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ABSTRACT

Critical structural variation and dielectric properties were investigated in Lanthanum and
Gadolinium co-substituted bismuth ferrite (BiooLao.1Fei;-xGdxO3 (x=0.01, 0.03, 0.05, 0.07, 0.1,
and 0.15). Conventional solid state reaction technique was used to synthesize ceramic
samples. To investigate the influence of co-substitution on the phase formation and crystal
structure, X-ray diffraction method (XRD), Scanning electron microscopy (SEM) and Raman
spectroscopy were utilized. Probing the structural properties by changing Gd ratio was carried
out to ensure single phase of rhombohedral R3¢ structure. Hence, the exploration of dielectric
properties of single phase modified BiFeOs; (BFO) ceramic was executed by room

temperature capacitance and loss tangent measurements. It was found that by substitution of
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10 mol% La for Bi and up to 5 mol% Gd for Bi, perovskite structure of rhombohedral
symmetry and R3c space group were formed. This possessed enhanced magnetization and

reduced dielectric loss compared to pure BFO.

Keywords: Ceramics; Solid state reaction; Crystal structure; Microstructure;

Magnetisation; Dielectric response;

1. Introduction

Materials having ability to exhibit two or more ferroic orders of ferromagnetic (or
antiferromagnetic), ferroelectric, ferroelastic, and ferrotoroid simultaneously are called as
multiferroics (MF). These are functional intelligent materials. Magnetoelectric effect
described as cross coupling between electric and magnetic fields is needed to defined here to
magnify the function of magnetoelectric multiferroics. Those simultaneously have both
ferroelectric (electric dipole moment) and ferro/antiferro-magnetic (magnetic moment) order
parameters. Magnetoelectric multiferroics (ME-MF) supply a unique occasion to employ
distinct functionalities in a single material. Clearly, this function makes it feasible to provoke
polarization by external magnetic field and magnetization by applied electric field. Hence,
above capabilities make magnetoelectric multiferroics potential materials in novel device
applications such as spintronics [1], non-volatile memories [2], consumer electronics, etc.[2-
8]. Perovskite-oxides offer many multiferroic materials like bismuth ferrite (BiFeO3) [9],
yttrium manganate (YMnO?3) [10].

Among the single phase magnetoelectric multiferroics bismuth ferrite (BiFeO3) is
unique at room temperature. Bulk BiFeOs is a G-type antiferromagnetic which possess Neel
temperature at 655 K and a high Curie temperature at 1043 K [11]. Therefore, this material
has drawn huge attention for widespread technology as well as scientific interest. However,

BFO has some application problems namely, poor insulation and weak magnetization. These



two mainly reduce the magnetoelectric coupling [12]. Thus, BiFeOs related researches were
mainly devoted on solving these issues. As a matter of fact, crystal lattice of bulk BiFeOs; has
a perovskite structure which is thombohedrally distorted and has a R3c space group [12].
Constituent Bi** and Fe** cations remove along (111). direction. Meantime, oxygen
octahedral enclosing these ions rotate about this direction alternately clockwise and
counterclockwise [13, 14]. Physical mechanism underneath the ferroelectric and poor
insulation properties is as follows: Ferroelectricity is originated from bismuth ions.
Stereochemically active bismuth 6s® lone pair electrons with its empty 6p° orbital and 2p°
orbital of oxygen are hybridized. Additionally, the relative movements of Bi** and Fe-O
octahedron along the (111). direction cause for electric polarization [15-17]. Essentially,
oxygen vacancies created by bismuth deficiencies are common space charge defects in such
perovskite structures. Application of electric field causes these charges to accumulate into
domain walls, grain boundaries, and interfaces which have lower energies [18], so inevitably
leakage current appears through material. Another shortcoming about bismuth ferrite is the
weak insulation due to the leakage current. The main sources of this problem are bismuth
deficiencies and mixed valance states of Fe** and Fe?*. As a result, oxygen vacancies result in
such a high leakage current which yields for high dielectric losses. These problems decrease
the reliability of bismuth ferrite in potential device applications [6, 16, 19]. Hence,
ferroelectricity is restricted by leakage current by pinning on domain walls. Moreover, this
mechanism hinders implementation due to poor multiferroic and magnetoelectric properties
[20-22]. Physics of magnetism mechanism in BiFeOs is as follows: Due to Jahn-Teller
structural distortion magnetic moments of partially filled 3d orbitals of Fe** ions are
antiferromagnetically coordinated in G-type form. In fact, within (111) planes magnetic
moments are paired ferromagnetically but between neighboring planes they are

