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ABSTRACT 

Al3Fe5O12 (AIG) nanopowders were synthesized at different pH using aqueous co-precipitation method. The effect of pH on the 
phase formation of AIG is characterized using XRD, TEM, FTIR and TG/DTA. From the Scherer formula, the particle sizes of 
the powders were found to be 15, 21, 25 and 30 nm for pH= 9, 10, 11 and 12, respectively. It is found that as the pH of the 
solution increase the particle size also increases. It is clear from the TG/DTA curves that as the pH is increasing the weight 
losses were found to be small. The nanopowders were sintered at 900°C/4hrs using conventional sintering method. The phase 
formation is completed at 800°C/4h which is correlated with TG/DTA. The average grain size of the samples is found to be ~55 
nm. As the pH increases the magnetization values are also increasing. The saturation magnetization was found to be 4 emu/g, 6 
emu/g, 7 emu/g and 9 emu/g corresponding to pH= 9, 10, 11 and 12, respectively which clearly shows that the magnetization 
values are dependent on pH. Room temperature magnetization measurements established these compounds to be soft magnetic.  
The dielectric and magnetic properties (εʹ, εʺ, µʹ and µʺ) of AIG was studied over a wide range of frequency (1GHz-50GHz). 
With increase of pH both εʹ and µʹ increased. This finding provides a new route for AIG materials that can be used in the 
gigahertz range. Copyright © 2015 VBRI Press. 
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Introduction  

Since the discovery of iron-containing oxide phases with 
A3B5O12 cubic garnet structure have been the subject of 
extensive investigations because these oxides possess 
unique magnetic, magneto-optical, thermal, electrical and 
mechanical properties such as ferrimagnetism, excellent 
creep and radiation damage resistance, high thermal 
conductivity, high electrical resistivity, controllable 
saturation magnetization, moderate thermal expansion 
coefficients, energy-transfer efficiency, narrow line width 
in ferromagnetic resonance and others. These properties 
make iron-containing garnets suitable for numerous device 
applications, including magnetic materials (circulators, 
oscillators, phase shifters for microwave region), sensors, 
lasers, phosphorescent sources, microwave and 

electrochemical devices [1–4]. 
In synthetic garnets with ferromagnetic properties, A is 

generally a rare-earth cation, and B a transition metal 
cation. The crystal structure is based on a polyhedral 
arrangement of oxygen anions defining three kinds of 
cation sites or sublattices, with dodecahedral (three sites 
per formula), octahedral (two sites per formula), and 

tetrahedral (three sites per formula) symmetry, respectively. 
The dodecahedral sites are normally occupied by the rare-
earth cation, while the transition 3d metals enter tetrahedral 
and octahedral sites. When the transition metal is iron 
(Fe

3+
), there is a strong tendency to become ordered in an 

antiparallel magnetic arrangement. The magnetic moment 
of a rare-earth cation on dodecahedral sites adds to the 
octahedral iron’s leading to a ferrimagnetic material.  

Yttrium iron garnet (YIG) is microwave ferrite in which 
polycrystalline form has specific characteristics. Substituted 
yttrium iron garnets have found extensive use in wide band 

non-reciprocal microwave devices [5]. In this family of 
microwave materials, the polycrystalline aluminium 
substituted yttrium iron garnets (Y, Al, Fe, and O) have 
been used in devices where low loss is the major factor. 
Therefore these systems (Y, Al, Fe, O), have been studied 

extensively by many investigators [6-9]. This is because 
these materials have a range of magnetization from 300 to 
1750 Gauss from 0≤x≤ 1.2 (where non-magnetic A1

3+
 is 

replacing mostly the tetrahedral Fe
3+

 ions), low resonance 

line width (ΔH = 40-45 Oe) [6, 7] and very low dielectric 

loss (tan δ, < 2 X 10
-3

) [4] for all the compositions. The aim 
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of the present work is to develop a low cost materials, to 
study the effect of Al 

3+
 completely replaced at the yttrium 

site where the properties of Al3Fe5O12 in meeting the 
requirements of device engineers. Aluminium based garnets 
applications are intimately related with its optical 
properties, chemical stability at high temperatures, good 
corrosion resistance and mechanical properties. 

