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The magnetic, grain morphology and dielectric properties of synthesized Sr2MnNiFe12O22 + xY2O3 (x = 0 - 5 wt.%) ferrite 
have been investigated via X-ray diffraction (XRD), scanning electron microscopy (SEM) and dielectric spectroscopy, 
respectively. The nanostructure governs increase in inter-grain connectivity with substitution. The appearance of broad 
peaks in imaginary electric modulus plots (Mʺ) show the existence of relaxation process in all these samples. The grain 
boundary contribution is clearly observed from Cole–Cole plots. The preferential site occupancy of Yttrium ions results in 
rapid increase of coercivity, hysteresis loops also revealed same effect of substitution. The improved value of coercivity is 
quite beneficial for the perpendicular recording media which is an emerging technology in the recording media.

INTRODUCTION

 In the race of new inventions, new materials of 
technological importance have acquired much more 
attention due to their direct utility, particularly in the 
field of material science. Hexagonal ferrites have 
attracted much attention since their discovery by Philips 
in the 1950s [1].These materials have large utility 
in the field of material science. These are important 
magnetic materials that, find its application in almost 
70 - 80 % of the electronic materials such as home 
appliances, communication equipment and data pro-
cessing devices [2, 3]. Having a high coercivity and 
moderate magnetization, hexaferrites are valuable from 
technological point of view. Sr-hexaferrites have attracted 
much attention for applications in permanent magnetic 
motor, magnetic recording media and other fields due 
to its low cost, relatively high coercivity, corrosion 
resistance and chemical stability [4-6]. These materials 
have attracted because of excellence chemical stability, 
mechanical hardness and relatively strong magnetic 
properties like high magnetic anisotropy, high coercivity 
and saturation magnetization [7-8]. The application of 
hexaferrites in high density magnetic recording media 
require materials with high control of homogeneity, 
morphology and magnetic properties resulting from their 
methods of preparation and heat treatments [9, 10]. In 
order to obtain ultrafine particles for use in high density 
magnetic recording media, it is essential to find the 
best synthesis conditions. The sol-gel, the chemical co-
precipitation, hydrothermal synthesis, micro emulsion 
and reverse micelle [11-17]. In the present work, 

important modification of morphology, dielectric and 
magnetic properties of Y-type hexaferrites is achieved 
by doping with a relatively small amount of Y2O3. 
The modification of the above-mentioned properties is 
suitable for their applications in various electrical devices 
employed for industrial and military applications. The 
sol-gel auto-combustion technique has been used to 
synthesize homogeneous nano-crystallites of hexagonal 
ferrites because of the simplicity of this technique with 
respect to both composition and morphology. The chief 
focus of the present investigation is to prepare a material 
which is suitable for perpendicular recording media due 
to improved values of coercivity.

EXPERIMENTAL

Sample preparation

 Sr2Ni MnFe12O22 + xY2O3 (x = 0, 1, 2, 3, 4, 5 wt. %), 
were prepared by Sol-Gel auto-combustion technique. 
The stoichiometric amounts of Sr(NO3)2 , NiCl2·6H2O, 
Fe(NO3)2·9H2O, MnCl2∙3H2O and Y2O3 were used. 
These chemicals were of reagent grade. Since Y2O3 was 
not soluble in deionized water so a measured quantity 
of Y2O3 was dissolved in Nitric acid (HNO3) and heated 
up to 200°C which turned into Yttrium nitrate, a soluble 
salt in water. Using stoichiometric calculations required 
values of salts were used to make solution in ml of 
deionized water followed by stirring for 15 min. Citric 
acid was used as a chelating agent. Ammonia solution 
was dropped into the solution until the solution was 
neutral (pH-7). Then the solution became homogeneous 
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stable sol, stirring continued at temperature 80°C, till the 
Gel was formed. The obtained gel was ignited at 120°C 
in an open container and was burnt in a self-propagating 
combustion manner. During auto-combustion, the 
burning gel expanded rapidly in volume and grew as 
a dendritic structure. Finally fluffy black powder was 
obtained. Each sample was ground using mortar and 
pestel to obtain a homogeneous powder. The powder 
was then sintered at 1000°C for five hours. The samples 
were furnace cooled to obtain the equilibrium position of 
the cations. The sintered powder was then pressed into 
pellets at a pressure of (~ 30 kPa) using Paul-Otto Weber 
hydraulic press. Polyvinyl alcohol was used as a binder 
for making pellets. To evaporate the binder the pellets 
were kept in a furnace at 300°C for one hour.

