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Abstract

Polycrystalline ceramic samples of dysprosium (Dy>*) doped bismuth ferrite of general formula Bi; _ Dy FeO; (x=0.00, 0.01, 0.05
and 0.1) have been prepared by standard solid state reaction method. Powder X-ray diffraction (XRD) analysis reveals that all the
samples crystallize in the rhombohedral structure with noncentrosymmetric R3¢ space group. The refined lattice parameters decrease
with the increase of Dy concentration within the same structure symmetry. The bond lengths among atoms for all the compounds were
calculated by the Rietveld analysis. The frequency and temperature dependent dielectric constants (real and imaginary parts) have been
measured. The real part of dielectric constant reveals that the Neel temperature decreases with the increase of Dy-substitution down to

~200 °C for 10% substitution to the Bi site.
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1. Introduction

A significant interest has been generated in multiferroic
materials because of the co-existence of ferroelectric and
ferromagnetic properties [1]. The coupling between the
magnetic moment domain and ferroelectric domain can be
utilized via the magnetoelectric (M.E.) effect [2,3]. This can
be realised for application in non-volatile memory where
information may be recorded by controlling the direction
of the electric polarization by an applied magnetic field
and vice versa. However, the existence of ferroelectric and
ferromagnetism is usually mutually exclusive because they
require empty and partially filled transition metal orbital
respectively [4]. Although multiferroics materials are less in
nature due to their simultaneous ferroelectric and ferro-
magnetic behavior, some Bi-based materials such as
BiFeO; (BFO), BiCrO; and BiMnOj; are quite promising
still [5-7]. Among these, BiFeO; is known to be the only
material that exhibits a rhombohedrally distorted perovs-
kite structure with space group R3c or Ci [8]. This
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compound (BFO) undergoes a displacement type ferro-
electric ordering at T¢-~830 °C and the canted spins align
antiferromagnetically below Ty~ 370 °C [9]. Khomchenko
et al. studied the room temperature crystal structure and
ferroelectric properties of rare earth (Sm, Gd) doped BFO
[10]. Tt has been observed that the bismuth based ferro-
electrics such as BisTizO;, and SrBi,Ta,0y, doping of
lanthanum (La) was effective to enhance the insulating and
ferroelectric properties because of the reduced oxygen
vacancy by the stabilized oxygen octahedron [11-13]. The
lanthanum (La) promotes changes in structure and dielec-
tric/ferroelectric properties that improve leakage current
density and retention free characteristics [14]. Petrov et al.
measured the microwave dielectric response of La and
Dy-substituted thin films but failed to state the exact value
of dielectric constant and dielectric loss [15]. Uniyal and
Yadav [16] concluded that there is no systematic change in
dielectric constant and Neel temperature with up to 10%
substitution of Dy-ion. Xu et al. observed the weak
ferromagnetism in the Dy-substituted powder prepared
via the sol-gel method [17]. Our primary goal is to prepare
defect-free and homogenous pristine and substituted com-
pounds so that the materials could be exploited for
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practical applications. Current report explores the impact
of Dy substitution to the Bi site of BiFeOj; for the purpose
of modifying the dielectric properties of pristine BiFeOs;.

2. Experimental

Polycrystalline samples of Bi;_,Dy,FeO; (x=0.00,
0.01, 0.05 and 0.1) have been prepared using a conven-
tional high temperature solid state reaction technique
under controlled condition of time and temperature.
Stoichiometric proportions of high purity (99.99%) pow-
ders of Bi,O3, Fe,O3 and Dy,05 (with excess of 2 mol%,
Bi,03) were mixed thoroughly and fired in the air at 600 °C
for 5h. The pre-heated powders were well ground and
calcined at 700 °C for 5 h with intermediate grindings and
then pressed into pellets and sintered at 880 °C for 5 min.
The structure and phase purity of the samples were
checked by powder X-ray diffraction (XRD). The XRD
patterns were obtained from Rigaku X-ray diffractometer
using Cug, radiation and nickel filter in a wide scanning
range of 20 from 10-90° with a scanning rate of 2°/min at
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room temperature. Rietveld refinement of the room tem-
perature X-ray powder diffraction pattern was performed
with the program Fullprof [18]. A pseudo-voigt function
convoluted with an axial divergence asymmetry function
was used to model the peak profile. The dielectric constant
(¢') and dissipation factor (¢”) were measured as a function
of frequency (100 Hz-1 MHz) between 300 K and 643
using 3532-50 LCR HiTester. The dielectric measurements
were performed on the circular dish-shaped (10 mm dia-
meter and 1 mm thickness) samples with silver paint
coated on two sides as the electrodes.

