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ABSTRACT: Multiferroic Bi;«BasFeOs; (BBFO) (x = 0.0, 0.1, 0.2, 0.25, 0.3) nanoparticles were
successfully synthesized utilizing sol-gel process. The structure of the prepared samples was
characterized by employing x-ray diffraction technique. The results confirmed the transformation of
crystal structure from rhombohedral to tetragonal at x > 0.25. Infrared (IR) reflectivity spectra
measured at ambient temperature in the frequency range 10-7500 cm™. The resonant frequency,
oscillator strength and the damping factor of all modes were computed by fitting the IR reflectivity
spectra to the classical Lorentz oscillator model. From the temperature dependent electrical resistivity,
Ba?* doped BFO exhibited metallic behavior at low temperature, which transform to semiconducting
behavior on increasing the temperature. The temperature of this metal to semiconductor (MS)

transition depends on doping concentration of Barium.
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INTRODUCTION

Multifunctional materials are the materials that
perform more than one function in a framework due to
their particular properties. There has been a restoration of
interest for creating multiferroic having simultaneous
ferroelectric polarization and magnetic ordering in a same
phase (Schmid, 1994; Van Aken, Rivera, Schmid, &
Fiebig, 2007). The interplay between charge and
magnetism created great interest in the multiferroic,
which exhibit at least two ferroic order parameters
simultaneously in a single phase (Fiebig, 2005)(Cheong
& Mostovoy, 2007). These materials provide great
opportunity to manufacture multifunctional devices.
Among multiferroic, Bismuth ferrite BFO has fascinating
properties for applications in many field. BFO belongs to
ABO:; type of compounds, presence of magneto electric
coupling near room temperature (RT) makes BFO a
potential nominee for designing novel electronic devices
such as; multi-stage memories, magnetically storage
applications, actuators, transducers, sensors and emerging
spintronic devices (Smolenskii & Chupis, 1982). It
belongs to the rhombohedraly contort perovskite
formation with space group R3c and has spiral- cycloid
magnetic structure (Lobo, Moreira, Lebeugle, & Colson,
2007). It has high ferroelectric (Tc¢) and antiferromagnetic
(Tn) transition temperatures ~1100 K and ~640 K,
respectively. The ferromagnetic coupling among Fe
magnetic moments within the (111) plane and
antiferromagnetic interaction between adjacent planes is
the manifestation of G-type antiferromagnetic ordering. If
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the magnetic moments were align perpendicular to the
[111] direction, than reduced symmetry allow a canting
of the antiferromagnetic sub lattices, resulting in weak
ferromagnetism. But contrary to this, the magnetoelectric
(ME) effect is limited due to the existence of G-type
antiferromagnetic ordering (Khomchenko, Kopcewicz, et
al., 2008). Applications of BFO have been restricted due
to formation of secondary/impurity phases during
synthesis process, loss in strength of magnetic coupling,
and leakage current and so forth. The replacement of A-
site cations by alkaline earth metal (Ba, Ca, and Sr) is a
promising way for improving the ferromagnetic property.
The spin modulation can be reduced by substituting a

suitable divalent cations to attain spontaneous
magnetization and also to induce oxygen vacancies
(Sosnowska, Neumaier, & Steichele, 1982). The

magnetic moment of divalent alkaline earth metals is
comparable to that of rare earth substituted BFO
(Khomchenko, Kiselev, et al., 2008). It has been reported
by many researchers that small particles incorporation
enhanced the magnetization of BFO and is attributed to
the magnetization induced by surface effects.

In this work we adopted Sol-gel processing. It is
a delicate chemical method to obtain operational
materials at low temperature. This method is
exceptionally promising to acquire impurity free
advanced nano-materials and to orient the materials
properties for specific applications. It also provides fine
crystallite size, better multiferroic properties, high purity,
greater homogeneity, less cost and simpler equipment as
compared to the traditional method of fusing oxides. In
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this process we use acetic acid as a solvent to dissolve the
respective nitrates.

