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a b s t r a c t

Solid solutions of (1 − x)BiFeO3–xBaTiO3 (0 ≤ x ≤ 0.30) have been prepared by a two-step solid state reac-
tion. By comparison with other reported methods, a higher electrical homogeneity of the ceramic bodies
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resulted in better dielectric properties, with a single-component impedance plot, small losses and per-
mittivities below 240. The maximum magnetization is observed for x = 0.05, which might represent the
proper range of compositions for multiferroism at room temperature. In order to better understand the
composition-dependent magnetic properties in correlation with the expected Fe2+/Fe3+ ratio fluctuations
in the solid solutions, a detailed X-ray Photoelectron Spectroscopy (XPS) analyses were performed on the
surfaces and on the fractured sintered bodies.
3

agnetism

. Introduction

BiFeO3 is one of the few single-phase magnetoelectric mul-
iferroics at room temperature and one of the most studied
nd controversial systems in the last years [1–3]. BiFeO3 shows

distorted perovskite structure with rhombohedral symme-
ry (space group R3c with lattice parameters: a = 3.958 Å, and
= 89.30◦), high ferroelectric Curie temperature (TC = 830 ◦C) which
as expected to be accompanied by a large spontaneous polariza-

ion (∼100 �C/cm2). From the magnetic point of view, it has an
ntiferromagnetic order (Néel temperature TN = 370 ◦C, magnetic
urie temperature ∼600 ◦C) and shows a weak ferro/ferrimagnetic
haracteristic in some temperature ranges [4–8]. The Fe magnetic
oments are coupled ferromagnetically within the pseudocubic

1 1 1) planes and antiferromagnetically between adjacent planes
so-called G-type or cycloidal antiferromagnetic order). Although
nly small polarizations (below ∼10 �C/cm2) have been gener-
lly reported in its single crystal form [9], very high remanent
olarizations above 100 �C/cm2 were instead found in films with
oth rhombohedral and tetragonal symmetry [8,10,11]. Recently,
imilar high polarizations were also found in single-crystals [12];

owever still poor ferroelectric and dielectric properties are typical

or BiFeO3 ceramics, due to the low resistivity at room temper-
ture [13]. One of the reasons for this behavior was considered
he difficulty to obtain pure BiFeO3 ceramics, since the kinetics of
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phase formation in the Bi2O3–Fe2O3 system can easily lead to the
appearance of impurities along with the perovskite major phase.
The formation of secondary phases like Bi2Fe4O9, Bi25FeO40 or
Bi46Fe2O72 was reported in ceramics [14,15], even after adopting
some special strategies suggested by Achenbach and Sosnowska et
al. [16,17]. Pure BiFeO3 ceramics were eventually obtained more
recently, by using sol–gel processing followed by rapid sintering
[18], self-combustion [19], by other wet chemistry routes [20]
and even by solid-state method, using a two-step process [21].
However, their dielectric and ferroelectric properties are still far
from that reported for films, being generally characterized by high
leakage, small permittivity, high dielectric losses and multiple ther-
mally activated relaxations in kHz range.

To prevent the formation of secondary phases in ceramics and
also to overcome the limit of poor dielectric characteristics, in
recent studies the method of forming solid solutions of BiFeO3 with
other ABO3 perovskites, such as BaTiO3 or PbTiO3 [15,21–24] or
doping in A or B positions was largely adopted [25–28]. Some of
these compounds show indeed better dielectric properties with
higher polarization and almost saturated P(E) loops, but a large
dispersion of their functional characteristics and still controversial
explanations for their functional properties were given (including
the magnetic ones).

Recently (1 − x)BiFeO3–xBaTiO3 ceramics (x = 0, 0.05, 0.10, 0.15,

0.20. 0.25 and 0.30) with good purity and homogeneity were pre-
pared by mixed oxides method following a two-step sintering
[21]. This method allowed not only to obtain a higher purity of
the perovskite phase even for x = 0, but also to get rather good
dielectric properties at room temperatures, with permittivities of

dx.doi.org/10.1016/j.jallcom.2010.07.098
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. (a) Room temperature X-ray diffraction patterns of the
◦ ◦
F.P. Gheorghiu et al. / Journal of Allo

round (180–250) and losses below 3% at frequencies in the range
f (1–106) Hz [29]. A detailed study of the functional properties of
1 − x)BiFeO3–xBaTiO3 solid solutions was not reported.

