang et al. [10] have 
investigated the ceramic samples with the general formula 
of Bi6Fe2−xCox/2Nix/2Ti3O18 (0 ≤ x ≤ 1). It was observed that, 
with x = 0.4, these materials exhibit clear ferromagnetism 
with the maximum remanent magnetization Mr = 0.5 emu/g 
and saturation magnetization Ms = 2.4872 emu/g. A simi-
lar improvement in magnetic properties was observed by 
Liu et al. [11] in Ni-containing five-layered perovskite thin 
films Bi6Fe2−xCoxTi3O18 with x = 0.6. Shu et al. [12] and 
Chen et al. [13] have reported on the synthesis of four-
layered Aurivillius phases Bi4NdTi3Fe1−xCoxO15 (x = 0.1, 
0.3, 0.5, and 0.7) and Bi5Ti3Fe0.5Ni0.5O15, respectively. In 
both cases, the authors observed the ferromagnetic behav-
iour and the improvement of the magnetic parameters of 
the materials. In the first case, the best magnetic charac-
teristics were found in the composition with x = 0.3. Lei 
et al. [14] reported the seven-layered Aurivillius phases of 
Bi8Fe4−xCoxTi3O24 (x = 0–0.4): the highest remanent mag-
netization of 0.69 emu/g was observed with x = 0.4. The 
Aurivillius phases Bi9Fe4.7Me0.3Ti3O27 (Me = Fe, Co, Ni, 
Mn) obtained by Wang et al. [15] demonstrate the highest 
remanent magnetization in Ni-containing composition.

While the incorporation of cobalt and nickel into Auriv-
illius phases improves the magnetic parameters, their fer-
roelectric properties tend to deteriorate, according to most 
authors [10–13]. This results in a decrease of the remanent 
polarization; the exceptions were reported by Lei et al. [14] 
and Wang et al. [15]. Although the doping with cobalt and 
nickel tends to have a negative impact on the ferroelectric 
characteristics, these materials belong to a class of the high-
temperature multiferroics with ferroelectric and ferromag-
netic phase transition temperatures of ~ 780 and ~ 480 °C, 
respectively. Therefore, they may have potential applica-
tions, which include magnetic field sensors, multiple-state 
memory elements and microwave-integrated circuits. How-
ever, the functional properties of single-phase multiferro-
ics need to be improved before practical use. The viability 
prospects of single-phase multiferroics and the problems 
encountered have been summarized in the reviews by Scott 
[16] and Cheng et al. [17].

According to the studies discussed above [10–15], 
while the substitution of the triple-charged Fe3+ cati-
ons with the double-charged Co2+ and/or Ni2+ cations 
(Bi6Fe2−xCox/2Nix/2Ti3O18 (0 ≤ x ≤ 1), [10]; Bi6Fe2−xCoxTi3O18 

Bi

Ti, Nb, Fe

O

a

b

c

Fig. 1   Crystal structure of Aurivillius phases: a Bi3TiNbO9, b 
Bi4Ti3O12, c Bi5Ti3FeO15
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(x = 0–1), [11]; Bi4NdTi3Fe1−xCoxO15 (x = 0.1, 0.3, 0.5 и 0.7), 
[12]; Bi5Ti3Fe0.5Ni0.5O15, [13]; Bi8Fe4−xCoxTi3O24 (x = 0–0.4), 
[14]; Bi9Fe4.7Me0.3Ti3O27 (Me=Fe, Co, Ni, Mn), [15]) clearly 
causes the deviation from stoichiometry, it does not lead to 
the formation of the secondary phases in the samples even 
at high doping levels. At the same time, there is an evidence 
that if the Fe3+ ion is substituted by double-charged cations, 
in particular, Co2+, the structure of Aurivillius phases evolves. 
For example, Zhang et al. [18] have reported that four-layered 
solid solutions of Bi4NdTi3Fe1−xCoxO15 evolve into three-lay-
ered Bi3NdTi2CoO12−δ products with the increasing cobalt 
content. Moreover, careful examination of the low-angle 
region of the XRD patterns (2Θ < 20°) reported by Wang et al. 
[10] casts doubt on the successful synthesis of solid solutions 
Bi6Fe2−xCox/2Nix/2Ti3O18 in the entire range of x = 0–1. Unfor-
tunately, in a majority of the studies reported, the low-angle 
region is of poor visibility or not considered.

