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Single phase Bip;Lag3FeOs ceramic samples were successfully synthesized by sol-gel combustion and
co-precipitation methods, performing a final sintering at 820-870 °C from 10 up to 180 min. Rietveld
refinements of the XRD data detected small satellite peaks that were successfully indexed by an
incommensurated modulated structure model. Lanthanum doping improves magnetic response, reduces

the leakage current and dielectric losses. The piezoelectric coefficient was reported for the first time in
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1. Introduction

Bismuth ferrite, BiFeO; (BFO) is one of the most promising
multiferroic materials due to its high Curie (1000K) and Néel
temperatures (643 K) [1]. Several applications are foreseen includ-
ing memories, telecommunication and security applications, pho-
tovoltaic devices and catalyzed water treatments [2-4].
Moreover, most of the applied research is related to magnetoelec-
tric and spintronics such as memories that can be written using
electric field and read using a magnetic field. Nevertheless, the
widespread use of this material in industrial applications depends
on solving several problems such as the formation of secondary
phases, the high dielectric losses, high leakage currents and high
coercive electric fields at room temperature [5].

Various attempts have been made to reduce leakage currents in
films including the use of single crystal substrates [6], buffer layers
[7], heterostructures [8] or by replacing the Bi or the Fe ions [9,10].

The replacement of a small amount of metal helps to stabilize
the BiFeOs; phase. For Bi;_,A4FeOs, the most studied elements as
potential substituents for the A position are in the lanthanide ser-
ies (La, Pr, Nd, Sm, Eu, Gd, Tb, Dy and Yb) [9,11]. Lanthanum is the
most investigated rare earth substitute in A position. Numerous
investigations have been undertaken in this system. However, a
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large controversy persists regarding the effects in physical proper-
ties by isovalent substitution of bismuth ions (Bi**) for rare earth
jons like La®* (Bi;_xLayFeOs). It is generally accepted that La inhibits
the formation of secondary phases [12] and decreases leakage cur-
rents [13]. While for the ferroelectric coercive field an ambiguous
behavior is reported, some authors observed that the La doping
can increase the coercive field [14], however Simdes and his co-
workers reported a decrease in coercive field for 15% lanthanum
concentration [13].

One of the most controversial aspects of Bi;_yLa,FeOs is their
structural phase diagram at room temperature. It is generally
accepted that for x<0.15, the system crystallizes in a non
centrosymmetric R3c polar structure [1]. However for x > 0.15 five
different crystallographic phases are proposed, P1, C222, C222,,
Pn2;a and Pnma with boundaries at 0.24, 0.40, 0.55 and 0.7 respec-
tively [15,16]. Moreover, recent report suggests an antipolar Pham
structure for 0.18 <x<0.43 [17]. Studies suggesting that two
phases (rhombohedral and orthorhombic phases) can coexist are
frequently found [18]. Even for the compositions with x=0.25
and x=0.30, different orthorhombic structures have been
proposed: the centrosymmetric Pnma or Imma [16,18] or the non
centrosymmetric Pn2;a or C222 [23]. A recent investigation by
Rusakov et al. using electron diffraction, HR-TEM and synchrotron
XRD at room temperature, revealed an incommensurately
modulated phase with Imma(00y)s00 superspace group for Big 7s-
L80.25FCO3. [16]
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Fig. 1. SEM images showing grain morphology of the Big;LagsFeOs; samples
thermal treated at (a) 820 °C/1 h; (b) 870 °C/3 h.

Bi;_xLa,FeOs; (0 < x < 0.20) piezoelectric measurements were
only reported once by Jiang et al., and the highest piezoelectric
coefficient reached was 11.5 pC/N for x = 0.05. [12].

Another important effect of La substitution in bismuth ferrite
system is the enhancement of magnetic properties. The pure BiFe-
03 is a G-type canted antiferromagnetic (AFM) modulated by a
62 nm cycloid spin. While sintered BiFeOs; ceramics show AFM
behavior without magnetic hysteresis, such cycles can only be seen
in BFO nanoparticles and thin films [19-21]. The La doping pro-
motes the disappearance of the cycloid spin structure therefore it
increases remnant magnetization and it leads to magnetic hyster-
esis loops [22]. In Big;Lag3FeOs ceramic samples, the magnetic
remnant magnetization ranges from 0.027 up to 0.27 emu g !
[23,24].

