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Introduction 

The promise of coupling between magnetization and 
electric polarization and the potential to manipulate 
one through the other has become in recent years 
a driving force for many experimental works on 
multiferroic materials. The ultimate goal of these 
studies would be a single-phase material exhibiting 
a strong coupling between inherent ferromagnetic 
and ferroelectric ordering at room temperature. 
Magnetoelectric coupling is characterized by the 
magnetoelectric voltage coeffi cient ME which de-
scribes the change in the magnetically induced elec-
tric fi eld per unit of the applied magnetic fi eld [1]. 

Recently, magnetoelectric coupling at room 
temperature was found to exhibit significant 
magnitudes in the single-phase electroceramics of 
(BiFeO3)x-(BaTiO3)1–x synthesized by the solid-state 
sintering method [2]. By appropriately refi ning the 
chemical composition of these materials and their 
processes of synthesis, our group has even achieved 
up to 66% higher values of the ME coeffi cient [3]. 
Driven by the desire to understand the mechanism 
of the magnetoelectric effect which occurs in these 
materials, additional experiments involving X-ray 
diffraction (XRD), 57Fe Mössbauer spectroscopy 
(MS), and vibrating sample magnetometry (VSM) 
were conducted. The measurements were made for 
two series of samples fabricated from: (1) precursor 
oxides Bi2O3, Fe2O3, TiO2, and barium carbonate 
(BaCO3) [4]; and (2) commercial barium titanate 
(BaTiO3) (instead of TiO2 and BaCO3) [3]. The 
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gradual structural transformation from rhombo-
hedral to regular was supposed for both series of 
samples with x decreasing from 0.9 to 0.7 based on 
the qualitative phase analysis of the obtained X-ray 
diffraction patterns. 

The aim of this work was a thorough study of 
how hyperfi ne interactions and magnetoelectric 
coupling in (BiFeO3)x-(BaTiO3)1–x solid solutions 
depend on their chemical compositions and fabrica-
tion processes. 

Experimental details 

Three variants of the solid-state sintering method 
differing in terms of the sintering temperature 
(T = 1053, 1103, and 1153 K) and time (t = 40, 20, 
and 4 h, respectively) were used to prepare a series 
of (BiFeO3)x-(BaTiO3)1–x solid solutions where x = 
0.5–0.9. The samples were synthesized from precur-
sor oxides Bi2O3, Fe2O3, TiO2 and commercial barium 
titanate according to the procedure described in [5]. 
Before sintering, the samples where x = 0.7–0.9 were 
mechanically processed twice (milled and pressed 
under 30 MPa), while the samples where x = 0.5 
and 0.6 were mechanically treated only once. This 
modifi cation was introduced in order to verify how 
the properties of the materials are affected by their 
homogeneity. 

Magnetic measurements were performed for all 
the samples to verify if they indeed possess ferromag-

netic ordering, as was previously reported [6–8], and 
how the magnetic order parameters depend on their 
chemical composition. The measurements were car-
ried out at room temperature by a vibrating sample 
magnetometer produced by Lake Shore Cryotronics 
Inc. (model 7440). A magnetic fi eld was generated 
by a current in the electromagnetic coils and its value 
varied from –1600 to 1600 kA/m. 

In order to examine the structure of the samples 
room temperature X-ray diffraction measurements 
were carried out by a Philips PW3710 diffractom-
eter using CoK radiation, operating in the Bragg-
-Brentano geometry within the range of 2 from 
10° to 90° with a step equal to 0.008°. Structural 
analysis was performed using the Rietveld method 
implemented in the PANalytical X’Pert HighScore 
Plus software package. 

The hyperfine interactions of (BiFeO3)x-
-(BaTiO3)1–x solid solutions were investigated by 
Mössbauer spectroscopy. The Mössbauer spectra 
were collected at room temperature in transmis-
sion geometry using a source of 57Co in a chromium 
matrix. The spectrometer was calibrated using 
a 25 m-thick metallic iron foil. 