The aim of the present work was to study the dielectric and
agnetic properties of the (1 − x)BiFeO3–xBaTiO3 ceramics with

ompositions of 0 ≤ x ≤ 0.30. The solid solutions prepared by two-
tep sintering method show an improvement of the dielectric
haracteristics, by comparison with literature data. A composition
nd temperature-dependent magnetic order was found. The origin
f the observed magnetic properties is also discussed.

. Experimental

The (1 − x)BiFeO3–xBaTiO3 (0 ≤ x ≤ 0.30) ceramics were prepared by a two-
tep solid-state sintering from high purity oxides and carbonates: Bi2O3 (99.999%;
igma–Aldrich), Fe2O3 (99.98%, Sigma–Aldrich), TiO2 (99.99%; Sigma–Aldrich) and
aCO3 (99.98%; Sigma–Aldrich). It was realised a pre-sintering at 650 ◦C/2 h followed
y sintering at 800 ◦C/1 h and slow cooling, as described in detail in the Ref. [21].

The phase composition and crystal structure after sintering were checked with a
HIMADZU XRD 6000 diffractometer with Ni-filtered Cu K� radiation (� = 1.5418 Å),
.02◦ scan step and 1 s/step counting time. A HITACHI S2600N scanning electron
icroscope SEM coupled with EDX was used to analyze the ceramics microstructure.

The dielectric measurements at room temperature in the frequency range
0 Hz–2 MHz, were performed by using an impedance bridge Agilent E4980A Preci-
ion LCR Meter. The magnetic properties in the range of temperatures (5–300) K
nder fields of (0–60) kOe were determined with a superconducting quantum

nterferometric device SQUID magnetometer (Quantum Design) and above room
emperature with a MicroMagTM VSM model 3900 Vibrating Sample Magnetome-
er (Princeton Measurements Co.) under magnetic fields in the range of (0–20) kOe.
he thermomagnetic data for pure BiFeO3 ceramic were recorded to a field heat-
ng/field cooling cycle (FH/FC) under a dc field H = 10 kOe with a heating/cooling
ate of 10 K/min. The magnetic properties for the (1 − x)BiFeO3–xBaTiO3 ceramics
ere determined in the range of temperatures (300–1000) K under heating/cooling
eld H = 1 T with a LakeShore VSM 7410 magnetometer. The XPS spectra were mea-
ured using a PHI 5000 VersaProbe XPS instrument. The pressure in the chamber
as of 2 × 10−6 Pa and the conditions used for all of the survey scans were: energy

ange of 130–750 eV, 117.4 eV pass energy, 0.5 eV step size and time/step of 20 ms.
PS spectra were recorded by using a PHI Summitt XPS software and the data were
nalysed with MultiPak Spectrum software. All the spectra were calibrated using
he C 1s peak with a fixed value of 284.5 eV.

. Results and discussions

.1. Phase purity and microstructures

The room temperature XRD patterns (Fig. 1(a)) show perovskite
ingle-phase, in the limit of XRD accuracy for all the investigated
ompositions after pre-sintering at 650 ◦C/2 h followed by sintering
t 800 ◦C/1 h and slow cooling. For all investigated ceramics, per-
vskite structure of rhombohedral R3c symmetry was identified,
ith a gradual attenuation of the rhombohedral distortion with

he increase of BaTiO3 content. This tendency to a gradual change
owards a cubic symmetry with the BaTiO3 addition is proved by
he cancellation of the splitting of the XRD (1 1 0), (1 1 1), (1 2 0),
1 2 1), (2 2 0), (0 3 0) maxima specific to pure BiFeO3 (2� ≈ 31.5◦,
9◦, 51◦, 57◦, 66◦, 70◦, 75◦), as observed in the detailed represen-
ation from Fig. 1(b). The expansion of the lattice parameters with
he increase of the BaTiO3 content in (1 − x)BiFeO3–xBaTiO3 system
as also pointed out earlier [29]