Different studies point out the magnetic properties of Big;Lag 3.
FeOs3 although controversy persists about the structure and ferro-
electric properties.

We studied the crystal structure of Big;Lag3FeOs closely. With
the purpose of determining the symmetry of Big;Lag3FeOs, physi-
cal macroscopic properties (polarization and magnetization) were
analyzed at room temperature.

2. Experimental details

Big 7Lag3FeO3; ceramic samples were prepared using the urea sol-gel combus-
tion method, as reported elsewhere [25]. In order to compare results, some samples
were also prepared using the co-precipitation method [26]. The resulting powders
were calcinated at 550 °C, regrounded, pelletized and thermally treated at
820-870°C from 10 min up to 3 h, with fast heating and cooling rates (up to

200 °C/min). This process is usually called rapid thermal annealing and has been
used in order to suppress the Fe?* and oxygen vacancies which are associated with
high leakage currents [27,28]. All the measurements were performed in samples
sintered at 820 °C for 10 min with the exception of the polarization and piezoelec-
tric measurements where the 840 °C/10 min samples were used due to their higher
mechanical resistance. X-ray diffraction measurements and SEM analysis were per-
formed in all samples. The apparent density was calculated using a Vernier Caliper
to measure the height and the diameter of the pellet and weighed on a laboratory
balance. The real density was calculated from the unit cell parameters after X-ray
diffraction data refinement.

Powder X-ray diffraction (XRD) data were collected at room temperature by
PANalytical X'Pert Pro diffractometer, equipped with X'Celerator detector and sec-
ondary monochromator in 0/20 Bragg-Bentano geometry. The measurements were
carried out using a CuKo: radiation (4, = 1.54060 A and 4, = 1.54443 A) in a 15-
100° 20 angular range, a step width of 0.017° and a counting time up to 1500 s/step.
The patterns were analyzed by Rietveld method with PowderCell® [29], Rietica®
[30] and Jana2006® [31] software. The grain morphology and composition were
analyzed by SEM/EDS with a FEI Quanta 400/EDAX.

The Raman-scattering studies were performed with polished pellets of about
3 x 4 x 1 mm? size. The unpolarized Raman spectra have been measured at room
temperature under the backscattering geometry, using an Olympus microscope
BH-2, with an objective of 50x. The 514.5 nm polarized line of an Ar+ laser was
used for excitation with an incident power of about 5 mW impinging on the sample
in order to avoid heating. The scattered light was analyzed using a T64000 Jobin-
Yvon spectrometer, operating in a triple subtractive mode, and equipped with a li-
quid-nitrogen-cooled charged-coupled device. Identical conditions were main-
tained for all scattering measurements. The spectral slit width was about
1.5 cm™'. The Raman spectra were analyzed by fitting a sum of independent oscil-
lator, according to the general formula:

2
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where n(w,T) is the Bose-Einstein temperature factor, and A,j, 2, and I'y; are the
amplitude, the frequency and the damping factor for the j-th normal mode. The fit-
ting was made with the software package IgorPro (WaveMetrics®).

Sputtered gold electrodes were deposited for 10 min under a 20 mA argon cur-
rent using a Scancoat Six sputter coater (BOC Edwards) with a golden target.

The leakage current measurements were performed at room temperature using
a programmable picoammeter Keithley 6487 controlled by a LabView® program,
samples were pre-poled during 5 min at maximum field, followed by a relaxation
step of 10 min.

P(E) was recorded at room temperature, using a modified Sawyer-Tower circuit
[32]. In this circuit, the reference capacitor can have values between 47 nF and 1 pF.
In order to prevent any masking of the actual domain reversal by some additional
dynamic response, the frequency chosen for measurement of the P(E) cycles was
1.3 Hz. However, higher and lower frequencies were also tested without significant
changes.