It is, therefore, clear from the literature that the B-site 
doping with magnetoactive cations is a viable strategy to 
improve characteristics of Aurivillius-type layered perovs-
kites Bim+1Fem−3Ti3O3m+3 and related compounds. However, 
within the literature for this family of multiferroics, the elec-
tric and magnetic properties reported are mostly studied sep-
arately, and little data are available on magnetoelectric prop-
erties. The question of whether or not the coupling between 
the electric and magnetic ordering is strong remains, there-
fore, unanswered, and extensive further studies are required. 
Additionally, while understanding the phase-formation pro-
cesses during the synthesis of Aurivillius phases is of crucial 
importance for preparation of single-phase materials, this 
issue has not been given due attention.

In this paper, we have studied the phase-formation pro-
cesses during the synthesis of Aurivillius structures doped 
with the magnetoactive nickel cations:

1.	 Bi5Ti2(TiFe)1−x(NiNb)xO15, x = 0–1;
2.	 Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12, x = 0–0.4;
3.	 Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9, x = 0–0.3;
4.	 Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3, m  = 4–12, 

x = 0–0.07.

We have investigated the piezoelectric, magnetic, and 
magnetodielectric (MDE) properties of solid solutions. To 
avoid the deviation from stoichiometry for all the samples, 
the mixed cations were selected such that their resulting 
charge was equal to the charge of the substituted cation.

2 � Experimental

Bi2O3, Nb2O5, NiO, Fe2O3, TiO2 were used as the starting 
materials for the synthesis of solid solutions in the series 
(1)–(4). The materials were synthesized using a solid-state 

method at 800 °C for 8 h with intermediate grinding and 
sintered at 900 °C for 2 h.

The X-ray powder diffraction analysis of phase com-
position and calculation of the unit cell parameters was 
performed using an ARL X’TRA diffractometer with 
CuKα-radiation. For calculation of the unit cell parameters, 
the internal standard was used: the powders of synthesized 
materials were mixed with macrocrystalline Al2O3; the lat-
tice constants were refined using the CELREF software [19].

To determine the Curie (Neel) temperature, the single-
phase ceramics were analysed by differential scanning calo-
rimetry (DSC) using a thermal analyzer NETZSCH STA 
449 C. The samples were placed in alumina crucibles and 
heated in air with a rate of 5°/min in the temperature range 
from 100 to 900 °C.

The magnetic parameters of the samples were measured 
using a LakeShore VSM 7404 vibration magnetometer at 
room temperature.

Piezoelectric coefficient d33 was measured using a quasi-
static d33-meter. The pulse polarization was applied to the 
samples using a field of 2–4 kV/cm for 3 min in a chloroform 
medium before measurement.

Temperature and frequency dependence of dielectric con-
stant and dielectric loss tangent in a DC magnetic field of ~ 1 
T and in a zero field were investigated using a E7-20 LCR 
meter in the temperature range of 20–900 °C and frequency 
range from 20 Hz to 20 MHz.