Recent, survey of literature shows that synthesis of 
nanocrystalline materials can be done using solid state 

method [10, 11], Co-precipitation [12], sol–gel [13, 14], 

microwave hydrothermal [15] etc. used for the preparation 
of nanopowders. The method of preparation strongly 
determines the structural and magnetic properties of 
garnets. The main theme of the present work is to develop 
an electromagnetic absorber which will reduce the 
electromagnetic pollution which is caused due to the rapid 
developments of telecommunications and gigahertz 
electronic systems. It is well known that electromagnetic 
interference will induce severe interruption of the electronic 
control system, and it is found that the microwave 
absorbing material can effectively reduce the 
electromagnetic backscatter, which is broadly applied in the 
fields of radar. Currently, various microwave absorbing 
materials can be obtained, including that to be used in the 

conditions of high frequency and low frequency [16]. 
Furthermore, the materials with high microwave absorption 
coefficients, good physical performances and low cost were 

mainly concerned by the researchers [17-19]. This material 
is going to replace the rare earth based garnets which are 
very expensive.  

 

Experimental 

Materials 

A high purity (99.99%, Sigma-Aldrich) chemicals of 
aluminium nitrate [Al(NO3)3.6H2O] and ferric nitrate 
[Fe(NO3)3.9H2O] were used as starting materials, NaOH 
was used as neutralizer.  
 
Methods 

To prepare the aluminum iron garnet by coprecipitation 
route aluminum nitrate [Al(NO3)3.6H2O] and ferric nitrate 
[Fe(NO3)3.9H2O] were taken in 3:5 ratio. The powders 
were dissolved in hot double de-ionized water and NaOH 
was added dropwise with controlling of pH ~ 9. The brown 
precipitation was constantly stirred to obtain homogeneous 
mixture. The powders were filtered and then washed 
repeatedly with hot double de-ionized water followed by 
freeze-drying overnight at 80ºC. The prepared powders 
were weighted and the percentage yields were calculated 
from the expected total amount based on the solution 
concentration and volume and the amount that was actually 
crystallized. Similar procedure was followed for AIG for 
pH=10, 11 and 12 by careful, dropwise addition of NaOH. 

The phase was confirmed for all the as-prepared 
powders using Phillips PAN analytical X’pert powder X-
ray diffraction (XRD) with Cu-Kα radiation (λ=1.5406Å).  
Particle size and morphology were determined using 
transmission electron microscopy (TEM) JEM-2010, JEOL 
Inc. (Tokyo, Japan). The structural variations of the 
nanopowders were studied using Fourier transform infrared 
spectroscopy (FTIR) in the range of 375cm

-1
 to 4000cm

-1
. 

Thermogravimetry and differential thermal analysis 
(TG/DTA) were studied using Rigaku Thermalplus TG 
8120 to study the exo–endo temperature of as-received AIG 
powders. A heating rate of 10°C/min was used in both the 
TG and DTA measurements upto 1100°C in air. The 
obtained powders (pH=12) were mixed with an appropriate 
amount of 2 wt% polyvinyl alcohol as a binder. Then the 
powder was uniaxially pressed at a pressure of 500 kg/cm

2
 

to form green pellet specimens. The compacts were sintered 
at different temperature 800°C/4h using conventional 
sintering method. The lattice parameters (Å), bulk density 

(db) were determined from the following formulas [20],  
 

     

2 2 2

2 2

1

hkl

h k l

d a

 
  

 
Where, d is the interplanar distance and (h,k,l) are 

miller indices. 
 

 
 

 
 
where, Mair is mass of the sample in air and MXylene is mass 
of the sample in Xylene. The phase and morphology of the 
sintered samples were studied by using XRD and scanning 
electron microscopy (SEM). The room temperature 
saturation magnetization (Ms) and coercive field (Hc) were 
studied using vibrating sample magnetometer (VSM) 
Lakeshore 7500, USA upto 15kOe.  

The real and imaginary parts of the complex 
permittivity were measured in the in the microwave 
frequency range with the help of the Von Hippel method 

[21]. For measurement of the complex dielectric constant, 
the complex transcendental equation was used. The 
microwave magnetic field hrf was applied in the plane of the 
ferrite thin disk (thickness 1 mm, length 0.8mm), which is 
always normal to an external field.  

