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Introduction 

Materials simultaneously exhibiting ferroelectric and 
ferro-/antiferromagnetic and/or ferroelastic proper-
ties, that is multiferroics, are the subject of intensive 
research due to their potential applications in new 
types of magnetoelectric devices, next-generation 
memory storage materials, or sensors of magnetic 
fi eld [1, 2]. Until now, the best recognized single-
-phase multiferroic compound is bismuth ferrite, 
BiFeO3, in which the ferroelectric and antiferro-
magnetic ordering coexist at ambient temperature. 
However, during synthesis of BiFeO3, the forma-
tion of undesired secondary phases occurs, and the 
crystalline structure is often not stable. To improve 
structural properties, solid solutions of bismuth fer-
rite with stable ferroelectrics, for example, barium 
titanate, are synthesized. 

BiFeO3 crystallizes with a rhombohedrally 
distorted perovskite-like structure described by 
the R3c space group. At room temperature, it is a 
G-type antiferromagnet with a canted spin struc-
ture. Moreover, it appears as a spin cycloid with a 
period of approximately 62 nm, which cancels the 
net macroscopic magnetization expected in a canted 
antiferromagnet [3]. Most current investigation tend 
to destroy the spin cycloid and release the inher-
ent magnetization in order to improve multiferroic 
properties of BiFeO3 [4]. This may be achieved, for 
example, by structural modifi cations or deforma-
tions introduced by cation substitution or doping 
[5]. Therefore, a solid solution of BiFeO3 with 
BaTiO3 results in improved ferroelectric properties 
as well as enhanced magnetic properties. As recently 
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reported, (BiFeO3)1–x-(BaTiO3)x solid solutions 
exhibit magnetoelectric coupling within a narrow 
composition range, that is, x = 0.20–0.29, what 
provides a possibility of developing electrically or 
magnetically tunable thin-fi lm devices [6]. 

The standard method for preparation of 
(BiFeO3)1–x-(BaTiO3)x solid solutions is the sol-
id-state sintering. Another promising technology 
is the mechanical activation (MA), where the pro-
longed milling process provides the material in the 
nanocrystalline or amorphous state. The subsequent 
thermal treatment completes the solid-state reaction 
and allows us to obtain the desired solid solutions. 
The MA process has several advantages over the 
standard solid-state sintering method. First, it skips 
the calcination step at an intermediate temperature, 
which simplifi es the process. Second, the mechani-
cally derived powders possess higher sinterability 
than powders synthesized by a conventional solid-
-state reaction. Preparing materials with the MA 
method seems to be promising at an industrial 
scale due to its simplicity and relatively low cost of 
processing. 

In the present work, the samples of (BiFeO3)1–x-
-(BaTiO3)x solid solutions with x = 0.1–0.4 and 0.7 
prepared by the MA and subsequent heat treatment 
were investigated. This is a continuation of our pre-
vious studies published elsewhere [7]. Compared 
to the previous work, current investigation covers 
a wider range of BaTiO3 concentrations. Therefore, 
it becomes possible to clearly observe structural as 
well as magnetic transformation with the increase of 
BaTiO3 content and to draw more general conclu-
sions regarding the hyperfi ne interactions of 57Fe nu-
clei located in (BiFeO3)1–x-(BaTiO3)x. The aim of the 
present study was: (1) to show that MA combined 
with additional thermal treatment may be used as a 
technology for production of (BiFeO3)1–x-(BaTiO3)x 
solid solutions with relatively low concentration of 
impurities and (2) to study the infl uence of BaTiO3 
content on the type of crystalline lattice and the type 
of magnetic ordering as well as on hyperfi ne interac-
tion parameters of the investigated solid solutions. 

Experimental details 

Analytical reagent grade 99.9% pure oxides of 
-Bi2O3 and -Fe2O3 and barium titanate BaTiO3 

were used as precursor materials in order to obtain 
(BiFeO3)1–x-(BaTiO3)x solid solutions with x = 
0.1–0.4 and 0.7, according to the following reaction: 

       (Bi2O3)(1–x)/2 + (Fe2O3)(1–x)/2 
        + (BaTiO3)x  (BiFeO3)1–x-(BaTiO3)x 

The powder mixture was weighted and milled in a 
high-energy ball mill type Fritsch Pulverisette P5 with 
stainless steel balls of 10 mm diameter. The ball-to-
-powder weight ratio was 10:1. Milling processes were 
performed under air atmosphere for 2, 5, 10, 20, 50 
and 100 h. After MA subsequent thermal treatment 
was carried out in order to complete the solid-state 
reaction. As reported in our earlier works, the gradual 

heating from room temperature to 993 K [8] as well 
as isothermal annealing at 1073 K [7] were not the 
appropriate thermal processes to obtain the desired 
(BiFeO3)1–x-(BaTiO3)x solid solutions. Therefore, in 
the present work, the isothermal annealing at 1173 K 
for 1 h in air was applied to complete the solid-state 
reaction.