SEM investigation performed on the surface of the BiFeO3 pellet
intered at 800 ◦C/1 h pointed out a heterogeneous microstruc-
ure with bimodal grain size distribution, consisting from large
rains with equivalent average size of ∼25 �m and small grains
f 3–4 �m (Fig. 2(a)). The micrograph of the ceramic sample with
= 0.15 (Fig. 2(b)) shows the dramatic influence of the BaTiO3 on

he microstructural features. One can observe the inhibiting effect

f barium titanate on the grain growth process. Further increase of
aTiO3 content to x = 0.30 (Fig. 2(c)) seems not to determine a fur-
her drop in the average grain size of the corresponding ceramic.
onsequently, in both cases a rather monomodal grain size dis-
ribution and relative homogenous microstructures, consisting of
(1 − x)BiFeO3–xBaTiO3 ceramics pre-sintered at 650 C/2 h, sintered at 800 C/1 h
and slow cooled; (b) detailed XRD pattern showing the cancellation of splitting for
(1 1 1), (1 2 0) and (1 2 1) peaks, when increasing x.

a certain amount of intergranular porosity and finer (submicron)
grains were observed [21,29].

3.2. Complex impedance characterisation

The dielectric properties of (1 − x)BiFeO3–xBaTiO3 ceramics
were investigated in detail in the Ref. [29]. They showed values
of permittivity of (180, 240) and low losses at room temper-
atures in the whole range of composition (tan ı < 3% for pure
BiFeO3 and tan ı < 1.5% for all the solid solutions). In the liter-
ature, values of the room temperature permittivity below 100
and losses either tan ı < 10% or even tan ı > 1 were reported for
BiFeO3-based ceramics [13,15,18,22,23,26]. At room temperature,
the complex impedance plots show a single-component irrespec-
tive of composition (x), as presented in Fig. 3. This demonstrates
that the two-steps method of preparation lead to a better electri-
cal homogeneity within the ceramic bodies by comparison with
the (1 − x)BiFeO3–xBaTiO3 ceramics previously prepared by a sin-
gle sintering step, for which multiple semicircles in the impedance
spectra were reported [21]. The homogeneity of a polycrystalline
ceramic from electrical point of view is expressed by similar values
of capacitance C and loss resistance R everywhere in the ceramic
sample body. The ceramic is thus described by a unique (R, C)

combination in the entire volume and this give rise to a complex
impedance characteristic with only one semicircle plot [30]. Thus,
the dielectric characteristics at room temperature of the ceramics
prepared by the two-step sintering method were clearly improved.
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ig. 2. Surface SEM images of the (1 − x)BiFeO3–xBaTiO3 ceramics: (a) x = 0, (b)
= 0.15 and (c) x = 0.30.

.3. Magnetic properties

.3.1. BiFeO3 ceramics
The properties of the as-sintered BiFeO3 ceramics were firstly

nvestigated. In the low-temperature range, a linear non-saturated
ependence M(H) as result of the cycloidal canted antiferromag-
etic behavior was observed with a space modulated spin structure
xpected for this system [5,15,18,19]. A very small nonlinearity at
K, as due most probably to a field-induced weak ferromagnetism
as also revealed (Fig. 4(a)). After this experiment, the same BiFeO3

eramic sample was subjected to a thermomagnetic measurements

nder a FH/FC cycle in the temperature range of (300–1000) K
nder a magnetic field H = 10 kOe. The recorded magnetization
s. temperature data M(T) obtained for the BiFeO3 ceramic dur-
ng the FH/FC cycle (Fig. 4(b)) confirm the expected behavior
eported in various BiFeO3-based systems [31,32]. The magneti-
Fig. 3. Complex impedance diagram of the (1 − x)BiFeO3-xBaTiO3 ceramics in the
range of 1 Hz–2 MHz. (Inset) High frequency region. One single impedance compo-
nent is observed.