Measurements of the magnetoelectric voltage 
coeffi cient ME were performed by a dynamic lock-
-in amplifi er described in detail in [1]. The samples 
were placed in a time-varying DC magnetic fi eld on 
which a small sinusoidal AC magnetic fi eld with 
a frequency fAC of 1 kHz was superimposed. The 
voltage signal induced due to the magnetoelectric 

Fig. 1. Room-temperature magnetic hysteresis loops of (BiFeO3)x-(BaTiO3)1–x solid solutions sintered at various tem-
peratures: (a) x = 0.9, (b) x = 0.8, (c) x = 0.7, (d) x = 0.6 and 0.5. 
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effect was measured by the dynamic lock-in amplifi er 
(Stanford Research Systems, model SR830). 

Results and discussion 

Although pure BiFeO3 at room temperature 
exhibits antiferromagnetic ordering, the investi-
gated solid solutions were found to exhibit weak 
ferromagnetism (Fig. 1), as has been previously 
reported [6–8]. The parameters of the observed 
hysteresis loops depend on both the chemical 
compositions of the samples and their sintering 
temperatures (Table 1). The highest values of the 
magnetic saturation moment S were recorded for 
samples where x = 0.9 sintered at T = 1103 and 
1153 K. This confi rms that even a small amount of 
BaTiO3 can destroy the spin cycloid of BiFeO3 caus-
ing weak ferromagnetism of (BiFeO3)x-(BaTiO3)1–x. 
However, further increasing the BaTiO3 concen-
tration up to 30% leads to lower values of S due 
to the lower concentration of magnetic Fe3+ ions 
in these samples. 

The lowest magnetic response was registered 
for samples sintered at the lowest temperature 
(T = 1053 K) despite the fact that the sintering time 
was ten times longer than for samples sintered at 

1153 K. For samples where x = 0.5 and 0.6 no 
saturation effect was observed (Fig. 1d). Moreover, 
signifi cantly lower values of the coercive fi eld were 
registered for these samples when compared to the 
materials with x  0. 

The results of X-ray diffraction showed that all 
samples of 0.9BiFeO3-0.1BaTiO3 exhibit the rhom-
bohedral (R3c) structure, characteristic for pure 
BiFeO3, regardless of sintering time and tempera-
ture. The BiFeO3 concentration in these samples is 
signifi cantly higher than that of BaTiO3, thus the 
Ba2+ and Ti4+ ions that are located in the structure 
of BiFeO3 are so rare that there are no local densi-
ties that could exhibit a crystal structure other than 
R3c. The Rietveld refi nement showed, however, the 
presence of the impurity Bi2Fe4O9 (2–9% of weight) 
in all samples of 0.9BiFeO3-0.1BaTiO3. 

As x decreased from 0.9 to 0.7 a gradual struc-
tural transformation from rhombohedral to regular 
symmetry was observed based on the qualitative 
phase analysis of the X-ray diffraction patterns 
(Fig. 2a). The results of Rietveld analysis confi rmed 
this observation and showed that the samples where 
x = 0.7 and 0.8 are two-phase solid solutions. The 
rhombohedral (R3c) and regular (Pm3m) structures 
coexist in these materials with different weight ra-
tios depending on both chemical composition and 

Fig. 2. (a) X-ray diffraction patterns of (BiFeO3)x-(BaTiO3)1–x solid solutions where x = 0.7–0.9 sintered at T = 1153 K. 
(b) Mass fraction of the regular phase (Pm3m) determined by the Rietveld analyses for samples of various compositions 
x sintered at various temperatures T. 