Computer assisted dielectric characterization was performed as a function of
temperature, using an Agilent E4980A precision LCR meter. The measurements
were obtained at room temperature on a wide frequency interval of 1 kHz-1 MHz.

A fiber optic double beam interferometer system was used for measuring the
ds3 piezoelectric coefficient of the ceramics. The measurements were carried out
at 2 kHz. The accuracy of the measurement was checked with a quartz crystal. De-
tails of the interferometric measurements have been reported elsewhere [33].
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Fig. 2. (A) Diffraction patterns of Bigp;Lag3FeOs samples prepared by sol-gel
combustion and thermal treated at 830, 850 and 870 °C for 1h; detail showing
small peaks (x) not predicted by conventional symmetry groups; (B) results of
Rietveld refinement with Rietica software: (a) Pnma; (b) Pn2;a; (c) Imma structures.
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Fig. 2. (continued)

Magnetization measurements hysteresis loop were obtained with a Cryogenics
VSM magnetometer, up to 10 T.

M(T) measurements were performed in a Oxford Instruments VSM, equipped
with a furnace, and the measurements were made under a magnetic field of 0.1 T.

3. Results and discussion
3.1. Morphology and crystal structure

The sintering temperature of the Bi;_,La,FeOs series increases
with lanthanum content at 820-950 °C [12,22,23,27]. The typical
morphologies of Big 7Lag 3FeO3 samples, observed by scanning elec-
tron microscopy, are presented in Fig. 1. No significant changes are
detected as a function of the preparation method, either sol-gel or
co-precipitation. Grain size increases with sintering temperature
and time from 0.5 pm in the 820°C/10 min up to 4 um in the
870 °C/3 h sintered samples. The differences in the microstructures
are only due to the sintering temperature and the sintering time ef-
fect. As a result, the apparent density also increases from
4.18 g cm~3 (820 °C/10 min) up to 6.51 g cm > (870 °C/3 h).

In undoped BFO, the percentage of secondary phases increases
under higher sintering temperatures [25]. However, no apparent
differences were observed in the X-ray diffraction patterns for Big ;.
Lag 3FeOs samples sintered at the temperature range of 830-870 °C
using a 3 h thermal treatment, as shown in Fig. 2(A). In addition, no
visible differences were observed in the X-ray patterns of the sam-
ples prepared by the sol-gel combustion or the co-precipitation
methods. This result clearly indicates that La*>* doping promotes
the stabilization of the perovskite phase. After applying Rietveld
refinement (Rietica) to the XRD patterns with the structures
Pn2;a, Pnma and Imma (Fig. 2(B)), we obtained similar reliability
factors, presented in Table 1. The obtained structure parameters
are also listed in Table 1. In the case of C222 group, the Ry, ob-
tained was much higher (nearly 16%). Detailed analysis of the
refinements (inset of Fig. 2(A)) shows small peaks (signalized with
a “x”) that cannot be indexed with any of the proposed structures.
These regions were excluded during the simulation to allow the
convergence of the refinement (lower R-factors). Some authors
associate these small peaks to secondary phases [34], however,
they systematically appear under different sintering temperatures
and different synthesis methods, either in sol-gel combustion or in
co-precipitation, so a more defined explanation must be found. In a
recent article, Rusakov et al. [16] found peaks at nearly the same d-
spaces in the synchrotron XRD of Big7sLag2sFeOs. The structure
was solved by Rietveld refinement using Jana2006 software [31],
proposing the Imma(007)s00 superspace group with an incommen-
surable modulation vector of q = 0.4855(4)c* which is caused by a
displacement of Bi and O, ions along the a axis toward each other
and by the displacement of the O, ion within the ac plane [16].
Using Jana2006 and starting with cell parameters obtained in Rie-
tica refinement, we performed the refinement of our XRD data in
LeBail pattern match mode. The program had to start from the gen-
eral P1(ofy) and only after we restricted the non centrosymmetric
Pn2:a(00y)s00 and the centrosymmetric Imma(007)s00 superspace
groups. The obtained results are listed in Table 2. For all the struc-
tures we obtained a g3 value of around 0.46, which is in accordance
with the prediction of Rusakov et al. that the g3 value decreases as

Table 1
Refined structural parameters for Big;Lag3FeOs; samples (820 °C/10 min) and the
compared results with C222, Imma, Pnma and Pn2;a.

