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Abstract Investigations were carried out on a series of
MgAl, 5, Y2x04 (x=0.00-0.05) nanoparticles prepared in
steps of 0.01 by chemical co-precipitation method to study
the effect of yttrium substitution at aluminum site on the
structural, dielectirc and electrical properties. The single
phase cubic spinel structure of all the samples was con-
firmed by X-ray diffraction (XRD). The Fourier transform
infrared spectroscopy (FTIR) study shows two strong ab-
sorption bands in the frequency range 400800 cm ', on the
tetrahedral and octahedral sites respectively. Elemental anal-
ysis by Energy dispersive X-ray fluorescence (EDXRF)
shows that samples are stoichiometric. The scanning elec-
tron microscopy (SEM) study reveals surface morphology
of nanoparticles. Transmission electron microscopy (TEM)
study shows the individual nanoparticles size and validates
the nanocrystalline nature of the samples. The variation
of dielectric permittivity at room temperature as a func-
tion of frequency (1 KHz to 1 MHz) suggests the dielec-
tric dispersion due to Maxwell-Wagner Interfacial
Polarization. AC conductivity study reveals that the conduc-
tion is due to small polaron hopping. The electrical modulus
analysis shows that nanocrystalline MgAl,_»,Y>,04 sys-
tem exhibits non Debye type relaxation. The dc resis-
tivity was found to increase with increase in yttrium
content.
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1 Introduction

Spinel oxides which has general formula AB,O,4, where A
and B are the divalent and trivalent cations respectively,
have received interest due to their structural features which
facilitate tailoring of various properties [1]. They provide
technical applications, such as an industrial refractory
material, in chemical catalysis, electronics industry and
integrated circuit technology [2]. Among these mate-
rials, aluminum based Magnesium aluminate spinel
(MgAl,0,4) has received attention because of its excel-
lent physical properties such as high melting point, high
mechanical strength at elevated temperatures, resistance
to radiation damage, low permittivity and low loss tan-
gent. Due to which it has demonstrated potential use for
variety of applications such as an industrial refractory
material and as a tunable dielectric material for micro-
wave devices [3, 4].

With the advent of nanotechnology the current re-
search activities on MgAl,O, spinel mainly focuses on
the improvement of properties through the introduction
of suitable dopant and synthesis technique, by reducing
dimensions down to the nanoscale. This is primarily
because in nanocrystalline materials the physical prop-
erties are controlled more by the grain boundaries than
by the grains [5, 6].

The nature of ionic bonding dominates in MgAl,O4
spinel due to which it has high electrical resistivity, there-
by classifying this material as a dielectric. An understand-
ing of the dielectric properties of nanosized MgAl,O,4 in
terms of particle size, temperature, and frequency of the
applied field was developed by Kurien. He explored that
the material can be considered to prepare dielectric com-
ponents in microwave integrated circuits [7]. Moreover in
order to optimize the dielectric properties there are several
reports in literature expressing the doping effect of various
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metal cations in MgAl,0O,4. These reports suggest that the
trivalent aluminum cation at octahedral sites greatly determine
the polarization in spinel aluminates and better optimization of
electrical properties were achieved when divalent and trivalent
cations of transition metals are subsituted at the tetrahedral
and octahedral sites respectively [8—11].

Recent studies has reported that replacements of Fe®"
with suitable rare earth ions in spinel ferrites strongly influ-
ence the electrical transport properties of subsituted sam-
ples, thereby making them more superior for high frequency
applications [12, 13], owing to similarity between the po-
larization and conduction mechanism in spinel ferrites and
aluminates. A rich behaviour can also emerge out in the
electrical transport properties of spinel aluminates with rare
earth substitution at the octahedral B site.

However to best of our knowledge there was no compre-
hensive study is available in literature related to the effect of
rare earth substitution on the dielectric and electrical prop-
erties of nanosized spinel aluminates; this article fulfills that
gap. The chemical coprecipitation technique is used for the
preparation of samples. This method yields the composition
of prepared samples close to that of stoichiometric spinel
when prepared in more basic conditions and this idea moti-
vates the authors to prepare their samples at pH 10 [14].