X-ray diffraction (XRD) measurements were 
carried out at room temperature using a RIGAKU 
Minifl ex2 diffractometer working in a continuous 
scanning mode with CuK radiation. Measure-
ments of the 57Fe Mössbauer spectra were made 
using transmission geometry with a 10-mCi source 
of 57Co in a rhodium matrix. The spectrometer was 
calibrated using -Fe foil at room temperature. 

Results and discussion 

The process of formation of (BiFeO3)1–x-(BaTiO3)x 
solid solutions was monitored by XRD (X-ray diffrac-
tion) and Mössbauer spectroscopy (MS) techniques. 
XRD studies conducted at every stage of the MA 
process (from 2 to 100 h) showed that the peaks at-
tributed to constituents -Bi2O3, -Fe2O3, and BaTiO3 

are shifted, overlapped, broadened, reduced in their 
intensity, or disappear with an increase of milling 
time as shown in Fig. 1 for the selected compositions. 
In all XRD patterns of the 0.6BiFeO3-0.4BaTiO3 
solid solution (Fig. 1a), the broadened halo is vis-
ible within the range of 2 = 24°–35°, which may 
be associated with a progressive fragmentation and/
or partial amorphization of the precursors. The dif-
fraction peaks visible in the diffractogram for the 
sample milled for 100 h originate probably from the 
Bi2Fe4O9 phase (the main peak at 2 = 27.2°) and 
unreacted -Bi2O3, BaTiO3, and -Fe2O3. It may be 
concluded that during the MA process the desired 
0.6BiFeO3-0.4BaTiO3 solid solution was not formed. 
In the case of a 0.3BiFeO3-0.7BaTiO3 solid solution 
(Fig. 1b), a weak halo within the range of 2 = 
27°–32° is still visible; moreover, the arrangement of 
diffraction peaks is different from that in the previous 
sample. Now the peak with highest intensity is visible 
for 2 = 31.5°, and the majority of peaks have the 
same angular positions as the cubic type of BaTiO3. It 
means that probably the 0.3BiFeO3-0.7BaTiO3 solid 
solution with a cubic lattice starts to form during the 
MA process; however, a small amount of unreacted 
-Bi2O3 and -Fe2O3 still exists within the sample. 

Heat treatment changes the situation clearly. 
Isothermal annealing at 1173 K allowed us to obtain 
(BiFeO3)1–x-(BaTiO3)x solid solutions with relatively 
low amount of impurities. With increasing content of 
BaTiO3, structural crystallographic changes occur in 
the resultant (BiFeO3)1–x-(BaTiO3)x solid solutions. 
As reported in Refs. [5, 6, and references therein], 
rhombohedral symmetry is maintained for x = 0–0.3, 
after which cubic symmetry predominates up to 
x = 0.93. For x > 0.93 and for a pure BaTiO3 com-
pound, the structure is tetragonal. 

In the case of our studies, the structural trans-
formation from rhombohedral (R3c space group) 
to cubic symmetry (Pm3m space group) probably 
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occurs for x  0.4. Similar, gradual transformation 
was observed for (BiFeO3)1–x-(SrTiO3)x solid solu-
tions in Ref. [9], where the structural transformation 
proceeded for x = 0.5–0.7 with the multiphase region 
in between. As shown in Fig. 2, the angular positions 
of diffraction lines are similar for all the composi-
tions. Besides XRD patterns for the samples, the 
positions of diffraction lines for rhombohedral phase 
(i.e., pure BiFeO3) as well as for cubic phase (i.e., 
cubic-type BaTiO3) are marked. The evidence for the 
structural change from rhombohedral to cubic is the 
disappearance of the splitting of diffraction peaks 

with increase of x. This effect may be observed when 
we focus on the peaks (110), (111), (210), (211), 
and (220) presented in Fig. 3a–e for all the compo-
sitions. It is visible that the splitting of diffraction 
lines gradually disappears as the content of BaTiO3 
increases from x = 0.1 to 0.4. The peaks are clearly 
shifted toward lower 2 angles. This effect is due to 
the substitution of Bi3+ (ionic radius: 1.08 Å) and 
Fe3+ (0.64 Å) ions by larger Ba2+ (1.35 Å) and Ti4+ 
(0.68 Å) ions resulting in the lattice expansion. The 
values of the lattice parameters were determined 
after K2 stripping using the Rachinger method [10] 
and applying the DHN PDS numerical program. 

