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Investigation of multiferroic properties of dysprosium substituted bismuth ferrite
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A simple and inexpensive auto combustion procedure was used to create the Bi;,Dy,FeO;
(x=0.0, 0.015, 0.03, 0.045, 0.060) multiferroics samples. In bismuth ferrite, the average
crystallite size increased with growing Dy’" concentration in BFO, revealing a
rhombohedral distorted perovskite structure of space group R3c. During morphological
analyses of the produced samples, a spherical structure with little aggregation was found.
When Dy’" is substituted at the B-site, the Raman modes widen and the cation site
occupancy changes even more. The frequency-dependent dielectric properties (g, tand),
electric conductivity (ac), impedance (Z), and electric modulus (M' and M") of the
samples were assessed using an impedance analyzer at frequencies between 20 Hz and 20
MHz. All samples had the maximum dielectric constant, which was discovered at a
relatively low frequency. The highest value of impedance was found at low frequency and
it lowers with increasing frequency as a result of the contributions from the grain and grain
boundary. It is discovered that the samples' ac conductivity is frequency-dependent and
changes depending on how much Dy*" is doped into the BFO.
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1. Introduction

Materials with two ferroic characteristics in a single phase are referred to as multiferroic
materials. Ferroelectricity, ferroelectricity, ferro periodicity, and ferro eclasticity are a few
examples of ferroic qualities. Magneto-electric (ME) multiferroics are substances that possess both
ferroelectricity and ferromagnetism. The ME effect initiates a single-phase interaction between
magnetic and electrical forces. This ME effect, which forms the basis of ME MFs, adds another
level of freedom by enabling magnetic spins to be influenced by an electric and magnetic field,
respectively. Due to the significant macroscopic behavior of ferroelectricity and magnetism in
these compounds, as described by Hill [1,2], ME multiferroics are rare in nature [3]. ME materials
are used in a variety of applications and have a broad range of properties. Examples of typical
consumer products include quantum electromagnets, storage devices, magnetic field sensors,
television, optical fibers, switches, microwave actuators, satellite communication, multiple state
memory, spintronic, microelectronic, and high-density ferroelectric RAM devices [4-6]. Among
active MFs, bismuth ferrite (BFO) is the storage medium that simultaneously reflects ferroelectric
and G-type anti-ferroic properties. A space group and a rhombohedral distorted perovskite
structure are present in the chamber of the temperature BFO 3. To tackle the problem of
synthesizing BFO in the pure phase, researchers explored a range of preparation procedures,
including coprecipitation [7], solid-state reaction [8], hydrothermal [9], sol-gel auto combustion
method [10], and micro-emulsion [11]. Because it has so many benefits over other preparation
methods, such as low cost, ease of use, consistency, and so on, the auto combustion process is
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being employed extensively [12]. Dhir and others, [24] Sol-gel analysis was used to describe the
peak shifts caused by the substitution of Dy3+ ions in Bi;Dy,FeO; (x = 0.0, 0.10). The generated
nanoparticles' dielectric behavior was confirmed. Li et al. claim that Mg®>" doped BiFeOs has
outstanding ferroelectric and magnetic properties, making it a good choice for use in
magnetoelectric and data storage devices [13,14]. The Dy’ doped Bi,..Dy,FeO; (x =0.00, 0.015,
0.03, 0.045, and 0.06) has been synthesized in the current study, and its structural, morphological,
and dielectric properties have been investigated for its practical applications.