In the present study Y>* doped single phase composition
of MgAl,O,4 are prepared, and the structural and electrical
properties are investigated systematically.

2 Materials and methods
2.1 Materials used

All the compositions of MgAl 5, Y204 (x=0.00-0.05) series
were prepared from Merck Germany GR grade chemicals viz.
Mg (NO3)2 61‘120, Al (NO3)3.9H20, Ym03)39H20 and aque-
ous NH; (Merck India, 30 %). The chemical co-precipitation
technique was used to synthesize the samples described else-
where [9]. Basically this technique involves a physical chem-
ical process in which soluble metals and inorganics were
converted to relatively insoluble metal and inorganic salts by
the addition of an alkaline reagent which raises the solution
pH to lower the solubility of the metallic constituents and thus
bring about precipitation.

2.2 Methods of characterization

The X-ray diffraction pattern of the powder samples were
recorded with a Panalytical 3050/60 Xpert-PRO using Cu
K, radiation. The FTIR spectrum was recorded in the IR
region from 400 to 800 cm™' by Perkin Elmer Spectrum-65.
Energy dispersive X-ray fluorescence was used to determine
the chemical composition of the compounds using Panalytical
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Epsilon-5. The microstructure of the samples was studied
using scanning electron microscopy ZEISS EVO 40. Particle
sizes were analyzed by means of Transmission electron mi-
croscope JEOL JEM 2100F operated at 200 kV. For dielectric
measurements nanoparticle powder was consolidated in the
form of pellets of 13 mm diameter and thickness of 1 mm. The
pellets were polished with silver paste to provide electrode
contacts. The room temperature dielectric properties as a
function of frequency were measured from 1 kHz—1 MHz
using Wayne Kerr 6500B Impedance Analyzer. The DC elec-
trical resistivity was measured using Electrometer (Keithley,
Model 6517A) in the temperature range of 303—-373 K by two
probe method.

3 Results and discussion

3.1 Structural properties of MgAl, 5, Y>,O04 (x=0.00-0.05)
system

The X-ray diffraction pattern of MgAl, »,Y>,04 (0.00<x<
0.05) system show good crystallization with well defined
diffraction lines Fig. 1. The diffraction peaks with Miller
indices (111), (220), (311), (400), (511) and (440) corre-
spond to the spinel structure of MgAl,O4 (JCPDS Card No.
21-1152). The absence of any extra peak in these patterns
indicates the formation of single phase cubic spinel struc-
ture. The lattice constant (a) was determined from the most
intense peak (311) using the relation [15]:

a=d[(R+ 1 +P)], (1)

where A, k, | are the miller indices and d is the value of
interplannar spacing. The unit cell volume was calculated
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Fig. 1 X-ray diffraction pattern for the MgAl, 5, Y,,04 (x=0.00-0.05)
system
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using Veen=a’. The crystallite size (D) was determined from
the most intense peak (311) using Scherrer formula [15]:

A
~ Bcosf’

(2)

where (3 is the full width at half maximum of the peak after
correcting for peak broadening caused by the diffractometer,
A is the X-ray wavelength (1.5418 A), 0 the Bragg’s angle
and k depends on unit cell geometry, having value equal to
0.9 for cubic structure. The X-ray density (dy.,,,) Was deter-
mined from the volume of a single unit cell using the
relation [15]:

M

, 3
Vcell N, A ( )

dx—ray =
where Z is the number of formula units per unit cell (Z=8 for
cubic spinel), M the molar mass, V., volume of the unit cell
and N, is the Avogadro’s number. It is observed from Fig. 2
that the lattice constant and X-ray density increases with
increase in yttrium content for all compositions. This in-
crease in lattice constant is due to the replacement of smaller
AI*" jons (0.53 A) with larger Y>* ions (0.90 A) which
causes dilation of the spinel lattice and results in the increase
of lattice constant. The increase in X-ray density of all the
samples is due to the higher atomic mass of Yttrium (88.906)
than that of Aluminum (26.982) [16].