3 � Results and discussion

Figure   2  shows  the  XRD pa t te r ns  o f  t he 
Bi5Ti2(TiFe)1−x(NiNb)xO15 samples with x = 0.02–1 com-
pared with the standard patterns of the layered Aurivillius 
phases Bim+1Fem−3Ti3O3m+3 (m = 3 and 4) from ICDD. It 
could be observed that the mixed cation (Ni1/2Nb1/2)3.5+ 
does not dissolve in the B-sublattice of the four-layered 
Bi5Ti3FeO15 with x ≥ 0.2. With x = 0.2–0.4, there are the 
peaks of the secondary phase of the Bi4Ti3O12-derived 
three-layered perovskite. There is an unidentified phase in 
the XRD patterns, which is represented only by an intense 
single peak near 2Θ ≈ 28°. With x = 0.6, in addition to the 
three-layered phase, there are the peaks of the secondary 
phase corresponding to the two-layered perovskite-type 
compound Bi3TiNbO9. The amount of the two-layered 
phase increases with x = 0.8, and with x = 1, the two-lay-
ered phase dominates. Thus, the doping of four-layered 
perovskite Bi5Ti3FeO15 with a significant concentration 
of the mixed cation (Ni1/2Nb1/2)3.5+ leads to its destabi-
lization and decomposition into two- and three-layered 
products. However, with x ≤ 0.1, solid solutions of the 
Bi5Ti2(TiFe)1−x(NiNb)xO15 system are formed according to 
the XRD patterns (Fig. 2). The samples contain no impurity 
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phases. Moreover, the clear shift of the peaks with the (00 l) 
Miller indices (peaks in the range of 2Θ ≈ 8–22°) to lower 
angles with increasing x is the evidence of the formation 
of solid solutions, which indicates the incorporation of 
the larger cations (Ni1/2Nb1/2)3.5+ into the B-sublattice of 
layered structure. Indeed, according to Shannon [20], the 
ionic radii of six-coordinated cations are: r(Ti4+) = 0.745 Å, 
r(Ni2+) = 0.83 Å, r(Nb5+) = 0.78 Å, r(Fe3+) = 0.785 Å (for 
high-spin state); i.e. r((Ni1/2Nb1/2)3.5+) = 0.805 Å, which 
is larger than r((Fe1/2Ti1/2)3.5+) = 0.765  Å. Figure  3a, b 
shows the concentration dependence of the parameters and 
volumes of the orthorhombic unit cells for single-phase 
Bi5Ti2(TiFe)1−x(NiNb)xO15 in the range of x = 0–0.1. We 
have observed an increase in the parameters a, b and c, 
which increases the volume of the unit cell.

The results of the experiments with the four-lay-
ered Bi5Ti2(TiFe)1−x(NiNb)xO15 suggest that the lay-
ered phases with a smaller number of layers in per-
ovskite blocks are more tolerant to doping with mixed 
cations. We have doped the Bi3TiNbO9 and Bi4Ti3O12 
compounds with magnetoactive cations in accordance 
with the formulae Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9 and 

Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12 in the range 
x = 0–0.4. In both cases, the Ti4+ cation was substituted by 
mixed cation (Nb3/5Fe1/5Ni1/5)4+.

F i g u re   4 a  s h ows  t h e  X R D  p a t t e r n s  o f 
Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9 system with x = 0–0.4. 
According to the experimental data, solid solutions are 
formed in the range of x = 0–0.3. Thus, it was confirmed 
that the two-layered perovskite Bi3TiNbO9 is more toler-
ant to doping with mixed cation than Bi5Ti3FeO15. With 
x = 0.4, the peaks of the secondary phase, apparently with 
the pyrochlore structure, appear. For the single-phase prod-
ucts of the Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9 system, the lat-
tice constants are refined, and the volumes of unit cells are 
calculated (Fig. 5a, b). All the lattice constants and, conse-
quently, the volumes of the unit cells increase, which is in 
good agreement with the ionic radii: r((Nb3/5Fe1/5Ni1/5)4+) 
= 0.791 Å is larger than that of Ti4+ (0.745 Å).

Figure  4b shows the XRD patterns of the samples 
of the Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12 sys-
tem with x = 0–0.4 and layered Aurivillius phase of 
Bim+1Fem−3Ti3O3m+3 with m = 3 from ICDD. Obviously, the 
solid solutions are formed in this system in a narrower range 

Fig. 2   XRD patterns of the 
Bi5Ti2(TiFe)1−x(NiNb)xO15 
samples and the standard pat-
terns of Bi4Ti3O12, Bi3TiNbO9, 
Bi5Ti3FeO15 from ICDD. For 
single-phase products with 
x ≤ 0.01, the short lines indicate 
a shift of the peaks (001) to 
lower 2θ with increasing x 
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of x = 0–0.2, and the peaks of impurity phases appear with 
x ≥ 0.3. An increase in lattice constants and volumes of unit 
cells was observed due to the incorporation of larger cations 
(Nb3/5Fe1/5Ni1/5)4+ into the B-sublattice (Fig. 6a, b).