 

 
 

 

Fig. 1. TEM images of as-synthesized AIG powder of pH=9, 10, 11 and 
12.          
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Results and discussion 

Fig. 1 shows the TEM images of as- prepared AIG powder 
prepared at different pH. TEM images confirm that the 
particles formed are indeed in the nanoregime. It could be 
seen from the figure that the powders are spherical in shape 
and average particle size of the powders are found to be 16 
nm, 20 nm and ~ 23 nm for pH 9, 10, 11 and 12 
respectively. 
 

(a)

(b)

 
 
Fig. 2. (a and b). DTA and TG curves of as synthesized powders of pH= 
9, 11 and 12. 
 

Fig. 2(a-b) shows the TG/DTA curves for as-
synthesized AIG as-prepared powders at different pH. The 
DTA curve shows four exothermic peaks. The exothermic 
peak in the range of 60-80°C, 320-340°C, 450-510°C and 
680-715°C is due to removal of any absorbed/adsorbed 
moisture from the sample surface, evaporation of residual 
nitrate, decomposition of the hydroxides of yttrium and iron 
into their corresponding metal oxides and the last 
exothermic peak corresponds to the crystallization of 
AlFeO3 and AIG, respectively. The results of DTA curves 

can be correlated to the XRD patterns (Fig. 4). The 
reaction of formation takes place in the range of 680°C-
715°C. The endothermic peak in the range of 740-810°C 
shows the formation of AIG phase. From the figure it is 
observed that as the pH is increasing the peaks are 
becoming narrower and shifting towards the lower 

temperature region. For pH=12, the pure AIG formation 
temperature is found to be 790°C, and this has been proved 

from other researchers [22, 23]. It could be seen from the 
Fig.2b that for pH=10 and 11 the variation of weight loss 
(%) is similar but for pH=12 it is significantly varied. The 
weight loss corresponds to the temperatures  60- 80°C, 320-
340°C,  450-510°C, 680-715°C  and 740-810°C for pH=11 
were 0.97%, 3.12%, 1.51%, 2.54% and 0.22%, 
respectively.  Similarly for pH=12, 10.79%, 3.34%, 1.25%, 
0.25% and 0.20%, respectively. It is concluded that the 
weight loss (%) decreases with increasing pH. A very small 
percentage of weight loss is observed in the range of 740-
810°C, which shows the formation of AIG phase. 

 

 
 
Fig. 3. FTIR spectra of as-synthesized powders of pH=9, 10, 11 and 12. 

 

Fig. 3 shows the FTIR spectra of as synthesized 
powders of pH= 9, 10, 11 and 12 recorded in the range of 
375 cm

-1
 to 4000 cm

-1
. The bands at 3431 cm

-1
, 1635 cm

-1
 

and 1387 cm
-1

 were assigned to the O-H group, carboxyl 
group and NO

-
3 ions, respectively. The band at 1400 cm

-1
 

was ascribed to splitting anti symmetrical band of carbonate 

having C2υ symmetry [24]. The band at 853 cm
-1

 was 

corresponds to out of plane bending of CO
2-

3 [25]. The 
three bands at 690 cm

-1
, 558 cm

-1
  and 455 cm

-1
 were 

corresponds to the asymmetric stretching (υ3) of the 
tetrahedron (Fe–O bond). It could be seen from the figure 
that the bands become narrower with an increase of pH 
which suggests that rate of reaction increases between the 
metal and oxygen atoms. 

With increase of pH, the degree of crystallinity also 
increased progressively. The strong intense vibration bands 
are observed for the garnet samples that are mostly due to 
metal-oxygen vibrations. This is treated as highly 

characteristic for garment structures [26-28] depending on 
the variant valency cationic localities in the garnet 
crystalline lattice sites. 

Fig. 4 shows the XRD patterns of AIG samples sintered 
at different temperatures. All the XRD peaks were indexed. 
It could be seen from the figure that at 600°C temperature, 
it has the phase of AlFeO3 and Fe2O3 along with AIG phase 
is formed. As the sintering temperature increases the 
reaction between Fe2O3 and AlFeO3 increases and which 
leads to the formation of single phase AIG at 800°C. The 
formed phases were compared with the JCPDS no: 43-0507 
and matches well. No impurity phases were observed. From 
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the XRD results, the garnet formation can be described as 
following; 

 

2 3 2 3 32Al O Fe O AlFeO   Occurring at 700°C 

3 2 3 3 5 123AlFeO Fe O Al Fe O   Completed at 800°C 

 
The garnet formation temperature could be confirmed 

from the TG/DTA curves. The lattice constant (Å) is 
calculated from the value of dhkl corresponding to (1 0 4) as 
major peak. The values of lattice constant and bulk density 

were given in Table 1. It is found that as the sintering 
temperature increases, the lattice constant increases, which 
show the lattice expansion which is likely due repulsive 
dipolar interactions which are known to influence the 

crystal structure of nanoferrites [29]. As the sintering 
temperature increases bulk density of the sample increases 
due to the increase in the particle sizes. The high density 
was achieved at low sintering temperatures (900°C) due to 
the smaller particle size of as synthesized powders prepared 
by this method.  