MATERIALS AND METHODS

BBFO samples with x = 0.0, 0.1, 0.2, 0.25, 0.3
were prepared using sol-gel auto combustion method.
The stoichiometric amount of Bismuth nitrate
BisO(OH)g(NOs)s, Iron (1) nitrate nano-hydrate
Fe(NO3)3.9H,O and barium nitrate Ba(NOs), were
separately dissolved in acetic acid and continuously
stirred until the nitrates dissolved completely. Ethylene
alcohol was added in each solution under constant
stirring. The color of resultant product was blackish red.
The molarity of the final product was adjusted between
0.1 to 0.2 mol. by incorporating proper amount of acetic
acid and ethylene alcohol. The solution was heated at
about 70 °C to convert it into the gel. The gel was ignited
to obtain porous powder by heating at 100 °C for 1 hour
and then ground in a mortar and pestle. After grinding
powders were sintered in an electric furnace, Nabertherm
GNBH, Lilienthal/Bremen Germany, with a uniform
increasing temperature variation of 10°C/min until
reached at 700 °C and then maintained at this temperature
for 1 hour and then quenched to room temperature in air.

Characterizations: PANalytical X’PERT-PRO X-ray
diffractometer adjusted at 40 kV and 30 mA, were utilize
to examine the crystal structure of the prepared series.
The radiation used was Cu Ka (A= 1.540598 A) having
no monochromator and the data was collected in the
range of (20) from 20° to 80° with a step of 0.025° and
2400 total scan. The room temperature IR reflectivity
spectra of samples were recorded in the frequency range
of 10-7500 cm?, using a BRUKER, Vertex 80V FTIR
Spectrometer. To study the conduction mechanism
Keithley 2400 source meter is used in the temperature
range 290-400 K with pressure contacts. To measure
dielectric  properties LCR Meter-8101GW  Instek
covering frequency from (20 Hz - 1 MHz) is used.

RESULTS AND DISCUSSION

Figurel shows the XRD graph for BBFO with x
=0.0,0.1, 0.2, 0.25, 0.3 at RT. The main phase is BBFO
along with a small amount of secondary phase BaFe;Oa,
which reduces as the Ba?* concentration is increased. This
impurity phase is due to the uncontrolled auto-ignited
process during synthesis.

The indexing of all the diffraction peaks were
performed with combination of rhombohedral-tetragonal
structure having its space group R3c as the Ba
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concentration increases, intensity of reflected peaks
decrease but the full width half maxima (FWHM)
increases which shows the formation of refined
crystallite. All diffraction Peaks were indexed by
comparing their “d” values with standard pattern of lines
according to the JCPDS card no. 71-2494. The obtained
crystallite size (D) for each sample was calculated from
XRD data by employing Scherer equation.

D = KA/ (Bcosb) (1)
dX—ray =ZM/ NAVceII (2)
Veen = abc sin y (3)

where ‘K’ is the constant having value of 0.9,
‘A’ the x-ray wavelength ‘B’ is the FWHM and ‘0’ is the
diffraction angle. X-ray density can be measured by
formula, Where, Z = number of formula unit (f.u.), M =
molecular weight, Na = Avogadro’s number, Vcen = unit
cell volume. The structural parameters were calculated by
using XRD data. Mathematically, assuming hexagonal
system for samples, unit cell volume is;

For rhombohedral and tetragonal system, a=b #
¢,y =120%and y = 909, respectively.

Bulk density and porosity was calculated as
Jouk =m/V @)
P = (1-ds/dx).100 (5)

where ‘m’ = mass in grams, volume = mr?L. It
can be seen from the Figurel that for the samples x = 2.5
and x = 3; the highest intensity double peak (20 ~ 32°) is
merged into single peak, similar merging of peaks is
observed at ~51° and ~56°. It may be due to the result of
transformation of crystal structure from rhombohedral to
tetragonal for x = 0.25 and above, same type of trend was
also reported by Chou Yang et. al(Yang et al., 2010).

The obtained structural parameters as computed
are given in the table 1. The crystallite size (D) of all the
samples were calculated and found between 35 to 70 nm.
The crystallite size and unit cell volume increase as the
Ba*2 concentration increases up to x = 0.20 is attributed
to the fact that the ionic size of Ba?* (1.36 A) is larger as
compared to Bi®*(1.17 A) and then decrease abruptly as
the system is transforming from a state lower symmetry
to the state of higher symmetry. The dx.ay and dpui
decrease with the increase in Ba*?amount up to x = 0.20
and increase for x =0.25 & x = 0.30.