2. Materials and method

2.1. Synthesis of dysprosium substituted BFO

The multiferroics Bi;DyFeO; were produced by sol-gel auto combustion for x=0.0,
0.015, 0.03, 0.045, and 0.06. The first components utilized to make multiferroics were iron nitrate
nonahydrate, bismuth nitrate hexahydrate, strontium nitrate, nitric acid, citric acid, and ammonia
solution. In distilled water, all of the nitrates dissolve. The bismuth nitrate was dissolved in
distilled water using a little quantity of nitric acid. For an hour, the nitrates solution has to be
blended and stirred. Citric acid is added as the fuel agent, and the pH is maintained at 7 using an
ammonia solution. The mixture was then put on a hot plate set at 90°C, where it was stirred and
heated until it became a gel. After the gel had formed, the hot plate's temperature was increased to
300 °C. Ash was gathered after the gel had been burnt. A pestle and mortar were used to grind the
ash. Three hours were spent in a furnace sintering this powder at 600 degrees Celsius. Now that
the final product has been achieved, it may be characterized.
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Fig. 1. Synthesis of Dy doped Bismuth ferrites.

The structural characteristics were investigated using an X-ray diffractometer. The JEOL-
JSM 5910 model was used to analyze morphological characteristics. The measurements of the
dielectric were made using an impedance analyzer. Ferroelectric investigations were conducted
using an automated P-E loop tracer.

3. Results and discussion

3.1. Structural analysis

Figure 2 displays an XRD pattern for the Bi;DyFeO; samples produced using the auto
combustion method with (x = 0.0, 0.015, 0.03, 0.045, and 0.06). Sharp peaks in XRD patterns are
indexed using Miller indices (0 1 2), (1 1 0), (006), (2 0 2), (1 1 6) and (3 0 0). It was discovered
that the hexagonal form of Bi;Dy,FeO; twisted the R3c perovskite structure (BFO). As the
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concentration of Dy rises, a few diffraction peaks get weaker and eventually disappear [15]. For
samples x = 0.0 to 0.06, no further Dy’" peaks were discovered. However, for the samples, x = 0.0
to x = 0.06 that match to (JCPDS#75-0541), very small intensity peaks were seen between the
peaks (012) and (110), and another peak was found between the peaks (110) and (006) with a
greater concentration of Dy’™ There are no split peaks; the only apparent peak displacement is in
the direction of low theta, or at [1 1 0]. Due to the ionic radius difference between lanthanum
(Dy*" = 0.92A) and iron (Fe’" = 0.67A), the Dy substitution somewhat changes the intensity of the
majority of peaks. The average particle size of BFO is calculated using the Scherrer equation [16].
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Fig. 2. Shows the XRD pattern of Bi;..Dy,FeO; (x = 0.0, 0.015, 0.03, 0.045, and 0.06)
with an inset showing peak shifting at [1 1 0].

3.2. Physical parameters
The average crystallite size of pure and doped BFO is calculated using the Scherrer

equation [1][2].

D= (1)

- BriiCos6

D, K, and here denote the peak broadening factor, shape factor, average crystallite size,
and X-ray wavelength, respectively [16,19,20]. It has been shown that the average crystallite size
rises with increasing Dysprosium doping. The relationships are utilized to get the lattice constants
(a and ¢) and cell volume (V) [18].

1 4 h%+hk+k? 12
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The lattice constants (a and c) were discovered to be in the range (a = 5.5638 - 5.5901, ¢ =
13.1878 - 13.6776 (A)) when the amount of dysprosium substitution in BiFeO increases, as
shown in table 1. In the range (409.71-412.09 (A’)), the volume of the unit cell was computed.
The X-ray density and bulk density are calculated using the equation shown below [19].

M
de-ray = [ve 4)

P, = Mass (5)

B Volume
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Avogadro's number, the number of atoms in a unit cell, the atomic mass of the sample, and
other terms are represented by the letters n, A, V, Ny, m, h, and r. The expected values for the
lattice constants, cell volume, X-ray dens1ty, bulk densrcy, and porosity are shown in Table.1[18].
The Values for the bulk densr[y are 0.7307 and 0.7617 (g/cm ). Because of the replacement of Rare
Earth (Dy’") ions, which caused such low quantities, grain formation would have been hampered
[21-3]. The sample had porosity throughout the synthesis and sintering procedures, which is
connected to this.

e=— (6)

d2

The value of strain (&) found in the range of 0.1266 — 0.1296 are shown in Table 1.