zation decreases with temperature, showing a small anomaly at
the Neél temperature TN ∼ 643 K on heating and by the cancel-
lation of the magnetization at the magnetic Curie temperature
(∼830–890 K). A small thermal hysteresis of ∼60 K at the Curie
temperature was noticed, that is typical for the first-order phase
transitions. A radical change of the magnetic order in BiFeO3 ceram-
ics resulted after the FH/FC cycle under the magnetic field of
H = 10 kOe: the room-temperature magnetization becomes around
6 times higher than before performing the FH/FC experiment
(Fig. 4(b)). The M(H) loops at room temperature confirmed the
modification of the magnetic order: a ferrimagnetic slim and well-
saturated M(H) dependence is obtained at room temperature, as
presented in Fig. 4(c). The field-induced magnetization increases
from 0.1–0.15 emu/g in the as-sintered ceramic to above 25 emu/g
(after the thermomagnetic treatment), for a given value of the
applied field (H = 20 kOe). This magnetic behavior is very stable in
time.

XRD analysis performed in order to detect possible phase mod-
ifications induced by the thermal treatment under the magnetic
field FC indicated the absence of any secondary phase or structural
modifications (changes of the unit cell parameters), in the limit of
accuracy of the XRD experiments.

One possible explanation for the observed behavior may be
related to the fact that spinoidal antiferromagnetism of the as-
prepared BiFeO3 was easily turned into a ferrimagnetic state after
the thermomagnetic FH/FC sequence, whereas much higher fields
above 280 kOe at T = 10–180 K were reported in the literature to
induce changes of the spinoidal antiferromagnetism into a regular
spin order in BiFeO3 [33]. In our case a smaller field is necessary for
the spin re-orientation, due to the combined effect of high temper-
ature and magnetic field application during the FC process.

Another possibility to explain the observed phenomena might
be related to the existence of secondary phases. As indicated in
the literature, several phases of different structures and composi-
tions might coexist in the Bi–Fe–O system. Their presence even in
small amounts can substantially affect the electrical and magnetic
properties of the overall material. While �-Fe2O3 is a canted anti-
ferromagnetic material with a weak magnetization of 0.4 emu/cm3

at room temperature [34,35], bulk �-Fe2O3 displays in contrast,
magnetization up to ∼400 emu/cm3 at room temperature [36].

Co-existence of BiFeO3 with small amounts of �,�-Fe2O3 phases
in films grown by pulsed laser deposition under various oxygen
pressure was reported [37]. The presence of small amounts of
maghemite �-Fe2O3 was also evidenced in BiFeO3 films grown
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Fig. 4. Magnetic characteristics of the BiFeO3 ceramics: (a) M(H) dependence of as-
sintered BiFeO3 ceramics at T = 5, 100, 200, 300 K; (b) Thermomagnetic data M(T) of
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x ≥ 0.20 in the M(T) dependence. However, the derivative dM/dT
iFeO3 ceramics on a FH/FC cycle (FH: field heating, FC: field cooling, H = 10 kOe).
Inset) Thermal hysteresis; (c) M(H) loops at T = 300 K, after the thermomagnetic
ycle (FH/FC).

n non-optimal conditions and this secondary phase was consid-
red as being the main source of high magnetization observed
n such films [38]. Detailed Raman investigations performed in
iFeO3 films prepared by sol–gel show the formation of mag-
etite spinel phase Fe3O4 after the application of dc voltage of
700 kV/cm for a few seconds and the absence of any �,�-Fe2O3
hases [39]. It seems therefore possible that even in the case of

he present BiFeO3 ceramics, the conjugated effect of high tem-
erature and magnetic field applied during cooling (FC) could
ive rise to: (i) small amounts of secondary phases with higher
agnetization (e.g. �-Fe2O3, Fe3O4, etc.) and/or (ii) field-induced
Fig. 5. Magnetic hysteresis loops for the solid solutions (1 − x)BiFeO3–xBaTiO3

(0 ≤ x ≤ 0.30) at T = 300 K. (Inset) Remanent magnetization vs. BaTiO3 composition.

spin re-orientation causing a transition from canted antiferro-
magnetism to ferri/ferromagnetic order. Both possibilities caused
a higher room-temperature magnetization after the thermomag-
netic cycle, as observed in our experiments. The co-existence of
BiFeO3 with other Fe–O magnetic phases and the low stability of the
magnetic order when subjected to magnetic, electric fields, pres-
sure and thermal cycles might also explain the large scattering of
the magnetic properties reported for BiFeO3-based compounds in
the literature [5,15,18,19].