 

 
 

Fig. 4. XRD patterns of AIG powders sintered at 800°C. 
 

Table 1. Grains size, lattice constant, bulk density and Variation of 
dispersity (measured in the form of Fano factor (σ/d) with respect to 
sintering temperature. Sintering reduces the polydispersity of YIG 
particles, synthesized at pH 12.  

  

All the diffraction peaks were matched and indexed 
with the previous report as there are very less reports are 

available on synthesis of pure  Al3Fe5O12 [30]. Using the 
Scherer’s formula, the variations of full-width at half 
maximum (FWHM) at different XRD peaks indicated that 
the average crystallite size of the nanoparticles were about 
20, 25, 28 and 32 nm corresponding to the pH of 9, 10, 11 
and 12, respectively. It is inferred that the size of 
nanoparticles increased by increasing the pH of the 
solution. Increase in crystallite size with pH may be 

associated with the faster particle growth kinetics favored 
by high pH. The unit cell expansion could be attributed to 
the increase in the repulsive dipolar interactions at the 
particle surface due to the existence of unpaired electronic 

orbital [31]. Similar lattice expansion is reported for other 

nanoparticle oxide system [29]. 
 

The specific surface area, (tBET) was calculated by 
equation:  
 

BET

BET

F
t

S D
 , where F is the particle’s form factor  

 
(F = 3 for spherical, F = 4 for cylindrical and F = 6 for 
cubic geometry), SBET is the specific surface area and D is 
the density. The values of specific surface area for the 

present ferrites are given in Table 1 [32]. The relatively 
high SSA associated with Sm

3+ 
substituted YIG indicates 

that it has a lower tendency to agglomerate.  
Polydispersity in the sintered samples is measured using 

an index of dispersion called Fano factor. In this case, it is 
the ratio of the variance (σ

2
) to the mean size (d). Samples 

with relatively low Fano factor are less polydisperse when 
compared to those with larger Fano factors. Both the 
variance and the mean size is obtained using image analysis 
(performed using ImageJ software) on SEM images. 
Particles synthesized at pH 12 show the best dispersability.  
Increase in sintering temperature results in particle size 
distributions with lower Fano factors, which implies that 
sintering promotes monodispersity. 

 

 
 
Fig. 5. FE-SEM images of AIG sintered at 800°C. 

 

Fig. 5 show the microstructure of the AIG samples 
sintered at different temperatures. The morphology of the 
grains is found to be in spherical shape; over the spherical 
grains some small sized grains were observed which are 
attributed to the AlFeO3 phase which can be clearly 
observed in XRD patterns. The grain sizes at different 

sintering temperatures are listed in Table 1.  
The large grain size indicates decrease of grain 

boundary and surface energy. The average grain sizes of the 
sintered samples were found to be in the range of 80 nm -
125 nm. The Al3Fe5O12 sample reveals a cubic structure. 

pH Lattice 

constant 

(Å)±0.001 

SBET 

(m2/g) 

Bulk 

density 

(g/cm3) 

±0.04 

Grain 

size 

(nm) 

d 

(nm) 

σ 

(nm) 

(σ2/d) 

9 12.383 104.2 5.13 80 120 28 6.53 

10 12.390 106.8 5.22 89 153 32.2 6.77 

11 12.396 110.2 5.37 112 174 33.1 6.29 

12 12.399 113.3 5.49 125 183 34 6.31 
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However, when the garnet sample was sintered at high 
temperature (>800°C) and also of high pH~12, the cubic 
structure cannot be observed. Both the intrinsic and the 
extrinsic properties play a role in the observation of the 
cubic structure. We speculate that intrinsically, it is 
attributed to the partial occupancy by aluminum ions of the 

