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a b s t r a c t

The physical properties of the Multiferroïc lead-free 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic
were investigated by in-situ M€ossbauer spectroscopy, X-ray diffraction (XRD), dielectric measurements
and Raman scattering. Both BiFeO3 and 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramics underwent in-
situ M€ossbauer spectroscopy in the temperature range of 300 K to 653 K and the parameters of hyperfine
interactions were determined. The magnetic transition temperature TN of our doped sample was of
568 K, which was lower than that of BiFeO3. This reduction of TN originated from the presence of
different exchange constants resulting from the weakening of JFe-Fe. The deviation of the reduced mag-
netic hyperfine field H(T)/H(0) as a function of the reduced temperature T/TN from the Brillouin curve of
Fe3þ (S ¼ 5/2) for the three sextets and the determination of the critical exponent b, of 0.375 ± 0.022 in
the range of 0.01 < 1-T/TN < 0.5 revealed a 3D magnetic long range order phase transition. The
complexity of the spatial spin structure was a result of the canting of antiferromagnetically ordered spins
of BiFeO3. Our findings revealed the effect of the non-magnetic substituents Ba and Yb/Nb/Ti in A and B
sites, respectively on the magnetic properties. Around the magnetic transition temperature, both isomer
shift evolution and quadruple splitting distribution showed pronounced anomalies associated with the
onset of magnetic ordering. The Debye temperature (qD) was deduced to be of 257 ± 21 K. These results
revealed 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 as a promising material for piezoelectric devices. XRD
analyses were performed for temperatures from 300 K up to 750 K. Gradual structural evolution, as
temperature increased, exhibited an isostructural phase transition and an anomaly in the evolution of
lattice parameters and the unit cell volume as well as a significant shift in the atomic positions near the
magnetic transition temperature TN. These behaviors indicate magnetoelastic coupling. The temperature
dependence of the real part of dielectric permittivity and dielectric loss (tan d) was investigated over a
wide range of temperatures at 1 kHz. During its evolution, an anomaly was observed at 568 K; which
corresponded to the magnetic transition temperature TN. Raman scattering spectra were measured in the
temperature range from 303 K to 728 K. Drastic changes, especially that of the three two-phonon modes
centered at around 1000-1500 cm�1, were the results of magnetic rearrangement and atomic
displacement leading to both modulating magnetic exchange interaction and polarization state. All these
results prove the magnetoelectric coupling of 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic.

© 2017 Published by Elsevier B.V.
1. Introduction

Recently, a growing attention has been oriented to multiferroïc
materials that showed magnetoelectric coupling due to the
mouri).
presence of both magnetic and ferroelectric orders at the same
temperature. The magnetoelectric coupling between electric di-
poles and magnetic ones translating the effect of electric poling on
magnetic hysteresis loop and the change in dielectric constant with
an external magnetic field [1,2,18] is useful to numerous innovative
technological applications [3e5] and underling novel physical
phenomena [5e8]. Unfortunately, ferroelectricity and magnetism
tend to be mutually exclusive; and even in instances of coexistence,
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the interaction between the order parameters are usually indirect
and the microscopic origin of both phenomena are weakly inter-
fering [7]. Nevertheless, the sensitivity of the dielectric properties
at the magnetic transition temperature is an evidence of magne-
toelectric coupling [17,18]. Such an observation is strongly related
to structural phase diagrams. In this context, a goal of this workwas
to deeper understand structural evolution which seems chal-
lenging because of the vast space structures of artificially synthe-
sized magnetoelectric materials, especially in order to have
ferroelectric and ferromagnetic orders at room temperature [6]. By
far, the perovskite BiFeO3 (BFO) is one of the most well studied
among the multiferroïc materials seen that it presents a coupling
between the magnetic and electric ordering at room temperature
(high ferroelectric Curie point (Tc ~ 1103 K) and G-type Antiferro-
magnetic Neel temperature (TN ~ 643 K) [11,12]. At room temper-
ature, Bulk BiFeO3 crystallizes in a Rhomboedral distorted
perovskite structure with an R3c space group. The Bi 6s lone pair
electrons are responsible for ferroelectricity and the partially filed
d orbitals of Fe lead to a magnetic moment [12,13,18]. A growing
interest [9,10] has been made to realize the magnetic structure
highlighted as the canted G-type antiferromagnetic order of Fe3þ

ions with a spatially-modulated spin with a large period of
l ¼ 620 Å [10]. In fact, Each Fe3þ ion is surrounded by six Fe3þ

nearest neighbors with antiparallel moments leading to this spiral
magnetic moments arrangement in this BiFeO3 structure as a result
of DzyloshinsiieMoriya (DM) interaction. This interaction causes a
slight deviation from ideal antiferromagnetic behavior giving rise
to weak ferromagnetism in BiFeO3 [11,12]. This inhomogeneous
spin structure leads to the cancelation of macroscopic magnetiza-
tion which prohibits the observation of a linear magnetoelectric
effect [13]. This incommensurate space spin structure has been
reported to be modulated by many factors [14e21]: application of
strong magnetic field [19], substitution of Bismuth and/or iron by
other element in A and B sites, respectively [14e21], leading to the
increase of the resistivity resulting in the improvement of electric
and magnetic properties [14e16]. The effect of this factors has
widely been investigated in order to better understand the link
between the modification of the structures and each electric and
magnetic properties change and to achieve pronounced ferroelec-
tric, piezoelectric and magnetic properties [17e21].

In this context, in our previous studies [25], we have proved the
amelioration of both electrical and magnetic properties of BiFeO3,
for the system (1-x)BiFeO3-xBaTi0.95(Yb0.5Nb0.5)0.05O3 with com-
positions 0 � x � 0.3 [25]. The choice of this material system was
based on research results done by Abdelkafi et al. [60] on BaTi1-
x(Nb0.5Yb0.5)xO3 ceramics that showed that
BaTi0.95(Yb0.5Nb0.5)0.05O3 is a classical ferroelectric material exhib-
iting excellent electrical properties: a high dielectric permittivity of
about 11420 at 1 kHz at Tc ¼ 358 K [60] better than BaTiO3 (ε0r
around 9000 and Tc ¼ 457 K) [26]. The magnetic order was further
investigated by discussing the factors contributing to the amelio-
ration of magnetization, as the rate of substitution increased, at
room temperature [25]. These factors are the canting angles proved
by XRD Riveted refinement data, the modulation of cycloid spin
structure confirmed by 57Fe M€ossbauer spectroscopy, the presence
of Fe2þ detected by X-ray photoelectron (XPS) and also the effect of
grain size observed by scanning electronmicroscope (SEM) [25]. All
these results prove the importance of the study of temperature
dependence on 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic of
electric and especially magnetic properties, seen that its spatially
spin cycloid is just modulated: not completely suppressed [25].