For the Ni-containing Aurivillius phases with a 
respective number of layers m in perovskite blocks, 
the effect of heterovalent doping on the stability was 
investigated. For this purpose, we have studied several 
Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 solid solutions simi-
lar to the layered perovskites described above. The single-
phase samples could be obtained at x = 0–0.07 and m ≤ 6–7 
(Fig. 7). The samples with m > 7 contain some impurity 
phases such as Bi2Fe4O9 and Bi2O3-derived cubic phase. In 
the Bim+1Fem−3Ti3O3m+3 system, according to the previously 
reported data [5], the single-phase samples could be synthe-
sized up to m = 8 in the absence of the [Ni1/3Nb2/3]4+ dopant. 
Thus, the introduction of the dopant decreases the stability of 
Aurivillius phases only slightly. Figure 8 shows the depend-
ence of the parameters and volumes of the orthorhombic unit 
cells of Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 with x = 0.05 on 
m, similar trends were observed for the samples with x = 0.03 
and 0.07. According to these graphs, the increasing m value 
results in an almost linear increase in parameters a, b, c of 
the unit cells. Additionally, an increase in the concentration 
of Ni1/3Nb2/3 (x) dopant leads to an increase in all param-
eters of the Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 unit cells 

in the whole range of m. This dependence is expected since 
the ionic radius of the dopant r(Ni1/3Nb2/3)4+) = 0.797 Å is 
larger than the radius of the substituted ion r(Ti4+) = 0.745 
Å. The observed dependences of the lattice constants on 
the number of perovskite layers can be described by linear 
equations with high Pearson coefficients: with x = 0.05 a = 
0.012 m + 5.387 (R2 = 0.983), b = 0.016 m + 5.395 (R2 = 0.
991), c = 8.274 m + 8.448 (R2 = 0.999). The linear increase 
in c indicates that the perovskite fragment embedded in 
the structure of the layered compound undergoes minimal 
changes along the c axis with increasing m. The coeffi-
cients in the function c(m) allow estimating the thickness 
of the perovskite layer in the studied homological series 
Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3: with x = 0.05, the 
thickness is equal to 4.137 Å. This value is slightly higher 
than expected from the ionic radii of the respective cations. 
If r(Bi3+) = 1.59 Å and r(O2−) = 1.26 Å, the thickness of the 
perovskite layer is 3.96 Å. At the same time, with small m 
values, a base area of the unit cell (S2 = ab = 0.000192 m2+ 
0.150932 m + 29.062865) is noticeably smaller than that of 
pure bismuth ferrite (with m = 3, the base area is equal to 
29.517 Å2, while for BiFeO3 it is (3,96·√2)2 = 31.363 A2). 
Thus, the perovskite-type unit cell of Aurivillius phases 
studied is compressed along the a and b directions and 
stretched along the c axis in the whole range of m.

One of the major problems with all single-phase 
products obtained in this study is the high electrical 
conductivity that inhibits the development of the hys-
teresis loops and seriously affects the polarization of 
the ceramics. Nevertheless, the ceramics can be polar-
ized: the single-phase samples of all the studied systems, 
except the two-layered Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9 
solid solutions, demonstrate the piezoelectric prop-
erties at room temperature; the average values of d33 
and g33 are 1.5–2  pC/N and 0.5–1  mV  m/N and up 
to 7  pC/N and 3.5  mV  m/N in the best samples. For 
the samples of Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9 and 
Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12, magnetic hys-
teresis loops were not observed. For other compounds, 
there is a general trend of the increasing saturation mag-
netization and remanent magnetization with the increasing 
dopant concentration, while the coercivity remains almost 
unchanged. This trend is demonstrated in Fig. 9 using the 
Bi5Ti2(TiFe)1−x(NiNb)xO15 samples as an example.