tetrahedron and octahedron [33-36], instead of the 
dodecahedron sites. This is due to the fact that aluminum 
has a much smaller ionic radius (0.530 Å) compared to that 
of yttrium (0.892 Å). The larger dodecahedron sites (2.40 
Å) are more suitable for the large yttrium ions. All the 
aluminum ions tend to occupy the octahedron (2.01 Å) and 
the tetrahedron (1.87 Å) sites, instead of the dodecahedron 
site as what we expected. Due to the smaller size of 
aluminium, comparing to the slightly larger ionic radius of 
the Fe (0.65 Å) and yttrium, there are high tendency of the 
aluminium to occupy the smaller tetrahedral site. On the 
other hand extrinsically, the much lower sintering 
temperature comparing to the conventional ceramic method 
resulted to the cubic structure. 

 

(a)

(b)

 
 

Fig. 6. (a) shows the magnetization curves (M-H) of AIG samples 
prepared at different pH and (b)shows the magnetization curves of AIG 
samples sintered 800°C. 

 

Fig. 6(a) shows the magnetization curves (M-H loops) 
of AIG samples prepared at different pH clearly shows that 
the samples are magnetic in nature. As the pH increases the 
magnetization values are also increasing. The saturation 
magnetization was found to be 4 emu/g, 6 emu/g, 7 emu/g 

and 9 emu/g corresponding to pH= 9, 10, 11 and 12, 
respectively which clearly shows that the magnetization 
values are dependent on pH. 

Fig. 6(b) shows the magnetization curves of sintered 
AIG. Hence the onset of the magnetic moment occurs at a 
temperature slightly higher than that for the formation of 
the garnet phase. It is speculated that the difference 
between the magnetic and crystallographic onset 
temperatures could be associated with some change in the 
local ionic coordination around the ferric ions. In general, 
Fe

3+
 and O

2-
 ions in the garnet form tetrahedrally and 

octahedrally coordinated ionic clusters. If a deficiency of 
ions or a local disorder exists in the garnet clusters, the 
change in the ionic coordination could sensitively alter the 
super exchange coupling. In the nanoparticle sample, the 
garnet phase is formed at 600°C but some clusters may still 
contain some oxygen deficiency. On the other hand, at 
temperatures higher than 700°C, Fe–O bondings in the 
clusters could be nearly completed to establish the Fe–O– 
Fe super exchange couplings which results in the observed 

onset of magnetization [37]. The curves clearly show that 
all the sintered samples are magnetically ordered. The data 
of magnetic properties such as saturation magnetization 

(Ms) and coercive field (Hc) are given in Table 2.  
It can be seen from the table that as the pH increases the 

values of Ms increases due to the increase of grain size. The 
magnetization values depend upon the grain size. 
According to the relation; 
 

  ( ) ( ) 1s sM D M bulk
D

 
  

   
 
where, Ms (D) is the saturation magnetization of sample 
with an grain size D, Ms(bulk) is the bulk saturation 

magnetization value, and β is a constant [38]. The 
experiment result of Fig. 6b is in accord with the formula 
on the whole. The values of Ms are found to be low as 

compared with the bulk ferrite [39] which is due to the 

surface anisotropy of the samples [40]. 
The squareness factor (Mr/Ms) also monotonically 

increases with calcination temperatures, suggesting an 
increase in magnetocrystalline anisotropy (Table 2). We 
believe this increase in magnetocrystalline anisotropy is 
most likely due to improvement in crystal order and 
structure, expected in samples sintered at high 
temperatures. 

 
Table 2.  Remnant magnetization (Mr), saturation magnetization (Ms) and 
Hc (coercive field) of AIG sintered at 800 °C. 
 

 

pH Ms 

(emu/gm) 

Mr 

(emu/gm) 

Mr/Ms Hc 

(Oe) 

pH=9 17 2.93 0.17 20 

pH=10 19 2.91 0.15 50 

pH=11 24 1.48 0.06 90 

pH=12 27 1.96 0.072 20  
 

Fig. 7 shows the dependence of coercive field, Hc, on 
grain size (D). It is observed that Hc increases with an 
increase of D and further increase of grain size, Hc 

decreases. The transition from single domain to 
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multidomain particles will lead to decrease of Hc. The 
boundary between single domain and multidomain particle 
is given by critical diameter of the particle (Dc). The critical 

diameter of the particle is estimated from the formula [41], 
 

where           

2

9

2

2 [ ]

s
c

s

B c
s

D
M

k T

a












 
 

where, σs is specific wall energy, K is 
magnetocrystalline anisotropy constant, Tc is Curie 
temperature, Ms is saturation magnetization, kB is 
Boltzmann constant and ‘a’ is lattice constant. The critical 
diameter is found to be ~105 nm. The particles sizes below 
Dc are single domain particles and D > Dc are multi-
domain. Therefore, above 800°C the coercivity field 
decreases with increasing crystallite size due to multi-
domain formation and the easy movement of the domain 
walls. 