In this article, we focus on the temperature dependence of the
structural, dielectric and magnetic properties of a 0.9BiFeO3-0.1Ba
[Ti0.95(Yb0.5Nb0.5)0.05]O3 sample, as a synthesized ceramic, by the
analysis and interpretation of data obtained from XRD, in-situ
M€ossbauer spectroscopy, dielectric measurements and Raman
scattering characterizations showing magnetoelectric coupling.

2. Experimental techniques

The preparation of polycrystalline undoped BifeO3 and doped
0.9BiFeO3-0.1BaTi0.95(Yb0.5Nb0.5)0.05O3 ceramic samples was car-
ried out using the solid state reaction method. Stoichiometric
amounts of (Bi2O3 - 99.9% purity, Aldrich), Barium carbonate
(BaCO3 - 99.9% purity, Aldrich), Titanium oxide (TiO2 - 99.9% purity,
anatase phase, Aldrich), Ytterbuim oxide (Yb2O3 - 99.9% purity,
Aldrich), Niobium oxide (Nb2O5 - 99.9% purity, Aldrich), and Iron
oxide (Fe2O3 - 99.9% purity, Aldrich) powders were thoroughly
mixed with alcohol in agate mortar for 12 h, then dried, and
calcined at 873 K for 12 h. A little excess amount of Bi2O3 was added
to compensate the volatile part of Bi2O3 during high-temperature
sintering. The ground powders were pressed into disks of 8 mm
in diameter and 1 mm in thickness. The pellets were sintered at
1103 K and 1253 K, respectively, for 1 h in air. Before any charac-
terization, the purity phases of our ceramics were checked by rapid
XRD measurement.

XRD analyses were performed by using a Bruker PANalytical
Empyrean diffractometer using monochromated CuKa1 radiation
(l ¼ 1.5405 Å) in transmission geometry. The angle range 18� �
2q� 80� was scanned with a step of 0.02� using an integration time
of 10 s counting time for each step. At the Anton-Paar HTK-16
Room, XRD measurements were made at room temperature and
after annealing in up to 750 K in order to follow the structural
evolution depending on temperature for our prepared ceramic
0.9BiFeO3-0.1BaTi0.95(Yb0.5Nb0.5)0.05O3 (x ¼ 0.1). The values of the
lattice and profile parameters were determined by using a global
profile-matching method with the “Fullprof” software [22]. Riet-
veld refinement was done for long X-ray measurements for tem-
peratures around TN: for T ¼ 300 K; 550 K; 560K; 570 K and 580 K
allowing the determination of the ions shift from their ideal
positions.

Transmission M€ossbauer measurements were performed using
a conventional constant acceleration spectrometer with a 57Co-in-
Rh source. M€ossbauer measurements were conducted on our syn-
thesized samples in standard transmission geometry at room
temperature and in-situmeasurements after annealing the samples
from 300 K up to 1073 K in Argon atmosphere. Both x ¼ 0 and 0.1
compositions of Bi(1-x)BaxFe(1-x)[Ti0.95(Yb0.5Nb0.5)0.05]x03 powder
were mixed with bore nitride, an appropriate compound of inert
filler free of M€ossbauer elements, in order to overcome the sample
powder scarcity. The pellet of 32 mm of diameter and 1.5 mm of
thickness was prepared under a pressure of 1961.33� 105 Pawith a
concentration of 10e15 mg/cm2. Both sides of each sample were
covered with aluminum to guarantee uniform temperature in all
samples. A measurement time of approximately 3 days was
necessary to obtain a spectrum with acceptable statistics seen that
Bismuth 83Bi, Barium 56Ba, titane 81Ti, Ytterbium 70Yb and Niobium
41Nb have an important electronic density compared to that of 26Fe.
Spectra were fitted using «Winiso 1.0» and « fulham » programs.

The dielectric measurement was performed on a ceramic disk
after deposition of golden electrodes on both sides of the sample by
cathodic sputtering. The area of the Au electrode and distance be-
tween electrodes were 23.23 mm2 and 0.89 mm, respectively. At a
frequency of 10 kHz, the real part of dielectric permittivity and
dielectric loss (tan d) were determined in vacuum as a function of
temperature using an impedance bridge type Agilent 4284A. The
temperatures were in the 303e620 K range (temperature mea-
surement limit). All the dielectric data were collected with heating
at a rate of 2 Kmin-1. The room temperature PeE hysteresis loops
was measured in a silicone oil bath equipped with a SawyereTower



Fig. 2. In-situ M€ossbauer measurements of BiFeO3 (x ¼ 0) recorded as a function of
temperature.
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circuit and a linear variable differential transformer. The mea-
surements were performed at a frequency of 10 Hz.

Raman spectroscopy measurements were recorded in back-
scattering configuration from 50 to 1500 cm�1 using a micro-
Horiba HR 800 monochromator. The spectrometer had a wave
number resolution better than 3 cm�1 and was equipped with a
microscope (Olympus BX41), with the Helium ion laser 532 nm
emission lines at a power of 15 mW and with a CDD detector.
Temperature-dependent Raman spectra of sintered samples were
recorded from 303 to 728 K since the spectrometer was equipped
with a LinkamTHMS 600 heating/cooling stage. The experiments
were repeated several times to confirm results.

3. Results and discussion

3.1. M€ossbauer spectroscopy

In order to study the local atomic environment around the
M€ossbauer probe nuclei, M€ossbauer measurements at room tem-
perature and versus temperatures were conducted in transmission
geometry for both BiFeO3 (x ¼ 0) and Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1) ceramics.

At room temperature, M€ossbauer spectra suggested magnetic
ordering of both BiFeO3 (x ¼ 0) and Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x¼ 0.1) ceramics, as shown in Figs. 2 and
3. The spectra of doped BFO x ¼ 0.1 composition exhibited broad-
ened features due to the hyperfine distributions related to the local
variations of the neighborhood of iron. Furthermore, the six ab-
sorption line patterns confirmed that BiFeO3 is antiferromagnetic
above TN modulated with a period of 620 Å. This result is consistent
with previous publications [10,11]. BaTi0.95(Yb0.5Nb0.5)0.05O3
substituted BiFeO3 samples exhibited magnetic ordering with
probably screwed or slightly antiferromagnetic ordering [25]. In
fact, the spectrum that became more symmetric for Bi0.9Ba0.1-
Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 is an evidence of more isotropic
rearrangement of different non-equivalent Fe sites in the crystal
structure.