The variation of crystallite size at different ‘x” values is
given in Table 1. It can be seen that the Crystallite size
decreases with increase in yttrium content. A possible rea-
son for such a trend of crystallite size on concentration is
that, the crystallite growth depends on grain boundary mo-
bility and increasing yttrium concentration reduces the grain
growth due to segregation on or near the grain boundaries
which hampers the grain boundary movement thereby de-
creasing the crystallite size [14].
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Fig. 2 Variation of lattice constant (a) and X-ray density (dx-ray) for
the MgAl, 5, Y>,04 (x=0.00-0.05) system

The FTIR spectra for all the samples are shown in Fig. 3.
Band position in FTIR spectra for spinel MgAl,O,4 depends
on AI*"-O*" distances for the tetrahedral and octahedral
complexes. Absorption bands around 700 cm ' () and
530 cm ' (1,) are attributed to the stretching vibrations of
Al-O in tetrahedral and octahedral coordination states re-
spectively and hence confirming the formation of spinel
structure [17]. In addition the study also predicted that with
addition of yttrium the intensity of absorption band at (1)
remains nearly constant whereas the intensity of absorption
band at (1) is suppressed. This decrease in intensity of band
v, is attributed to the to the occupancy of yttrium ions on
octahedral (B) sites, which due to their larger ionic radius
than aluminum ions affect the AI’*- O?" distance at the
octahedral sites. Consequently the system goes into a more
disordered state; hence less intense bands in FTIR spectra
are observed [18].

The chemical composition of the samples determined
using Energy dispersive X-ray fluorescence technique is
shown in Table 1. The results confirm that the theoretical
molar ratios and the experimentally calculated molar con-
centration of the different elements present are in good
agreement with each other. Also it can be inferred, that
Y>" ions are replacing AI** in the FCC unit cell of magne-
sium aluminate at the octahedral site meeting 1: 2 divalent to
trivalent ratio. A scanning electron microscopic (SEM) im-
age for the samples (x=0.00, 0.05) is shown in Fig. 4.
Surface morphology of the samples indicates the agglomer-
ation of crystallites to form large particles. Figure 5 shows
the transmission electron microscope (TEM) image of the
pure and doped (x=0.05) samples. From this figure, it is
observed that the particle size lies in nano regime and is
larger than the crystallite size calculated from the XRD data,
which suggests that the nanoparticles are formed due to
aggregation of different crystallites. The selected area elec-
tron diffraction pattern (SAED) of the samples (x=0.00,
0.05) is shown in Fig. 6. The figure demonstrates the poly-
crystalline nature of the compounds and is indexed to the
cubic spinel structure of the nanoparticles.

3.2 Dielectric response

3.2.1 Compositional and frequency dependence of dielectric
constant

The dependence of dielectric constant (¢") on composition in
the frequency range from 1 kHz to 1 MHz is shown in
Fig. 7. Form this figure; it is clear that the dielectric constant
decreases with increase in yttrium content. This type of
behavior can be explained due to the formation of ordered
spinel phase in all the samples [19, 20], and by the suppo-
sitions suggested by Rezlescu and Iwauchi [21, 22]. They
reported that for spinel compounds the mechanism of
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Table 1 Structural and electrical

parameters for the MgAl2-
2xY2x04 (x=0.00-0.05) system

Transmittance %

Parameters

MgAly .Y 204

0.00 0.01 0.02 0.03 0.04 0.05

Lattice Parameter, a (A)

Cell Volume, ¥ cell (A%)
X-ray Density, dy.ray (g cm ')
Crystallite Size, D (nm)
Polaron radius, 7, (A)

Jump Length, L (A)

Dielectric constant, €’ (1 MHz)
Loss tangent, tand (1 MHz)

