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Abstract

The effect of Y substitution on the microstructure, dielectric, magnetic and leakage current properties of
BiFe;_, Y, O3 (0 < x < 0.6) ceramics was investigated. The BiFeO; phase that is dominant at x = 0.0-0.2 decreased
with the increase of Y substitution. Other phases such as YFeO; and Bi; 4, Y 5,03 emerged with Y substitution and
became dominant in the range x = 0.3 -0.4 and 0.5 - 0.6, respectively. The BiFe;_, Y, O3 composites of rounded shape
grains at x = 0.0 deformed at x = 0.1-0.3 and changed to melted-like grains at x = 0.4 - 0.6 with the incorporation of
smaller grains at x=0.5 and 0.6. The sample with x = 0.2 had the highest remnant magnetization (Mr=0.09 emu/g) and
saturation magnetization (Ms = 2.9 emu/g). The sample with x = 0.4 showed the highest dielectric constant of 104 and
lowest loss tangent of 1.34 x 10-4. The leakage current was significantly reduced to a lower value of 2.80 x 10-8 A/cm?

atx=0.6.
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I. Introduction

Multiferroics are compounds that demonstrate the pres-
ence of two or three orderings of ferromagnetic, ferroelec-
tric as well as ferroelastic properties. Increasing interest
in these materials is derived from their vital applications
suchasin memory components, reverberation gadgets and
transducers 1 4. The magnetoelectric coupling (ME), that
is mean control of the electric polarization with a magnetic
field and vice versa, is an important characteristic of mul-
tiferroics for data storage applications 7.

Taking a glance at the numerous advances in this field,
distorted perovskite (ABOj3) structured of BiFeO; (BFO)
is an intriguing multiferroic material with regard to its
high antiferromagnetic Neel temperature (7 ~ 643 K) as
well as its ferroelectric transition, Curie temperature (Tc ~
1103 K) over room temperature 8. However, BFeO ceram-
ic has some limitations such as high leakage current den-
sity > and weak magnetic behavior that restrict its appli-
cation 9. On the other hand, preparation of single-phase
BFO involves some difficulties owing to narrow tempera-
ture level of phase stabilization 10. Several secondary phas-
es have been stated in early reports, mainly comprising
B12F6409, BllZ(BIO SFeO 5)019 5 and B125F6040 11,

Chemical replacement is an active tool to control multi-
ferroic properties of BFeO 12. For example, doping with
alkali earth atoms like (Ca, Sr, Ba, etc.) in Bi-sites of
the BFO has shown enhancement of its magnetic and
ferroelectric properties. Recent papers suggested that the
maximum magnetization occurrence and leftover magne-
tization were prominently utilized for the sample doped
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with Ba2+ at Bi-site 13-18. The rare earth dopants have
been shown to improve both the magnetic and dielectric
properties 19. It has been reported that some rare earth
ions doped at the Bi site have reduced leakage current
and Curie temperature and enhanced dielectric ordering
and structural stability, etc. 20-26, As an example, doping
with Y in Bi sites resulted in increasing magnetization of
Bi_, Y, FeOj3 ceramics 27> 28. However, few studies con-
cern the incorporation of rare earths in the Fe site of BFO.
The Y is one of rare earths that has the same valence as
Fe3+, while the ionic radius of Y3+ (1.019 A) is greater
than that of Fe3+ (0.78 A) Detailed studies of the inter-
play between the structural, dielectric and magnetic prop-
erties in Y-substituted Fe sites of the single-phase BFO
system are highly desirable with regard to possible ap-
plications. Hence, we aimed to produce BiFe; Y, O3 ce-
ramics (0 < x < 0.6) according to the conventional solid-
state route. The effect of Y3+ substitution on the struc-
ture, leakage current, dielectric and magnetic properties of
BiFe;_ Y, O3 (0<x<0.6)system is reported.