3. Results and discussion

The Rietveld refinement results of room temperature
X-ray diffraction (XRD) data for the samples Bi;_ Dy,.
FeO; (x=0.00, 0.01, 0.05 and 0.1) are shown in Fig. 1(a—d).
The XRD pattern of the pristine compound (x=0.00) is
matched well with the standard data file JCPDS#20-0169
except two to three minor low intensity impurity peaks at
20=14.62°, 33.03°, 33.69° and 46.92° detected in Rietveld
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Fig. 1. (a) Rietveld refined profile of Bi,_ ,Dy,FeO; (x=0.00), (b) Rietveld refined profile of Bi;_ Dy, FeO3 (x=0.01), (c) Rietveld refined profile of
Bi; _Dy.FeO; (x=0.05) and (d) Rietveld refined profile of Bi,_,Dy,FeO; (x=0.1).
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analysis. When Bi*"T ion is substituted with different
concentrations (0.01, 0.05 and 0.1) of Dy’ ion, the
XRD patterns also show identical impurity peaks found
in the pristine compound. It is observed that there is a
small shift in peak positions for the substituted compounds
but all the said compounds described with the same space
group R3c. These results suggest that all the pristine and
substituted compounds have the same crystal structure.

A unit cell of hexagonal system was selected and cell
parameters were refined using Rietveld analysis. Bulk
BiFeOj; has a rhombohedrally distorted perovskite struc-
ture in the space group R3c. In this distorted structure, the
hexagonal [001], is equivalent to the pseudo cubic [111].
direction, which is the three fold rotation axis of the R3c
space group [19]. Both Bi’" and Fe’' cations are
displaced from their centrosymmetric position to give rise
to a permanent dipole moment required for the ferro-
electric ordering. There are three atoms in the asymmetric
unit of BiFeO; occupying the Wyckoff positions of 6a
(Bi** and Fe**) and 18b (O®7). The tilt angle for the anti
phase rotation of the oxygen octahedra is found to be 12.2°
[20]. The Fe magnetic moments are coupled ferromagne-
tically within the pseudo cubic (111) planes and antiferro-
magnetically between the adjacent planes leading to a
G-type antiferromagnetic ordering.

The Rietveld refined profile for the pristine compound
(x=0.00) is shown in Fig. 1(a). The observed and the
calculated difference pattern indicates a reasonable agree-
ment. The four low intensity impurity peaks are not fitted
for x=0.00 compound. These impurity peaks are identified
to be coming from the Bi,Fe Oq phase. Fig. 1(b) shows the
Rietveld refined profile of the x=0.01 (1% Dy-doped
BFO) compound. The difference pattern between the
observed and the calculated shows the same impurity
peaks which have been observed for x=0.00 compound.
No other extra impurity peaks are observed in the whole
range of 20. Further increase of Dy concentration from
x=0.01 (1% Dy doped BFO) to x=0.05 (5% Dy doped
BFO) also shows a good agreement between the observed
and the calculated patterns (Fig. 1c). The impurity peaks
become weaker with increasing substitution level. When
Dy concentration increases from x=0.05 (5% Dy doped
BFO) to 0.1 (10% Dy doped BFO), the diffraction peaks
(20=33.69° and 46.92°) that correspond to BiFe O9
impurity phase are significantly reduced, as shown in the
Rietveld refined profile for x=0.1 compound (Fig. 1d). We
note that the existence of Bi-Fe—O impurity phases are
difficult to avoid, no matter through solid state reaction or
sol—gel preparation methods [16,17]. The Bi,Fe4O9 impur-
ity phase observed in all these samples are within the error
limit of less than 5% and do not affect the structural
and other physical properties of the title compounds.
The detailed Rietveld analysis results are summarized in
Table 1.

A good agreement between the observed (based on
Bragg’s condition i.e. 2d sinf=nl) and the calculated
(based on refined cell parameters) d-values for all the

Table 1
Details of the Rietveld refinement of the room temperature X-ray powder
diffraction pattern of Bi; _,Dy,FeO; (x=0.00, 0.01, 0.05 and 0.1).

Parameters x=0.00 x=0.01 x=0.05 x=0.1
a=b (A) 5.5790 5.5671 5.5570 5.5556
¢ (A) 13.8640 13.8397 13.8072 13.8021
Unit cell vol. (A% 373.776 371.468 369.256 368.932
U 0.08528 0.02775 0.49554 1.16546
V —0.08340 —0.01394 —0.22201 —0.59220
w 0.03112 0.00497 0.04373 0.12519
Rp 24.1 32.6 18.3 22.4
Rwp 30.7 26.2 159 19.2
GOF 2.8 2.3 1.5 1.7
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Fig. 2. d-values versus x-concentration curves of Bi; _ Dy, FeO3; (x=0.00,
0.01, 0.05 and 0.1).

compounds (Fig. 2) suggests the suitability of the crystal
system and unit cell parameters. On the basis of good
agreement between d,ps and d., 1.e. Ad=d,ps—d.q, the
final values of Ad are 0.001 to 0.002 for all the compounds.
This data suggests that we have a reasonable fit of the
experimental data in the rhombohedral system. It is also
observed that the d-values decrease with the increase of
Dy-substitution level. The significant change in d-values
due to Dy-ion substitution may be explained in terms of
the difference between ionic radii of Bi and Dy. Since, the
ionic radius of Dy (0.912 A) is smaller than that of Bi
(1.03 A), the d-spacing and the lattice parameters decrease
with the increase of Dy-substitution on the Bi-site.