Resistivity, p (Q cm)x 107 (303 K)
Mg (mol) +5 %
Al (mol) £5 %

8.079 8.096 8.100 8.107 8.113 8.119
5273 530.6 5314 532.8 534.0 535.2
3.58 3.59 3.61 3.63 3.66 3.68
10.27 8.95 8.32 7.11 7.05 6.25
0.710 0.712 0.713 0.713 0.714 0.715
2.856 2.862 2.863 2.866 2.868 2.870
7.35 6.89 6.68 6.57 6.54 6.02
0.1430 0.1201 0.1185 0.0999 0.0786 0.0734

AC conductivity, 0,..x 1075 (1 MHz)  5.88 4.67 436 3.71 2.88 251
1.26 1.58 1.92 2.82 3.61 5.16
1.03 1.06 1.04 0.97 0.94 1.01
2.00 1.94 1.92 1.91 1.87 1.77
- 0.001 0.024 0.036 0.043 0.062

Y (mol) £5 %

X=0.05

X = 0.04
X=0.03
X=0.02

[
X =0.01

/ X=0.00

800 600 400

Wavenumber cm1

Fig. 3 FTIR pattern for the MgAl, 5, Y>,04 (x=0.00-0.05) system
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electrical conduction is similar to that of the dielectric po-
larization. For the present system MgAl, »,Y>,04 (0.00<
x<0.05) the electrons exchange between AI*" and AI*" ions
gives local displacement of electrons in the direction of an
applied electric field as a result of which polarization is
induced. Now it can be seen from Table 1 that the
molar concentration of aluminum decreases continuously
with increase in yttrium concentration. Therefore due to
depletion in the concentration of AI’** ions, the electron
transfer between Al’" « A" will be hindered as a
consequence of which the net polarization will decrease
and hence dielectric constant decreases with increase in
yttrium content.

Dielectric constant for all the samples showed dispersion
with frequency Fig. 7. This behaviour of the dielectric
constant as a function of frequency can be explained by
Maxwell-Wagner type interfacial polarization in accordance
with Koops phenomenological theory [23, 24]. Koops
suggested a theory in which the samples having heteroge-
neous structure contain well conducting grains separated by
highly resistive thin grain boundaries. In the present study
solid samples in the form of pellets are imagined to consist
of well conducting grains separated by poorly conducting
grain boundaries, thereby creating inhomogeneities which
give rise to a frequency dependent polarization. Now with
the application of external applied field the charge carriers
accumulate at the less conducting grain boundaries thereby
creating interfacial polarization. At lower frequencies these
charge carriers can follow the external applied field alterna-
tions thereby contributing to the interfacial polarization,
whereas at higher frequencies the electron exchange be-
tween charge carriers cannot follow the external alternating
field, due to which there is decrease in contribution towards
interfacial polarization resulting in low dielectric constant at
higher frequencies.
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Fig. 4 SEM images of MgAl,
5x Y204 (a) x=0.00, (b) x=0.05

gpm , EHT=2000kV

| Mag = 37.50 K X

' WD =11.0mm

3.2.2 Compositional and frequency dependence of dielectric
loss tangent

It is clear from Fig. 8 that loss tangent (fand) decreases
with an increase in yttrium concentration for MgAl,
5 Y5,0y series. A decrease in AI**/AI*" pairs available
for conduction with an increase in yttrium concentration
at the octahedral site is considered to be responsible for
this type of behaviour. It can also be seen from Fig. 8
that tand decreases with increase in frequency for all
samples. This behaviour can be explained in the basis
of domain wall resonance. At lower frequencies more
energy is required for polarization in the grain bound-
aries due to which energy loss is high on the other hand
at high frequency polarization between grain boundaries
is inhibited due to which the value of fand is found to
be low at higher frequencies.

3.2.3 AC conductivity studies

In spinel MgAl,O4 the charge carriers are not free but
are strongly localized. Therefore conduction occurs by
the hopping of charge carriers between these localized
states, this localization may be due to the formation of
polarons. In small polaron hopping the distortion of the
lattice induced around a charge carrier, extends over
distances smaller than the lattice parameter. Hence in
order to determine the type of polarons responsible for

Fig. 5 TEM images of MgAl,
—2x Y2504 () x=0.00, (b) x=0.05

EHT =20.00 kV
WD=11.5mm

1 pm
—

conduction mechanism, the polaron radius (rp) is calcu-
lated for all the samples by the relation [25]:

IR ARE
=3 [6N’} ’ “)
where N is the number of sites per unit volume = 96/a°.

