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A B S T R A C T

The high-pressure stabilized perovskite phases of the BiFe1-xCrxO3 solid solutions (0 ≤ x ≤ 1) were studied in 
respect of their stability at ambient pressure, phase coexistence and phase transitions as well as dielectric 
properties and magnetic behaviour. The as prepared phases with x ≤ 0.50 are the rhombohedral R3c. In the 
compositional range of 0.55 ≤ x ≤ 0.90, the solid solutions are the antipolar orthorhombic Pnma, while the 
monoclinic C2/c phase is formed when x ≥ 0.95. Upon heating, all the studied compositions exhibit structural 
transition into a high-temperature non-polar orthorhombic Pnma modification. The transition is reversible; the 
only exception is the case of the solid solution with x = 0.55, which transforms to the two-phase mixture (R3c +
antipolar Pnma) upon cooling. The BiFe1-xCrxO3 ceramics demonstrate high dielectric constant yet a relatively 
high dielectric loss, which grows with increasing temperature. Dielectric dispersion likely caused by ferroelectric 
domain was observed and activation energy was estimated as a function of chromium content. The composition 
with x = 0.95 shows a spin re-orientation transition, which is suppressed when x ≤ 0.90. In the Cr-rich 
compositional range, a magnetization reversal effect below the Néel temperature was observed.

1. Introduction

Bismuth-containing perovskites represent an intriguing class of ma
terials with fascinating physical properties associated with stereo
chemical activity of 6s2 lone pair electrons of Bi3+. This electronic 
instability often results in ferro- and antiferroelectric order, piezoelec
tricity and multiferroicity. For instance, the only known multiferroic, 
which merges a proper ferroelectricity and magnetism at room tem
perature is BiFeO3. The trigonal crystal structure of this perovskite in
volves polar atomic displacements and anti-phase tilting of octahedra 
about the polar axis. The structural distortions have a strong impact on 
the magnetic ground state. The dominant exchange interactions are 

antiferromagnetic, stabilising the so-called G-type antiferromagnetic 
structure, where each spin is antiparallel to its neighbours. The octa
hedral tilting and the polar structural distortions impose antisymmetric 
exchange interactions promoting ferromagnetic canting (weak ferro
magnetism) and modulated state, respectively. The presence of the 
ferromagnetic component is particularly desirable for an efficient cross- 
coupling between the electronic and magnetic subsystems. However, the 
part of antisymmetric exchange associated with the polar distortions 
stabilises an incommensurate cycloidal structure, which averages the 
weak ferromagnetic component to zero [1,2]. To suppress the modula
tion, such approaches as chemical modification, thin film 
manufacturing, domain engineering were used [3–5]. Among them, 
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atomic substitutions represent the simplest & controllable one. Sub
stitutions in the A-site of BiFeO3 are the most reported, particularly the 
cases of replacement of Bi3+ with rare-earth cations [4,5]. In contrary, 
B-site substitutions have scarcely been studied, mainly because of a very 
small replacement rate that can be achieved using the conventional 
synthesis routes. B-site substitutions in bismuth ferrite are of particular 
interest, especially when recurring to magnetic cations [4,6]. A coop
eration between magnetic cations in the B-site and the resultant polar
ization from bismuth's lone pair of valent electrons may lead to 
interesting and novel magnetic structures. The system with 
Fe3+-to-Mn3+ substitution, BiFe1-yMnyO3, is the most studied both 
experimentally and theoretically [7–11]. Unlike bismuth ferrite, syn
thesis of bulk BiMnO3 requires high-pressure to stabilize this composi
tion in perovskite structure [12]. Nonetheless, the conventional ceramic 
processing route is sufficient to produce single-phase perovskite com
positions with the manganese substitution rate up to 30 mol% [13,14]. 
In this range, the crystal structure of the solid solutions was found to 
remain the same as that of the parent bismuth ferrite, namely the 
rhombohedral R3c. By processing the whole series under high-pressure, 
the BiFe1-yMnyO3 compositions with the manganese content up to 10 
mol % crystallize in the R3c structure, while for 0.15 ≤ y ≤ 0.60 the 
structure is antipolar orthorhombic, Pnma [7,15]. For compositions with 
y corresponding to 80 mol% of Mn and higher, the structure is mono
clinic C2/c, as that of undoped BiMnO3 [7,16]. Upon annealing, the 
orthorhombic phase with the compositions from the range of 0.15 ≤ y ≤
0.30 transforms irreversibly into the rhombohedral R3c one [15]. For the 
remaining compositional range, the heating-cooling cycles are accom
panied by reversible transformations into/from the high-temperature 
non-polar orthorhombic phase, which is also Pnma but with different 
metric with respect to the primitive perovskite unit cell [7]. The 
compositional sequence of crystal structures observed in unannealed 
BiFeO3–BiMnO3 is the same as that in as-prepared BiFeO3–BiScO3 series 
synthesized under high pressure [17]. However, annealing behaviour of 
these two systems is rather different. Unlike BiFeO3–BiMnO3, the 
scandium-containing system has three compositional ranges where 
irreversible temperature-induced transitions occur originating new 
structural phases, which are not present in the phase diagram of the 
as-prepared compositions [18–20]. This phenomenon, known as con
version polymorphism [20], was shown to be a general mechanism, 
deserving detailed study and exploration in other high-pressure stabi
lized perovskites.