Table 1. XRD parameters as of the prepared samples.

Concent | D (nm) a(d) c(A) Unit cell Volume | X-ray Bulk Strain
rations (A% density d, | density dg | (¢)

(x)

0.00 7.9079 5.5842 | 13.1878 412.09 7.56 0.7591 0.1271
0.015 9.6589 5.5638 | 13.6776 409.71 7.33 0.7617 0.1266
0.03 12.5633 5.5901 13.5269 415.21 7.32 0.7500 0.1287
0.045 37.7272 5.5836 | 13.1139 423.56 7.21 0.7328 0.1296
0.06 48.9367 5.5765 13.3244 424.26 7.06 0.7307 0.1278

3.3 SEM analysis

SEM is used to analyze the surface morphology of the manufactured Bi;Dy.FeO;
multiferroics. Due to the magnetic dipole interaction between the ferrite particles, the
nanoparticles have a non-homogeneous spherical morphology and some degree of agglomeration.
The average grain size of the treated samples is calculated using the line intercept approach, and it
is found to be between 0.20 and 0.28 nm as shown in Fig. 3(a,b,c) [20][21].

Fig. 2. SEM micrographs of all Bi;.Dy.FeO; samples (a) x=0.00, (b) x=0.03, (c) = 0.06.
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3.4 FTIR analysis

Using the spectroscopic method FTIR, two different vibrational modes that matched the
spinel lattice were discovered. Figure 4 displays the 400-4000 cm™ range of the FTIR spectra of
Multiferrites powders. The location of metal ions inside the crystal lattice as well as the
distribution of cations may be determined using the spectroscopic method known as Fourier
transform infrared spectroscopy (FTIR) [22]. v2 denotes the low-frequency absorption band, and
v, the high-frequency absorption band, as can be observed. Nano ferrite samples have both the
higher absorption frequency band of 619.76 - 630.39 cm™ and the lower absorption frequency
spectrum of 568.37 to 578.65 cm™. The octahedral site is related with the lower-frequency
absorption bands in the spinel structure of nano ferrites, while the tetrahedral site is associated
with the higher-frequency absorption bands [23]. The variety of locations is mostly caused by the
variation in bond length and binding strength of these diverse synthetic materials.

0.06
S
© [0.045
<
8 lo.03
c
8
€
o
-
0.00 /
CO2  Nitrate ions 02{/"

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 4. FTIR spectra of Bi;..Dy FeO; (x = 0.00, 0.015, 0.03, 0.045 and 0.06).

The differing radii of the dopants Dy’ (0.91A) and F€" (0.64 A), which impact Fé"- O,,
might be the cause of the disparity in wavenumber. The sample had several vibrational bands as
well. While the doublet peak at 2361 cm™ is brought on by ambient CO, gas, the bands started to
develop about 1662 as a result of the stretching vibration of nitrate ions [24, 25].

3.5 UV-visible spectroscopy analysis
The UV-vis pattern of Dy’" doped BFO ferrite samples is shown in Fig. 5. The
KubelkaMunk function is used to compute the absorption coefficient (q):

()

where R stands for the quantity of reflected light that was measured. The formula for calculating
bandgap values for all of the processed samples is as follows:

ahv =B(hv — Eg) " 3
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where, respectively, the absorption coefficient, incoming photon energy, absorption edge width
parameter, energy bandgap, and exponent based on direct and indirect transition across the energy
bandgap are represented by the letters, h, B, Eg, and n [26][27].
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Fig. 5. Tauc plot for Bi; .Dy,FeO; (x = 0.0, 0.015, 0.03, 0.045 and 0.06)

