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Ceramic samples of BiFeO3-based perovskite solid solutions with the highly ordered complex perovskites PbFe1/2Sb1/2O3 (PFS) 
and SrFe1/2Sb1/2O3 (SFS) were obtained using high-pressure synthesis at 4–6 GPa. Mössbauer studies revealed that BiFeO3-SFS 
compositions are characterized by a larger compositional inhomogeneity as compared to BiFeO3-PFS ones. In line with this result, 
concentration dependence of the magnetic phase transition temperature TN for BiFeO3-SFS compositions is close to the TN(x) 
dependence for BiFeO3 solid solution with disordered perovskite PbFe1/2Nb1/2O3 (PFN). In contrast to this TN(x) dependence for 
BiFeO3-PFS compositions nicely follows the theoretical TN(x) dependence calculated for the case of the ordered distribution of 
Fe3+ and non-magnetic Sb5+ ions in the lattice (chemical ordering). 
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1. Introduction

BiFeO3 is nowadays, one of the most widely studied material 
as it exhibits both magnetic and ferroelectric properties at 
room temperature and well above it.1 Such materials are 
called multiferroics and are prospective for a lot of appli-
cations.1–7 For many of these applications, it is necessary to 
adjust the temperatures of both magnetic and ferroelectric 
phase transitions to a certain temperature range as the mag-
netoelectric response increases dramatically in the vicinity 
of phase transitions.4,8,9 This problem may be solved e.g., 
by designing of various solid solutions based on BiFeO3.1

Formation of solid solutions also gives one a possibility to 
destroy the spatially modulated spin cycloid being one of 
the origins of the antiferromagnetic spin ordering in BiFeO3 
and limiting its application.1 Unfortunately, the synthesis of 
many BiFeO3-based solid solutions with perovskite structure 
at atmospheric pressure is often limited leading to the neces-
sity of using the high-pressure synthesis.6,10

To create new multiferroic solid solutions, it is highly 
desirable to predict the magnetic phase transition tempera-
ture TN dependence on composition. It is usually consid-
ered that in Fe-containing perovskite multiferroics such as 
BiFeO3 and PbFe1/2B5+

1/2O3 (B5+ – Sb, Nb, Ta,) ferroelectric 
and magnetic subsystems are independent. The explanation 
was that ferroelectric properties are provided by bismuth or 
lead ions located in the A sites of the ABO3 perovskite unit 
cell, whereas magnetic properties are caused by iron ions 
located in the B-sites. The A-sublattice appears to be ferro-
electrically active due to the dangling bonds or lone electron 
pairs (nonfilled 6p states) typical of both bismuth and lead 
ions producing the local electric dipoles.2,3 Therefore, it is 
commonly believed that the TN value in Fe-containing per-
ovskites depends only on the number of possible Fe–O–Fe 
connections in the lattice, i.e., the amount of the magnetic 
nearest neighbors at each Fe3+ ion.11 However, recently it 
was shown that TN decreased considerably and the long-
range antiferromagnetic order transformed into a short-range 
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spin-glass one as a result of the introduction of nonmagnetic 
ions into Pb sublattice of PbFe1/2Nb1/2O3 (PFN), although the 
iron concentration in the B-sublattice remained the same.12 
It was assumed that both classical magnetic superexchange 
via the Fe–O–Fe bonds and a nontrivial one via the empty 
6p states of Pb2+ ions coexist in PFN and similar compounds. 
Subsequently, the X-ray fluorescence holography studies 
of PbFe1/2Nb1/2O3 proved the participation of Pb ions in the 
superexchange interaction among Fe ions.13 A feasibility 
of a consimilar nontrivial magnetic super exchange among 
Fe3+ ions in BiFeO3 through the empty 6p states of Bi3+ was 
assumed earlier by de Sousa et al.14 Nevertheless, such mech-
anism of super exchange most likely begins to make a notice-
able contribution to the overall super exhange at a rather high 
concentration of nonmagnetic ions in the Fe-sublattice of 
BiFeO3-based solid solutions.15 

It should be stressed that in multiferroic solid solu-
tions as well as in complex Fe-containing multiferroics 
PbFe1/2B5+

1/2O3 (B5+ –Nb, Ta, Sb) there exists the possibility 
of notable changing the degree of chemical or compositional 
ordering of B-cations, well known for other PbB3+

1/2B5+
1/2O3 

(B3+ –In, Sc, Yb, Lu; B5+ –Nb, Ta, Sb) perovskites.16–21 The 
values of TN should depend significantly on such ordering 
as it changes the number of magnetic nearest neighbors at 
Fe3+ ions. Nevertheless, while examining X-ray and neutron 
diffraction data for the complex Fe-containing perovskite 
multiferroics PbFe1/2B5+