The same as BiMnO3, BiCrO3 perovskite compound has been first 
high-pressure synthesized and characterized by Sugawara to be mono
clinic C2/c [12]. However, unlike the former (which is ferromagnetic), 
bismuth chromate exhibits a G-type antiferromagnetic (AFM) structure 
below TN = 114 K, with a weak ferromagnetic (FM) component [21,22]. 
BiCrO3 itself and BiCrO3-based composition have been reported to 
exhibit a spin-reorientation transition below their Néel temperature 
[21–25]. Only ten years ago solid solutions of the BiFeO3–BiCrO3 system 
were much less studied than those of the BiFeO3–BiMnO3 series, likely 
due to the small solubility (about 10 mol.%) of bismuth chromate in 
bismuth ferrite at ambient pressure [26]. However, in 2018, McBride 
et al. reported a synthesis of almost stochiometric BiFe0.5Cr0.5O3 using a 
new near-ambient-pressure solid-state method [27]. They confirmed that 
crystal structure of the obtained material is rhombohedral R3c as that 
earlier found in the BiFe0.5Cr0.5O3 ceramics synthesized under high 
pressure [28]. Over the last decade, an interest to the BiFeO3–BiCrO3 
system has suddenly increased [29–34]. High-pressure synthesis was 
used to prepare the rhombohedral BiFe1-xCrxO3 compositions with x =
0.05, 0.10, and 0.20, which were then studied using Mössbauer spec
troscopy [29,31]. Inspired by first principles theoretical predictions of 
high-polarization & large magnetic moment in rhombohedral BiFe0.5

Cr0.5O3 [35], Wu et al. studied in detail structural, magnetic, dielectric 
and optical properties of this equimolar solid solution of BiFeO3 and 
BiCrO3 [36]. A compositional range of orthorhombic structure was then 
found in the high-pressure stabilized perovskites of the BiFe1-xCrxO3 

system (x > 0.5) [30] The borders of the orthorhombic phase, with the 
ranges of the rhombohedral (BiFeO3-rich) phase and the monoclinic 
(BiCrO3-rich) one, were roughly estimated to be at 0.50-0.60 and 
0.85-0.95, respectively. Then the temperature dependence of the 
BiFe1-xCrxO3 magnetic transition temperature was reported [32].Very 
recently, Belik reported high-pressure synthesis, annealing behaviour, 
crystal structure and magnetic properties of ceramic samples from the 
Cr-rich side of bulk BiFe1-xCrxO3 solid solutions (0.6 ≤ x ≤ 0.9) [37]. In 
the compositions with x between 0.1 and 0.3, he revealed an 
annealing-stimulated irreversible transformation (conversion poly
morphism) from the C2/c phase to the Pnma one.

Here we report on results of systematic study of the structure, 
dielectric and magnetic properties of the high-pressure stabilized 
perovskite phases in the entire compositional range of the BiFe1-xCrxO3 
solid solutions (0 ≤ x ≤ 1) as well as their behaviour upon annealing.

2. Experimental

Ceramics of the BiFe1-xCrxO3 series (x = 0.10, 0.20, 0.25, 0.30, 0.40, 
0.50, 0.55, 0.60, 0.70, 0.75, 0.80, 0.85, 0.90 and 0.95) were synthesized 
under high-pressure from the precursors prepared either by means of a 
solid-state reaction of the oxide mixture or using a sol-gel route. Details 
of the precursor preparation can be found in the Supplementary 
Material.

The powders were pressed into pellets of 4.5 mm in diameter and 
about 4 mm height and then processed at 4 GPa using an anvil press DO- 
138A equipped with a Bridgman-type apparatus. The high-pressure 
synthesis temperature was 1570-1670 K (depending on composition); 
the dwell time did not exceed 5 min. Then a container with sample was 
quenched to room temperature followed by fast release of pressure. Such 
a procedure ensures keeping the synthesized materials as a metastable 
phase at ambient conditions. It should be noted, however, that this 
feature of high-pressure synthesis results in huge inhomogeneous stress 
and defects in the obtained ceramics, which usually make difficult their 
poling and measurements in high electric field.

Phase analysis and the crystal structure characterization were done 
via X-ray diffraction (XRD) on the powders obtained from the as- 
prepared ceramics. XRD measurements were performed using a PAN
alytical X'Pert MPD PRO diffractometer (Ni filtered Cu Kα radiation) 
with an exposition of about 2 s per 0.02◦ step over a 2-theta range of 10- 
90◦. The structural parameters for the end member of the series, BiCrO3, 
were taken from the neutron diffraction data, collected on WISH 
diffractometer (ISIS Facility, UK) [25]. In situ temperature XRD studies 
were conducted in an Anton Paar HTK 16 N chamber upon both heating 
and cooling. First thermal cycle was done between 300 and 870 K with a 
step of 50 K to estimate the ranges of possible structural transformations, 
phase coexistence and decomposition of the high-pressure stabilized 
compositions. Then the measurements were repeated with maximum 
temperature well below the stability limit with a step of 10 K in vicinity 
of phase transitions detected in a course of previous cycle. The obtained 
XRD data were refined by the Rietveld method using the FULLPROF 
suite [38].