 

 
 

Fig. 7. Coercive field of AIG increases with respect to grain size and 
sintering temperature. It reaches a maximum at 105 nm; after which Hc 
decreases. This trend is most likely due to a single domain to multi-
domain transition, beyond this grain size. 

 

Fig. 8 (a and b) show room temperature the frequency 
dependent complex permittivity (ε׳ & ε״). The complex 
permittivity and permeability are important for microwave 
ferrites used at high frequency range. The real part (ε׳) is 
mainly associated with the amount of polarization occurring 
in the material and the imaginary part (ε״) is related with 
the dissipation of energy. The complex permittivity and 
permeability of the samples have been calculated from 
scattering parameters (S11 and S21) using Nicholson- Ross-

Weir method [42, 43] and shown in Figure. The presence of 
Al

3+
 results in the formation of more interfaces and a 

heterogeneous system due to some space charge 
accumulating at the interface which contributes towards 
higher microwave absorption in the system. The 
contribution to the orientational polarization is due to the 

presence of bound charges (dipoles) [44]. Due to the 
presence of polaron/bipolaron and other bound charges, 

strong polarization occurs, which leads to high value of ε׳ 
and ε״. 

The dielectric constant of any material, in general, is 
due to dipolar, electronic, ionic and interfacial 
polarizations. At low frequencies dipolar and interfacial 
polarizations are known to play the most important role 

[45]. Variations in dielectric constant of ferrites have 
mainly been attributed to the variations in the concentration 

of Fe
2+

 ions [46-48]. The greater the concentration of these 
ions, the higher the dielectric constant expected. This is 
attributable to the comparatively greater polarizability of 
the Fe

2+
 ions, which have a greater number of electrons 

than the Fe
3+

 ions. In general, the polarizability of atoms 
with a larger number of electrons in their outer shells is 
more than that of atoms having relatively fewer electrons 

[49]. Besides, Fe
3+

 ions have a stable d-shell configuration 
with spherical symmetry of the charge cloud, on account of 
their 5d electrons distributed according to Hund’s rule. In 
case of the Fe

2+
 ions, this symmetry is disturbed on addition 

of an extra electron. Thus, ions would lend themselves to 
polarization more easily on application of an electric field 
than the Fe

3+
 ions where the distortion of the spherical 

charge cloud is relatively more difficult. The presence of 
Fe

2+
 ions would also result in charge transfer of the type 

Fe
2+

↔Fe
3+

, causing a local displacement of electrons in the 
direction of the electric field leading to polarization. The 
presence of Fe

2+
 ions, therefore, increases the polarization 

in ferrites [50] and the ferrite containing a larger number of 
Fe

2+
 ions is likely to exhibit a higher dielectric constant and 

vice versa.  
 

(a)

(b)

 

Fig. 8. (a) Frequency variation of real part of permittivity (εʹ) and (b) 
Frequency variation of imaginary part of permittivity (εʺ). 
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It is observed that the dielectric constant (ε׳) increases 
with increasing pH. Dielectric constant in ferrites is 
contributed by several structural and microstructural 
factors. The space charge polarization resulting from 
electron displacement on application of electric field and 
the subsequent charge build up at the insulating grain 
boundary is a major contributor to the dielectric constant in 
ferrites. Therefore, the more the number of Fe

2+
 ions in the 

ferrite, the more the space charge polarization is expected. 
It is due to the ease of electron transfer between Fe

3+ 
and 

Fe
2+

 ions and consequently, higher dielectric constant. 
Now, with sintering temperature, partial reduction of Fe

3+
 

to Fe
2+

 takes place. Thus, the value of dielectric constant 
(ε׳) increases with temperature and grain size because of 
pH. 