The ferroelectric (antiferroelectrics) and ferromagnetic 
(antiferromagnetic) compounds are known to exhibit their 
properties in a specific temperature range and shift to par-
aelectric or paramagnetic state, respectively, at the Curie 
(Neel) point, which can be accompanied by thermal effects. 
The DSC method was used for thermal studies in the sin-
gle-phase ceramic samples of the series (1) and (4) with 
both the piezoelectric and magnetic properties. Figure 10 
shows the DSC curves of the Bi5Ti2(TiFe)1−x(NiNb)xO15 

a

b

Fig. 3   a Parameters and b volumes of Bi5Ti2(TiFe)1−x(NiNb)xO15 unit 
cells
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samples. The shape of the DSC curves is typical for all the 
samples (1) and (4). The shape of the curves corresponds to 
several thermal events: a series of low-temperature effects 
in the range of ~ 300–400 °C and two high-temperature 
anomalies at 750 and 840 °C. According to the previously 
reported data, we could propose that the first of the two 
high-temperature thermal effects refers to the ferroelectric 
Curie point, which in good agreement with the undoped 
compositions of the Bi4Ti3O12–BiFeO3 [5] system. The 
temperature of the second high-temperature effect is close 
to the ferroelectric Curie point of BiFeO3 (~ 850 °C, [6]) 
and, probably, has a ferroelectric nature. Finally, in the range 

of ~ 300–400 °C, the DSC curves of the samples show sig-
nificant anomalies that could be attributed to the magnetic 
properties, which is in good agreement with the antifer-
romagnetic point of BiFeO3 (~ 370 °C [6]). Similar DSC 
curves were obtained for the single-phase products of the 
Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 series.

The temperature and frequency dependencies of the 
dielectric properties of the ceramic samples were studied 
to clarify the nature of low-temperature thermal effects. 
Figure 11 shows the temperature dependence of the die-
lectric constant ε/ε0 and dielectric loss tangent tanδ of the 
Bim+1Fem−3Ti(3−δ)(Ni1/3Nb2/3)δO3m+3 sample with m =5, 

Bi4Ti3O12, pdf#652527

Bi3TiNbO9, pdf#791550

х = 0.1

х = 0.2

х = 0.3

х = 0.4

х = 0.1

х = 0.2

х = 0.3

х = 0.4

*

*

*
*

*

*

х = 0.075

х = 0.05

х = 0.025b

a * - unidentified phases

Fig. 4   a XRD patterns of Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9, b Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12 and the standard patterns of Bi3TiNbO9 
and Bi4Ti3O12 from ICDD
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x = 0.05 (recorded on heating). An increase in temperature 
above 400 °C results in an increase in the electrical con-
ductivity, and the further measurements become impossible. 
As shown in Fig. 11, the dependencies ε/ε0(T) and tanδ(T) 
have no anomalies with a zero magnetic field, while in a DC 
magnetic field, ε/ε0(T) and tanδ(T) take the maxima at the 
temperature of ~ 340 °C. In addition, the values ε/ε0 and tanδ 
increase in a DC magnetic field: for example, at a frequency 
of 1 kHz at 340 °C, ε/ε0 = 250 and 365, tanδ = 0.59 and 0.91 
in a zero and 1 T magnetic field, respectively. Probably, at 
340 °C (which is close to the Curie point of bismuth ferrite) 
the Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 material with m = 5, 
x = 0.05 undergoes a phase transition that has a magnetic 
nature, which induces the anomalies in dielectric properties. 
Thus, the resulting materials show the magnetodielectric 
(MDE) effect with a maximum value of ~ 50%. As is known, 
the materials with high MDE are promising for practical 
applications in various devices such as capacitive, magnetic 
field sensors, tunable microwave filters, etc. La2NiMnO6 
[21] is one of the most effective magnetodielectric materi-
als, which exhibits the room temperature MDE of ~ 16% 
in a field of ~ 2 T. However, the MDE effect in Aurivillius 
phases is relatively small at room temperatures and does not 
exceed ~ 1%. The observed MDE, however, experimentally 
confirms the existence of a coupling between the electric and 
magnetic ordering in Aurivillius phases containing magneto-
active cations, which makes these materials interesting from 
both the fundamental and practical points of view.