The microstructure of the ceramics was studied using a Hitachi S- 
4100 scanning electron microscope (SEM) operating at 25 kV. The grain 
size was measured on a fractured surface, on at least 100 grains, with the 
use of the software ImageJ.

The dielectric response of the ceramics was measured in the range of 
200-530 K on cooling with a rate of 1 K/min. Silver paste electrodes 
were deposited on the samples for electrical measurements. The mea
surements were performed in two frequency ranges, namely between 20 
Hz and 1 MHz, and from 1 MHz to 1 GHz. Correspondingly, an LCR 
meter HP-4284A and a vector network analyser Agilent 8714 ET in a 
coaxial line were used.

Magnetic properties of the samples were measured in the range of 5- 
400 K using the vibrating sample magnetometry (VSM) option of a 
Quantum Design PPMS DynaCool system (University of Duisburg-Essen) 
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and a Quantum Design MPMS3 magnetometer (P.J. Šafárik University). 
Temperature dependent data were collected both in zero-field-cooled 
(ZFC) and field cooled (FC) modes in the applied field 100 Oe. Mag
netic hysteresis loops were measured at different temperatures in mag
netic field up to 70 kOe. The temperature dependence of the AC 
susceptibility was measured for selected excitation frequencies for 
selected concentrations (with high x values).

3. Results and discussion

3.1. Phase content and crystal structure

The as-prepared samples of the BiFe1-xCrxO3 perovskite solid solu
tions were first characterized using XRD at room temperature. The 
ranges of three different structural phases were observed with increasing 
Cr content. The most representative fragments of the XRD patterns of the 
compositions corresponding to these phases are demonstrated in Fig. 1. 
The structures were identified from the relative intensities and the 
splitting observed. Two boundaries separating the ranges of the rhom
bohedral R3c phase (0 ≤ x ≤ 0.50) the orthorhombic Pnma (0.55 ≤ x ≤
0.90), and the monoclinic C2/c one (0.95 ≤ x ≤ 1), respectively, were 
found. In contrast with the data recently reported by Belik [37], no 
phase coexistence in any compositional ranges studied was detected.

To facilitate comparison of lattice distortions of the prototype cubic 
perovskite structure, associated with macroscopic strains, the unit cell 
parameters obtained from the refinement of the identified structural 
phases were converted into the pseudocubic cell using the following 
relations: ah = -ap + bp, bh = -bp + cp, ch = 2ap + 2bp + 2cp (for the R3c 
phase); ao = ap + cp, bo = 4bp, co = -2ap + 2cp (Pnma) and am = 2ap + bp 
+ cp, bm = bp - cp, cm = -2ap + bp + cp (C2/c) [17]. Fig. 2 shows the 

normalized unit-cell volume (Vp) as a function of chromium content. 
Within each of three compositional ranges, the Vp(x) variation is 
monotonic. A drop of the volume value (− 1.3%) is observed when 
crossing the boundary between the R3c phase range and the Pnma one, 
while no real jump in Vp(x) can be stated at the Pnma - C2/c border. A 
similar compositional behaviour of the normalized perovskite unit-cell 
volume was observed in the BiFe1-xScxO3 solid solutions, except for 
the fact that Vp in the Sc-containing system was an increasing function of 
x.

The compositional dependence of the lattice parameters and angles 
of the primitive perovskite unit-cell of the as-prepared BiFe1-xCrxO3 
samples is shown in Fig. 3.

In the range of the rhombohedral phase isostructural to that of the 
parent BiFeO3, the primitive perovskite cell demonstrates a trend to 
become cubic: the angle αp increases towards 90◦ with increasing x 
(under the conditions ap = bp = cp and αp = βp = γp < 90o). Nevertheless, 
at x ≥ 0.55, a smaller-volume pseudo-monoclinic unit cell (ap = cp > bp, 
αp = γp = 90o and βp < 90o) is more favourable. Further increase of 
chromium content leads to a decrease of βp. The ap parameter progresses 
almost linearly, even across the range borders where the composition- 
driven phase transitions occur.

The thermal stability limits of the BiFe1-xCrxO3 perovskite phases 
stabilized under high pressure were estimated from the temperature in 
situ XRD study at ambient pressure. The thermal stability limit was 
defined as the temperature which is 50 K lower than that when the 
diffraction reflections of non-perovskite phase started to appear. It was 
found that perovskites phases are stable until 770-870 K with the sta
bility temperature decreasing as chromium content is increased.