1/2O3 (B5+ –Nb, Ta, Sb) one can 
notice that the long-range chemical ordering is reported only 
for PbFe1/2Sb1/2O3 (PFS)22,23 in contrast to PbFe1/2Nb1/2O3 
(PFN) and PbFe1/2Ta1/2O3 (PFT) where random distribution 
of Fe3+ and Nb5+ (Ta5+) ions in the lattice is observed.24–27 
Moreover, the experimental TN values of both PFN and PFT 
(≈150  K)4,5,8,23–27 are approximately in the middle between 
the theoretically predicted ones for completely disordered 
(≈300 K) and perfectly ordered (≈0 K) PbFe1/2B5+

1/2O3 per-
ovskites.26,28 This contradiction is usually explained by the 
presence of partial local ordering (clustering) of Fe3+ and 
Nb5+ (Ta5+) ions.26,28 Studies of nuclear magnetic resonance 
(NMR),29 Raman30 and X-ray absorption spectra (XAFS),31 
measurements of acoustic emission32 and magnetization,33 
as well as ab initio calculations34 have shown that complex 
perovskites possess the very different macroscopic structure 
as compared with the local one. The dramatic (up to 100 K) 
increase in TN values reported for PFN single-crystalline 
nanofilms35 and mechanochemically synthesized PFN and 
PFT ceramics36 was also ascribed to the changes in the degree 
of local ordering (clustering) of Fe3+ and Nb5+ (Ta5+) ions.34,36 
It is worth mentioning that the effect of local ordering of Fe3+ 
and Nb5+ ions was also observed in the BiFeO3–PFN solid 
solution system.28 There is some evidence that even more suf-
ficient changes in TN due to compositional ordering can be 
achieved in the solid solution of BiFeO3 with a highly ordered 
perovskite PbFe1/2Sb1/2O3 (PFS).37 

The scope of the present work was to study the composi-
tional dependence of magnetic phase transition temperature 

TN in two BiFeO3-based solid solutions, containing as a 
second component highly ordered perovskites, namely 
PbFe1/2Sb1/2O3 (PFS) and lead-free SrFe1/2Sb1/2O3 (SFS). In 
order to exclude the effect of the Sr-substitution for Bi on 
TN which is supposed to become noticeable at large enough 
(about 50% or more) degree of iron sublattice dilution15 the 
content of SFS was limited to 60% which corresponds to 
30% of Sb ions in the B-sublattice. 

2.  Experimental Methods

For synthesis of both (1−x)BiFeO3–xPbFe1/2Sb1/2O3 (BFO-xPFS) 
and (1-x)BiFeO3–xSrFe1/2Sb1/2O3 (BFO-xSFS) solid solution 
compositions, high pure Bi2O3, PbO, Fe2O3, SrCO3 and prelim-
inary synthesized SbFeO4 were used as starting reagents. We 
mixed these reagents in a stoichiometric ratio, ground them in 
a ball mill in ethanol, dried them, and then fired at 870 °C in a 
closed alumina crucible for 20 min. The resulting product was 
ground in a ball mill and then fired at 1000 °C for 2 h.

We pressed synthesized powders into small disks of 
4.5 mm in diameter and of ~4 mm in height. We carried out 
the synthesis under high pressure (4–6 GPa) in a DO-138A 
anvil press at 1300–1550 °C for 1–5 min, followed by 
quenching to room temperature. The atmosphere in the 
pressure vessel is slightly reducing38; therefore, the samples 
obtained in this way usually contain a fair amount of oxy-
gen vacancies. These vacancies are intrinsic point defects in 
oxides of the perovskite family that arise most easily.39 To 
reduce the concentration of oxygen vacancies as well as the 
residual mechanical stresses, the samples were annealed in 
air at 350–400 °C for 2 h prior to measurements. 

SrFe1/2Sb1/2O3 was prepared via solid phase reactions 
route using high-purity SrCO3 and preliminary synthesized 
SbFeO4. The components taken in stoichiometric proportions 
were well mixed in an agate mortar under ethanol. The syn-
thesis was carried out in two stages: first, for 4 h at a tem-
perature of 950 °C in a closed crucible made of aluminum 
oxide, then the reaction product was thoroughly ground by 
stirring in a mortar, then pressed into small disks, which were 
sintered for 2 h at 1300 °C.

X-ray diffraction (XRD) studies of the synthesized pow-
ders were performed at room temperature using DRON-3 dif-
fractometer (CuKa radiation). 