3.3.2. (1 − x)BiFeO3–xBaTiO3 solid solutions
The magnetic properties of the (1 − x)BiFeO3–xBaTiO3 ceram-

ics show very interesting features. The magnetic hysteresis loops
for the as-prepared (1 − x) BiFeO3–xBaTiO3 solid solutions at room
temperature (Fig. 5) show that the antiferromagnetic behavior
of BiFeO3 (linear M(H) dependence) is turned into a weak ferro-
magnetic state by addition of BaTiO3. The highest magnetization,
coercive field and M(H) loop area were found for the composition
x = 0.05. A transition from the spinoidal structure of pure BiFeO3 to
the homogeneous ferromagnetic state in BiFeO3-based compounds
induced by doping with non-magnetic ions was reported in the Ref.
[26] and it was explained by changes in the bond angle of Fe–O–Fe
caused by the distortion created by Ti and Ba co-doping, beside
the changes of the statistical distribution of Fe3+/Fe2+ as result of
the charge compensation. An increasing magnetization was also
reported by Itoh et al. [40] for small amounts of BaTiO3 addition in
BiFeO3–BaTiO3 solid solutions.

Thermomagnetic experiments of (1 − x)BiFeO3–xBaTiO3 ceram-
ics were performed for temperatures in the range (300–1000)K
according to a FC/FH sequence under a magnetic field H = 1 T and the
results are presented in Fig. 6(a and b). The variation of their magne-
tization against the temperature M(T) shows indeed the presence of
a temperature-dependent magnetic order, with magnetic moments
(under the excitation field H = 1 T) which monotonously decrease
with the temperature increase. The FH process (Fig. 6(a)) is char-
acterized by two evident anomalies. The first one is indicated by
a maximum around ∼860 K, which seems to be independent on
BaTiO3 additions and is related to the magnetic Curie tempera-
ture of BiFeO3 [4–8]. Another anomaly is around 631 K for x = 0.05
and reduces with increasing x, being impossible to be detected for
shows that this anomaly is still present and its corresponding tem-
perature reduces down to ∼534 K for x = 0.30 when increasing x.
Since the Néel temperature of pure BiFeO3 related to some re-
arrangements of the cycloidal spins in the systems is of ∼643 K
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ig. 6. Thermomagnetic data M(T) of the (1 − x)BiFeO3–xBaTiO3 ceramics at H = 1 T
uring: (a) field heating (FH) process; (b) field cooling (FC) process.

4–8], it seems that the increasing addition of BaTiO3 produces
monotonous reduction of the Néel temperature. At FC cycle

his anomaly completely disappears, due to the role of the mag-
etic driving force (H = 1 T), which induces a spin re-orientation,
esulting in much higher values of the field-induced magnetiza-
ion (Fig. 6(b)). Another important observation is that the FH/FC
ycle causes changes of the magnetization by different amounts
or each composition. A significant increase of magnetization for
= 0.10 (of about 50 times) is found, whereas for x = 0.05 an increase
f around 3.5 times only is observed, by comparison with the values
or the as-prepared ceramics. This means that the thermomagnetic
H/FC cycle acts not only in producing spin re-arrangements, but
lso induces irreversible compositional changes due to the BiFeO3
hemical instability at high temperatures and variations of the oxy-
en stoichiometry associated with Fe3+/Fe2+ transitions.

In order to better understand the composition-dependent mag-
etic properties related to the expected Fe2+/Fe3+ ratio fluctuations

n the solid solutions, a detailed X-ray Photoelectron Spectroscopy
XPS) analysis was performed on the surfaces and on the fractured
intered bodies. No differences were observed between the two
ypes of experiments. Chemical microanalysis allowed to deter-

ine the cationic stoichiometry for each composition. XPS depth
rofiling revealed that all the species (Fig. 7(a and b)) are homoge-
eously distributed throughout the ceramic depth and also at the
urface. The peak around 709 eV and two satellite peaks at ∼718
nd ∼724.4 eV correspond to a combination of Fe2+/Fe3+ states for

ll compositions (Fig. 7(a)). In addition, for x = 0.05 (Fig. 7(b)), beside
he Fe2+/Fe3+ states, also a small amount of metallic Fe0 was found,

ost probably causing the high magnetization observed for this
omposition in the as-sintered ceramics. The presence of Fe0 cannot
Fig. 7. (a) XPS spectra of (1 − x)BiFeO3–xBaTiO3 (0 ≤ x ≤ 0.30) ceramics; (b) fitting
the XPS pectra for the composition x = 0.05.