Table 1. The parameters of magnetic hysteresis loops for (BiFeO3)x-(BaTiO3)1–x samples with different composition 
sintered at various temperatures; S – magnetic saturation moment, R – remanence moment; B – Bohr magneton, 
f.u. – formula unit, HC – coercive fi eld 

Sintering method x S [B/f.u.] R [B/f.u.] HC [kA/m]

T = 1053 K, t = 40 h
0.9 0.028    0.011 388.7
0.8 0.050    0.025 256.5
0.7 0.036    0.017 382.2

T = 1103 K, t = 20 h
0.9 0.079    0.037 334.8
0.8 0.073    0.032 332.3
0.7 0.053    0.024 336.7

T = 1153 K, t = 4 h

0.9 0.078    0.039 273.6
0.8 0.074    0.034 350.0
0.7 0.049    0.022 290.5
0.6 –    0.001   64.9
0.5 – <0.001   82.5
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sintering parameters (Fig. 2b). The ions of bismuth 
and iron located in the rhombohedral structure are 
randomly replaced by barium and titanium ions, 
respectively, and vice versa the ions of barium and ti-
tanium located in the regular structure are randomly 
replaced by bismuth and iron (Fig. 3), respectively. 
Moreover, the volume of the rhombohedral unit cell 
increases as the concentration of BaTiO3 increases 

due to the difference between the ionic radii of Bi3+ 
(103 pm) and Ba2+ (135 pm). The gradual structural 
transformation of (BiFeO3)x-(BaTiO3)1–x has been 
described in many research papers [6–14], however, 
its confi rmation by the Rietveld method has been 
demonstrated in only a couple of them [8, 11]. 

As the concentration of BaTiO3 increases further 
(x < 0.7) one might expect the presence of an ever 
increasing amount of the regular phase, until the 
concentration of BaTiO3 becomes so high (about 
95% [12]) that the tetragonal structure, charac-
teristic for pure barium titanate, forms. However, 
in this study the samples where x = 0.6 and 0.5 
were prepared with limited mechanical processing. 
Milling and pressing were conducted only once on 
them, while for the other samples these processes 
were repeated. This limitation caused lower homo-
geneity of the samples where x = 0.6 and 0.5 when 
compared to the other materials. The substitution 

of bismuth and iron ions with barium and titanium 
ones was signifi cantly reduced because of this. The 
reduction in the rate of substitution of these ions 
caused in turn the presence of a tetragonal phase in 
these samples. In the case of x = 0.6, three phases 
were identifi ed (Fig. 4a), namely rhombohedral R3c 
(51%), regular Pm3m (42%) and tetragonal P4mm 
(7%). For 0.5BiFeO3-0.5BaTiO3 the Rietveld analy-
sis revealed two phases (Fig. 4b), i.e. rhombohedral 
(51%) and tetragonal (49%). Unfortunately, due 
to the intensive signal originating from the sample 
holder, this estimation of the relative contribution 
of the phases is uncertain [15]. 

The Mössbauer measurements showed that the 
hyperfi ne interactions depend more strongly on the 
composition of the samples than on the sintering 
time and temperature. For all samples the spectra 
are six-line patterns with doublet components in 
their central part (Fig. 5a). In the case of x = 0.9 
the doublets are attributed to the paramagnetic 
Bi2Fe4O9 phase and their parameters (isomer shift: 
1 = 0.24–0.25 mm/s, 2 = 0.35–0.36 mm/s; 
and quadrupole splitting: 1 = 0.94–0.95 mm/s, 
2 = 0.36–0.37 mm/s) are in good agreement with the 
literature [16]. For samples where x = 0.8 and 0.7, 
the doublets with parameters  = 0.35–0.37 mm/s and 
 = 0.51–0.52 mm/s may be related to the regular 
phase present in these samples. As the content of 
BaTiO3 increases the area of the doublets becomes 
larger due to the increase in the quantity of the 
regular phase. Simultaneously, the spectra become 
broadened due to the random distribution of Fe3+ 
ions substituted by Ti4+ within the structure of 
(BiFeO3)x-(BaTiO3)1–x solid solutions. The best 
numerical fi tting of the spectra was obtained by 
applying a probability distribution of the magnetic 
hyperfi ne fi eld (Bhf) at 57Fe nuclei with fi xed quad-
rupole components (Fig. 5b). The mean value of Bhf 
determined from these distributions decreases as 
BaTiO3 content increases from 46.4 to 46.8 T when 
x = 0.9; and 42.7 to 42.9 T when x = 0.7 (Fig. 5c). 
These values are in good agreement with previously 
reported results [4, 6]. 