The fluctuation among the lattice parameters a,
¢, bulk density, X-ray density, unit cell volume and
porosity at various dopant concentrations are shown in
Table 1. It is obvious that porosity gets increased with an
increase in the concentration. The rise in porosity is the
result of segregation of small vacancies into the lattice
when larger cation replaces the smaller one.
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Fig. 1. Combined x-ray diffraction pattern for BBFO with x =0.00, 0.1, 0.2, 0.25 and 0.3.Bi1-xBaxFeOs (x = 0.0,
0.10, 0.20, 0.25 and 0.30)

Table 1. Shows crystal structure, crystallite size, lattice parameters, unit cell volume, x-ray density, bulk density
and porosity of samples

Crystalline D a c Veell dxray  do=m/V  Porosity
Sr.No. Samples structure (nm) (A) (A) (A)? (g/cm®)  (glcm®) (%)
1 BiFeOs; Rhombohedral ~ 43.30 5.62 13.67 250.87 12.42 6.10 51
2 BiggBag10FeO3;  Rhombohedral ~ 56.09 5.58 13.89  251.68 12.10 5.67 53
3 Bio.goBao20FeOs Rhombohedral — 67.87 5.77 13.71 265.58 11.20 3.37 69
4 Bio.7sBao2sFeOs  Tetragonal 39.02 2.81 3.97 31.54 93.18 4.60 93
5 Bio.70Bao.soFeO;  Tetragonal 37.25 2.80 3.96 31.15 93.20 4.66 95

IR Reflectance Analysis: The reflectivity spectrum of
undoped BFO is shown in the inset of Figure 2. Below
1000 cm, the spectrum consists of several peaks while it
remains almost flat above 1000 cm™. This structure less
spectrum above 1000 cm™ indicates the non-existence of
any optical process and thus would not be included in the
later discussion. Thus here is emphasized only on the
spectrum below 1000 cmt, which exhibits several peaks.
These peaks are associated to optical phonon modes.
Figure 2 shows IR reflectivity spectra for all samples for
frequency between 10 cm? and 1000 cm?®. As Ba?
doping increases in BFO, the reflectivity spectrum lifts
up and the background contribution below the phonon
spectrum increases. At above x = 0.25, the background
reflectivity contribution becomes significant and also the
shape of the spectrum deviates from that of typical
semiconductor. It is more clear from the reflectivity
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spectrum for x = 0.3, the sample with maximum doping
of the Ba*? in BFO in the present study, that the phonons
are almost screened by the background contribution. The
background contribution to reflectivity in the mid
infrared region is due to free electrons or small polarons
(Ahmad & Uwe, 2005). The values of the resonant
frequencies, oscillation strength and the damping
parameter of the infrared active phonon modes have been
determined by fitting the reflectivity spectra (Figure 3)
using the classical LO model, in which the dielectric
constant is defined as

2
S.
fw)=e,+Y O
j Wrop —0 — 10y,

(6)
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Where, “* is the permittivity due to high frequency

electronic excitations, ' is the transverse optical (TO)

phonon frequency, Sj is the oscillator strength and Vi is
the damping factor of the jth optical phonon. The near
normal incidence reflectivity is obtained from the Fresnel
formula,

_|(e -1 i
R_‘ (\/E+1)‘

On increasing the x, the resonant frequency wroof all
modes except the highest frequency mode either remains
unchanged or increases slightly (see Table 2). The
highest frequency mode surely shifts towards low
frequency on increasing the Ba?* doping; oto = 560 cm'?
atx = 0 reduces to wto= 548 cm™ at x = 0.2 and thus
behaves as a soft mode. This high frequency mode arises
due to the stretching of oxygen atoms in the FeOs
octahedra and thus results in a change of Fe-O bond
length. The phonon softening of the highest frequency
mode indicates some sort of coupling with the electronic
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Fig. 2. Comparison of all FT-IR Reflectivity spectrums for BiixBaxFeOs.
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Fig. 3.Lorentz fit IR reflectivity spectra for Bii-xBaxFeOs.