II. Experimental Procedure

The BiFe;_, Y, O3 (x = 0.0-0.6) solid solution was pre-
pared according to the conventional solid state route. A
stoichiometric amount of high-purity B1,03 (99.9 %),
Fe,03 (99.98 %) and Y,03 (99.99 %) were weighed,
ground and homogenized with a pestle and mortar. The
powder was calcined for 2h at a temperature of 780 °C
and further ground for an additional 1 h, which resulted in
a homogeneous fine powder. The powder was pelletized
to a size of 13 mm diameter and ~2 mm thickness using
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polyvinyl alcohol (0.05 mL g-1) as a binder with the ap-
plication of 5 t pressure. The pellets were then sintered in
air for 3 h at 800 °C. The crystal structure of the samples
was studied by means of X-ray diffraction (XRD) using a
Philips X‘Pert diffractometer model 7602 EA Almelo with
Cu Ko radiation source with A = 1.5418 A. The diffraction
pattern was recorded at room temperature with 26 scan-
ning range from 20° to 80°. Structural morphology and
chemical composition of the samples were studied us-
ing scanning electron microscope (SEM) (SEM, JEOL
JSM-6400) incorporating with Energy Dispersive X-ray
(EDX). The magnetic properties of the pure and doped
samples were studied using a vibrating sample magne-
tometer (VSM) (Lakeshore model 7407 VSM). The dielec-
tric constant and loss factor of the samples were measured
at room temperature using an impedance analyzer (Agi-
lent 4294 A precision impedance analyzer) at a frequency
range of 40 Hz — 10 MHz at room temperature. The leak-
age current of samples was evaluated using a sourcemeter
unit (2400 Sourcemeter, Keithley Instruments Inc.). The
two sides of the sintered pellets were polished and coat-
ed with silver paste to create electrodes for dielectric and
current leakage measurement.

III. Results and Discussion

(1) Structural analysis

The XRD patterns of BiFe; , Y,O3 (0.0 < x < 0.6) are
shown in Fig. 1. The crystal structure, phases and lattice
parameters of the samples were analyzed with the Rietveld
refinement method using X ‘Pert High Score Plus software
and listed in Table 1 and Table 2. The XRD results indicate
thatunsubstituted BiFeO; hasbeen formed in single phase
with hexagonal structure, space group R3¢ without any
secondary phases. Previously, the difficulty of preparing
asingle phase of BiFeO3 with the conventional solid-state
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synthesis procedure has been described 8. The secondary
phase such as Bi,Fe,Og and BiysFeO 4o was seen at high
temperatures such as 850 and 870 °C 29, It is believed that
sintering at low temperature, 800 °C, helped to stabilize
BiFeOj; phase owing to the volatile behavior of Bi,O3 at
high temperature 30. The BiFeO; phase decreases with Y
substitution, butitis still dominant in samples with x = 0.1
and 0.2. In addition, it was found that the lattice constant
and volume of the unit cell of BiFeO3 phase decreased
with increasing concentration of Y3+ substitution. This
indicates that Y, ion radius (1.019 A), may have occupied
Bi3+ site, 1on radius (1.17 A), which leads to the decrease
in the lattice constant 31.
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Fig. 1: XRD spectra of BiFe,_;Y, O3 (x = 0.0-0.6) samples.

Table 1: Space group, lattice parameters, crystal system, unit cell volume (V) and good of fitness of BiFe;_,Y,O3.

