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Abstract

The nanocrvstalline Y; BidlysFe,sO:> powders with x = 0.0, 0.5, 1.0, 1.5 and 2.0
composition were syvithesized by a sol-gel auto-combustion route. The elemental
compositions of the synthesized samples were confirmed by the EDAX. The structural
properties were studied by using X-rav diffractometry (XRD). The morphology of the
samples was studied with the help of transmission electron microscopy (TEM). The
Sfrequency dependence diclectiic measurements were carried out by LOCR-Q meter. The
micrographs of TEM estublished that nanoparticles are nuno-sized grains with the
cluster. The particle sizes are in 100-150 nm range observed from the TEM, It is
observed that the porosity and specific surface area decreases with increasing Bi
composition. The dielectric permittivity and dielectric loss tangent decreases with
applied frequency und follow Muaxwell-Wagner's two-laver model. The  dielectric
parameters were found to be increases with the substiturion of bismuth concentration. AC
conductivity increases with applied frequency and Bi composition.
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INTRODUCTION

Yttrium iron garnet has superior properties like low magnetization, low dielectric loss behavior,
low propagation and high electrical resistivity hence it is used in microwave devices [1, 21. The properties
of yttrium iron garnet (YIG) can be altered for the specific application by substituting magnetic and non-
magnetic dopants in YIG, Trivalent ion substituted YIG is an important substance used in magneto-
optical devices [3, 4]. Yttrium iron gamnets crystallize in the cubic crystal structure, cxist three
crystallographic lattices a, b and ¢ sites. The non-magnetic Y 'ion occupy dodecahedral sites 24(c),
magnetic Fe’” ions occupy both octahedral l6(a) and tetrahedral 24(d) sites. The structural, electrical,
dielectric, magnetic properties of YIG can be changed by substituting various trivalent ions like Dy,
Ce’’, Ef, Tb* or Bi* with dodecahedral sited YY" ion [5, 6]. In the recent years, many researchers work
on YIG and substituted Y1G. Ftema W. Aldeba ct al [7] {abricated Tb.Y ;. (FesOp: by sol-gel method. They
observed nanoparticics prepared with 40-59 nm grain size. Rodziah et al [8] prepared indium substituted
YIG and observed that the FMR linewidth broadening decreases up to x = 0.3 after that FMR increases.
G. B. Turpin [9] explains the anisotropy in the electrical resistivity of Ca-substituted YIG. Hongjie Zhao
et al [10] prepared Bi, Y5 \FesOg using the sol-gel route. They reported that the dielectric constant and
loss reduces with the substitution of Bi,
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However, there is no literature present on the substitution Bi’ in the Al-doped yttrium iron garnet
nanoparticle powder. Therefore, we have prepared Yi.BicAlgsFessOpn (x = 0.0, 0.5, 1.0, 1.5 and 2.0)
nanoparticle powders using sol-gel route. The powders and pellets were sintered at 1150 °C for 10 h. This
study is focused on the substitution of Bi'' on Al-doped YIG. In order to gain further knowledge about the
effect of bismuth composition on stoichiometric, structural, morphological and dielectric properties were
studied and discussed in detail.

EXPERIMENTAL WORK

Bi-substituted aluminum doped YIG (Y3 BiAlysFe,s0p x — 0.0, 0.5, 1.0, 1.5, 2.0)
nanocrystalline in the form ot the powders and pellets were prepared by the sol-gel auto-combustion route
from the nitrates. citric acid and then both were sintered at 1[50 °C for 10 h. The elemental composition
was confirmed by energy dispersive X-ray spectroscopy (EDAX, INCA Oxford, attached to the FE-
SEM). The shape, morphology and grain size of the prepared samples were investigated by transmission
clectron microscopy (TEM, Philips CM-200). LCR-Q meter was used to study diclectric properties with
applied frequency (50 Hz - 50 MHz) using silver paste contact.