Figs. 2 and 3 show two series of in-situ M€ossbauer spectra of
BiFeO3 (x ¼ 0) and Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3
(x ¼ 0.1) ceramics, respectively, as a function of temperature. The
evolution of M€ossbauer spectra according to temperatures in the
range 300e650 K allows the determination of the magnetic tran-
sition temperature. In fact, below the magnetic transition temper-
ature, spectra showed six line patterns corresponding to the six
magnetic splitting levels of the iron nuclear energy. These are
characteristic of magnetically ordered Fe3þ moments due to the
presence of a hyperfine magnetic field, which turns into doublet,
Fig. 1. SEM micrographs of (a) BiFeO3 and (b) 0.9BiFeO3-
above TN, expressing paramagnetic order. In fact, with increasing
temperature, M€ossbauer spectra transform to one simple Lor-
entzion doublet with symmetrical lines that emphasize the uni-
formity of structural positions of iron atoms in the paramagnetic
state [27]. This observed spectral shape is consistent with the
transition from a spin spiral modulated structure to a paramagnetic
symmetrical one. Thus, the magnetic transition temperature TN for
our ceramic compositions were estimated. BiFeO3 showed a mag-
netic transition temperature of TN of 643 K; which is fully
compatible with previous reports [10]. For Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1), this magnetic transition tem-
perature became around 568 K. This remarkable decrease of TN for
x¼ 0.1, compared to undoped BiFeO3, is to be noted. This shift of TN
temperature has been widely investigated for A and/or B site BFO
substituted materials [27e33]. S. M. Selbach et al. [28] and K. Sen
et al. [29] considered the correlation between decreasing crystallite
size and that of the magnetic transition temperature. M. A. Ahmed
et al. [30] discussed the basis of the variation of the TN as a function
0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramics, respectively.



Fig. 3. In-situ M€ossbauer measurements of Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3

(x ¼ 0.1) recorded as a function at selected temperatures.
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of the tolerance factor. In our case, the average grain size for
undoped and doped BFO is of 1.4 mm and 1.2 mm, as shown in the
SEMmicrographs in Fig. 1(a) and (b), of BiFeO3 and 0.9BiFeO3-0.1Ba
[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramics, respectively. The decrease of this
crystallite size could be a factor contributing to the decrease of TN as
previously reported [29], but it is still debatable seen the mm order
(not nanometric).

Yet, the increase of tolerance factor from 0.961 to 0.970 for x¼ 0
and 0.1 compositions, respectively, is contradictory to the correla-
tion revealed with TN [30]. A deeper investigation into this decrease
of TN for our doped Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3
ceramic can be obtained based on the following equation [31e33]:

TN ¼ JZSðSþ 1Þcos q (1)

where J is the magnetic exchange constant, S is the spin of Fe3þ, Z is
the average number of linkages per Fe3þ ions, and q is 〈Fe-O-Fe〉
band angle.

An increase in TN is expected with the substitution of Bi and Fe
by Ba and Ti/Yb/Nb in A and B sites, respectively, as a result of the
increase of Fe-O-Fe band angles towards 180� as previously re-
ported by T. Durga Rao et al. for Eu [31] and Ho [32] doped BiFeO3.
This phenomenon is in correlation with Rietveld refinement
showing that Fe-O-Fe band angles increase from 153.3� for
Rhombohedral R3C structure of our undoped BFO to Fe-O1-Fe and
Fe-O2-Fe of 180� and 166.892� in tetragonal P4mm space group
symmetry for the Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 sample
[25]. Nevertheless, TN decreased in our case. This unexpected result
was in fact due to the weakening of the magnetic interactions
rather than bond angle variation. The presence of non-magnetic
Ti4þ/Yb3þ/Nb5þ ions at Fe site weakens the magnetic interaction:
B site substitution leads to the presence of different types of ex-
change constant J such as JFe-Ti, JFe-Nb, JFe-Yb, JTi-Nb, JTi-Yb, JTi-Ti, JNb-Yb,
JNb-Nb, JYb-Yb and JFe-Fe between the B-sites. All these types of ex-
change interaction are weaker than the latter and lead to the
weakening of such interactions. As a result, theweakening of J leads
to a reduction in the magnetic transition temperature. Our result is
similar to the study of Nd and Sc co-substituted BiFeO3 reported by
T. Durga Rao et al. [33].

To deeper understand the iron nucleus and surrounding in-
teractions that lead to the evolution of modulated spin structure,
investigation was based on experimental line positions and the
splitting M€ossbauer spectra. Each M€ossbauer spectrum was fitted
with adequate functions. Figs. 2 and 3 show spectrums of BiFeO3
and Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1), respectively.
The extracted hyperfine parameters derived from the calculated
spectra: isomer shift (IS), quadruple splitting (QS), and hyperfine
magnetic field (Hhyp) and the average site populations are pre-
sented in Table 1. In fact, for pure BiFeO3 two models are proposed
for the iron ordering magnetic moments: the first considers a
unique type of crystallographic position for Fe3þ [34,35], whereas
the second assumes two nonequivalent iron positions with
different magnetic moment values [36e38]. The second model was
more significant, allowing an understanding of the origin of
modulated spin structure indication of different trigonal distortions
of the octahedral environment of both Fe-sites [36]. Above the
magnetic transition temperature (TN), BiFeO3 M€ossbauer spectra
were fitted with two sextets (S1; S2) and one doublet. The sextets S1
and S2 are consistent with those of Rhomboedral BiFeO3 and
characteristic of magnetically ordered Fe3þ state. The quadruple
splitting of doublet is attributed to the paramagnetic phase,
Bi2Fe4O9 [39] which was given a similar assignment for this
component by De Sitter et al. [36]; Blaauw and Van der Woude [40]
and Fischer et al. [41].

Fig. 3 shows a series of selected M€ossbauer spectra obtained
from in-situ measurements on Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1) samples. Below the magnetic
transition temperature, M€ossbauer spectra were fitted with three
symmetric sextets (S1, S2 and S3) and one single line. At room
temperature; spectra were analyzed with the three sextets and a
single line. The three sextet components (S1, S2 and S3) with hy-
perfine magnetic fields of 48 T; 47 T and 38 T are indicative of a
magnetically ordered state which decreases with increasing tem-
perature and finally collapses at a temperature above 586 K. The
single line component decreased but still slightly persisted at a
similar measuring temperature. The obtained spectra were then
dominated by Lorentzion doublet, which highlighted the para-
magnetic state. The line asymmetry of this paramagnetic doublet
persisted for temperatures above TN. This may be attributed to the
distribution of quadruple splitting and/or polycrystalline anisot-
ropy and/or a Goldanskii- Karyagin effect [42e44].

The quadruple splitting arises due to the interaction between
quadruple moments of the nucleus and surrounding electric field
gradients. They give relevant information about the charge sym-
metry around the iron nucleus. The large value of the quadruple
splitting is attributed to the large distortion of Fe site [40]. Fig. 4
shows that around TN, this hyperfine parameter shows the great-
est gap value revealing the largest distortion of Fe site. The differ-
ence in the quadruple splitting values and signs is characteristic of
the variation in the angles between the principal axis of the electric
field and the spin direction [31]. The evolution of such an angle
seems difficult to discuss pointing in the complexity of the system.