Atomic coordinates R factors (%)

Lattice parameters (A)

X y z

222 Bijla 0 0 0 R, 11.03

a="5586(2) Fe 05 0 05 Rup 15.97

b=5612(2) 0, 0 05 0 ¥ 2370

c=3.919(1) 0, 0 0224(2) 05

V=122.80 A3

Imma Bi/  0.0360(2) 02500 0991(1) R, 6.75
La

a="5.606(1) Fe 0 0 05000 Ry, 873

b=7.831(1) 0, 0448(2) 02500 00857(2) x* 7.32

c=5.586(1) 0, 02500  0.466(3) 0.2500

V=24527 A3

Pnma Bi/  —0.004(2) 02500 0988(1) R, 805
La

a=5611(1) Fe 0 0 05000 Ry, 11.12

b=7.837(2) 0, 0463(3) 02500 00101(1) »® 1143

c=5.587(2) 0, 02500  0.490(1) 0.2500

V=245.75 A3

Pn2;a B/ 0 0258(2) 0993(1) R, 721
La

a="5.604(2) Fe 0 0 05000 Ry, 9.66

b=7.828(1) 0, 0594(3) 0217(5) —0.005(3) x> 9.34

€=5.582(2) 0, 0222(1) 0473(1) 0210(2)

Ve244.93 A3 0, 0760(2) 0539(1) 0.754(1)
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Results of refinement with Jana2006 for Big;LagsFeOs sample (870°C/3 h) and
P1(afy), Pn2;a(00y)s00, and Imma(00y)s00 superspace groups.

Superspace Cell and incommensurate vector parameters R factors
group (%)
P1(apy) a=5613(2)A b=7.814(1)A ¢=5588(2)A R,=3.79
®=90.03(2)° $=90.05(2)° 7=89.96(1)° Rup=5.55
g1 =0.0076(1) q»=0.0136(1) q3=0.457(2)
Pn2,a(007)s00 a=5.623(2)A b=7.826(2)A c=5597(1)A R,=5.65
q3=0.465(2) Ryp=8.57
Imma(00y)s00 a=5.609(2)A b=7.830(1)A c=5.585(1)A R,=6.05
q3=0457(1) Ryp=9.14

the La content increases (see inset plot in Fig. 3 (a). The obtained
refinement factors are similar in the Pn2;a(00y)s00 and
Imma(00y)s00, and lower in the P1(«py). Nevertheless, the most
important aspect of these refinements is that the small peaks are
indeed satellite peaks originated by the incommensurated modu-
lated structure and that they are not peaks from secondary phases.

Besides the R factors in the analysis of the refinement results,
visual comparison between simulated pattern and experimental
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Fig. 3. Refinement of the XRD pattern of the Bigp;Lag3FeO; sample with Jana2006
and LeBail pattern match mode. The predicted positions of the small peaks of the
incommensurated modulated structure are marked. (a) Magnification of the
refinement with P1(afy) superspace group. (b) Magnification of the refinement
with Imma(00y)s00 superspace group. (c) Magnification of the refinement with
Pn2,a(00y)s00 superspace group. (d) Full XRD spectrum refined with Imma(00y)s00
superspace group and data from Table 3; insert the value of the modulation vector y
as a function of x in Bi;_,La,FeOs.