antiferromagnetically aligned [23, 24]. Additionally, antiferromagnetic layout has spatially



long range cyloidal spin structure due to the rotation of canted magnetic moments in the (110)
direction with incommensurate 62 nm period [25-27]. Remaining magnetic moment and
linear magnetoelectricity vanish in the cycle period. Consequently, no net magnetization
remains through the material. As a result, this mechanism restricts the linear magnetoelectric
effect. On the contrary, once this cycloid structure of spins is avoided, slightly canted
magnetic moment perpendicular to the rhombohedral axis results in a minor macroscopic
magnetization, viz. weak ferromagnetism [19].

Based on the material reality and above problems, to improve multiferroic and
magnetoelectric properties for device implementation it is highly desirable to boost the
magnetization and diminish the leakage current. To do so, it is required to somehow eliminate
the sources of the problems and alternate the causative or provoking mechanisms in
convenient approaches. Regarding magnetism, for instance, suppression of the spin cycloid
structure would be possible by fabricating nanoparticle in size smaller than 62 nm, and
consequently it would give rise to induction of ferromagnetism by means of uncompensated
canted magnetic moments. Variety methods are conducted to increase magnetization and
insulation properties. Concerning to collapse of spin cycloid structure and improve
magnetism, for instance, recalling the ABO3 perovskite structure A-site and/or B-site ion
substitutions [28] are widespread approaches [29]. Moreover, this way also diminishes
leakage current that appears ferroelectricity [30-32]. Consequently, appropriate substitutions
would enhance the multiferroic and magnetoelectric properties and thereby lead to device
applications [33]. In this context, recalling volatility problem of Bi comparatively more stable
Lanthanum (La) substitution would avoid creation of Bi and oxygen vacancies. As a result,
leakage current would be lowered in same part by holding electric polarization [34].

Since the ultimate goal is to improve multiferroic properties of BFO, the motivation

underneath the current research is to destroy the spin cycloid structure via deformation of the



crystal structure. We hope to create certain distortion and twist in the perovskite structure by
substitutions of cooperatively large Gd ion for Fe and small La ion for Bi. Moreover, due to
the fact that Gd magnetic moment is higher than that of Fe, inequality of antiparallel
magnetization of sublattice and diversity of Fe-O-Fecq bond angle and bond length will cause
to alter spin cycloid structure. Therefore, the spin cycloid structure will probably give rise to
net magnetization different than zero and thereby results to increase linear magnetoelectric
constant. Furthermore, compared to Bi more stable La substitution utilizes the low dielectric
loss and improve magnetization [34] as well as diminish impurity phases [35], etc. Also
magnetic properties of BFO could be expected to improve with magnetic properties of
Gadolinium. With 0.938 nm ionic radius Gd [36] (against to 0.55 nm for Fe) [37] ) has a
potential to destroy the cycloidal spin structure and induce ferromagnetism via avoid equality
between magnetic moments of sublattices. Additionally, regarding Fe-O-Fegq the difference
of bond parameters will give rise enhanced magnetization.

2. Experimental details

2.1 Samples Preparation

Solid-state reaction route is utilized to synthesize polycrystalline Big.oLao.1Fe1-xGdxOs
(x=0.01, 0.03, 0.05, 0.07, 0.10, and 0.15) ceramics. Stoichiometric ratios of high grade oxide
precursors of Bi203 (Puratronic, 99.999%), La203 (REacton, 99.999%), Fe203 (Puratronic,
99.998%), and Gd203 (REacton, 99.99%) were used. As a matter of fact Bi is a volatile
compound above 800 ‘C, to compensate Bi loss during calcination and sintering processes the
amount of Bi»Os is increased 5 mol%. Hence, to avoid Bi loss (A-site vacancies) 10 mol% La
is fixed since La is more stable than Bi. Since the La ratio is fixed we labeled the samples
with respect to Gd ratio ranging from O to 15 as 0-15 Gd. First of all, high energy ball milling
process mixed the oxide precursors for 16 h in methanol medium. After drying on a hot plate

at 90 'C the mixed row powder was calcined in box furnace at 850 °C for 4 h in air. Later,



calcined bulk ceramics were gently milled and mixed with polyvinyl alcohol (PVA) in an
agate mortar for a while. Next, a hydraulic press is utilized to form pellets by applying
isostatic pressure. Eventually, the pellet ceramics were sintered at 850 °C for 4 h in

atmosphere.