Fig. 1. X-ray diffraction patterns for (a) 0.6BiFeO3-0.4BaTiO3 and (b) 0.3BiFeO3-0.7BaTiO3 solid solutions after mechani-
cal activation for various periods; positions of diffraction lines for -Bi2O3, -Fe2O3, and BaTiO3 (tetragonal and cubic 
type) are marked according to PDF card no. 00-027-0053, 01-073-2234, 01-075-0462, and 01-075-0461, respectively. 

Fig. 2. X-ray diffraction patterns for (BiFeO3)1–x-
-(BaTiO3)x solid solutions after 100 h MA and isothermal 
annealing at 1173 K; positions of diffraction lines for 
rhombohedral and cubic phases are marked according to 
PDF card no. 01-082-1254 and 01-075-0461, respectively. 

Fig. 3. Expanded view of the XRD patterns for 
(BiFeO3)1–x-(BaTiO3)x solid solutions after 100 h MA and 
isothermal annealing at 1173 K; positions of diffraction 
lines for rhombohedral and cubic phases are marked ac-
cording to PDF card no. 01-082-1254 and 01-075-0461, 
respectively. 
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The obtained results are listed in Table 1 and agree 
well with the data reported for (BiFeO3)1–x-(BaTiO3)x 
solid solutions prepared using other methods, that is, 
molten salt and solid-state sintering, respectively [5, 
11]. It may be stated that increasing concentration of 
BaTiO3 did not change the crystallographic system up 
to x = 0.3; however, a noticeable increase in volume 
of elemental cell occurred.

Mössbauer spectroscopy studies confi rmed the 
XRD results. Room-temperature MS spectra are 
presented in Fig. 4 for the selected compositions of 
solid solutions as a function of milling time. For all 
the investigated compositions, similar MS spectra 
were registered, that is, they are all a superposition of 
a six-line pattern and a doublet in the central part of 
the spectrum. The numerical fi tting was performed 
using one sextet and one doublet with the param-
eter 2 in the range of 1.1–2.0 (for x = 0.1), 1.0–1.8 
(x = 0.2), 1.2–2.4 (x = 0.3), 1.1–1.9 (x = 0.4), and 
1.0–1.6 (x = 0.7). Hyperfi ne interaction parameters 
determined from the fi tting for the sextet are similar 
to the parameters for hematite (isomer shift rela-
tive to -iron  = 0.37(1) mm·s–1, quadrupole shift 
2= –0.20(2) mm·s–1, and hyperfi ne magnetic fi eld 
(HMF) induction Bhf = 51.4–51.8 T). This confi rms 
the XRD results that the whole -Fe2O3 did not react 
during the MA process with other precursors. The 
signifi cant contribution of the sextet in each MS 
spectrum is associated with the large value of the 

Debye–Waller factor for hematite in comparison 
with other phases. For all the studied samples, the 
relative content of the hematite phase systematically 
decreases with the increase of milling time, and after 
100 h, the contributions of both sextet and doublet 
are practically the same, about 50%. The second 
component of the MS spectra, that is, doublet, 
may be attributed to the paramagnetic compound 
Bi2Fe4O9 (dibismuth tetrairon oxide). The values of 
the isomer shift and quadrupole splitting determined 
from the fi tted spectra for the compositions x = 
0.1–0.4 after 100 h of the MA process are practically 
the same, and they are as follows:  ~ 0.31 mm·s–1 

and  = 0.84–0.90 mm·s–1. The obtained values are 
similar to those reported for Bi2Fe4O9 in Ref. [12]. 
For x = 0.7, hyperfi ne interaction parameters for the 
paramagnetic component are slightly different, that 
is,  = 0.28(1) mm·s–1 and  = 0.92(1) mm· s–1. In 
this case, the doublet may come from the 0.3BiFeO3-
-0.7BaTiO3 solid solution, which starts forming during 
the MA process. It may be added that the widths of the 
spectral lines for all the samples milled for 100 h are 
signifi cantly larger than the natural one, which may 
be due to the small grain sizes, lattice deformation, 
and high level of internal strains in the mechanically 
treated material. 