The parameters of hyperfi ne interactions for 
0.6BiFeO3-0.4BaTiO3 and 0.5BiFeO3-0.5BaTiO3 
do not fi t these trends observed for samples where 

Fig. 4. X-ray diffraction patterns and results of the Rietveld analysis of: (a) 0.6BiFeO3-0.4BaTiO3, 
(b) 0.5BiFeO3-0.5BaTiO3.

Fig. 3. Random substitution of bismuth and iron ions 
with barium and titanium ones and vice versa: (a) rhom-
bohedral structure of BiFeO3 in a hexagonal setting, (b) 
regular structure. 
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x = 0.9–0.7. In particular, the probability distribu-
tions of the magnetic hyperfi ne fi eld are signifi cantly 
narrower and thus the mean value of Bhf is relatively 

high, i.e. 47.7 T when x = 0.6 and 47.1 T when 
x = 0.5 (Fig. 6). This effect is caused by the inho-
mogeneity of these samples. 

Fig. 5. (a) Room-temperature Mössbauer spectra of (BiFeO3)x-(BaTiO3)1–x solid solutions sintered at T = 1103 K in 
terms of x. (b) Magnetic hyperfi ne fi eld distributions for (BiFeO3)x-(BaTiO3)1–x solid solutions sintered at T = 1103 K 
in terms of x. (c) Mean value of Bhf for samples of different chemical compositions x sintered at various temperatures T.

Fig. 6. Magnetic hyperfi ne fi eld distributions for samples where: (a) x = 0.6, (b) x = 0.5. 

Fig. 7. (a) Variation of the magnetoelectric voltage coeffi cient ME in terms of the DC magnetic fi eld for the sample 
where x = 0.5. (b) The frequency dependence of ME for (BiFeO3)x-(BaTiO3)1–x solid solutions of various chemical 
compositions (x = 0.5–0.9) sintered at T = 1153 K.
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However, it may be supposed that the inhomo-
geneity leading to the occurrence of the tetragonal 
phase in 0.5BiFeO3-0.5BaTiO3 and multiphase 
structure of 0.6BiFeO3-0.4BaTiO3 promotes stron-
ger magnetoelectric coupling. As seen in Fig. 7a, 
the maximum ME value measured for 0.5BiFeO3-
-0.5BaTiO3 is equal to 2.34 mV/A which is more than 
twice the hitherto published results for bulk samples 
of (BiFeO3)x-(BaTiO3)1–x solid solutions [2]. The 
magnetoelectric properties of 0.6BiFeO3-0.4BaTiO3 
are even better. This sample exhibits the strongest 
magnetoelectric coupling of all the investigated 
samples – ME = 3.57 mV/A (Fig. 7b). Moreover, the 
frequency dependence of the ME coeffi cient is almost 
constant for all the samples above the threshold 
of 2 kHz, which makes these materials, especially 
0.6BiFeO3-0.4BaTiO3, potentially applicable in new 
magnetoelectric devices, e.g. magnetic fi eld sensors. 

Conclusions 

The magnetic and magnetoelectric measurements 
conducted as part of this study showed that the 
investigated (BiFeO3)x-(BaTiO3)1–x solid solutions 
possess both ferroelectric and weak ferromagnetic 
properties, depending on the composition of the 
sample and the sintering time and temperature. As 
x decreased from 0.9 to 0.7 the magnetic hyper-
fi ne fi eld decreased as well. Moreover, the gradual 
structural transformation from rhombohedral to 
regular symmetry accompanies these changes, 
which was observed in X-ray diffraction patterns 
and confi rmed by the Rietveld analysis. Signifi cantly, 
different properties, i.e. the presence of the tetrago-
nal phase and relatively higher values of the mag-
netic hyperfi ne fi eld, are exhibited by samples where 
x = 0.6 and 0.5 due to their inhomogeneity. These 
samples, however, possess the best magnetoelectric 
properties in terms of their application. 
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