2.2 Characterization techniques

Initial structural analysis was carried out to study the crystal structure by X-ray diffraction
(XRD) technique. Surface microstructures were studied by scanning electron microscope
(SEM). Structure is also studied by Raman spectroscopy of Horiba Jobin Yvon T64000.
Dielectric response was recorded by an impedance analyzer HP4294A in a wide frequency
range of 100 Hz to 1 MHz at room temperature. Magnetic characterization was examined by

operating Vibration Sample Magnetometry (VSM).

3. Results and discussion

3.1 Crystal structure and microstructure analysis

Effects of La-Gd co-substitution on the crystal structure properties studied by XRD are
presented in Figure 1. All samples are completely crystallized in polycrystalline forms. Due to
the intense peaks match with those of parent BiFeOs they are labeled according to JCPDS-82-
1254 as a perovskite structure of rhombohedral crystal system with R3c space group. Up to 5
mol% Gd the samples presents negligible bismuth deficient secondary phase of tetragonal
BixsFeOao according to JCPDS card file no 46-0416. Overall observation is briefly expressed
as that increasing Gd ratio causes to confederation of doubly split peaks by forming broaden
one and partition of split into two peaks. Monitoring such evaluation of peaks indicates the
crystal structure transformation. Merging of doublet peaks of (104)/(110), (006)/(202),

(116)/(122), and (214)/(300) indicates the crystal structure transformation from rhombohedral



to orthorhombic by rising Gd ratio. By 3 mol% Gd substitution, partial structural transition
initiate. As shown in the magnified part of XRD patterns in Figure 2, essentially, the doublet
peaks of (104)/(110), (006)/(202), (116)/(122), and (214)/(300) are merging with increase of
Gd ratio. Further increase of Gd concentration leads to split double peaks which indicate the
structural transition. It is noted that these peaks shift to higher angle. Additionally, more
impurity phases of orthorhombic Bi2Fe4O9 with JCPDS card file no 74-1098 and cubic
BissFe20Os7 with JCPDS card file no 42-0181 are formed. Increasing the amount of secondary
phases indicates that the Gd is no more substituted for Fe sites. Large ionic size difference
between Gd and Fe ions cause lattice strain, distortion and structural disorders. Consequently,
the nucleation rate is degraded [38]. Therefore, grain size decrease with increase of Gd ratio
as shown in the microstructure in Figure 3. Clear, dense and almost homogenous grain growth
was observed for 0 Gd and 1 Gd samples. Sharp grain boundaries lead to distinguish each
grain. By increasing the Gd ratio grain formation is strictly changed by means of size and

form.

3.2 Raman spectroscopy

Influence of La-Gd co-substitutions of for Bi-Fe sites was further studied by Raman
spectroscopy. In fact, as a nondestructive tool Raman spectroscopy is sensitive to structural
variation by compositional disorders and local symmetry changes. Figure 4 shows the
comparison of Raman spectra at room temperature upon related co-substituted BiFeOs; with
pure one. Based on group theory, theoretically, perovskite crystal BiFeOs, having
rhombohedral system and R3c space group, has thirteen Raman modes. Those of four are A;
and nine of them are E modes. Practically, in our work, six of these modes are clearly
observed but the rest of the modes are not detected due to the weak polarizability, mode
broadening, accidental degeneracies. Figure 4 presents the both detected modes of E-1, E-2,