be explained by using the available data and further experiments
have to be performed in order to understand its origin. The effective
magnetic moment to each state of the Fe ion in a bulk environ-
ment is determined by multiple factors, including the magnetic
symmetry unit cell, super-exchange interaction mechanisms, mag-
netocrystalline anisotropy, etc. Calculations performed by using
density-functional theory modeling for free Fe ions [41] gave val-
ues of ∼2.2�B for Fe0, and of ∼4.9�B for Fe2+, both lower than the
values reported for Fe3+ of ∼5.9�B [42]. If computing the average
magnetic moment for the composition x = 0.05 as resulting from
a mixture of free Fe ions, lower magnetization values would result
than for the case of Fe3+ contributions only. However, the significant
amount of Fe ions in reduced states for this sample is accompa-
nied by an increased oxygen non-stoichiometry. Due to this effect,
an enhancement of the double exchange Fe2+–O–Fe3+ interactions
between 2+ and 3+ Fe ions through the oxygen anion takes place,
contributing to the rise of the ferromagnetic contribution in this
sample, according to the calculations proposed in the Ref. [43]. After
the FH/FC thermal excursion to high temperatures, the magneti-
zation corresponding to the concentration x = 0.05 turned down to
lower values, as showed in Fig. 6(b), because the re-oxidation of Fe0

and reducing the level of oxygen vacancies led to a reduction of the
double exchange contribution to the macroscopic magnetisation.

It results that the magnetic order in BiFeO3 can be easily driven
by proper magnetic or thermal history as well as by doping with
BaTiO3 compound and this might be a suitable strategy to induce

a macroscopic magnetization in the view of obtaining multiferroic
character at room temperature.

The mechanism of driving ferromagnetic properties in BiFeO3-
based ceramics by adding non-magnetic dopants or by forming
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olid solutions is still under debate and research in various sys-
ems are currently reporting new data. In the present case, by some
ncontrolled mechanism during the processing, the as-sintered
omposition x = 0.05 showed a higher magnetization, but this prop-
rty looks as being rather accidental, than reproducible. In any case,
t seems agreed that higher magnetization is found for small BaTiO3
dditions to BiFeO3. A new series of samples around the composi-
ions in the range x = 0.05–0.1 will be further produced in order to
larify the observed magnetic properties.

. Conclusions

The complex impedance and magnetic properties of the
1 − x)BiFeO3–xBaTiO3 (0 ≤ x ≤ 0.30) ceramics prepared by mixed
xides following a two-step sintering strategy were investigated.
ure single-phase perovskite phase was obtained for all the solid
olutions of (1 − x)BiFeO3–xBaTiO3, in the limit of XRD accuracy.
y comparison with the single-step sintering method, a higher
lectrical homogeneity of the ceramic bodies resulted in better
ielectric properties, with a single-component impedance plot and
mall losses (tan ı < 3%) at room temperature. The magnetic data
hown a typical antiferromagnetism in BiFeO3 ceramics which
an be turned into a ferrimagnetism by a FH/FC sequence under
= 10 kOe. A composition-dependent weak ferromagnetism with
maximum magnetization and coercive field for the composi-

ion x = 0.05 was determined. The thermomagnetic data indicate
hat magnetic properties are strongly composition and history-
ependent and also that field cooling causes field-induced weak
erromagnetism in all compositions with a maximum magnetiza-
ion for x = 0.10.

Low substitutions into A and B sites of the perovskite unit cell
BO3 might represent a strategy in inducing ferromagnetism at
oom temperature in BiFeO3 ceramics in order to produce a linear
agnetoelectric effect, which is not compatible with the perfect

ntiferromagnetic spin order.
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