57Fe Mössbauer spectra were measured with a MS1104Em 
spectrometer attached either to a helium cryostat CCS-850 
or to a high-temperature furnace. The spectra were analyzed 
with the help of the SpectrRelax programm.40 Isomer shifts 
were defined relative to the metallic α-Fe.

3.  Results and Discussion

Room-temperature XRD studies revealed the formation of 
single-phase perovskite structure for all for the synthesized 
BFO – xSFS and BFO – xPFS samples. Figure 1 shows the 
XRD patterns for PFS and SFS samples. The reason that we 
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have shown these patterns in a relatively small angular range 
is to illustrate the formation of the perovskite phase. There is 
no parasitic pyrochlore phase and there are superstructural 
reflections that correspond to the doubling of the perovskite 
unit cell due to the ordering of Sb5+ and Fe3+ ions. We esti-
mated the value of the degree of long-range compositional 
ordering S. Taking the ratio of the intensities of the funda-
mental and superstructural reflections,16,17,29 we obtained an 
S value of 0.9 for PFS and 0.58 for SFS.

The XRD patterns of all the other BFO-xSFS and BFO-
xPFS compositions studied show the well-formed perovskite 
structure and the lack of the superstructural reflections. As an 
example, Fig. 2 shows the XRD patterns for BFO-0.5SFS and 
BFO-0.5PFS samples.

In the compositional range of x < 0.2 for BFO-xSFS and 
x < 0.35 for BFO-xSFS, both solid solutions have a rhom-
bohedral crystal structure (space group R3c) similar to that 
of BiFeO3. At higher x values, XRD patterns for both sys-
tems generally correspond to the cubic perovskite structure, 
although the diffraction lines are somewhat broadened. This 
fact indicates that the crystal lattice of these perovskites is 
distorted and, strictly speaking, is not cubic. However, it is not 
possible to estimate the degree and type of such distortions, 
since the splitting of diffraction lines is not revealed using the 
available diffractometer. Interestingly, very similar changes 
of the structure with composition were reported recently for 
solid solution of BiFeO3 with a disordered perovskite PFN.41 

Figure 3 shows the compositional dependence of the lattice 
parameters for BFO-xSFS and BFO-xPFS solid solutions. For 
the sake of comparison, a similar dependence for BFO-xPFN 

system is plotted using the data published in Ref. 41. Both 
the position and the width of the MPB between rhombohedral 
and pseudocubic phases are drawn very roughly just to mark 
their presence. 

At room temperature, both PFS and SFS are in the para-
magnetic phase and their Mössbauer spectra were success-
fully fitted with two components: a singlet and a doublet 
[Figs. 4(a) and 4(b)] in accord with the results of the previ-
ous studies of these compounds.42,43 For all the other com-
positions studied room temperature, Mössbauer spectra were 
sextets indicating that they are in the magnetically ordered 
state. In order to have the possibility to compare the spectra 
of different solid solution compositions, the measurements 

Fig. 1.    Room-temperature XRD patterns of the PFS and SFS pow-
ders. The inset highlights the small-angle range for PFS where the 
superstructure (111) reflection is observed.

Fig. 2.    Room-temperature XRD patterns of the 0.5BiFeO3-0.5PFS 
and 0.5BiFeO3-0.5SFS powders.

Fig. 3.    Compositional dependences of the rhombohedral (aRh) 
and pseudocubic (apsc) lattice parameters for BFO-xSFS and BFO-
xPFS solid solutions. For comparison, a similar dependence for 
BFO-xPFN system is plotted using the data published in Ref. 41. 
Morphotropic phase boundaries (MPB) between rhombohedral 
and pseudocubic phases are drawn very roughly just to mark their 
presence.
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were carried out in the paramagnetic phase at 723 K. The 
results obtained for BFO-0.5PFS and BFO-0.5SFS compo-
sitions are displayed in Fig. 4 (panels c and d). The com-
ponents’ parameters of these spectra are shown in Table 1. 
For all the compositions studied, the values of isomer shift 
d in the Mössbauer spectra correspond to Fe3+ in an octahe-
dral environment taking account of the decrease of d with 
temperature.44,45 

As was already mentioned, the Mössbauer spectra of 
highly ordered PFS and SFS samples include both singlet and 
doublet components [Figs. 4(a) and 4(b)]. The singlet seems 
to correspond to the chemically ordered regions (quite large 
in size), while the doublet can be ascribed to the regions in 
which this long-range order is violated. Each Fe ion displaced 

from its sublattice affects the spectrum of several neighbor-
ing iron ions. That is why the fractions of singlet in the 57Fe 
Mössbauer spectra for both PFS and SFS are substantially 
lower than the values of long-range ordering degree S of the 
same samples estimated using the XRD data. 