E-3 and A1-1, A1-2, Ai1-3, as well as the traces of unclear modes of E-4, E-5, E-6, E-7, E-8



and Ai-4 at possible wavenumbers. E-1, Ai-1, Ai-2, Ai-3, E-2, and E-3 peaks are measured
following numbers of 75, 138, 173, 218, 261, and 287 cm™, respectively. In a BiFeO3
perovskite structure, A; modes are related with the bismuth ion vibration in the structure [39].
E-1, E-2, and E-3 modes are raised from the vibration of Fe-O octahedral [39]. It is observed
that La and Gd substitution causes to shift related peaks. Raman spectral changes are critically
affected by structural changes, chemical bonds and symmetry. Moreover, stress and
temperature cause to shift peak positions. For example, shift to higher wavenumbers is
observed for the modes of Ai-1, Ai-2, and A;-3. Since La is lighter than Bi, motion of La
increases. Such ionic differences between La and Bi lead to twist the structure via shrinkage
of the bond and reduced mass. Therefore, La substitution causes to shift A; modes to higher
wavenumbers and peak broadening. Twist of lattice and oxygen octahedrons cause to
decrease peak intensities. On the contrary, E-1, E-2, and E-3 modes are shifted to lower
wavenumbers. Actually, atomic mass of Gd ion is bigger than that of Fe ions. As expected,
the vibration frequencies of Gd-O bond decreases compared to that of Fe-O bond. Higher
ionic radii and atomic mass cause to lattice distortion and oxygen octahedrals. Therefore, the
peak intensities decrease with increasing Gd ratio. Those are the reason for disappearance of
other six modes which are labeled at possible wavelengths in Figure 4.
3.3 Dielectric properties

Generally, dielectric properties depend on crystal structure, frequency of electric field,
and temperature. Figure 5 presents the dielectric responses of the specimens by increasing
frequency. Dielectric constant of La and Gd substituted samples are significantly decreased
due to low polarizability. Smaller grain size upon La and Gd also contributes to decrease
dielectric constant by increasing the density of insulating grain boundary. The general trend of
relative dielectric permittivity (dielectric constant) is reduction by enhancing frequency due to

the dielectric relaxation. Accordingly, at low frequencies dielectric dispersion is explained as



that the dipoles are capable to be arranged in the electric field. So, they contribute to the
dielectric constant. On the contrary, increasing frequency does not allow dipoles to be
arranged along the field. In this manner, relative dielectric permittivity decreases with
improving frequency. Overall dielectric response indicates that high dielectric permittivity is
high at low frequency but low at elevated frequencies. Dipole relaxation occurs in the system.
This is a result of typical interface polarization of Maxwell-Wagner [40, 41]. Actually,
polarization types of electronic, atomic, interfacial, and ionic participate in dielectric response
at short frequencies. Moreover, space charge polarization and interface related polarization
mechanisms are predominant at initial frequency range. At high frequencies, nevertheless,
electrons are solely capable to follow the frequency of the field. At such frequencies space
charges do not contribute to the permittivity. Therefore, it is significantly decreased with
increased frequency.

Response of the energy dissipation factor (dielectric loss tand) with respect to
frequency is plotted in Figure 6. Significant decrease of loss tand of La and Gd substituted
samples is partially attributed to enhance of the insulating grain boundaries via decreasing
grain size. It is observed that tand of BFO initially decreased than increased. On the other
hand, that of 1 Gd decreases through all frequency range. Bismuth and oxygen ion vacancies
are mobile space charges which are driven by the applied electric field to contribute the
dielectric properties in the sample. However, they are not able to response to the electric field
at higher frequencies, and consequently dielectric relaxation occurs accompanied by decrease
dielectric constant and loss [40]. The observed peaks are the polarization resonances of the
dipoles of such charged defects [40, 42]. Due to the above mechanism dielectric constant and
loss of Gd substituted samples are evidently degraded compared to those of BFO (0 Gd). The
observed peaks of loss tand indicate the dielectric relaxation. Upon La and Gd substitution

this peak appears at lower frequency range compared to BFO. Generally, low dielectric



constant is because of low conductivity (high resistivity) and thereby decreases the dielectric
loss [43]. Significant decrease of dielectric constant as response of dipoles is an indicator of
degraded conductivity. This behavior is also referred to decrease of loss by means of
dielectric relaxation [42]. Actually, the contribution of interfacial and dipole polarization to
dielectric constant decreased at higher frequencies due to the relaxation. Higher doped
samples show comparatively lower values of tand which slowly decrease with frequency.
Higher dielectric loss tangent (dissipation) causes to high electric conductivity (high leakage
current). Comparatively higher value of dielectric loss at initial frequency range is related to
the resonance of the defect dipoles.
3.4. Magnetic properties