Microstructure of the BiFe1-xCrxO3 ceramics representing each 
structural range detected (rhombohedral, orthorhombic and mono
clinic) were studied by SEM. It was found that the samples synthesized 
from the precursors prepared via sol-gel demonstrated smaller grains 
than those obtained from mixed oxides. All the studied samples dis
played good densification and no visible porosity. Annealing of the 
samples at temperatures below their thermal stability limit was found to 
results in no microstructural change. Fig. 4 shows typical images of 
fractured surface of the BiFe0.05Cr0.95O3 ceramics before and after 
annealing: no evident difference is seen.

It was observed that the average grain size trends to decrease with 
increasing chromium content (Fig. 5). The largest measured average 

Fig. 1. XRD patterns of the as-prepared BiFe1-xCrxO3 samples synthesized 
under high pressure with the fundamental diffraction reflection indexed.

Fig. 2. The normalized unit-cell volume (Vp) of the BiFe1-xCrxO3 perovskite 
phases as a function of the chromium content (x) with the tentative borders of 
the phase ranges. The space groups and the superstructures are indicated (ap is 
the pseudocubic primitive perovskite unit-cell parameter).

A.N. Salak et al.                                                                                                                                                                                                                                Journal of Physics and Chemistry of Solids 213 (2026) 113621 

3 



grain size of about 8 μm was detected in the BiFe0.90Cr0.10O3 ceramics, 
while the BiFe0.45Cr0.55O3 ceramics exhibited a bimodal grain size dis
tribution with considerable fraction of large grains (above 3.5 μm).

The in situ XRD experiments confirmed a previously reported phase 
transition to a high-temperature orthorhombic phase [37]. Regardless of 
the structure of the perovskite phase of BiFe1-xCrxO3 before annealing 
(the rhombohedral, the antipolar orthorhombic or the monoclinic), 
increasing temperature was found to induce structural transformation 
into a non-polar orthorhombic modification (Pnma, √2ap × 2ap ×

√2ap). Transformation occurred through a temperature range of phase 
coexistence (typically 10-20 K), which turned to be notably wider (60 K) 
in the vicinity of the compositional border (0.50 ≤ x ≤ 0.55) between 
the rhombohedral and the antipolar orthorhombic phases (Fig. 6). The 
transition temperature gradually decreased with increasing Cr content.

All the BiFe1-xCrxO3 compositions studied (except for BiFe0.45

Cr0.55O3) showed a reversible phase transition to the non-polar ortho
rhombic Pnma structure, with the volume expansion exhibiting identical 
trends both upon heating and cooling (Fig. 7).

The as-prepared antipolar Pnma polymorph of BiFe0.45Cr0.55O3 was 
revealed to transform into the non-polar Pnma phase between 523 and 
543 K upon heating followed by a transformation to the two-phase (R3c 
+ antipolar Pnma) mixture at ~543 K upon cooling (Fig. 8).

The annealing stimulated transformation observed in BiFe0.45

Cr0.55O3 is an example of the conversion polymorphism, although 
incomplete. The R3c phase resulted from the annealing was found to 
have a smaller volume than that of the composition BiFe0.50Cr0.50O3 and 

the initial (non-annealed) antipolar Pnma structure of BiFe0.45Cr0.55O3.

3.2. Dielectric properties

The temperature dependence of the real and the imaginary parts of 
the complex dielectric permittivity of the BiFe1-xCrxO3 ceramics at 100 
kHz is shown in Fig. 9. One can see gradual increase of both εʹ and εʺ 

Fig. 3. The lattice parameters and angles of the primitive perovskite cell across 
the entire compositional range of the BiFe1-xCrxO3 series. The dashed lines 
indicate the tentative borders of the different phase ranges.

Fig. 4. SEM micrographs of BiFe0.05Cr0.95O3 prepared from mixed oxides, 
before (top panel) and after annealing at 673 K for 2 h (bottom panel).

Fig. 5. SEM micrographs of the as-prepared samples: a) BiFe0.90Cr0.10O3 (the 
average grain size of 7.99 μm) prepared using mixed-oxides method; b) 
BiFe0.45Cr0.55O3 (3.94 μm) prepared via sol-gel route; c) BiFe0.05Cr0.95O3 (1.70 
μm) prepared via sol-gel route.
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with increasing temperature and the relative increment (Δεʺ/ΔT) of the 

imaginary part is considerably bigger than (Δεʹ/ΔT) at any temperature 
within the studied range of 200-500 K. Such a behaviour is typically 
associated with contribution of conductivity [33]. The oxide materials, 
which contain iron and chromium are expected to demonstrate high loss 
caused by the variable oxidation states (i.e., Fe3+ and Fe2+ as well as 
Cr3+ and Cr6+) of these elements. Charge hopping between these states 
together with polarization of possible oxygen vacancies contribute to 
intrinsic loss of the BiFe1-xCrxO3 perovskites [36]. However, in case of 
materials prepared using high-pressure synthesis, the dielectric loss 
associated with the microstructure and residual stress (extrinsic loss) is 
certainly more considerable than intrinsic one. The room temperature 
value of tanδ = εʺ/εʹ measured at 100 kHz in the high-pressure stabilized 
BiFe1-xCrxO3 ceramics with x = 0.5 reported by Wu et al. [36] and found 
in this study differ as 0.14 and 0.45, respectively. Resulting micro
structure (grain size and size distribution, porosity, microcracks) as well 
as mechanical stress in the samples are determined not only by the 
synthesis conditions (pressure, temperature, dwell time) but also by the 
way how these conditions are realised; namely whether pressure was 
hydrostatic or not, what the heating & cooling rate was, how fast pres
sure was released etc. Therefore, microstructure-sensitive properties (in 
particular, dielectric properties) of high-pressure synthesized ceramics 