From the 57Fe M€ossbauer transmission spectra, the magnetic
splitting resulting from the interaction between the nucleus and
any surrounding magnetic field allowed the investigation of the
type of magnetic ordering and the nature of the magnetic inter-
action moment. Fig. 5 shows the evolution of the hyperfine mag-
netic field of sextets 1, 2 and 3 versus temperatures for
Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1). The hyperfine
magnetic field gradually decreased, revealing a second order spin



Table 1
Hyperfine parameters extracted from in-situ M€ossbauer measurements on Bi1-xBaxFe1-x[Ti0.95(Yb0.5Nb0.5)0.05]xO3 ceramics with compositions x ¼ 0 and x ¼ 0.1.

Composition (x) Temperature (K) Fe site IS (mm/s) QS (mm/s) H (Tesla) Abs. % Attribution

x ¼ 0.1 298 K Sextet1 0.37 0.08 48 31 magnetic components
Sextet2 0.37 �0.01 47 35
Sextet3 0.41 �0.004 38 29
Comp4 0.25 0.80 0 5 Secondary Phase

348 K Sextet1 0.36 0.07 47 32 magnetic components
Sextet2 0.36 �0.01 46 33
Sextet3 0.4 �0.003 37 28
Comp4 0.22 0.80 0 5 Secondary Phase

398 K Sextet1 0.36 0.085 45 34 magnetic components
Sextet2 0.36 �0.02 45 31
Sextet3 0.39 �0.005 36 30
Comp4 0.21 0.70 0 5 Secondary Phase

448 K Sextet1 0.35 0.07 44 38 magnetic components
Sextet2 0.35 �0.015 44 29
Sextet3 0.39 �0.004 33 29
Comp4 0.2 0.75 0 4 Secondary Phase

498 K Sextet1 0.34 0.07 42 42 magnetic components
Sextet2 0.34 �0.02 39 25
Sextet3 0.38 �0.0035 30 28
Comp4 0.2 0.7 0 5 Secondary Phase

523 K Comp1 0.30 0.06 24 78 magnetic component
Comp2 0.25 0.38 e 13 BFO paramagnetic
Comp 3 0.20 0.27 e 5 Secondary Phase

548 K Comp1 0.27 0.06 20 31 magnetic component
Comp2 0.22 0,53 e 60 BFO paramagnetic
Comp 3 0.15 0,26 e 5 Secondary Phase

558 K Comp1 0.22 0.06 19 30 magnetic component
Comp2 0,20 0.46 e 61 BFO paramagnetic
Comp 3 0.15 0.26 e 5 Secondary Phase

568 K Comp2 0.11 0.40 e 94 BFO paramagnetic
Comp 3 0.12 0.84 e 6 Secondary Phase

x ¼ 0 298 K Sextet1 0.40 0.4 50 46 magnetic components
Sextet2 0.39 �0.08 49 46
Comp3 0.39 0.85 0 8 Secondary Phase

643 K Comp1 0.12 0.41 e 93 BFO paramagnetic
Comp1 0.11 0.85 e 7 Secondary Phase

653 K Comp1 0.11 0.41 e 93 BFO paramagnetic
Comp1 0.15 0.85 e 7 Secondary Phase

Fig. 4. Temperature dependence of the quadruple splitting of Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1) ceramic.

Fig. 5. A plot of the hyperfine magnetic field of sextets 1, 2 and 3 versus temperatures
for Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1).
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rearrangement and tended to zero at the magnetic transition
temperature TN, revealing a paramagnetic behavior. The reduced
magnetic hyperfine field H(T)/H(0 K) of each one of the three sextet
components, as well as the averaged reduced magnetic hyperfine
field as a function of the reduced temperature T/TN is shown in
Fig. 6. The value of the H(0K) was determined by extrapolation for
each sextet and is of 52.82 T; 51.35 T and 43.78 T for sextet 1; 2 and
3, respectively. While all the three sextets and the average reduced
magnetic hyperfine field showed the same pace of the theatrical
curves of the Brillouin function for Fe3þ (S ¼ 5/2), higher values



Fig. 6. The dependence of the reduced temperature T/TN on the reduced magnetic
hyperfine field H(T)/H(0K) of each one of the three sextet components (a) Sextet1; (b)
Sextet2; (c) Sextet3 and (d) the averaged reduced magnetic hyperfine field for
Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1) ceramic. The full curve is the
magnetization curve calculated with the Brillouin function for S ¼ 5/2.

Fig. 7. The logarithm of the averaged reduced magnetic hyperfine field ln(H(T)/H(0 K))
plotted versus the logarithm of reduced temperature ln(1-T/TN) for Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1) ceramic.

Fig. 8. Logarithm of the resonance absorption area, lnf versus temperatures for
Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic.
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compared to theatrical ones were obtained for T/TN > 0.5, as re-
ported for BiFeO3 [40]. While a previous study of a polycrystalline
Multiferroic Ba-doped BiFeO3 [49] reported that this deviation from
the Brillouin function is caused by the breaking of the antiferro-
magnetic super-exchange interaction between Fe3þ-O-Fe3þ as a
result of the formation of oxygen vacancies, this factor cannot be
the main origin of such a deviation seen the low amount of oxygen
vacancies for our sample [25]. P. Fischer et al. [45] reported the
proportionality between the evolution of hyperfine magnetic field
deduced by M€ossbauer spectroscopy and the sublattice magneti-
zation temperature determined via neutron diffraction caused by
magnetoelastic coupling. Thus, this deviation from Brillouin func-
tion for Fe3þ (S ¼ 5/2) for our sample might be due to a spatially
complicated spin structure as a result of the canting of antiferro-
magnetically ordered spins of undoped BiFeO3, as the substituents
Ba and Yb/Nb/Ti in A and B sites, respectively are non-magnetic
[25], revealing magnetoelastic coupling. The logarithm of the
averaged reduced magnetic hyperfine field ln(H(T)/H(0 K)) plotted
versus the logarithm of reduced temperature ln(1-T/TN) were
adjusted in the asymptotic critical region below TN, by the power
law H(T)/H(0 K) ¼ D(1- T/TN)b [40,41], as shown in Fig. 7. The value
of the critical exponent b is of 0.375 ± 0.022 in the range of 0.01< 1-
T/TN < 0.5. This value is characteristic of a 3D magnetic long range
order phase transition [57], in the same order to that reported by C.
Blaauw et al. [40].