Calculated values of polaron radius are summarized in
Table 1. The values are found to be smaller than the lattice
parameter (a). Therefore the calculated values of polaron
radius suggest the presence of small polarons type charge
carriers in all the investigated samples.

The variation of ac conductivity (o,.) as a function of
frequency is represented in Fig. 9. From which it is clear that
ac conductivity increases with increase in frequency. This
can be explained by the fact that, as frequency of the applied
field increases, the conductive grains become more active,
thereby promoting transition between A" and AI** ions at
octahedral sites in the spinel lattice, due to which the
hopping conduction increases with frequency. Also the
electrical conduction mechanism in terms of polaron hop-
ping model was discussed by Austin and Mott [26].
They have suggested that in large polaron hopping the
ac conductivity decreases with frequency whereas in
small polaron hopping it increases with frequency.
Consequently from the plots of ac conductivity we can
say that the conduction mechanism for all the samples
occurs due to formation of small polaron type charge
carriers among the localized states.
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Fig. 6 Selected area electron
diffraction pattern (SAED)
showing the characteristic
crystal planes of MgAl,
72XYZXO4 (a) X:0.00, (b) X=
0.05

3.2.4 Electrical modulus studies

In recent years electrical relaxation in ionically conducting ma-
terials has been extensively studied and analyzed in terms of
modulus formalism. The advantage of representing the
electrical relaxation in modulus formalism is that the
electrode polarization effects are suppressed in this rep-
resentation. This happens because of the insensitiveness
of the frequency dependence of the imaginary part of
the modulus M" to the polarization processes, provided
these were characterized by capacitances which are
much larger than the bulk capacitance [27].

The dielectric modulus is derived from the inverse of the
complex dielectric constant ¢

M (0) = —— = M(w) +iM" (0 5
(@) =) (w) (@), (5)
60

1 — X =0.00

\ e X =001
e A e X =0.02
\ v X =0.03

« X =0.04

~ X =0.05

Dielectric Constant

0 ¥ T T T T T

3 4 5 6
log f

Fig. 7 Variation of dielectric constant (¢') as a function of logf for the
MgAl Y204 (x=0.00-0.05) system
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10 Angstrom

The real (M) and imaginary (M") parts of the complex
electrical modulus are obtained from ¢’ (w) and €” (w) values
using the relation

5.//(a))
z—:’(a))2 + 6”(60)2 ’

(6)

Based on Eq. (6), we have changed the form of presen-
tation of the dielectric data from ¢’ (w) and €” (w) to M' (w)
and M" (w). As a convenient measure of the characteristic
relaxation time one can choose the inverse of frequency of
the maximum position, i.e. (27rf,‘,mx)71 . Thus we can deter-
mine the composition dependence of the characteristic re-
laxation time straightforwardly from Fig. 10. Data presented
in this way exhibit a relaxation peak for M" (w) that moves
towards lower frequencies, which means that the relaxation

and M"(w) =

4.0 S
=— X=0.00
3.5 «— X=0.01
] ——X=0.02
ol —xma
% \.\ = X=0.05
25 i | A=)
< 2.0
=
2 A
1.5
1.0+
054
0.0

log f

Fig. 8 Variation of dielectric loss tangent (fand) as a function of logf
for the MgAl, 5, Y»,04 (x=0.00-0.05) system
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Fig. 9 Variation of AC conductivity log (0,..) as a function of logw
for the MgAl, 5, Y>,04 (x=0.00-0.05) system

time for the MgAl, ,,Y,,04 system increases with increase
in yttrium content. This has been explained on the basis of
the fact that with increase in yttrium concentration there is
reduction in crystallite size due to which the grain boundary
volume increases, thereby increasing the number of dipoles
in the grain boundary significantly. Due to which interaction
among the dipoles within the grain boundary increases and
hence the dipole relaxation becomes slower, reducing the
relaxation frequency.