0.1
*
" It I n "
0.0 '\\f—‘f\o‘ “ﬂ/\‘“"“\’w /nﬂ/ e e i T A
30.0 320 34.0 36.0 38.0 0.0

1.0

(d) 0.50
09

0491 =
0.8 5
0.48
= -
07 0.47
*
0.6 0.46 = Rusakov
* Our result
05 0.45
0.20 025 0.30
0.4 Xin Bi,_LaFeO,
03
02
0.1 ! E H
0.0 j
L FUEOTTINARR 10 YTUREE RO S0 U REREAPRN FOMER TR0 AR IY IRVURRITIT (eI
0.0 - 7”;- A iv.
20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

Fig. 3. (continued)

data is very important. In Fig. 3(b-d) magnifications of the refine-
ment graphs are showed for the three structures. In Fig. 3(b) we
see that the satellite peaks of the Imma(00y)s00 structure do not
fit exactly the experimental pattern, specifically the peaks at
20 ~ 29° and 33°. In that way, the Pn2;a(00y)s00 structure is more
accurate due to the fact that it predicts more than one satellite
peak to that position. Moreover, the Pn2;a(00y)s00 structure pre-
dicts a peak at 20 ~ 25° (see Fig. 3(d) which is not predicted in
the Imma(00y)s00 structure. Looking carefully at the experimental
pattern we can confirm that a very small peak is present at
20 ~ 25°. These differences justify the lower R-factors of that struc-
ture. The calculated values for P1(«f3y) structure, Table 2, indicate a
small deviation from an orthorhombic symmetry («, 8 and y are
close to 90°). Moreover, the values of q; and g, are quite small,
resulting in very long modulation periods, which is not likely to
occur.

The full refinement with atomic positions was performed with
the non centrosymmetric Pn2;a(00y)s00 super structure. This
structure was selected taking into account these previous refine-
ment results, but also the ferroelectric and piezoelectric behavior.
Cell and incommensurated modulated vector parameters, atomic
position, distances and angles are presented in Table 3. The dis-
tances and angles are average because of the modulated structure.

Raman spectroscopy was employed to further investigate the
structural changes induced by the La-doping. The unpolarized Ra-
man spectra of Bi;_,Lay,FeOs3 (x =0 and x = 0.30), recorded at room
temperature, are presented in Fig. 4. According to group theory,
pure BiFeO3; with rhombohedral R3c structure has 12 Raman active
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Table 3
Final results of refinement of atomic positions, distances and angles with Jana2006 for
Big 7Lag 3Fe03; sample (870 °C/3 h) and Pn2;a(00y)s00 superspace group.

Superspace Cell and Atomic positions R factors
group incommensurate (%)
vector
parameters
Pn2;a(00y)s00 a=5.6177(1) A Bi/La (0, 0.25, 0.9915(1) R,=9.65
b=7.8174(2) A Fe (0, 0, 0.5) Ryp=13.29
c=5.5926(1) A 0 (0.5743(1), 0.25,
qs=0.465(1) 0.0786(2))
0, (0.25, 0.5266(1),
0.2490(2)
05 (0.2053(1), 0.5570(2),
0.8145(1))

Intensity (a.u.)

100 200 300 400 500 600 700
Raman shift cm’”

Fig. 4. Raman spectra of Bi;_,La,FeOs; samples (820 °C/10 min). The spectra are
normalized to the highest intense peak.

modes: 4A; and 8E [35]. The Raman spectrum of BiFeOs; was well
fitted with 12 bands, which peak positions are indicated in Table 4.
The most intense peaks are located at 137, 174e 221 cm™!, in
agreement with the reported values [36,37]. The low frequency
modes have been assigned to relative motion of A-site cations; in
particular the A; modes are related with Bi—-O band. Raman modes
of higher frequency are related to the stretching and the bending of
Fe-O [38]. The peak positions for BiFeOs; are in agreement with
published results, taking into account that different preparation
methods slightly changes the wave number of the oxygen vibration
modes [39,40]. Raman measurements in La-doped samples indi-
cate that peaks at 260 and 221 cm~! became weaker and cannot
be detected for x> 0.15, and the peak around 610 cm™! shifts to
higher frequencies as the La content increases [41].