Fig. 8 shows the logarithm of the resonance absorption area, lnf
versus temperatures for the Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic. The Debye temperatures were
determined based on the temperature dependent resonance ab-
sorption area respecting the Debye approximation [46e49]. The
obtained qD value was of 257 ± 21 K. BiFeO3 previously showed a
Debye temperature qD of 340 ± 50 K [40], which was higher than
that of the qD for our x ¼ 0.1 sample composition. This decrease of
the Debye temperature implies the increase of the thermal capacity
of the sample, defined as the quantity of energy which must be
brought to increase its temperature by one Kelvin. This increase
translates a greater thermal resistivity compared to BiFeO3,
reflecting a limitation of the problem of BiFeO3 high conductivity
[50]. This result is similar to the M€ossbauer study of a poly-
crystalline Ba-doped BiFeO3 compound [49] and that of Ho doped
BiFeO3 bulk ceramics [41]. It shows a Debye temperature of 321 K
and 240 (80) K, respectively. With Ho doped BiFeO3 bulk ceramics,
this difference in the Debye temperature is attributed to the fact
that different crystallographic sites in the same solid have different
f -factors [45]. This is fully compatible with the choice of the three
sextet component sites. Despite the fact that the measured qD
corresponds to an average of the effective Debye temperature sites,
we must not overlook it as a characteristic of the amelioration of
thermal resistivity. While this change in the values of the magnetic
transition temperature TN and the Debye qD temperatures has been
reported to be due to the change of the BFO lattice structure [51],
more in-depth studies explained this change as the competition
between antiferrodistortive and polar regions leading to a pseudo-
colinear antiferromagnetic ordering rather than just a cycloidal
spin modulation [52] as an influence of strained ferroic transition
[52,53]. This predicts an amelioration of the piezoelectric proper-
ties [54], as a result of BFO substitution on both A and/or B sites,
which is fully compatible with our previous report [25].

According to A. Agbelele et al. [55], the relation between the
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sound velocity (vS) in a crystal and its Debye temperature is
determined by the following equation:

qD ¼ hqs
K

�
3N
4pV

�ð1=3Þ
(2)

Using this equation, the sound velocity in our Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic was deduced. VS was of
5.5636 km/s. This value was a little higher than that reported for
BFO ceramic at 300 K [56]. So, the sound velocity was more diffuse
in our ceramic, highlighting the amelioration of acoustic properties.
Therefore, Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 could be a good
candidate of innovative optical applications. This average unpolar-
ized sound velocity could be the main reason for the difference
compared to polarized BFO ceramic [56] and a deeper study of
polarized acoustic analysis can be a prospect to distinguish the
longitudinal from transversal acoustic wave velocity and the
modulation of the reflective index and to determine the elastic
coefficients.

Fig. 9 shows the 57Fe isomer shift plotted as a function of tem-
perature for Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1).
Below TN, the isomer shift of all the sextets is around 0.38e0.42
mms-1, confirming again that irons are in a high-spin 3þ order
state. As temperature increased, a little gradual decrease of d was
observed and a discontinuity of this magnetic hyperfine parameter,
which appears at the magnetic transition temperature, is related to
the change of the onset magnetic ordering [57]. This reveals the
doping effect of non-magnetic Ba2þ and Yb3þ/Nb5þ/Ti4þ in A and B
sites, respectively in the BFO polycrystalline sample.

The evolution of the isomer shift versus temperature has been
fitted for many base BFO samples using the Debye Model to
determine the Debye temperature [46e56]. In our case, such fit was
difficult to reach. This could be due to many factors such as the
effect of strain, as mentioned by the logarithm of the resonance
absorption area evolution, the complexity of themagnetic ordering,
as previously interpreted on the hyperfine magnetic field evolution
and as a cause of TN shift compared to undoped BFO, and the effect
of the magnetoelastic coupling to be proved by the dependence of
XRD parameters versus temperatures. This static detailed 57Fe
M€ossbauer study is an asset to a magnetic hyperfine investigation
while a dynamic critical behavior must be more precise to study
such a complex system and can be a subsequent study objective.
Fig. 9. The 57Fe isomer shift plotted as a function of temperature in Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 (x ¼ 0.1).
3.2. X-ray diffraction

Fig. 10 (a) shows the XRD patterns of 0.9BiFeO3-0.1Ba
[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic sample as a function of tempera-
ture. The patterns for all temperatures indicated a single phase
perovskite structure and no parasite phase. In fact, at room tem-
perature, XRD showed that this sample crystallizes in a tetragonal
distorted perovskite structure with space group P4mm as previ-
ously reported [20]. While at room temperature, the
0.9BiFeO3e0.1BaTiO3 sample has been reported to crystallize in
Rhomboedral structure with the R3c space group [58,59],
BaTi0.95(Yb0.5Nb0.5)0.05O3 has previously been shown to exhibit
tetragonal symmetry [60]. Thus, since BaTi0.95(Yb0.5Nb0.5)0.05O3 is
responsible for the ferroelectricity character, it is clear that the
evolution structure was dominated by distortion due to doping
ferroelectric cations. Therefore, all peaks were similar to that re-
ported at room temperature and could be indexed based on a
tetragonal perovskite structure, as shown in Fig.10 (a). This predicts
an isostructural phase transition around the magnetic transition
temperature TN (detected by 57Fe M€ossbauer spectroscopy). The
profile matching refinement was done for all diffractograms. It
agrees with the P4mm tetragonal space group structure. The values
of the lattice parameters and the obtained unit cell volume are
illustrated in Fig. 10(d). These parameters increasedwith increasing
temperature. Similar isostructural behavior was reported for mul-
tiferroic BFO polycrystalline based samples [56,57]. It is important
to note an anomaly in the temperature dependence of the lattice
parameters and the unit cell volume around the magnetic transi-
tion temperature. These results are similar to the (1-x)BiFeO3ex-
BaTiO3 perovskite system [58e61] revealing a magnetoelastic
coupling.

Rietveld refinements using neutron powder diffraction data of
(Bi0.8Ba0.2)(Fe0.8Ti0.2)O3 ceramic have been reported to exhibit a
Rhomboedral structure distortion with a maxim distortion around
TN: the change in atomic positions allowing the calculation of the
ionic polarization versus temperature indicates utmost ionic po-
larization around the magnetic transition temperature TN [23]. This
gives a direct evidence for atomic level magnetoelectric coupling in
this multiferroïc BF-0.2BT. Also, A. Singh et al. [58] reported an
isostructural phase transition with a significant shift in the atomic
positions around the magnetic transition temperature as a direct
evidence of magnetoelectric coupling for multiferroïc
0.9BiFeO3e0.1BaTiO3 polycrystalline. More precisely, since Bi is
largely responsible for the ferroelectricity of BiFeO3, the large
change in its position around the magnetic transition temperature
confirms the coupling of ferroelectric and magnetic order param-
eters [55]. In this context, Rietveld refinement was done for long X-
ray measurements at temperatures T ¼ 300 K; 550 K, 560 K, 570 K
and 580 K. Fig. 10 (b) and (c) show XRD results at room temperature
T ¼ 300 K (before the magnetic transition temperature TN) and
T ¼ 580 K (after TN), as examples. Fig. 10 (e) shows the shift posi-
tions of Bi3þ/Ba2þ and Fe3þ/Ti4þ/Nb5þ/Yb3þ versus temperature
obtained from Rietveld Refinement around TN. In addition to the
remarkable shift in the Bi3þ position around TN, which is a first
evidence of ferroelectric and magnetic order parameters coupling,
the large shift of both Ba2þ and Ti4þ/Yb3þ/Nb5þ compared to Fe3þ is
a second evidence of magnetoelectric coupling, as
BaTi0.95(Yb0.5Nb0.5)0.05O3 is responsible for the ferroelectricity
character, as previously mentioned. Since the large changes in
atomic positions entail the amelioration of electric polarization
[23,24] around the magnetic temperature transition TN, a pro-
nounced magnetoelectric coupling is an evidence.