From the numerical fitting analysis of a suitably normal-
ized M" (w), we calculated full width at half maximum
(FWHM) for all the samples. The shape of the M" curves
in Fig. 10 for various yttrium compositions looks alike, but
differs in their FWHM. The values of FWHM obtained for
the present MgAl, »,Y»,04 system lies in the range from

T T '
. X=0.00
005 « X=001 |1
s X =002
v X=0.03 ]
R (B < X=004 ]
.4 X =0.05
0084 o e i
C I A 5

0024 « s e

0.01 4 o

0.00 -

. . . ' .
3 4 5 6
log(f)

Fig. 10 Compositional dependence of M" versus logf for MgAl,.
2x Y2x04 (x=0.00-0.05) system

1.56 to 1.79. These values of FWHM are found to be higher
than those reported, where relaxation present in the material is
of Debye type [28]. Therefore nanocrystalline MgAl, 5, Y>,O4
(0.00<x<0.05) system exhibits non Debye nature.

3.3 Electrical resistivity measurements

Resistivity (p) versus temperature curves for MgAl,_»,Y»,04
(0.00<x<0.05) system in the range 303—373 K is shown in
Fig. 11. An initial decrease in the resistivity with the rise in
temperature can be observed for all samples. This is attributed
to the moisture sensitive nature of magnesium aluminate, due
to which moisture and impurities like CO, are trapped in the
samples [29]. However, when all the trapped impurities are
removed at temperature approximately above 350 K the
resistivity increases for all the investigated samples. This
ambiguity indicates that sufficient energy is available to
thermally activate that charge carrier, but the necessary
activation energy has not been attained in the investigated
temperature range [10].

The room temperature dc resistivity of MgAl, »,Y>,O4
series as a function of Y-concentration is shown in the inset
Fig. 11. From which it is clear that the resistivity increases
with increase in yttrium concentration. The observed in-
crease in dc resistivity may be correlated to the jump length
(L) of the charge carries between AI>* and AI** ions on the
octahedral B- site. The jump length (L) is determined from
the relation [25]:

V2
L= Ta, (7)

where a is the lattice Parameter. The values of jump length L
as a function of Y content (x) are tabulated in Table 1. This

—[—X=0.00
= — = X=0.01 s ’
O-X=0.02 | =, /
‘-.‘ —0—X=0.03 .;i /-f
i \ X=0.04 | %
\ | -o—x=00s| £ ‘//’
. i
EE 34 ’ "'\ 1 './ :
- \ 000 001 002 003 004 005
~ Y-Concentration (x)
E
L+
G 24
a
e
04 — b S f:-_';’; ad
L T

T ¥ T 5 T g T * T ' T r T x
300 310 320 330 340 350 360 370 380
T(K)

Fig. 11 Variation of resistivity (p) as a function of temperature in the
range (303-373 K) for the MgAl, 5, Y204 (x=0.00-0.05) system. The
inset shows room temperature resistivity of the samples
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shows that L increases with increasing Y content. The
observed increase in L with Y suggests that charge carriers
require more energy to jump from one cationic site to other,
which causes an increase in resistivity with increasing Y
content.

4 Conclusion

The single phase compositions of MgAl,_»,Y>,04 (0.00<
x<0.05) nanocrystalline ceramics were synthesized by
chemical coprecipitation technique using ammonia as a
precipitating agent. The lattice parameter and X-ray den-
sity increases with incorporation of Y, which is consistent
with the differences in ionic radii of Al and Y. The
observed decrease in both the molar concentration of
aluminum and intensity of the absorption band (v,) with
an increase in yttrium content (x) indicates the occupancy
of Y*" ions at octahedral B-sites. Electron microscopy
studies reveal the polycrystalline nature of the samples.
This study shows that loss tangent decreases and resis-
tivity increases with the increase of yttrium concentration.
The presented results can favor the use of these materials
in electronics and telecommunication industry.
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