Magnetic behavior of the samples is presented in Figure 7. Influence of Gd
substitution is monitored by measuring magnetization vs. field (M-H). As shown in the
magnified part of the figure, hysteresis loops of BFO and 1 Gd samples point out
antiferromagnetic behavior. However, those of the samples ranged from 3 to 15 according to
Gd ratio show non-saturated ferromagnetic behavior with significant remnant magnetization
and coercive field. These results are compatible with those of our previous results of up to 5%
Gd ratio [44]. Furthermore, the double remanent magnetization of 10% Gd ratio was
measured as high as 0.3 emu/g. This behavior indicates the boost of magnetic properties by
Gd substitution. Substantial increase of magnetization is correlated with increase of Gd ratio
as following possible reasons. Different magnetic moments of Gd and Fe lead to interrupt the
spiral spin structure. Moreover, because of the remarkable ionic size difference and bonding
parameters of Gd and Fe superexchange interaction is perturbed. Furthermore, variation of the
bond angle and the bond length of Gd-O-Fe cause to collapse spin cyloid structure. Structural
distortion due to ion substitution results in canting of spins, changing of Fe-O-Fe angle and

length [45], collapsing and suppression of spin cycloid structure [46]. For instance, significant



ionic size difference between the host and substitution ions results in large lattice distortion
which causes to change bond length and bond angle. Based on the calculation, Goldschmidt
tolerance factor decreases with increase of substitution of Gd ratio. This indicates distortion in
perovskite structure subsequent change in bond length and bond angle [45]. Furthermore, in
the case of structural change the spin cycloid structure would collapse [47]. Increase in
coercive field by increasing Gd ratio is ascribed with lowered domain size and allowable
formation of inhomogeneous domain via structural transition.

4. Conclusions

In conclusion, modification of critical chemical composition of BiFeO3 by means of
substitutions of La for Bi and Gd for Fe sites was successfully carried out to enhance
multiferroic properties. By keeping La ratio at 10 mol % and increasing Gd ratio from 1 to 15
mol % crystal structural, microstructure, dielectric behavior and magnetic properties were
observed. Regarding Gd ratio, up to 5 mol% rhombohedral phase is successfully obtained.
Higher substitution causes to transition of crystal structure of rhombohedral to orthorhombic
phase. It was measured that relative permittivity and dielectric loss diminish with rising Gd
ratio. Especially, that Gd having different magnetic moment and larger ionic radius is
successfully substituted for Fe site of BiFeOs causes to improve magnetic properties by
expense of structural modification. It was concluded that the magnetic properties were
significantly boost by increasing Gd ratio. This behavior is correlated with the variation of
magnetic properties upon structural modification and collapse of cycloid spin structure of
BFO.
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Figure 1. Comparison of XRD patterns of ascending Gd but fixed La ratio of BFO samples.
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Figure 2. Magnified XRD patterns shown in Figure 1.
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Figure 3. Observation of the microstructural variation of La modified BFO by increasing Gd

ratio.
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Figure 4. Comparing room temperature Raman spectra of La modified BFO with enhancing

Gd ratio.
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Figure 5. Influence of ascending Gd ratio on the dielectric constant of La modified BFO.
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Figure 6. Comparing the dielectric loss by increasing Gd ratio of the La modified BFO.
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Figure 7. Effect of ascending Gd Ratio of La modified BFO on magnetization.
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Figure Captions:

Figure 1. Comparison of XRD patterns of ascending Gd but fixed La ratio of BFO samples.

Figure 2. Magnified XRD patterns shown in Figure 1.

Figure 3. Observation of the microstructural variation of La modified BFO by increasing Gd

ratio.

Figure 4. Comparing room temperature Raman spectra of La modified BFO with enhancing

Gd ratio.

Figure 5. Influence of ascending Gd ratio on the dielectric constant of La modified BFO.

Figure 6. Comparing the dielectric loss by increasing Gd ratio of the La modified BFO.

Figure 7. Effect of ascending Gd Ratio of La modified BFO on magnetization.
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