Fig. 10. (a) High temperature XRD patterns of the 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 sample.
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Fig. 12. Room temperature ferroelectric polarization hysteresis loops of 0.9BiFeO3-
0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic, measured at applied electric field, prior to
electrical break down at a frequency of 10 Hz.
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3.3. Dielectric study

The observation of an anomaly of the dielectric properties at the
magnetic transition temperature has widely been considered as an
indirect evidence of magnetoelectric coupling of intrinsic multi-
ferroïc origin. Such a result has been reported for both undoped
[69] and doped [58,59,70e72] BiFeO3 multiferroïc materials. The
temperature dependence of the real part of dielectric permittivity
and dielectric loss (tan d) for Bi0.9Ba0.1Fe0.9[-
Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic at 1 kHz are depicted in Fig. 11. In
the temperature range from 303 K to 620 K, one peak is observed in
both the real part of dielectric permittivity and dielectric loss (tan d)
curves. The temperature associated with this anomaly character-
izes the magnetic transition temperature: TN ¼ 568 K as already
highlighted by M€ossbauer spectroscopy. This type of dielectric
anomaly in magnetoelectrically ordered systems was predicted by
the Landau-Devonshire theory of phase transition as an influence of
magnetic order vanishing in the electric order [73,74]. This high-
lights that the transition from spin disordered state to spin ordered
state affected the ferroelectric domain state and subsequently
disturbed the ordered electric dipoles. Undoubtedly, such a
dielectric behavior is an evidence of magnetoelectric coupling or-
der for our Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic. Un-
fortunately, the ferroelectric to paraelectric transition could not be
observed due to the limitations of the instruments as this transition
is expected to be at a higher temperature.

Room temperature polarization hysteresis loops of Bi0.9Ba0.1-
Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic were recorded, as shown in
Fig. 12. These electric hysteresis loops show that the saturated
polarization cannot be achieved before breakdown. The compari-
son to a similar hysteresis loop with an unsaturated remnant po-
larization of 0.01mC/cm2 reported for undoped BiFeO3 ceramic [75]
demonstrate the enhancement of these electric properties, espe-
cially, with an attainable remnant polarizations of 0.229, mC/cm2 for
our doped ceramic. This prove the improvement of ferroelectric
behavior and thusmade an evidence of the reduced electric leakage
for Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic, which is fully
compatible with the increase of the maxim of the real part of
dielectric permittivity and the decrease of dielectric loss for our
ceramic compared to BFO.

3.4. Raman study

Raman scattering is a powerful technique to investigate the
Fig. 11. Temperature dependence of the real part of dielectric permittivity and
dielectric loss (tan d) of Bi0.9Ba0.1Fe0.9[Ti0.95(Yb0.5Nb0.5)0.05]0.1O3 ceramic at 1 kHz.
dynamic vibrational modes and the spin phonon coupling involving
the structural phase transition [76e79], the magnetic exchange
integral related to magnetoelastic properties [84,85] and the
coupling between magnetic and ferroelectric order parameters
[67,68].

3.4.1. Room temperature Raman scattering investigation
According to the group theory for the undoped BiFeO3 parent

compound with Rhombohedral R3c structure at room temperature,
thirteen optical modes were Raman active for the primitive cell
units following this irreducible representation G ¼ 4A þ 9E [85,86].
Fig. 13 shows the spectra for our synthesized BiFeO3 ceramic. The
assignment of the vibrational modes was based on a comparison
with previous reports [82,83,86], as shown in Table 2. This com-
parison highlighted both first Raman order modes, at wavenumber
below 960 cm�1, and second Raman order modes at a higher fre-
quency. Two things should be noted: first, the A1 and E first Raman
order modes, at low frequency, are relatively distinguishable,
essentially the A1-1, A1-2 and A1-3, at around 133.12 cm�1,
172.24 cm�1, 216.66 cm�1, which have been related to Bi-O band
Fig. 13. Raman spectra of both 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 and BiFeO3

ceramics reported at room temperature.



Table 2
Comparative Phonon frequency modes of BiFeO3 based materials reported at room temperature.

Raman
modes

M. K. Singh et al. [53]
Calculated
(Tetragonal P4mm)

M. K. Singh et al. [53] BFO thin
film (Tetragonal P4mm)

M. K. Singh et al. [67] BFO thin
film (Rhombohedral R3c)

G. L. Yuan et al. [72]
BFO ceramic
(Rhombohedral R3c)

Y. Yang et al.
[74] BFO ceramic

Present study

x ¼ 0 x ¼ 0.1

A1-1 129,8 cm�1 (TO1) 136 cm�1 (LO1) (TO1) 136 cm�1 126.1 139 cm�1 133.12 cm�1 168.54 cm�1

A1-2 155,7 cm�1 (TO2) 168 cm�1 (LO2) (TO2) 168 cm�1 165.5 172 cm�1 172.24 cm�1 174.24 cm�1

A1-3 206,0 cm�1 (TO3) 212 cm�1 (LO3) (TO3) 211 cm�1 213.0 217 cm�1 216.66 cm�1

A1-4 - - - - - - - - - - - - - - - - - - - - 425 cm�1 425 470 cm�1 468.43 cm�1

B1 332,6 cm�1 (TO) 407.29 cm�1

E1 125,6 cm�1 (TO1) 275 cm�1 111.7 135.98 cm�1

E2 245,4 cm�1 (TO2) 257 cm �1 (TO2) 335 cm�1 259.5 262 cm�1 308.47 cm�1

E3 453,6 cm�1 (TO3) 464 cm �1 (TO3) 339.6 cm�1 275 cm�1 521. 39 cm�1

E4 530,8 cm�1 (TO4) 546 cm�1 (TO4) 365 cm�1 366.6 cm�1 307 cm�1 527.69 cm�1

E5 456 cm�1 476.9 cm�1 345 cm�1 547.82 cm�1

E6 549 cm�1 530.9 cm�1 429 cm�1

E7 597 cm�1 599.6 cm�1 262 cm�1

E8 521 cm�1 546.23 cm�1 677.18 cm�1

E9 613 cm�1 614.45 cm�1 776.01 cm�1

2A1-4 958 cm�1 964 cm�1 1090 cm�1

2E8 1050 cm�1 1040 cm�1 1335 cm�1

2E9 1250 cm�1 1206 cm�1 1494 cm�1
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[65,84]. The higher frequency E first order Raman bands are
attributed to Fe-O bands [65,84]. Second, three two-phonon Raman
modes 2A1-4, 2E8 and 2E9 at around 964 cm�1, 1040 cm�1 and
1206 cm�1, related to second order Raman bands, are coexisting,
revealing the coupling between magnetic and ferroelectric order
parameters [68,69].