Table 2. Fit parameters used to best fit the data using Lorentz oscillator model for BiixBaxFeOs.

x=0.0 x =0.10 x = 0.20 x = 0.25 x =0.30
oTo1 145 138 135 152 152
107 228 77z B—— 227 229
® 703 286 285 289 294 295
® 104 340 350 349 e e
® 105 389 cl:1c H—— 381 385
© 106 442 444 435 s e
o107 560 556 548 e e
St 153 1.97 2.26 1.40 0.89
S 0.18 002 e 1.39 0.98
Ss 0.69 1.17 2.46 117 0.88
S 057 0.61 049 e e
Ss 0.11 T T—— 1.58 1.64
Ss 0.06 0.04 021 e e
S7 0.14 0.17 72—
Y., 45.00 4533 50.00 48.36 40.79
Y, 32.89 o0 A — 86.17 85.54
Y, 72.94 95.96 130.00 93.66 90.70
Y, 96.41 121.71 10217 e e
Y, 52.02 (101: S—— 200.00 200.01
Y, 45.03 31.26 O —
Y, 92.80 84.11 129.99 e e
£ 2.024 2.22 2.65 5.16 4.50

Electrical Resistivity: Figure 4 shows the DC resistivity
graph for all samples with respect to temperature. The
general trend for log resistivityvs. temperature of all the
samples is almost similar. Each resistivity curve may be
divided into two regions; metallic and semiconducting
regions, in lower range of temperature they show metallic
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behavior whereas semiconducting behavior is dominated
in the higher range, It is clear that below a certain
Transition temperature Twms resistivity increases with
temperature, but above the Twsit decreases as temperature
increases. Similar type of trend was reported by
A.Azamet. al.(Azam, Jawad, Ahmed, Chaman, & Naqvi,
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2011) for Al*3dope BFO samples. In the metallic region
the resistivity increases due to three types of scattering
mechanisms, electron-electron (e-¢), electron-phonon (e-
p) and electron-magnon (e-m) contribution. These
scatterings are dominated by the thermal activation
process at higher temperature. Also it can be seen from
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Fig. 5. DC resistivity variations with temperature for
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Table 3 that the metal to semiconductor transition
temperature (Twms) shifts towards the lower temperature as
Ba*? concentration increases. This variation may be due
to the fact that lonization energy of Ba (502.9 kJ/mol) is
less than that of Bi (703kJ/mol). As the Ba?
concentration is increases resistivity decreases for all
temperatures and consistent with the IR reflectivity
results. Resistivity in metallic region can be explained
with the help of model p(T) = po+pT?+yT,in this model po
is residual resistivity at T = 0, B and y are electron-
electron (e-e) scattering and electron-phonon (e-p)
scattering coefficients, respectively. Semiconducting due

to the fact that as electron becomes thermally excited it
jumps to the conduction band and decreases as the Ba®*
concentration increases as the doping element is metallic
in nature. Figure 5 shows the Arrhenius plots .The slop is
obtained by taking linear fit of natural log of resistivity
(p) vs. 1000/T. Slope of the curve decreases as the Ba*?
concentration increases due to the fact that doping
element is chosen from the 2" group elements in periodic
table. Therefore, the value of resistivity (p) also decreases
from 5.46E8 Q-cm to 0.32E8 Q-cm as the Ba?
concentration increases see table 3.
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Figure 6. Combined graph of the log of resistivity as a
function of 1000/T (K1) for Bi1.xBaxFeOs

Table 3. Shows the transition temperature Twms and
value of resistivity at room temperature

Concentration Transition Room Temperature
X Temperature  Resistivity (2-Cm)
Tws (Kelvin)

0.00 383 5.46E8

0.10 353 1.96E8

0.20 343 1.11E8

0.25 303 0.77E8

0.30 293 0.32E8
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Conclusion: Ba?* substituted BFO multiferroics were
successfully prepared by sol-gel method. Reflectivity
spectrum of BFO is like that of a typical semiconductor,
which changes to that of metal on increasing Ba?*
concentrations. On increasing Ba?" concentrations the
highest frequency phonon shifts towards the low
frequency mode which dictates some sort of coupling
with electronic excitation. Electrical resistivity dictates
metal to semiconductor transition of Ba?* substituted
BFO with the increase in temperature.
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