Fig. 8(b) shows the frequency dependence of dielectric 
loss AIG sintered at 800

o
C of different pH. It could be seen 

from the figure that the value of dielectric loss increases 
with increase of pH. In general, dielectric loss for 
polycrystalline ferrites is results due to the lag in 
polarization vis-a-vis the alternating electric field. This lag 
increases due to the presence of impurities and 
imperfections in the garnet structure, “free” charge buildup 
at interfaces within the bulk of the samples, (interfacial 

Maxwell-Wagner-Sillars (MWS) polarization [51] and the 
interface between the sample and the electrodes (space 

charge polarization [52]. The polarization in garnets is 
through a mechanism similar to conduction process thereby 
increasing the dielectric loss as pH increases. A major 
contribution to dielectric losses in ferrites comes from 

electron hopping between the Fe
2+

 and Fe
3+

 ions [53].   

Fig. 9 (a & b) demonstrates the variation of real part 
and imaginary part of magnetic permeability with 
frequency. Real and imaginary parts of permeability 
increases with pH. The magnetic loss is caused by the time 
lag of magnetization vector (M) behind the magnetic field 

vector [54]. The change in magnetization vector is 
generally brought about by the rotation of magnetization 
and the domain wall displacement. These motions lag 
behind the change of the magnetic field and contribute to 
the magnetic loss (μ״). The rotation of domain of magnetic 
nanoparticles might become difficult due to the effective 
anisotropy (magneto-crystalline anisotropy and shape 

anisotropy) [55, 56]. The surface area, number of atoms 
with dangling bonds and unsaturated coordination on the 
surface of AIG are all enhanced. These variations lead to 
the interface polarization and multiple scattering which is 
useful for the absorption of large number of microwaves.  

It is observed that the value of µ' increases with an 
increase of pH. The real part of the permeability (μ′) 
represents the real permeability with the magnetization in 
phase with the alternating magnetic field. The flat μ′ region 
up to the frequency where it starts declining rapidly gives 
the compositional stability and quality of prepared ferrite 
and is known as the zone of utility of the ferrite. And the 
higher stability of ferrites is a desirable characteristic for 
various applications such as broadband pulse 
transformation and wide band read-write heads for video 
recording etc.,.  It is also clear from figure that the 
permeability is higher as higher the density and grain size, 
greater the grain to grain continuity in magnetic flux 

leading to higher permeability [57]. That is, when the grain 

size is smaller, the permeability is lower but the stability is 
maximum because the presence of small grain size 
interferes with wall motion. 

 
 

(a)

(b)

 

Fig. 9. (a) Frequency variation of real part of permeability (µʹ) and (b) 
frequency variation of imaginary part of permeability (µʺ). 
 

Fig. 9(b) show the plots of frequency dependence of 
imaginary part of permeability (μ''). Again, the losses and 
their frequency dependence determine the ultimate 
operating frequency of magnetic devices. The imaginary 
part of the initial permeability (μ′′) represents the loss 
component when the magnetization is 90

o
 out of phase with 

the alternating magnetic field. At higher frequencies, losses 
are found to be lower because the domain wall motion is 
inhibited and the magnetization is forced to change by 
rotation. In addition to this, the increase of losses with 
increase in temperature may be attributed to increase in 
grain size with sintering temperature and consequently 
increase in the number and size of magnetic domains which 
contribute to loss due to delay in domain wall motion. 
 

Conclusion 

Al3Fe5O12 nanoparticles with high Hc, large Ms, easy 
dispersibility (at pH 12) and easy sinterability (with 
sintering temperature as low as 800°C) was synthesized by 
a rapid, low-temperature chemical co-precipitation method. 
The simplicity and cost-effectiveness of the method ensures 
easy scaleability. The high yield (96%) of synthesis and the 
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monodispersity of the resulting particles makes it a viable 
method for making Al3Fe5O12 nanoparticles for commercial 
applications (eg. isolators, magneto- optical devices etc). 
The average grain sizes, as well as the magnetic properties 
depend on the sintering temperature. The Ms of 27 emu/g 
and Hc of 20 Oe were obtained for the samples annealed at 
800°C/4h. The critical diameter of the particle is found to 
be 105 nm.  The simplicity of the technique makes it 
promising for obtaining related ferrite materials, including 
doped systems. The high values of losses both dielectric 
and magnetic loss makes these materials promising for 
defense applications in the GHz (X and Ku bands) range 
where long range ground surveillance, airborne weather 
radar, marine radar, police radar etc.  and also they can be 
used to reduce the electromagnetic radiation. 
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