RESULT AND DISCUSSION
Compositional analysis

Energy dispersive X-ray EDAX analysis was carried out to confirm the chemical composition of
selected prepared samples of Yy BiAlgsFessOp (x — 0.0 and 2.0) garnet nanoparticles. The EADX
pattern of the sclected samples Y BicAlysFeq <O (x = 0.0 and 2.0) are shown Fig 1. From the pattern,
the presence of peaks of the elements Y, Bi, Al, Fe, and O is the evidence of formation a pure and Bi-
substituted garnet. The compositional percentages observed by EDAX of all the elements are
approximately equal to the stoichiometric calculations of synthesized samples. The error of stoichiometric
ratios of all the elements present in Y;-kBi\AlnsFej O (x = 0.0 and 2.0) is 1-2%.
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Figure 1. EDAX analysis of Y2BiAly sFes <01 (x = 0.0 and 2.0) nanoparticles anncaled at 1150 °C
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Struectural analysis
The X-ray diffraction patterns of Y;.,Bi,Aly<FessOp (x = 0.0, 0.5, 1.0, 1.5, 2.0) reported in
previous work investigating the phase formation, lattice parameter, grain size and X-ray density. In the
present study, we discussed further structural properties. The bulk density was calculated by the eq. 1 [11]
dp=m/ 't
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Where, m, r and 1 be the mass, radius and thickness of circular plate respectively. The percentage porosity
was computed from the eq. 2 [12] %0 P ={ | —dy/d,) x 100
(2)
Where d, and dg are the X-ray and bulk density of the prepared samples respectively.
Table 15tructural properties of Y3 Bi,AlpsFes <Oy (x = 0.0, 0.5, 1.0, 1.5, 2.0) nanoparticle

Composition Bulk density Porosity Specific surface
(x) (g/ce) (P %) area (mlf’g)
(.0 2.58 98.05 101.60
03 3.03 8174 8478
1.0 3.34 76.68 84.70
1.5 3.83 65.39 51.80
2.0 4.38 55.58 75.05

The specific surface arca (S) was calculated by using the relation S=6000/Ddy [13] where dg is
the bulk density and D is the average particle size. The obtained values bulk density; porosity and specific
surface area are summarized in table 1. It is observed that the bulk density increases with increasing
bismuth composition. This is because of the increase in molecular weight which is proportional to the
density [14]. The molecular weight of the prepared samples are found to increase from 723.50 g/mol to
963.65 g/mol as the composition of Bi increases from x = 0.0 to x = 2.0. Hence, bulk density increases
with Bi*' jons in the Al-doped YIG. From Fig 2, it is observed that the percentage porosity progressively
decreased with the increase of Bi'™ ion substitution because the bulk density and porosity was inversely
proportional to each other. The specific surface area (shown in Table 1) decreased with increasing Bi
content in YIG. This decrease of S is due to the increase in particle size and density.

Morphelogical analysis

The transmission electron microscopy technique was used to observe the surface morphology
clearly and confirm the phase structure of the prepared sample. Fig. 3 shows the TEM micrographs and
corresponding electron diffraction patterns of the Y Bi Al sFes 505 (x = 0.0 and x = 2.0) nanocrystalline
powder sintered at 1150 °C. Due to the overlapping of the particles, it is difficult to determine the
nanoparticle size. However, the average particle size from TEM photograph is around 100-150 nm. Fig. 3
(a and b) shows that the nanoparticles are in elliptical or star-like shape. This i3 because of the formation
of agglomeration of nanoparticles. The formation of agglomeration is due to the interaction between
magnetic nanoparticles. The selected area electronic diffraction (SAED) pattern of the nanoparticles is
shown in Fig. 3 (c and d). The selected electron diffraction patterns show the spotty rings indicating the
polycrystalline of the samples. The indexed diffraction rings confirm the crystal planes of yttrium iron
garnet. The interplanar distance is 0.27 nm, which is corresponding to the d value of the diffraction peak
(420). Therefore, the nanocrystalline powder was successfully prepared by the sol-gel route.
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Figure 2. Variation bulk density and percentage porosity as function of Bi concentration in samples

Figure 3. The TEM images of (a) x = 0.0, (b) x = 2.0 and SAED pattern of (¢)x= 0.0, (d)x=2.0 of
Yx_‘(Bi(Aln 5F64 3()] 2 sampies
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Frequency dependence of dielectric properties

Fig.4 (a and b) shows the frequency dependent real and imaﬂinary parts of complex diclectric
constant with applied frequency (50Hz-5 MHz) of Y3 .BiAlysFey O (x = 0.0, 0.5, 1.0, 1.5 and 2.0 ) at
room temperature. It has been seen that the real and imaginary parts of dielectric constant decreases
continuously with increase in frequency, showing diclectric behavior as published in the literature. The
decrease in the dielectric constant is at lower frequencies and became constant at higher frequencies. It
was found that the polarization decreases with increase in frequency and gets a stable value at a particular
higher frequency. This can be explained that beyond certain applied frequency the clectron exchange
among the ferrous ion and ferric ion docs not follow the AC field. Maxwell-Wagner’s two-layer model in
agreement with Koop’s phenomenological theory explained this dispersion mechanism at low frequency.
It was found that the dielectric constant increases with increasing Bi composition. This is might be due to
the extra hoping process between Bi* and Bi** jons. The Bi substitution changes polarization mechanism
of garnet by the ions relaxation polarization and electrons—holes relaxation polarization. Therefore

dielectric behavior depends on the local displacement of electrons and ions in the apph{.d AC field.
4000 — .