3.6. Raman analysis

The Raman spectra of Dy~ substituted BFO ferrite acquired at room temperature are
shown in Fig. 6. It was measured in order to understand more about its vibrational properties.
Ferrites having a perovskite structure are included in the R3¢ group, which has eight formula units
per unit cell. According to space group theory, the following group of optical phonon modes exist
in ferrites at the Brillouin zone's center.i.e., I' = A;g(R) + Eg (R) + T;g + 3T,g(R) + 2A,u + 2Eu +
5Tu(IR) + 2T,u [4]. The existence of an inversion center in the centro-symmetrical space group
R3c for the same vibrational mode demonstrates the mutual exclusion of Raman (R) and Infrared
(IR) activity. Eg, (R), and 3T2g are the first five active modes seen in the Raman spectra (R). In
addition to symmetry to the center of inversion, the notations A, E, T, and g stand for one-, two-,
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and three-dimensional representations, respectively. In Dy’ substituted BFO ferrite samples, five
active modes are seen along with a number of additional vibrational modes that do not correspond
to any of the active five modes (Fig. 6). (28).
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Fig. 6. (a-e). Raman spectra of room-temperature samples of bismuth ferrite.

The existence of such modes in lattice defects or crystal structure is related to dislocations,
impurities, and lattice deformation. Although the XRD spectra reveal a single-phase structure, the
presence of such bands is thought to be further evidence of crystal field deformation. The Raman
modes, which depend on a loss of symmetry, are produced by a change in polarizability during
molecule vibration in the crystal field [29]. T,g (3) emerges at 678.83 - 682.18 cm™ and is caused
by symmetric and asymmetric bending of O, to Fe. While g is the symmetric bending of O, to Fe
and is seen at 285.77-287.15 cm™, T.g (2) appears at 461.83-469.71 cm™ and is caused by an
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antisymmetric stretching of Fe [30]. Alg emerges at 534.98-539 and is caused by the symmetric
stretch of FeO;. The broadening of the peaks is due to the asymmetric response of the crystal field
as measured by vibrating dipoles. As a result, we assume that it broadens the idea of the deformed
crystal structure [30].

3.7 Dielectric properties
3.7.1 Dielectric constant (£' ) and tangent loss (tand)
The room temperature Bi;Dy,FeO; was invested to evaluate the dielectric behavior based

Cs Ag,
on frequency.g’ = = Where Co=—

At higher frequencies, the dielectric constant behavior of all samples stays virtually
constant. Grain, space charge polarization, and the conversion of Fe™ to Fe™ ferric ions all have
an impact on the dielectric constant's linear behavior. As a result, the samples all had a high
dielectric constant at the lower frequency. The grain boundary, dislocation, polarization of the
space charge, and the high energy required to hope the electrons all have an impact on the
dielectric constant's dispersion. There are certain resonance peaks in the lower frequency range,
where the dielectric constant is smaller than in the high frequency range. As the concentration of
Fe’* ions at various lattice locations grows, so does the rate of electron transfer from Fe*"to Fe’".
The natural frequency and the applied frequency of the field become the same when ions oscillate
evenly on both sides, power loss rises, and resonance peaks arise. Both Koop's theory and the
well-known Maxwell-Wagner equations lend credence to this idea. Ferrites exhibit phases with
increased conductivity due to the grains and phases with reduced conductivity due to the grain
boundaries [31-32].
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Fig. 7. Depicts the behavior of tangent loss as a function of frequency from 20 Hz to 20 MHz (b).

Tand is a concept used to describe how electrical energy is lost at different frequencies in
dielectric materials.

tand =

9
wCsRs ©)

Each sample of Sr-doped bismuth ferrite's tangent was determined using Equation (2) and
the formula.

The biggest tangent loss was seen in all samples at a very low frequency, and it became
less as the frequency went up. Tan diminishes more quickly at lower frequencies than at higher
ones. There is a significant loss because moving electrons from Fe*" to Fe’* needs more energy
[33]. Dielectric loss may be caused by a variety of parameters, including Fe** concentration,
composition, stoichiometry, and annealing temperature, among others. The same as in past
experiments, tan lowers by introducing a high level of Dy’" doping material at a very low
frequency of 20 kHz [34-35]. These resonance peaks are assumed to be the consequence of
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electron hopping at the octahedral sites between ferric and ferrous ions, which is the conduction
mechanism [36-38].