The Raman spectrum of the x = 0.30 sample exhibits very low
intensity, compared with pure BiFeOs;, and rather broad bands
that could be fitted considering 8 bands (Table 3). Some modes
appear to merge into several broad bands, which can be due to
the increase of structural disorder caused by the raise of lantha-
num content [42,43]. The number of bands predicted for Imma
structure is 9 Raman modes, for Pn2;a it is 12 Raman modes.
The obtained results are an argument against the Pnma struc-
ture (18 Raman modes) unless a large number of modes are
merged.

Table 4
Dependence of the Raman shift of some bands for Bi;_,LayFeOs.

3.2. Polar and magnetic properties

In literature there are still a lot of controversy about the
ferroelectric origin in the Bi;_,La,FeOs; series (x> 0.10), which
could be related to the co-existence of R3c phase together with
an orthorhombic centrosymmetric phase [18] or originated in the
incommensurable structure [16]. In order to investigate this issue
we have performed several ferroelectric measurements in different
samples with x = 0.30 composition.

In the electric or dielectric measurements, the main problem,
which arose during conventional ferroelectric measurements of
this system, is their high leakage current. Fig. 5(a) shows the leak-
age current density dependence with the electric field for samples
prepared at 820°C for 10 min. It is observed that the leakage
current density of BigzglagsoFeOs samples is rather low, near
9.2 x 1077 Acm~2 at 1kVcm™!, and about four orders of magni-
tude lower than the undoped BFO ceramic sample (not shown
here). Moreover, at low electric field (<0.2 kV/cm) there is a rapid
increase of the leakage current. At higher fields, the leakage current
still exhibits an increase with the applied field compatible with oh-
mic behavior (see insert plot in Fig. 5(a)). As we have stated above,
the substitution of lanthanum by bismuth yields the stabilization
of a monophasic perovskite structure. The interpretation of this is-
sue could be attributed to the higher strength of the La-O bond
(799 + 13 kJ mol~!) relative to the Bi-O one (343 +6kj mol!)
[44]. This difference could also explain the lowering of the oxygen
vacancies concentration.

Fig. 5(b) shows the frequency dependence of dielectric constant
and losses at room temperature. The dielectric constant at 100 kHz
for Big7Lag3FeOs is 143. This value is comparable to typical values
of perovskite type materials (PbTiO3) in which the polarization
comes from the A site [1]. The dielectric constant obtained in the
sample doped with 30% of lanthanum is higher than the one in
the undoped sample (¢ =93), which is apparently due to the
reduction of oxygen vacancies. The dielectric constant slightly de-
creases when the frequency is increased.

For the undoped BiFeOs system higher dielectric losses are ob-
served (0.6) which could be associated with structural defects,
such as secondary phases, grain boundary conduction and oxygen
vacancies. The lanthanum doped composition presented low
dielectric losses (0.01) in agreement with the absence of secondary
phases and with the reduction of oxygen vacancies, which is in
accordance with the results of leakage current density.

The low leakage current observed in the BigLag3FeO3; samples
show that hysteresis cycles might be experimentally observed if a
spontaneous polarization is present [45]. In order to prevent any
dynamical response from masking the actual domain reversal, we
have chosen to perform the measurements of the P(E) at low oper-
ating frequencies of 1.3 Hz. Fig. 5(c) presents room temperature
ferroelectric hysteresis loop of a Big;Lag3FeOs; ceramic sample
treated at 840 °C/10 min. A typical P(E) loop was obtained meaning
that the electric leakage current was greatly reduced with lantha-
num substitution. The remnant polarization determined from hys-
teresis loop is ~0.025 uC cm™2 and the coercive electric field is
~1kV/cm. Zhang [46] reported a very weak polarization of
0.2 puC/cm? for ceramic bismuth ferrite and as for other ion doped
ceramic samples, Puli [47] observed also a weak polarization of
0.025 puC/cm? on his samples. The obtained P(E) loops depend on

Wavenumber (cm™!)