Mössbauer spectrum of the BFO-0.5PFS sample 
[Fig.  4(c)] consists of two paramagnetic doublets, D1 and 
D2. The appearance of the quadrupole splitting is due to the 
presence of compositional disorder in the sample. Similar to 
macroscopically disordered perovskites, PFN and PFT this 
disorder may be ascribed to the clustering of Fe and Sb ions, 
i.e., that the sample contains regions where the concentration 
of Fe3+ ions is higher or lower than the average one.33,34 The 
value of the quadrupole splitting D is related to the symmetry 

Fig. 4.    Mössbauer spectra of (a) PFS, (b) SFS, (c) BFO-0.5PFS, (d) BFO-0.5SFS measured in the paramagnetic phase (at room temperature 
for PFS and SFS and at 723 K for BFO-0.5PFS and BFO-0.5SFS).

Table 1.    Parameters of the Mössbauer spectra measured in the paramagnetic phase for the compositions studied.

Sample T, K Component d ± 0.02, mm/s D ± 0.02, mm/s Γ ± 0.02, mm/s A ± 1, % c2

PFS 295
S 0.46 0.33 63

1.140
D1 0.44 0.56 0.48 37

SFS 295
S 0.40 0.41 42

1.066
D1 0.38 0.62 0.53 58

0.5BiFeO3–0.5PFS 723
D1 0.11 0.28 0.31 49

0.983
D2 0.11 0.56 0.31 51

0.5BiFeO3–0.5SFS 723

D1 0.10 0.72 0.29 18

0.954D2 0.10 0.44 0.29 57

D3 0.10 0.19 0.29 25

Notes: S: singlet, D: doublet, d: isomer shift, D: quadrupole splitting for paramagnetic component, Γ: linewidth, A: component area, c2: Pearson criterion.
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of the local environment of Fe3+ ions. Since the D1 doublet 
has a smaller value of D, it matches the more symmetric 
surroundings of Fe3+ ions, which is more probable in zones 
where the concentration of these ions is high. The D2 doublet 
having a larger value of D seems to be due to the Fe3+ ions in 
the regions with a low Fe content.

Three doublets D1, D2, and D3 are present in the 
Mössbauer spectrum of the BFO-0.5SFS sample. Nearly, the 
same δ values of these doublets match to Fe3+ ions in an octahe-
dral oxygen environment. The existence of above-mentioned 
doublets, corresponding to three types of local surroundings 
of the Fe3+ ions indicates that compositional inhomogeneity 
of BFO-0.5SFS is larger as compared to BFO-0.5PFS.

The temperature of magnetic phase transition (TN) was 
retrieved using the intensity of the Mössbauer spectrum (Im) 
measured in the velocity range 0–1.2 cm/s at different tem-
peratures. In the vicinity of the magnetic phase transition, 
Mössbauer spectrum turns from a doublet or singlet to a sextet 
and the intensity of the spectrum within the above-mentioned 
velocity range decreases dramatically. Thus, the abrupt drop in 
the Im(T) curve corresponds to the TN. Figure 5 shows the Im(T) 
dependences for the compositions studied. One can see that 
while the Im(T) dependences for PFS and SFS are very similar 
(see the inset in Fig. 5), the steps in the Im(T) curves corre-
sponding to the BFO-xSFS samples are much more diffused 
as compared to the BFO-xPFS ones. Such difference is in line 
with the difference in the Mössbauer spectra of BFO-0.5SFS 
and BFO-0.5PFS compositions which was discussed above. 

Figure 6 shows the TN(x) dependences for BFO-xPFS and 
BFO-xSFS solid solution systems, plotted using the data of 
Mössbauer studies. The dotted line shows the TN(x) dependence 
for BFO-xPFN system plotted using the results of the magne-
tization measurements.28 The results of the subsequent magne-
tization, dielectric, and structural studies of several BFO-xPFN 
compositions are in a good agreement with this TN(x) curve.46,47

One can see that the TN(x) dependence for BFO-xPFN 
system lies approximately halfway between the TN(x) depen-
dences for (1−x)BiFeO3–xPbFe1/2B5+

1/2O3 solid solutions 
calculated for the cases of the ordered and disordered distri-
bution of Fe3+ and nonmagnetic B5+ ions in the lattice.28 This 
result is usually interpreted as an evidence of the short-range 
ordering of Fe3+ and Nb5+ ions in PFN. Unlike this, the TN(x) 
dependence for solid solution of BFO with a highly ordered 
perovskite PFS appears to be very close to the one calculated 
for the (1−x)BiFeO3–xPbFe1/2B5+