At room temperature, our doped sample 0.9BiFeO3-0.1Ba
[Ti0.95(Yb0.5Nb0.5)0.05]O3 (x ¼ 0.1) exhibited a tetragonal structure
with space group P4mm distorted unit cells (Z ¼ 1). The selection
rules for the Raman active modes of the primitive cell with space
P4mm group symmetry predict only twelve active Raman modes
following irreducible representation: G ¼ 3A1 þ B1 þ 4E [72].
Ramanpeakswere broad and could not be resolved from each other
mainly because of the disordered overlap of Raman modes which
could be due to the random occupancy of A and B site ions, to the
overlap of unpolarized TO and LO modes and to the ceramic nature
of the sample. The assignment of the vibrational E and A1 modes
was based on the comparisonwith BiFeO3 polarized Raman spectra
with pseudo-tetragonal symmetry [62]. Fig. 13 shows this Raman
spectra assignment of 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 at
room temperature. This assignment is in strong agreement with the
tetragonal BiFeO3 [62]. Several qualitative changes of the Raman
spectra, at room temperature, could be discerned when comparing
0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 (x ¼ 0.1) to BiFeO3
ceramic. The relative intensity of the A modes at a wavenumber
above 300 cm�1 attributed to Bi-O (A1-1, A1-2 and A1-3) reveals a
remarkable decrease of the relative intensity compared to undoped
BiFeO3. The observed Raman spectra changes show the effect of
substituting Bi by Ba leading to the breaking of the Bi-O bond. This
could be due to the decline in stereochemical activity of 6s2 lone
pair electrons of Bi, leading to a sharp drop in the intensity of the
A1-2 peak: This corresponds to the change of the ionic Bi-O band to
covalent Ba/Bi-O bond. Both A1-1 and A1-2 are assembled in a single
peak around 170 cm�1. The vanishing of A1-3 assigned to the rota-
tion of the octahedron of oxygen along the axis [111] was related to
the structural distortion from the ideal cubic phase Pm3m [86e88].
Again, a remarkable shift of the modes to the high frequencies, as
reported in Table 2, was noticed. Considering the average mass
variation in A, at the harmonic oscillator approximation (w ¼ (k/
M)1/2), M<A> increased from 208.9804 g/mol for undoped BiFeO3 to
201.81636 g/mol for our sample with x¼ 0.1 composition. This shift
to a higher wavelength predicts the increase of the force constant
between atomic harmonic oscillators. This observation suggests
that the short range interatomic force dominates over the long-
range coulombic (ionic) force for x ¼ 0.1 composition with a
tetragonal structure. Additionally, although polycrystalline samples
had a random grain orientation, whichmeansmixed symmetry due
to oblique phonon dispersion, the longitudinal (TO) and transverse
(LO) Raman mode characters are useful to expected changes in a
qualitative manner. In fact, the relatively sharp peak for undoped
BiFeO3 ceramic becomes quite wide for 0.9BiFeO3-0.1Ba
[Ti0.95(Yb0.5Nb0.5)0.05]O3. This could be interpreted as the greater
overlap of TO-LO splitting in the A1-symmetry normal modes due
to the heterogeneity as substituting Bi and Fe by Ba and Ti/Yb/Nb in
A and B sites, respectively. This result is fully compatible with
previous reports [59,68,81,82] and in coherence with the change of
the crystallographic structure, revealed by RX measurement.
3.4.2. Raman study as a function of temperature
Micro-Raman spectroscopy measurements were recorded in

backscattering configuration from 50 to 1500 cm�1 in the range of
temperature from 303 K to 728 K, as shown in Fig. 14.

The evolution of Raman spectra versus temperature reveals the
following:

(1) The overall shape of the spectra did not change notably in the
range from 303 K to 553 K. This temperature behavior in-
dicates that our ceramic retained its room-temperature
structure, which was in agreement with the XRD aspect.
The persistence of modes with only relative intensity varia-
tion, in this temperature range, predicts a polar microdomain
rearrangement and the intensity decrease of all bands of first
order Raman scattering (below 1000 cm�1) indicates a more
isotropic polar state. This observation is fully compatible
with the evolution of XRD parameters showing a progressive
rearrangement of atomic displacement to a more isotropic
state.

(2) From T ¼ 553 K to T ¼ 628 K, progressive evolution Raman
spectra reveal a gradual decrease in the intensities of the
modes between 50 cm�1 to 1000 cm�1. On the contrary, the
modes showing second order behavior 2A4, 2E8 et 2E9 be-
tween 1000 cm�1 to 1500 cm�1 became pondering. This
result predicts an isostructural evolution to a pseudo-
centrosymmetric structure, for which first Raman order
was relatively removed, highly related to microscopic mag-
netic rearrangement (at the proximity of the magnetic



Fig. 14. Evolution of Raman spectra versus temperature for 0.9BiFeO3-0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic (a) for the temperature range from T ¼ 303 K to T ¼ 728 K by with a
step of DT ¼ 25 K (b) for selected temperatures around magnetic phase and ferroelectric-paraelectric phase transition.
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transition temperature). This result is fully compatible with
the more symmetric M€ossbauer spectrum evidence of more
isotropic non-equivalent Fe site rearrangements in the
crystal structure, as previously reported [66]. Seen the
sensitivity around the magnetic transition temperature
pointing out the strong two-spin phonon coupling [66], the
Raman spectra from 800 to 1600 cm�1 in the range of tem-
perature from 298 K to 758 K were recorded, as shown in
Fig. 15 (a).

(3) Above T ¼ 628 K, all the peaks vanished and the spectra
became almost linear: such a spectra evolution could be
linked to a structural phase transition to get a high temper-
ature phase for which any first-order Raman scattering is
forbidden. This change reveals a structural phase transition
to cubic Pm3m symmetry. This observation is fully compat-
ible with evolution of RX parameters versus temperatures:
The lattice parameters a and c tend to have close values of
about 3.99 Å around this temperature: this reveals a transi-
tion to a centrosymetrical paraelectric phase, which gives an
idea of the ferroelectric-paraelectric Tc temperature phase
transition value. All these changes display a combination
between magnetic ordering and structural rearrangement
revealing magnetoelastic coupling.

The A1 mode, around 170 cm�1, related to A-O banding [87,88],
gradually decreases and vanishes around T ¼ 653 K proving the
change of the ferroelectric ordering and characterizing the ferro-
electric transition temperature range.