Phases & ° : ° ° Good
3
x percentage (%) Space group  a (A) b(A) c(A) a/c Crystal system  V(A3) of fitness
0.0 BiFeO; 100% R3c 161 5.5784 5.5784 13.8680 0.4022 Hexagonal 373.724 5.32
+0.0002 +0.0002 =0.0006
0.1 BiFeO5 85.8% R3c 161 55680  5.568 13.8340 0.402 Hexagonal 371.419 5.505
+0.0004 +0.0004 =+0.0001
0.2 BiFeOj5 35.6% R3c 161 5.5657 5.5657 13.8190 0.4027 Hexagonal 370.709 4.07
+0.0004 +0.0004 =0.0010
0.3 YFeO5 49.7% Pnma62 5.6269 7.7243 53628 1.0492 Orthorhombic 233.094 3.81
+0.0022 +0.0024 +0.0017
0.4 YFeO; 48.9% Pnma62 5.6139 7.6683 5.3234 1.0545 Orthorhombic  229.17 3.227
+0.0013 +0.0015 +0.0010
0.5 Bij4Y0s03  Fm-3m225 55212 55212 55212 1 Cubic 168306 4.608
56.1% +0.0003 +0.0003 =0.0003
0.6 Biy 46Y 05403 Fm-3m 225 54766 5.4766 5.4766 1 Cubic 164.2604 4.603
83.4% +0.0002 +0.0002 =0.0002
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Table 2: The percentage of BiFe;_, Y, O3 phases and ICSD reference code (x = 0.0 - 0.6).

Samples (x)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 References code ICSD
Percentage
of phases (%)

BiFeO;5 100 85 35.60 11.50 0.90 0.00 0.00 980066143
BiysFeOyg 0.00 13.40 25.90 25.70 36.20 0.00 0.00 980022156
Bi,Fe Og 0.00 0.00 1.20 1.0 0.00 0.00 0.00 980009807

Bi, 4¢Y 05403 0.00 080 390 1210 140 56 8340  980024637/980021230

YFeO5 0.00 0.00 33.40 49.70 48.90 44 16.60 980048662

)
]
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Fig.2: SEM photographs of BiFe;_, Y, O3 ceramics with (a) x = 0.0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, () x = 0.4, (f) x = 0.5, (g) x = 0.6.

Fig. (i) shows an EDX pattern recorded from image (e).

Again from Fig.1, the peaks of BiFeOj; decreased
with increase of Y substitution, and new peaks repre-
senting new compounds such as Bi,Fe ;Oq, BiysFeOy,
Bij 4¢Y 05403 and YFeO3 were observed with Y substi-
tution. The size of Y3+ is larger than Fe3+ ion by 15 %,
effective radius of Y3+ and Fe3*atomsare 1.019 A and
0.78 A, respectively 32. This makes entry of Y3+ into the
Fe3+ site difficult. The phase’s percentage at different Y
concentrations is listed in Table2. The major phase of
BiFeOyj started to decrease at x = 0.1 and it completely
disappeared at x = 0.5. On the other hand, other phases
such as YFeOjand Bij 44Y( 5403 that emerged with Y
substitution become dominant in the range x = 0.3-0.4
and 0.5-0.6, respectively.

(2) Microstructural analysis

The morphological structure of all the samples examined
with SEM are presented in Fig.2. The SEM images of

BFe,,Y,O; (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6)
revealed that the samples’ density and grain morphology
are clearly affected by Y substitution. The grains were
found to be adhered and agglomerated to each other
in different masses. The grain with roundish edge was
observed at x=0.0 whereas their shape was deformed at
x=0.1. The grain size of x =0.2 and 0.3 was reduced while
their shape was almost close to that of the sample with
x = 1. The calculated grain sizes are displayed in Table 3.
As the concentrations of Y3+ increased, i.e. x <0.3, a
compact, melted-like surface with small particles attached
was observed, which made assessment of the grain size
difficult. The most compact surface was observed for
sample with x = 0.4.