1/2O3 solid solutions under 
the assumption of the complete ordering of Fe3+ and nonmag-
netic B5+ ions in the lattice.28 It is rather surprising as no evi-
dence of the long-range ordering of Fe3+ and Sb5+ ions were 
observed in the XRD patterns and in Mössbauer spectra of 
the BFO-xPFS compositions studied. Even more surprising is 
the fact that TN values of the BFO-xSrFS compositions stud-
ied match TN(x) curve for the BFO-xPFN rather than that for 
BFO-xPFS, though SrFS is also a highly ordered perovskite 
like PFS. One of the possible origins of this discrepancy may 
be the difference in the lattice parameters of BFO-xPFS and 
BFO-xSFS compositions. As one can see in Fig. 3, lattice 
parameters for both the rhombohedral (aRh) and pseudocu-
bic (apsc) compositions of BFO-xPFS are larger than those 
of the similar BFO-xSFS ones and this difference increases 
as x grows. It is widely known that the increase of  the dis-
tance between magnetic ions caused by the increase of the 
lattice parameter usually leads to a dramatic decrease of the 
magnetic exchange and corresponding lowering of TN.48,49 

However the difference in the TN values of BFO-xPFS and 
BFO-xSFS compositions becomes visible only in the x > 0.4 

Fig. 5.    Temperature dependences of the Mössbauer spectrum in-
tensity Im in the 0–1.2 mm/s range related to its value at the highest 
measuring temperature for BFO-xSFS (solid lines) and BFO-xPFS 
(broken lines) compositions. The inset shows the Im(T) dependences 
for SFS and PFS.

Fig. 6.    Concentration dependences of the magnetic phase transi-
tion temperature TN for BFO-xSrFS and BFO-xPFS solid solutions 
plotted using the data of Mössbauer studies. Black solid lines show 
the TN(x) dependences for (1−x)BiFeO3–xPbFe1/2B5+

1/2O3 solid solu-
tions calculated for the cases of the ordered and disordered distribu-
tion of Fe3+ and non-magnetic B5+ ions in the lattice28. The broken 
line between two calculated ones shows the experimental TN(x) de-
pendence for BFO-xPFN ceramics plotted using the results of the 
magnetization measurements.28
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range while the difference in the lattice parameters becomes 
substantial at lower x values. Moreover, for BFO-PFN system 
both the aRh and apsc values are even larger than those for sim-
ilar BFO-xPFS ones (Fig. 3) while the TN values are higher, 
especially in the x > 0.4 range. Thus it seems that the differ-
ence in TN values between BFO-xPFS and BFO-xSFS compo-
sitions is due to the difference in the chemical (compositional) 
ordering degree of Fe3+ and Sb5+ ions. This ordering may be 
short-range and local and thus not detectable by the XRD. 

4.  Summary

Ceramic samples of BiFeO3-based perovskite solid solutions 
with the highly-ordered complex perovskites PbFe1/2Sb1/2O3 

(PFS) and SrFe1/2Sb1/2O3 (SFS) were obtained using high-
pressure synthesis at 4–6 GPa. Compositional range 
of  both  (1–x)BiFeO3–xPbFe1/2Sb1/2O3 (BFO-PFS) and 
(1–x)BiFeO3–xSrFe1/2Sb1/2O3 (BFO-SFS) solid solutions 
was limited to 0 ≤ x ≤ 0.6 to exclude the possible effect of 
excess diluting of both Bi- and Fe- sublattices on the mag-
netic phase transition temperature TN. Neither XRD nor 
Mössbauer studies detected the presence of the long-range 
chemical ordering in the compositions studied except PFS 
and SFS. Mössbauer studies revealed that BiFeO3-SFS com-
positions are characterized by a larger compositional inho-
mogeneity as compared to BiFeO3-PFS ones. In line with 
this result concentration dependence of the magnetic phase 
transition temperature TN for BiFeO3-SFS compositions was 
found to be close to the TN(x) dependence for BiFeO3 solid 
solution with disordered perovskite PbFe1/2Nb1/2O3 (PFN). 
In contrast to this TN(x) dependence for BiFeO3-PFS com-
positions nicely follows the theoretical TN(x) dependence 
calculated for the case of the ordered distribution of Fe3+ 
and non-magnetic Sb5+ ions in the lattice. The difference in 
TN values between BFO-xPFS and BFO-xSFS compositions 
seems to be due to the difference in the chemical (compo-
sitional) ordering degree of Fe3+ and Sb5+. This ordering is 
likely to be short-range and local and thus not detectable by 
the XRD.
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