X E Al Al Al E E E E E E E
0 119 137 174 221 261 275 350 371 - 481 538 609 696
0.30 117 155 181 - - 294 - 410 - 497 534 642 -
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Fig. 5. Electric properties at room temperature for Big;Lag3FeOs; ceramics. (a) Leakage current; the insert is a fit to ohmic behavior; (b) dielectric constant and dielectric
losses; (c) ferroelectric polarization cycle at 1.3 Hz sample sintered at 840 °C/10 min; (d) piezoelectric response. Samples sintered at 820 °C/10 min (a) and (b)) or at 840 °C/

10 min (c) and (d)).

the sintering temperature and on the aging of the samples, as
predicted by Troyanchuk [18], but not on the processing condi-
tions, sol-gel or co-precipitation. The full study of this behavior
will be the main topic of a future publication. The existence of a
remnant polarization is in favor for a non-centrosymmetric Pn2;.
a(007)s00 structure.

In this work, we have obtained for the ds3 piezoelectric coeffi-
cient of Big,LagsFeOs; a value of 1.50 pm V™! (Fig. 5(d)), which
had never been reported before. According to Jiang et al. the max-
imum value is obtained around x = 0.05 and decreases for higher La
content [17]. Catalan et al. mention that the low piezoelectric con-
stant of proper ferroelectrics/improper ferroelastics with a centro-
symmetric paraphase is related to the low dielectric constant and
the low polarization [1]. Other perovskite ferroelectrics, like
BaTiO3, where the polarization comes from the B site, can present
much higher values, within the 100-1000 pm V! range.

Fig. 6(a) shows a magnetization loop of the Big;Lag3FeOs
sample, clearly indicating the presence of a weak ferromagnetic
behavior at room temperature. The remnant magnetization is
0.30 emu g~ ! and the coercive field is 0.71 T. The enhancement of
magnetic properties, when compared with less doped composi-
tions (see inset plot in Fig. 6(a)), is associated with the structural
change from rhombohedric to orthorhombic that results in a mod-
ification on the modulated spiral spin [48]. It was also measured
the magnetization as a function of the temperature. In fig. 6(b)
we present the result for the x=0.30 sample. The temperature
dependence of the magnetization is common for a ferromagnetic
material, see Eq. (2) [49]:

M) _ T
Wi =B ) 2)

Fitting the Eq. (2) to the experimental data at T < T, where M(T)
is the zero field magnetization at T temperature, B is a coefficient
that vary slightly from system to system and is generally of the

-1.0 4
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B(M
Bk E i tal
< + Experimenta
(b) x=0.30 Fit curve
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Fig. 6. (a) Magnetization as function of the magnetic field at room temperature. (b)
M(T) measurement and fitting results with Eq. (2).

unity order, and p is the critical exponent, we could obtain a critical
exponent of f=0.353+0.001, T.=671+1K and B=1.38+0.01.
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Critical exponent near 1/3 or slightly higher is in good agreement
with the one expected from 3-dimensional Heisenberg exchange
models [49]. Lower values of the critical exponent could mean that
the magnetic behavior is still affected by some spiral spin arrange-
ment. The obtained value indicates that the spiral spin arrange-
ment is completely destroyed in the x = 0.30 composition.

4. Conclusions

Ceramic Big;Lag3FeOs; samples were successfully synthesized
by sol-gel combustion and co-precipitation methods. Rietveld
refinements of the XRD data detected small satellite peaks that
were successfully indexed by an incommensurated modulated
structure model. This modulation is caused by a displacement of
Bi and O, ions along the a axis toward each other and by the dis-
placement of the O, ion within the ac plane. The results of the
XRD refinements, the ferroelectric and piezoelectric behavior are
in favor for a non-centrosymmetric Pn2;a(00y)s00 structure, with
a=5.623(6)A, b=7.826(5)A, c=5.597(0)A, gs=0.465(5). The
samples presented a low leakage current of 9.2 x 1077 Acm™2 at
1kVcem™! fitted by an ohmic model. Dielectric constant (143 at
100 kHz), dielectric losses (<0.02) and piezoelectric coefficient
(1.5 pm V') are low. Weak ferromagnetic behavior was also ob-
served at room temperature (M,=0.30emu g ').
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