Fig. 6. The most representative part of the BiFe1-xCrxO3 phase diagram (upon 
heating). The transition temperature dependence reported by Belik [37] is 
shown for comparison.

Fig. 7. Normalized primitive unit cell volume (Vp) of as-prepared BiFe1-xCrxO3 
solid solutions as a function of temperature upon annealing. The shadow zones 
indicate the temperature ranges of phase coexistence.

Fig. 8. Relevant ranges of the in situ XRD patterns of as-prepared BiFe0.45

Cr0.55O3 illustrating the irreversible antipolar Pnma → non-polar Pnma trans
formation upon heating (top panel) and the reversible non-polar Pnma → 
(antipolar Pnma + R3c) transition upon cooling (bottom panel).
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reported by different authors can be signally marked from each other.
Fig. 10 shows the real and imaginary parts of complex dielectric 

permittivity of the BiFe1-xCrxO3 ceramics at 250 K as a function of fre
quency. The Cole-Cole equation was used for fitting the dielectric 
spectra: 

ε* = έ − iεʹ́ = ε∞ +
Δε

1 + (iωτ)1− α −
iσ

ε0ω (1) 

Here ε∞ is permittivity at high frequency, Δε - dielectric strength of the 
relaxation, τ - mean Cole-Cole relaxation time, and α - Cole-Cole relax
ation time distribution parameter. Solid lines in Fig. 10 represent the 

best fit. The dispersion maximum is seen to shift to higher frequencies as 
chromium content in the BiFe1-xCrxO3 system is increased, while the 
low-frequence conductivity remains almost unchanged.

The obtained temperature-dependent Cole-Cole parameters are 
presented in Figs. 11 and 12. The α parameter, which describes the 
width of the distribution of symmetric relaxation times was found to 
range from 0.2 to 0.3 (Fig. 11a). It means that the width of the relaxation 
distribution does not change within the error limits when increasing the 
temperature. It is seen from Fig. 11b that the dielectric constant at 
infinite frequency, ε∞, of the BiFe1-xCrxO3 ceramics with x = 0.5 is about 
250 while it is of order of 100 for other compositions studied. The 
temperature deviation from these values in the range of 200-300 K is 
below 10%. Fig. 11c shows the dielectric strengths of the BiFe1-xCrxO3 
samples as a function of temperature. As known, dielectric strength in 
static dielectric constant describes the polarization. Therefore, notably 
higher values of ε∞ and Δε observed in solid solution with x = 0.5 as 
compared with those of the compositions with x = 0.6, 0.75 and 0.85, 
are in good agreement with the theoretical predictions of exceptionally 
high-polarization in rhombohedral BiFe0.5Cr0.5O3 [35].

Fig. 12 shows the temperature dependence of the mean relaxation 
time, obtained by fitting of the measured data using the Cole-Cole 
equation, expressed as ln[τ] versus 1/T. Activation energy (EA) and the 
parameter (τ0) for each composition studied were evaluated using the 
Arrhenius law τ = τ0exp(EA/kT) and listed in Table 1.

One can see from Table 1 that the activation energy decreases, and 
the average relaxation time increases with increasing chromium con
tent. This indicates that the Cr substitution results in lowering the energy 
barrier thereby facilitating the polarization relaxation process. As 
compared to other BiFeO3-based multiferroics, the obtained activation 
energies (0.14-0.18 eV) are relatively low. For example, activation en
ergy value measured in undoped bismuth ferrite ceramics at low tem
peratures and associated with Fe2+ ↔ Fe3+ hopping was about 0.40 eV 
[39]. In doped systems, Ke et al. [40] reported the activation energy 
values of ~0.136 eV and ~0.239 eV attributed to electron jump pro
cesses, and a much higher one (~0.94 eV) associated with the migration 
of oxygen vacancies. Thus, the EA values obtained for the BiFe1-xCrxO3 
solid solutions indicate to the electron jump caused mechanism of the 
dielectric relaxation below room temperature.

The τ0 values, ranging from 22.5 to 25.7 ps, are moderately high in 

Fig. 9. Temperature dependence of the real part (top) and imaginary (bottom) 
parts of the complex dielectric permittivity of the BiFe1-xCrxO3 ceramics with 
different chromium content, x, at 100 kHz.

Fig. 10. Frequency dependence of the real (top) and imaginary (bottom) parts 
of the complex dielectric permittivity of BiFe1-xCrxO3 ceramics with different 
chromium content at 250 K. Solid lines represent fits using the Cole- 
Cole equation.