(3) Dielectric properties
The dielectric constant (¢,) and dielectric loss (zan 6) ver-
sus frequency of BiFe;_, Y, O3 ceramics measured at room
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temperature are presented in Figs.3a and b. The dielec-
tric constant (¢,) values ranged between (20 to 104) for
BiFe_ Y, O3 (x = 0.0-0.6), at 1 kHz, see Table 3. More-
over for all samples, the ¢, declined with a step-up in fre-
quency in the range 40 Hz — 10 MHz, which turned out
to be linearly constant at 105 Hz. This is mainly attributed
to the different types of polarization such as space charge,
nuclear, ionic, dipolar and electronic contributions 33. It
is known that a dielectric material has high dielectric con-
stantatlow frequencies, where the space chargesare able to
follow the frequency of the applied field. While at high fre-
quencies, the ¢, and tan 8 became linear owing to the limit-
ed time to build up and undergo relaxation 34. It is believed
that the increase in sample density and grain morphology
result in an increment of dielectric constants of Y-substi-
tuted BiFe;_, Y, O3 (x=0.0-0.6) 3>. Asaresult, the highest
value for the dielectric constant (104) and low loss tangent
1.34 x 10-* was observed for the sample with x = 0.4, which
has the highest density as evident from SEM.

(4) Magnetic properties

The magnetization versus magnetic field of BiFe;_, Y, O3
ceramics materials was measured at room temperature in a
magnetic field up to 10000 Oe as shown in Fig.4 and its
inset. It is observed from the figure inset that the M-H
plot of BFO presented linear magnetic field dependence
of the magnetization (Ms), which demonstrates antiferro-
magnetic (AFM) behavior. In fact, the low remnant mag-
netization (Mr) exhibited by this material (as shown in
Fig.4) also affirms its AFM nature 36. The incorporation
of Y3+ ions into the BFO lattices enhanced the M7 and Ms.
As the Y3+ content rises up to x = 0.2, the Ms increased
to the highest value, 2.9 emu/g. With increasing concen-
trations of Y3+ above x = 0.2, the M» and Ms decreased
gradually. On the other hand, an unsaturated hysteresis
loop was observed for the compositions with x = 0.4 -0.6
as shown in Fig. 4 and inset. This indicated that the sam-
ples have mixed para- and ferromagnetic characteristics.
The value of Ms and remnant magnetization Mr are list-
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ed in Table 3. The remnant value (Mr = 0.09 emu/g) and
saturate magnetization (Ms = 2.9 emu/g) for x = 0.2 sam-
ple have significantly increased compared to the value for
pure BiFeO5 (Ms=0.001 emu/g).
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Fig. 3: Room temperature dielectric constant (a) and loss tangent
(b) as a function of frequency of BiFe;_,Y,O3 (x =0, 0.1, 0.2, 0.3,
0.4, 0.5 and 0.6) samples.

Table 3: Grain size, dielectric constant (e,), loss tangent, tand, Leakage current density an applied electric field of 120.8 V,
magnetization (Ms) and remnant magnetization (Mr) of BiFe;_, Y, O3(x = 0.0 - 0.6) ceramics.

Leakage current
density (A/cm?2)

Compositions A verage &y tand At ap- Ms(emu/g) 103 My
grain size (m) plied electric field (emulg)
of 120.8 V-cm-!

BiFeO;5 2.00+0.10 26.53 3.52 9.24 x 104 0.04 2.5
BiFeyoYo,O;  2.1040.20 26.21 7.23 2.83 x 104 0.19 6.5
BiFeggY0,0;  0.53+0.03 20.02 7.93 5.66 x 105 2.9 90.0
BiFey ;Y0305  0.53%0.05 18.26 4.13 7.34 x 104 1.6 47.0
BiFeq Y0403  0.45+0.05 104.4 1.34x10-4 1.57 x 106 0.04 1.0
BiFeysYosO;  0.660.08 35.74 0.97 5.32 x 10-8 0.04 0.1
BiFeg Y0403  0.63+0.09 35.28 1.01 2.80x 10-8 0.02 15
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Fig. 4: Magnetization hysteresis (M-H) loops of BiFe;_,Y,O3 (0.0
< x £0.6) ceramics measured at room temperature. The inset shows
their remnant magnetization (Mr).