3.7.2. AC conductivity and Impedance

The greatest way to assess a material's electrical characteristics as they change with
composition, temperature, and frequency is via conductivity. The following formula considers ac
conductivity.

Oy = WE, €' tand (10)

where the vacuum permittivity is o and the angular frequency is [4]. Figure 8(a) depicts the
behavior of ac conductivity as a function of frequency from 20 Hz to 20 MHz for samples of
bismuth ferrite doped with Dy’". At low frequencies, a smooth, frequency-independent zone was
seen, whereas at higher frequencies, dispersion was observed. lons hop at a low frequency from
one location to the nearest location because they are available for a long time [38]. Fig. 6 depicts
the increase in ac conductivity at various levels of dysprosium (Dy’") (a). The increase in ac
conductivity was caused by the ionic radii of Dy’ (0.91A) and Bi** (1.17 A). Due to an increase in
charge carriers, maximum ac conductivity values were found at B-site. This occurred as a result of
the dense microstructure. Low conductivity is caused by conduction, which is cation hopping
among Fe’" and Fe*". Due to the grain boundary and greater cation hopping, as seen in Fig. 6, the
ac conductivity increased with increasing frequency [39] [40] [41]. Because it helps to separate
grains from grain boundaries, complex impedance study is often used in polycrystalline materials.
Figure 8 illustrates how impedance (Z) changes with frequency and doping levels (b). The highest
impedance was seen at low frequencies. The remarkable responsiveness of grain boundaries to
low-frequency noises is confirmed by the high impedance. When frequency is raised, the Z
exhibits declining behavior, which might be caused by conductivity. Actually, impedance is the
circuit resistance that moves in the opposite direction of ac conductivity. The overwhelming
sensitivity of grain boundaries to low-frequency signals was confirmed by the enhanced
impedance in the low-frequency band[42].
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Fig. 8. Plot of (a) AC conductivity and (b) Impedance against frequency log (f).

Fig. 9 depicts the frequency-dependent fluctuation of the real component of the modulus
M' (a). M has a low value at a lower frequency. For all samples, the value of M' rises with
frequency, peaking at a constant maximum of M=1/ for higher frequencies. These results may be
explained by the absence of restoring force, which is in charge of the movement of charges when
an electric field is formed. These characteristics show that the material is not much affected by
electrode polarization [43]. Due to the charge carriers' long-range mobilities, such behavior
encourages conduction. At room temperature, Figure 9 shows the imaginary component of the
electric modulus' frequency-dependent variation (b). A peak in the virtual component denoted by
M" provides details regarding conductivity relaxation, a charge transport process. The successful
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charge carrier hopping took place below the low-frequency side of the peak. The potential was
found to include charge carriers with short-ranged, constrained movements far above the peak
frequency. Peaks that go up in frequency suggest a positive correlation between ion mobility and
frequency [4]. Additionally, a peak in the modulus spectrum suggests conductivity relaxation [37].
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Fig. 9. Real (M) and Imaginary parts of Electric modulus for all samples of Dy doped Bismuth ferrites.

4. Conclusions

In this research project, the auto combustion method was successfully employed to
produce Dy substituted Bi;.\DyFeOs, and the ready samples were sintered at 600°C for three
hours. The X-ray Diffraction Technique (XRD) and Raman spectra were used to study the
microstructural characteristics. The XRD and Raman spectra of the created materials support the
perovskite structure with Phase group R3c. The average crystallite size and the increase in
crystallite size brought on by adding additional dysprosium to BFO were calculated using the
Sherrer formula. The grain growth, which was almost in accordance with the XRD data, has been
elucidated by the morphological results. At low frequency, the greatest dielectric constant was
seen, and as frequency increases, it decreases. This material is particularly useful for technological
applications because to doping variations in its dielectric characteristics.
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