Fig. 11. Temperature dependence of the Cole-Cole parameters of the BiFe1- 

xCrxO3 ceramics: (a) relaxation time distribution parameter; (b) dielectric 
constant at high frequency, (c) dielectric strength of the relaxation.
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comparison with undoped BiFeO3, where τ0 is typically reported to be 
below 20 ps. The observed growth of τ0 with increasing chromium 
content is not strong although regular and reflects a slowdown of 
intrinsic relaxation dynamics. The nature of this effect is still unclear and 
requires a particular study using supplementary techniques.

The complex electric conductivity σ* was calculated according to the 
relationship: σ* = iε*ε0ω, where ω is the angular frequency and ε0 is the 
dielectric permittivity of vacuum. The real part of complex conductivity 
was fitted with the Almond-West power law [41]: 

σ(ω)= σDC + Aωs (2) 

Here σDC is the DC conductivity and Aωs is the AC conductivity.
Fig. 13 shows the ln(σDC) versus 1/T dependences fitted with the 

Arrhenius law σDC = σ0exp(EA/kT), where σ0 is the pre-exponential 
factor and EA is the activation energy. The obtained EA values are lis
ted in Table 2.

As seen from Table 2, the activation energies associated with the 
σDC(T) dependence of the BiFe1-xCrxO3 ceramics are in the range of 0.27- 
0.41 eV with the value increasing as chromium content is increased. The 
solid solution with x = 0.85 demonstrates the conductivity behaviour 
which is different in the temperature ranges of 300-376 K and 400-500 K 
(see Fig. 13). It corresponds to two distinct values of activation energy 
(0.414 and 0.274 eV) indicating to a coexistence of different conduction 
mechanisms. These EA values are comparable to those reported for other 
doped BiFeO3 ceramics. For example, Ca-doped BiFeO3 shows activation 
energies in the range of 0.27-0.45 eV at room temperature, which is 
attributed to mixed p-type semiconduction and oxide-ion transport [42]. 
This suggests that the conductivity of the BiFe1-xCrxO3 ceramics is driven 
by a mixed mechanism. At medium chromium contents (x = 0.50-0.60), 
the relatively low EA values indicate that electron hopping between Fe 
ions is likely to dominate. The higher values (~0.41 eV) found in solid 
solutions with x = 0.75 and 0.85 can mean that oxygen vacancy 
migration becomes more important. This is consistent with the results of 
Masó et al., [43] who reported oxygen vacancy-related conductivity 

associated with barriers of 0.4-0.6 eV in Ca-doped BiFeO3 ceramics.
The temperature range where the activation energy of the x = 0.85 

composition changes, namely 376-400 K is very close to the of range of 
the phase transition between two orthorhombic phases (see Fig. 6). 
Therefore, the EA values of 0.414 and 0.274 eV can be attributed to the 
antipolar Pnma and the non-polar Pnma modifications of BiFe0.15

Cr0.85O3, respectively.

3.3. Magnetic behaviour

The magnetic properties of the representative compositions (x = 0.4, 
0.55, 0.75, 0.8, 0.9, 0.95) starting with the composition with R3c 
structure and following the increase of the Cr content in the BiFe1-xCrxO3 
solid solution system were studied as temperature- and field de
pendences of their magnetic moment. This range of compositions is 
complementary to the recently published magnetic data [37,44], giving 
insight into the magnetic behaviour with the possibility of the appear
ance of conversion polymorphism phenomena. As previously shown 
[45], undoped BiCrO3 displays a spin-reorientation transition below the 
Néel temperature, and that behavior can be preserved for low Fe dopings 
[37]. Indeed, in our high-pressure synthesized ceramics with 5 mol% of 
Fe (x = 0.95), two anomalies were observed in the temperature 

Fig. 12. Logarithm of the mean relaxation time (Cole-Cole) versus inverse 
temperature of the BiFe1-xCrxO3 ceramics. Solid lines represent fits using 
Arrhenius law.

Table 1 
Approximation parameters EA and τ0 obtained for the BiFe1-xCrxO3 ceramics studied using the Arrhenius law.

Composition x = 0.5 x = 0.6 x = 0.75 x = 0.85

EA (eV) 0.181 ± 0.002 0.174 ± 0.002 0.139 ± 0.003 0.139 ± 0.004
τ0 (ps) 22.5 ± 0.1 24 ± 0.2 24.8 ± 0.2 25.7 ± 0.2

Fig. 13. Logarithm of σDC versus inverse temperature of the BiFe1-xCrxO3 ce
ramics. Solid lines represent a fit with the Arrhenius law.

Table 2 
The activation energy values obtained from fitting of the temparature depen
dence of DC conductivity of the BiFe1-xCrxO3 ceramics using the Arrhenius law in 
the temperature range of 300-500 K.