Since Y3+ is a nonmagnetic ion, Y substitution has no di-
rect effect with regard to the enhancement of ferromag-
netism. The major source of ferromagnetism is from the
interaction of Fe3*— O2— Fe3+. Yuan et al. reported that
Y3+ doping in LuFeOj resulted in increased ferromag-
netism on the structural modification of FeO, octahe-
dra 37. YFeOyj is a canted antiferromagnet with weak sat-
urated magnetization of about (0.18 emu/g) which is less
than BiFeq gY,03 (2.9 emu/g). Moreover the coercivity
of YFeOj3 (970 Oe) is far above that of BFeygYq,FeO3
(20 Oe) 38. On the other hand, ferromagnetism in BiFeO4
might occur owing to the distortion of cycloidal modu-
lation and the canted antiferromagnetic spin structure 3.
Hence, the magnetic behavior of the samples may be at-
tributed to the distortion of the structure of BiFeO3 and
the formation of YFeO5 phase as indicated from XRD re-
sult.

(5) Leakage current

The leakage current density versus applied electric field
(J-E) characteristics curves measured at room tempera-
ture of BiFe;, Y, O3 (x =0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6)
samples are presented in Fig. 5. The leakage current den-
sity of Y-substituted samples at an applied electric field
of 120.8 V-cm~1 were found to be 9.24 x 104, 2.83 x 10-4,
5.66 x 105, 7.34 x 104, 1.57 x 106, 5.32 x 10-8 and 2.8 x
10-8 A-cm-2for BiFe;_, Y,O3 (x=0.0,0.1,0.2,0.3,0.4, 0.5,
and 0.6) ceramics respectively. It is known that high cur-
rent leakage of BFO is due to the mixed valence of Fe ions
(Fe3* and Fe2*) generated by the presence of oxygen va-
cancies, which results in the increase in the conductivity 40.
As Y3+ substitution increased, leakage current density sig-
nificantly decreased to lower values for all concentrations
of BiFe;_, Y, O3as compared to the values in the pure sam-
ple. The leakage currents observed in pure and substitut-
ed BiFeOj; ceramics are developed mainly from charge de-
fects, in particular bismuth vacancies (Vg;2+) and oxygen
vacancies (V2+) 41, For the studied samples, it is believed
that the change of BiFeOj5 unit cell and formation of new
phases are the main factors that control the leakage current
property of the samples.
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Fig. 5: Leakage current density versus applied electric field (J-E) of
BiFe;_,Y,O3 ceramic measured at room temperature.

IV. Conclusions

The effect of yttrium substitution on the microstruc-
ture, magnetic, dielectric and current leakage properties
of BiFe;_, Y, O3 (x = 0.0-0.6) ceramics was investigated.
From the XRD result, the BiFeOj3 phase that is domi-
nant at x = 0.0-0.2, decreased with increase of Y substi-
tution. Other phases such as YFeO3 and Bij 44Y (5403
were formed with Y substitution and became dominant
in the range of x = 0.3-0.4 and 0.5-0.6, respectively.
The BiFe;_, Y, O3 samples with x = 0.0 exhibited rounded
shape like grains which deformed in the case of the sample
with x = 0.1-0.3 and changed to melted-like grains at x =
0.4-0.6 with the incorporation of small grains at x = 0.5
and 0.6. The highest dielectric constant, ¢, = 104, and low-
est loss tangent, tand = 1.34 x 104, were observed at x =
0.4 as a result of the increase in sample density while the
highest magnetization (M5s), 2.9 emu/g, for x = 0.2, may be
attributed to the distortion of the structure of BiFeO3 and
the generation of YFeOj; phase. The leakage current de-
creased with increasing concentrations of Y substitution.
In conclusion, yttrium substitution resulted in a tunable
multiferroic order in BiFe;_, Y, O3 ceramics. The sample
with x = 0.4 is probably the best sample, combining good
magnetic, dielectric and leakage current properties.
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