Room-temperature MS spectra for all the studied 
solid solutions obtained after isothermal annealing 
at 1173 K are presented in Fig. 5. It may be seen that 

Table 1. Structural parameters of (BiFeO3)1–x-(BaTiO3)x solid solutions prepared by mechanical activation and isother-
mal annealing at 1173 K: a, b, c, , ,  – lattice parameters; V – volume of elemental cell; uncertainty of the values 
are given in parentheses for the last signifi cant number 

x Space 
group

a = b 
[Å]

c 
[Å]

 
[°]

 
[°]

 
[°]

V 
[Å3]

0 BiFeO3 R3c 5.581 13.876 90 90 120 432.20
0.1 R3c 5.5887(20) 13.7756(40) 90 90 120 430.26
0.2 R3c 5.6105(35) 13.7756(70) 90 90 120 433.62
0.3 R3c 5.6370(20) 13.7996(40) 90 90 120 438.49

a = b = c [Å]
0.4 Pm3m 3.9924(31) 90 90   90   63.71
0.7 Pm3m 3.9993(28) 90 90   90   64.09

Fig. 4. Fitted room-temperature Mössbauer spectra of (a) 0.6BiFeO3-0.4BaTiO3 and (b) 0.3BiFeO3-0.7BaTiO3 as 
a function of milling time. 

a b
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the shape of the spectra is now more complicated. 
In the case of x = 0.1–0.4, the number of components 
of the spectra signifi cantly increased. The change of 
magnetic ordering is clearly visible. The overall split-
ting of the outer absorption lines, which measures the 
average effective HMF at the 57Fe nucleus, decreases 
by refl ecting the weakening of the inherent strength 
of the magnetic interactions. For x = 0.7, the main 
phase is paramagnetic; however, a small magnetic 
background is still visible in the spectrum. 

Numerical fi tting was performed using both dis-
crete and HMF distribution methods. In the fi tting 
procedure using HMF distribution, the parameters 
for the doublet were fi xed. From Fig. 6, it may be seen 
that the distributions are relatively broad and some 
maxima are more separated. The peak of hematite 
(fi eld ~ 51 T) is visible in all distributions; however, 
its intensity is signifi cantly smaller than that for other 
components and gradually disappears. The prob-
ability distributions of HMF appear most likely due 
to the random distribution of the diamagnetic Ti4+ 
ions around the 57Fe nuclei. In Ref. [5], the authors 
proved that low concentration of BaTiO3 dopants 
in (BiFeO3)1–x-(BaTiO3)x solid solutions caused 
destruction of the spin cycloid and appearance of 
spontaneous magnetization. A further increase of 
BaTiO3 concentration leads to decrease of satura-
tion magnetization and fi nally transformation to the 
paramagnetic state. Furthermore, in the case of our 
samples, one can suppose that the increase of BaTiO3 
amount (decrease of Fe content) causes weakening of 
Fe-O-Fe superexchange interactions and increasing 
disorder in canted, antiferromagnetic spin alignment. 
This manifests by broadening of HMF distributions 
and decrease of <Bhf> (values are given in Fig. 6). 
Based on XRD and MS studies it may be stated that 

the structural transformation to cubic symmetry is 
accompanied by a transition to the paramagnetic 
state. Our observation agrees well with the data 
reported in Ref. [9] for (BiFeO3)1–x-(SrTiO3)x solid 
solutions, in which the structural transformation oc-
curs in a similar concentration range. The parameters 
for the doublet observed for x = 0.7 have the values: 
 = 0.39(1) mm·s–1 and  = 0.43(1) mm·s–1. They 
are similar to those determined for a paramagnetic 
0.5BiFeO3-0.5BaTiO3 solid solution [5]. 

Conclusions 

It was shown that it is possible to produce 
(BiFeO3)1–x-(BaTiO3)x solid solutions employing 
MA technology with thermal treatment. X-ray dif-
fraction and Mössbauer spectroscopy allowed us 
to monitor the technological process and obtain 
information about structure and magnetic proper-
ties of the studied materials. Mössbauer spectros-
copy studies indicate that the increasing content of 
BaTiO3 results in increasing disorder of spins in ini-
tial antiferromagnetic, canted alignment. Structural 
transformation from rhombohedral to cubic symmetry 
for x = 0.4–0.7 was proved by the disappearance of 
the splitting of diffraction peaks with increase of x. 
Moreover, the structural transformation to the cubic 
system is accompanied by the transition to the para-
magnetic state. 
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Fig. 5. Fitted room-temperature Mössbauer spectra of 
(BiFeO3)1–x-(BaTiO3)x solid solutions after 100 h MA and 
isothermal annealing at 1173 K. 

Fig. 6. Probability distribution of hyperfi ne magnetic fi eld 
at 57Fe nuclei located in (BiFeO3)1–x-(BaTiO3)x solid solu-
tions; P(Bhf): probability in arbitrary units. 
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