Composition x = 0.5 x = 0.6 x = 0.75 x = 0.85

EA (eV) 0.302 ± 0.006 0.310 ± 0.003 0.410 ± 0.007 0.414 ±
0.026 
(300–376 
K) 0.274 ±
0.007 
(400–500 
K)
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dependence of the M/H as shown in Fig. 14.
First, a small anomaly at 138 K and the onset of weak FM moment 

due to spin canting, detected as the difference between ZFC and FC 
response, is present. The second anomaly was observed at 93 K and 
assigned to spin-reorientation. Both transitions are clearly detectable 
also in the temperature dependence of the AC susceptibility shown in the 
inset of Fig. 14. Further increase of Fe content clearly yields a deviation 
from the magnetic behaviour of the undoped BiCrO3: already in the 
composition with x = 0.9, the spin-reorientation transition is suppressed 
and the Néel temperature decreased to 85 K (Fig. 14). Another inter
esting phenomenon related to the presence of the magnetization reversal 
below the Néel temperature was observed in compositions with x = 0.9 
and 0.8 (Fig. 14a and b, respectively). While the recent work of Belik 
[37] reports this behaviour for x = 0.8 only, it seems to appear in a wider 
range of the BiFe1-xCrxO3 solid solutions. Such magnetization reversal 
was previously observed in rare-earth-based REFe1-xCrxO3 solid solu
tions and explained by the competition of Dzyaloshinskii-Moriya (DM) 
interaction between Fe and Cr ions in the perovskite structure with the 
DM interaction within Cr–Cr and Fe–Fe pairs [46,47]. As a result, a 
compensation point exists between the weak FM magnetizations of Fe 
and Cr sublattices in solid solutions. The theoretical predictions for RE =
Lu, Y suggest the occurrence of the magnetization reversal in the central 
part of the doping range x ≈ 0.4-0.5 as a consequence of the relative 

magnitudes of the Fe–Fe and Cr–Cr isotropic exchange interactions [46]. 
In the case of BiFe1-xCrxO3, the compensation point seems to be shifted 
to a higher Cr concentration range and was not observed in our exper
iment in any composition with x ≤ 0.75 (see also Fig. 15). This can be 
understood as a result of different exchange interaction magnitudes in 
the studied Bi-based perovskites in comparison with RE-based perov
skites. For comparison, the Fe–Fe exchange interaction in YFeO3 and 
BiFeO3 is ≈16 K [46] and ≈75 K [48,49], respectively, while the dif
ference in Cr–Cr exchange interactions is much smaller [46,50,51]. In 
addition, the ratio of the compensation point and the Néel temperature 
Tcomp/TN = 0.59 for the composition with x = 0.8 was found to be lower 
than Tcomp/TN = 0.75 predicted in REFe1-xCrxO3 [47] or 0.83 observed 
experimentally in YFe0.5Cr0.5O3. While the evolution of TN in solid so
lutions reflects the magnitude of Fe–Cr isotropic exchange interaction, 
Tcomp depends on the Fe–Cr DM interaction. Thus, for the case of 
BiFe1-xCrxO3, such a model would require a particular approach with 
specific values of DM interactions taken into account.

Regarding the compositions with a higher Fe content, it was found 
that as x is decreased, TN also increases from 116 K for x = 0.75 to about 
320 K for x = 0.4 (Fig. 14b and 15a) driven by the much higher magnetic 
ordering temperature in the BiFeO3 end member. The obtained TN(x) 
data are in a good agreement with the magnetic phase diagram of BiFe1- 

xCrxO3 presented in Ref. [37].
As mentioned before, a conversion polymorphism phenomenon was 

detected in BiFe0.45Cr0.55O3. Annealing of this solid solution (x = 0.55) 

Fig. 14. The temperature dependence of M/H for BiFe1-xCrxO3 ceramics with 
(a) x = 0.95 and 0.9, (b) x = 0.8 and 0.75 obtained in the ZFC and FC regimes. 
The inset of (a) shows the real components of the AC susceptibility of the x =
0.95 composition measured with the excitation frequency of 8 Hz.

Fig. 15. a) The temperature dependence of M/H for BiFe1-xCrxO3 ceramics with 
x = 0.55 and 0.4. b) The temperature dependences of M/H for the as-prepared 
and the annealed BiFe0.45Cr0.55O3 ceramics.
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resulted in partial transformation of the as-prepared antipolar ortho
rhombic Pnma phase into the rhombohedral R3c one via formation of the 
high-temperature non-polar orthorhombic Pnma structure (Fig. 8). The 
influence of the conversion on the magnetic properties of the BiFe0.45

Cr0.55O3 ceramics was considered by comparison of the data measured 
before and after annealing in air at 720 K for 1 h. Two distinct maxima in 
the temperature dependence of M/H appeared instead of one in the as- 
prepared sample, as shown in Fig. 15b, and the observed weak FM 
moment was reduced as a signature of the contribution of the R3c phase, 
representative of the high Fe content perovskite with incommensurate 
AFM ordering.