4 � Conclusions

The phase-formation processes during the solid-state syn-
thesis and a range of single-phase existence were studied 
in Aurivillius structures (1) Bi5Ti2(TiFe)1−x(NiNb)xO15, 
( 2 )  B i 4T i 3 − 2 . 5 x( N b 1 / 2Fe 1 / 2) x( N b 2 / 3N i 1 / 3) 1 . 5 xO 1 2, 
( 3 )  B i 3 T i 1 − 2 . 5 x N b 1 + 1 . 5 x ( F e 1 / 2 N i 1 / 2 ) x O 9 ,  ( 4 ) 
Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3. The range of exist-
ence of solid solutions was found to be limited to the values 
of x = 0–0.10 (1), 0–0.3 (2), and 0–0.2 (3). The unit cell 
volumes increase with increasing x, which is expected due 
to the ionic radii of the dopant cations that are larger than 
those of the substituted cations. Although the solid solutions 
exist in the whole concentration range studied (x = 0–0.07) 
in the series (4), the stability is limited to the value of 
m = 6–7. The samples with m > 7 contain some impurity 
phases such as Bi2Fe4O9 and Bi2O3-derived cubic phase. 
The coexistence of piezoelectric and magnetic properties 
was observed in the samples of solid solutions (1) and (4): 
the values of the piezoelectric coefficient d33 and piezoelec-
tric voltage coefficient g33 reach 7 pC/N and 3.5 mV m/N, 
respectively; the saturation magnetization Ms and rema-
nent magnetization Mr increase with increasing x, while 

a

b

Fig. 5   a Parameters and b volumes of the 
Bi3Ti1−2.5xNb1+1.5x(Fe1/2Ni1/2)xO9 unit cells

Fig. 6   a Parameters and b volumes of the 
Bi4Ti3−2.5x(Nb1/2Fe1/2)x(Nb2/3Ni1/3)1.5xO12 unit cells
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Bi2Fe4O9, pdf#741098

Bi25.04Fe0.84O, pdf#821316

- Bi2Fe4O9 - Bi2O3-derived cubic phasem = 3

m = 4

m = 5

m = 6

m = 7

m = 8

m = 9

m = 10

m = 11

m = 12

Fig. 7   a XRD patterns of Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 with x = 0.05 and the standard patterns of Bi2Fe4O9 and Bi25.04Fe0.84O40 from 
ICDD

a

b

Fig. 8   a Parameters and b volumes of the 
Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 (x = 0.05) unit cells

Fig. 9   M–H loops for solid solutions of Bi5Ti2(TiFe)1−x(NiNb)xO15



The effect of heterovalent doping on the stability and properties of multiferroic Aurivillius…

1 3

Page 9 of 10    168 

the coercivity remains almost unchanged. Thermal studies 
indicate phase transitions in Bi5Ti2(TiFe)1−x(NiNb)xO15, and 
Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 at ~ 300–400, 750 and 
840 °C. It is particularly important that the samples demon-
strate a magnetodielectric effect of up to ~ 50% when apply-
ing a DC magnetic field of 1 T in the temperature range of 
~ 340–350 °C that is supposed to be a ferromagnetic Curie 
point. The observed MDE indicates a coupling between the 
electric and magnetic ordering, which makes the studied 
Aurivillius phases interesting from both the fundamental 
and practical points of view.

Fig. 10   DSC curves for the Bi5Ti2(TiFe)1−x(NiNb)xO15 samples

a b

a' b'

Fig. 11   Temperature dependence of dielectric constant and dielectric 
loss tangent (recorded during heating) at different frequencies (Hz) 
for the Bim+1Fem−3Ti(3−x)(Ni1/3Nb2/3)xO3m+3 (m = 5, x = 0.05) sample. 

a and a’ correspond to a zero magnetic field; b and b’ correspond to a 
DC magnetic field of ~ 1 T
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