bt ey g‘j s i . 4000 wrens E—— ST IRRP
(@) x=0.0 ! B x=0.0
e 320 B < (b gt
g i L] CHER]
s A A x=10
3000 -1 3006 4 v x=15
=y L S ¢ | =
e % < x=20
] 4
2 onp0 - 3 2000 n! .
3 e } i %%
8 3
o
= 1 i
[= { |
g |
@ 000 A &
o - fuge
5 1% [ ® e |
T YRgEew T Py, |
JIm % "y il
I "t" s
, Bl — nW SM 3 ammms ded |
™ 4 L g o e e -
4 2 3 4 5 8 7
¢ Lag f

Figure 4. Variation of (a) rcal and (b) imaginary part of diclectric constant with frequency for
Yo BiyAlgsFessOn(x = 0.0, 0.5, 1.0, 1.5, 2.0)

The variation of diclectric loss tangent (tan &) as a function of frequency (log f) at room
temperature for all the samples of Y3.,Bi Al sFes 02 is shown in Fig. 5. It is observed that the diclectric
loss decreases as the frequency of the applied external field increases. A resonance peak is observed in the
dielectric loss tangent versus frequency. These resonance peaks are appearing due to resonance behavior,
when the natural frequency of jumping ions becomes equal to the frequency of the external applied
alternating electric field. It has been observed that height of peak increases and the peak shifts towards
higher frequency with increasing Bi composition in YIG. At resonance, the maximum electrical energy is
going to the vibrating ions and a peak is observed as a effect of power loss. Since the number of holes
increases with increasing Bismuth composition, which results in an increase of the mobility of charge
carriers, therefore, the peak shifts towards the higher frequency. The condition wt= I(w=2nf..) 18
satisfying for observing maxima in dielectric loss tangent of a material. The values of dielectric loss
tangent increases from 0.21 to 0.98 as Bismuth concentration increases from x = 0.0 to x = 2.0,
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Figure 5. Variation of dielectric loss with log frequency for Y. Bi,AlysFes 5012 (x = 0.0 - 2.0)

In order to understand the conduction mechanism, the AC conductivity can be evaluated from the
5
(3)

is imaginary parts of complex dielectric permittivity ¢  is permittivity of free space and

dielectric data using the relation [15]. 640~ ©w gy&”
Where, ¢/
o is the angular frequency.

Table 2. AC conductivity and diclectric loss tangent for Y+ BiAlgsFey O (x = 0.0 - 2.0 ) nanoparticles
AC conductivity (S/cm)

Composition Dielectric loss tangent

(x) .

0.0 1.19x107 0.21
0.5 9.34x 107 0.43
1.0 1.99x10™ 0.79
1.5 9.66x10™ 0.78
g 3.11x107 0.98

The variation of AC conductivity with applied frequency at room temperature as a function of

Bi''

ion substitution in YIG is illustrated in Fig. 6. From the plots it is found that AC conductivity

increases with the frequency of applied field linearly, this is because of the increase in frequency increase
the hopping frequency of the charge carriers. Thus, AC conductivity is proportional to angular frequency

resulted the lincar nature. The conductivity in garnets is due to the transportation of electrons via Fe™/

Fe'' ions or Bi*'/ Bi*" ions at neighboring layers. The increase in AC conductivity at higher frequencies

might be due to a reduction in the space charge polarization at higher frequencies. Thus AC clectrical

conductivity increases with increases in frequency [16, 17]. The conductivity of the samples increases

with increase in Bi' concentration as shown in Table 2.
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Figure 6. The variation of AC conductivity with applied frequency as a function of Bi” ion substitution
in YIG

CONCLUSIONS

In present the study, The EDAX pattern shows that nanoparticles prepared in goed stoichiometric
ratios and no other element interfere in the sample. The porosity and specitfic surface area were found to
be decreases with increasing Bi composition due to the increase of bulk density. TEM study revealed that
Bi-substituted YAIG composed in nanocrystals form with some agglomeration. The dielectric constant,
dielectric loss tangent {tan d) and AC conduetivity (6,¢) increases with Bismuth content. The dielectric
permittivity and dielectric loss tangent decreascs with applied frequency. These behaviors of frequency
dependent dielectric parameters were explained on the basis of electron-hole hopping mechanism. In this
study, the samples show cxcellent propertics <such as homogenous structure, small grain size, and
dielectric which have potential uses in microwave devices.
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