The bond lengths for all the compounds were calculated
using the program of Bond_Str as shown in Table 2. It is
observed that the Fe—O length is significantly shorter than
that of Bi—O. Table 2 also reveals that the Bi-O bond
length increases with the increase of Dy substitution, which
may be due to the decrease of Bi content in the compound.
The octahedral bonding environment in the R3c¢ space
group is comprised of 3 long degenerate Bi-O and Fe-O
bond lengths and 3 shorter degenerate bond lengths.
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The variation of dielectric constant (&) with frequency is
shown in Fig. 3. It is clear that the dielectric constant
decreases with the increase of frequency. The higher value
of ¢ at lower frequency is due to the presence of all types of
polarizations in the compound at room temperature.

Table 2
Bond lengths between atoms of a unit cell for Bi;_, Dy FeOs3 (x=0.00,
0.01, 0.05 and 0.1).

Bond type Bond lengths (A)
x=0.00 x=0.01 x=0.05 x=0.1
Bi-O 2.2997 2.4004 2.6711 2.7265
Fe-O 1.8152 1.9833 2.0038 2.0149
Dy-O - 2.6148 2.6952 2.7793
Bi-Fe 2.5100 3.0757 3.0210 3.0147
Bi-Dy - 1.9867 1.9330 1.6280
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Fig. 3. Dielectric constant versus log f curves of Bi; _, Dy, FeOs (x=0.00,
0.01, 0.05 and 0.1) at RT.
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As the frequency is increased, only electronic polarization
become dominates and thus the value of ¢ decreases.

The variation of the dielectric constant of Bi;_, Dy,-
FeO; compounds with temperature at frequency 10 kHz is
shown in Fig. 4a. The plot reveals that the dielectric
constant increases with the rise in temperature up to its
maximum value (gy.x) at Neel temperature (7) and then
decreases and again increases up to the measured tem-
perature range. It is observed that the compounds undergo
a magnetic transition from antiferromagnetic to ferromag-
netic at Ty. The values of Neel temperature for all
compounds are shown in Table 3. It is clear from the
table that the Ty shifts towards lower value as the
concentration of Dy increases. This decrease in T with
Dy concentration may be explained in terms of the
variation in ionic sizes of Bi and Dy.

Fig. 4b shows the variation of tangent loss (tand) with
temperature at frequency of 10kHz. The tand shows
almost same trend as dielectric constant with no indication
of any anomaly (7) up to the measured temperature
range. The tand decreases progressively with increasing in
x-concentration. The value of tand is maximum for the
pristine (x=0.00) compound that may be due to the
maximum ion migration loss taking place within the
compound. Not only this, the tand is almost constant
and reaching maximum after ~190 °C for all the com-
pounds, which shows the very high dielectric loss of the
BFO and its Dy substituted variations.

Table 3
Neel temperature (7y) values for Bi,_ Dy ,FeO; (x=0.00, 0.01, 0.05
and 0.1).

x-concentration Neel temperature (7) in °C

x=0.00 365 (Ref. [14])
x=0.01 250
x=0.05 220
x=0.1 200
b

tand
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Fig. 4. (a) Dielectric constant versus temperature curves of Bi; _ Dy, FeOs (x=0.00, 0.01, 0.05 and 0.1) at 10 kHz and (b) tangent loss versus temperature

curves of Bi;_,Dy,FeO; (x=0.00, 0.01, 0.05 and 0.1) at 10 kHz.
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4. Conclusion

Polycrystalline ceramic samples of Bi;_ Dy, ,FeO;
(x=0.00, 0.01, 0.05 and 0.1) were prepared successfully
by solid state reaction technique. X-ray diffraction analysis
suggests that these compounds have the correct main
phases with minor impurity phase of less than 5%. All
the samples fitted with Rietveld refinement reveal the main
phase has a rhombohedral structure with noncentrosym-
metric space group R3c¢. The calculated bond lengths are in
good agreement with those reported in the literature.
The dielectric measurement results show that the Neel
temperature (7) decreases with the increase in Dy-
concentration. With the reduced T after Dy substitution,
a wider temperature range on magnetoelectric coupling
control can be achieved for potential device applications.
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