For the x = 0.4 composition, whose structure symmetry is R3c both 
before and after annealing, two anomalies in the M/H versus T depen
dence were observed (Fig. 15a), namely one at TN ≈ 320 K and an 
additional sudden change in magnetic moment at 97 K. The lower- 
temperature anomaly might be evidence of the subsequent magnetic 
transition at Tm from the incommensurate AFM phase into another 
magnetic phase, perhaps the collinear AFM one, as that suggested in Fe- 
rich solid solutions of the systems BiFe1-xScxO3 [20,52] and 
BiFe1-x[Zn0.5Ti0.5]xO3 [53,54].

A reduction of the weak FM moment induced by the canted AFM 
moments was also observed in magnetization loops measured in mag
netic fields up to 70 kOe at 5 K (Fig. S4). Once the spin-reorientation 
transition observed in BiFe1-xCrxO3 with x = 0.95 was suppressed by 
increasing Fe content, the coercivity was decreased with decreasing x, 
and magnetization curves obtained a more linear behavior in the full 
field range. The annealing, which results in partial conversion poly
morphism in the x = 0.55 composition, leads to a similar effect as shown 
in Fig. S5. While the small coercivity is basically unchanged, the total 
magnetic moment is reduced, and a linear contribution to the field 
dependence of magnetization is more dominant, reminiscent of the 
behavior of high Fe content of BiFe1-xScxO3 [52] or pure BiFeO3.

4. Conclusions

Room-temperature compositional ranges of the as-prepared perov
skite phases in the BiFe1-xCrxO3 solid solution system synthesized under 
high pressure have been refined. The solid solutions with composition 
from the range of 0 ≤ x ≤ 0.50 crystallize in the rhombohedral R3c phase 
isostructural to the BiFeO3 end member. The solid solutions from the 
range of 0.55 ≤ x ≤ 0.90 are orthorhombic with the antipolar Pnma 
structure, while those from the range of 0.95 ≤ x ≤ 1 are monoclinic 
with the same C2/c structure as that in the high-pressure stabilized 
BiCrO3. No compositional ranges with phase coexistence have been 
detected. The compositional dependence of the normalized unit-cell 
volume is monotonic with the only jump (− 1.3%) observed when 
crossing the border between the R3c phase range and the Pnma one.

In the BiFe1-xCrxO3 solid solutions from the range of 0.50 ≤ x ≤ 1, 
regardless of the structure of the perovskite phase before annealing (the 
rhombohedral, the antipolar orthorhombic or the monoclinic), 
increasing temperature induces a reversible phase transition into a non- 
polar orthorhombic Pnma modification. The only case of temperature- 
induced irreversible transformation was observed in solid solution 
with composition of x = 0.55: the as-prepared antipolar Pnma poly
morph of BiFe0.45Cr0.55O3 transforms into the non-polar Pnma phase 
upon heating followed by a transformation to the two-phase (R3c +
antipolar Pnma) mixture upon cooling.

Below 300 K, dielectric behaviour of the BiFe1-xCrxO3 ceramics is 
governed by relaxation dynamics described by the Cole-Cole model with 
the relaxation time distribution parameter α in the range of 0.2-0.3. 
Activation energy of the process estimated using the Arrhenius law de
creases from 0.18 to 0.14 eV as the chromium content is increased from 
50 to 85 mol%. Above 300 K, the BiFe1-xCrxO3 ceramics show electrical 
conductivity, which rises with temperature. Conductivity is character
ized by activation energy values, which increase from 0.27 to 0.41 eV 
with increasing chromium content. This reflects a crossover in the 

dominant contribution to the conductivity from the Fe2+ ↔ Fe3+ elec
tron hopping in the compositions with x = 0.5 and 0.6 to the oxygen 
vacancy migration in those with x = 0.75 and 0.85. In the BiFe0.15

Cr0.85O3 solid solution, a sudden change of the conductivity-related 
activation energy from 0.414 to 0.274 eV within the interval of 376 to 
400 K was observed and associated with phase transition from the 
antipolar Pnma phase to the non-polar Pnma modification.

The compositional behaviour of the Néel temperature of the BiFe1- 

xCrxO3 solid solutions studied is non-monotonic, with minimal TN(x) 
values detected in the x range of 0.8-0.9. Similar to the BiCrO3 end 
member, the composition with 5 mol% of iron substitution demonstrates 
a spin re-orientation transition. The temperature of this transition in 
BiFe0.05Cr0.95O3 is lower than that in bismuth chromate; in BiFe0.10

Cr0.90O3, a spin re-orientation is entirely suppressed. In the compositions 
with x = 0.9 and 0.8, a magnetization reversal effect below the Néel 
temperature was observed.

Annealed-stimulated irreversible phase transformation in the 
BiFe0.45Cr0.55O3 solid solution was found to result in the appearance of 
two maxima in the temperature dependence of magnetic moment, cor
responding to each of the structural phases in the annealed sample 
(rhombohedral R3c and antipolar orthorhombic Pnma).

In the BiFe0.60Cr0.40O3 ceramics, an anomaly in the temperature- 
dependent magnetic behavior below TN was observed, indicating to 
possible transition to the AFM collinear magnetic state.
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