Seen that the three two-phonon Raman modes centered at
around 1000 cm�1 to 1300 cm�1 are reported to be very sensitive
around the temperature magnetic transition pointing out the
strong two-spin phonon coupling in undoped BiFeO3 [64], the
contribution of this two-phonon Raman spectrum versus temper-
ature was analyzed here in order to understand the evolution at the
proximity of magnetic transition temperature. In fact, seen that we
studied unpolarized Raman ceramic spectra, to scrutinize the
evolution of such modes, qualitative investigation was based on a
virtual ion model or multimode model [78e80]. To discuss the
evolution of the Raman signature around the magnetic transition
temperature TN ¼ 568 K, it should be recalled that this magnetic
transition is an isostructural phase transition (as previously proved
by RX investigation). The overall Raman spectra shape is main-
tained across this temperature transition with a decrease of the
relative intensity spectra modes. Nevertheless, a closer focus in the
thermal Raman modes evolution reveals notable spectral changes
around TN, which is fully compatible with previous works [62e65].

In fact, since 2E8 and 2E9 has been attributed to Fe-O1 and Fe-O2
banding, for undoped BiFeO3, which is critical of octahedral rota-
tion origin of weak magnetization [65,77,78] and for our sample,
the B site is occupied at the same time by Titanium Ti; Ytterbuim
Yb; Niobium Nb and Iron Fe. We considered 2E8-1; 2E8-2; 2E9-1 and
2E9-2 modes as a simple model attributed toTi/Yb/Nb-O1; Fe-O1; Ti/
Yb/Nb-O2 and Fe-O2 banding as an attempt to understand the
physical aspect of the vibrations. Fig. 15(a) shows the Raman
spectrum versus temperature in the 800-1900 cm�1 wavenumber
region. Fig. 15(beg) shows some examples of fits, based on this
model, for certain temperatures above and below magnetic tran-
sition temperature. The A1-4 related to Bi/Ba-O band evolution did
not show a significant change that could be related to the A site
disorder. Fig. 16 reveals a significant evolution of the full width at
half maximum FWHM and the Raman intensity ratio bands versus
temperature as the result of the fit. This evolution reveals an
anomaly around the magnetic transition temperature. This
behavior has been extensively reported for multiferroic BFO based
materials [64,65,68,77], as a proof of the coupling between mag-
netic and ferroelectric order parameters. A more in-depth obser-
vation showed switching of the relative maximum intensity of Fe-
O1 and Fe-O2 band around 358 K, as if we have a new microscopic
magnetic rearrangement. Below magnetic transition temperature
and with increasing temperature, the two modes 2E8-2 and 2E9-2
decrease but tend to have a similarmaximumvibration as if the two
lengths tend to be symmetric, characterizing a paramagnetic state.
Also, above magnetic transition temperature, 2E8-2 and 2E9-2 are
less dominant than 2E8-1 and 2E9-1, as if the dominance of iron
vibration modes responsible for magnetic aspect became a mi-
nority. Again, changes reveal magnetic and structural rearrange-
ment linked to Fe/Nb/Yb/Ti-O gradual rearrangement. This leads to
two modulations of the Fe-O-Fe band angle and hence an exchange
interaction of the atomic displacement directly linked to polariza-
tion state: This undoubtedly proves magnetoelectric coupling. This
result is fully compatible with XRD parameters behavior versus
temperature and in-situ M€ossbauer spectroscopy hyperfine set-
tings around magnetic transition temperature.
4. Conclusion

We were able to prove magnetoelectric coupling of 0.9BiFeO3-
0.1Ba[Ti0.95(Yb0.5Nb0.5)0.05]O3 ceramic prepared by the solid state



Fig. 15. (a) Detail of the Raman spectrum versus temperature in the 800-1900 cm�1 wavenumber region.
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Fig. 16. Temperature dependence between 303 K and 758 K of the full width at half maximum FWHM and the Raman intensity ratio of each modes versus that at 303 K for (a) 2E8-1
modes at 1280 ± 12 cm�1; (b) 2E8-2 modes at 1390 ± 11 cm�1; (c) 2E9-1 modes at 1430 ± 8 cm�1 and (d) 2E9-2 modes at 1559 ± 17 cm�1.
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reaction method via in-situ M€ossbauer spectroscopy, XRD, dielec-
tric measurements and Raman scattering characterizations. In-situ
M€ossbauer spectroscopy in the temperature range of 300 K to 586 K
showed the reduction of the magnetic transition temperature TN to
568 K, as a result of the presence of different types of exchange
constant that caused the weakening of JFe-Fe. The extracted hyper-
fine interaction parameters showed a 3Dmagnetic long range order
phase transition with a complex spatial spin rearrangement as a
result of the canting of antiferromagnetically ordered spins of
BiFeO3. The Debye temperature (qD) and the averaged sound ve-
locity (VS) were deduced to be of 257 ± 21 K and 5.5636 km/s,
respectively. We thus highlighted that our doped sample may be a
good candidate for piezoelectric devices as well as acoustic appli-
cations. XRD analysis, recorded for temperature range from 300 K
to 750 K, reported an isostructural phase transition and showed an
anomaly in the evolution of lattice parameters and the unit cell
volume near the magnetic transition temperature TN. Rietveld
refinement revealed a significant shift in the atomic positions
around TN, specially for Bi/Ba atoms which are largely responsible
for the ferroelectricity of BiFeO3, thus proving the magnetoelastic
coupling. The evolution of the real part of dielectric permittivity
and dielectric loss (tan d) versus temperatures at 1 kHz revealed an
anomaly at 568 K that corresponds to the magnetic transition
temperature TN. The evolution of the Raman spectra in the tem-
perature range from 303 K to 728 K revealed both magnetic rear-
rangement and atomic displacement leading to both modulating
magnetic exchange interaction and polarization state. Drastic
changes of the three two phonon modes centered at around 1000-
1500 cm�1 revealed magnetic and structural rearrangement linked
to Fe/Nb/Yb/Ti-O gradual rearrangement around magnetic transi-
tion temperature. All characterizations were fully compatible,
revealing a clear coupling between magnetic and ferroelectric
orders.

Rietveld refinement patterns at two temperature (b) T ¼ 300 K
(before the magnetic transition temperature TN) and (c) T ¼ 580 K
(after TN) (d) Evolution of the lattice parameters and the unit cell
volume as a function of temperature and (e) Temperature variation
of the shift positions of Bi3þ/Ba2þ and Fe3þ/Ti4þ/Nb5þ/Yb3þ, around
TN, obtained from Rietveld refinement.

Examples of fits made for certain temperatures: (b) T ¼ 298 K;
(c) T ¼ 358 K; (d) T ¼ 398 K; (e) T ¼ 538 K; (f) T ¼ 558 K and (g)
T ¼ 578 K.
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