Characterization

 The structure morphology was identified using 
SEM instrument, model JEOL JSM-6480. Dielectric 
properties of the samples were measured using LCR 
meter (MODEL 8101 INSTEK) in the frequency range 
20Hz-1MHz at room temperature. The vibrating sample 
magnetometer (VSM) Lake Shore (7400, USA), was 
used to measure M–H loops at room temperature.

RESULTS AND DISCUSSION

X-ray diffraction analysis

 Figure 1 shows the X-ray diffractograms of Yttrium 
doped Sr2MnNiFe12O22 ferrites scanned in the selected 
2θ range of 70 – 75 along with complete XRD patterns. 
The detailed structural information has already been 
reported in our earlier work [18]. The result was found 
that Y3+ ions could not enter into the lattice of the hexa-
gonal structure but segregate at the grain boundaries and 
restrain the movement of grain boundaries. The (1 1 30) 
peak of Sr2MnNiFe12O22 +  xY2O3 hexaferrites shifts 
slightly towards the lower angle as the doping level 
increases. This behavior of shifting peak is attributed 

that the Y+3 (ro (0.89 nm)) ions suppress the grain growth 
by limiting grain-boundary mobility and hence unit cell 
squeezes [19].

Surface morphology

 The morphology and the particle size of the samples 
were determined by scanning electron microscopy 
(SEM). The SEM images Figures 2a-c reveal the effect 
of different doping level of Y2O3 on the microstructure 
and grain size of Y-type ferrites. The surface morphology 
shows that as doping increases the grains also become 
less clearly hexagonal – they become more rounded on 
the edges, more, irregular shaped, and are no longer such 
clear hexagonal plates. The diameter of the hexagonal 
grains seems to be decrease as the doping level increased. 
The average grain size of the samples was estimated 
to be in the range of 142.47 to 57.85 nm. This result 
suggests that Y2O3 substitutions did not encourage the 
grain growth in the Y-type ferrites.

Figure 1.  XRD patterns in a 2θ range of 70-75 of the (1 1 30) 
peak for Y2O3 substituted Sr2MnNiFe12O22 hexaferrites. 

Figure 2.  SEM images of Y2O3 substituted Sr2MnNiFe12O22 
hexaferrites. (Continue on next page)
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Mobility analysis

 Drift mobility of all the samples were calculated 
using the relation 

(1)

where e is the charge of electron, ρ is resistivity and n is 
the concentration of charge carrier and can be calculated 
from the well-known equation;

(2)

where NA is the Avogadro’s number, db is the measured 
bulk density of sample, PFe is the number of iron atoms 
in the chemical formula of the ferrites and M is the 
molecular weight of the samples. The drift mobility is 
related to the temperature by following relation 

(3)

where μo is pre-exponential constant, kB is Boltzmann 
constant and Eμ is the activation energy for mobility of 
ions.
 In the case of low-mobility semiconductors like 
ferrites, the activation energy is associated with the 
charge carrier mobility rather than with charge carrier 

concentration. The charge carriers are considered as lo- 
calized at the vacant sites and the conduction arise 
from charge transfer between the octahedral cations 
by hopping of localized d-electrons. Drift mobility of 
the doped samples decreases from 2.20 × 10-8 to 4.02 ×
× 10-12 cm2·V-1·s-1·K-1 by substitution of Yttrium con-
tent. Figure 3 shows the Arrhenius plot and the energy 
required for the hopping process of electrons for each 
sample has been calculated and is listed in Table 1.

Complex modulus analysis

 The complex modulus formalism is a very impor-
tant and convenient tool to determine, analyze and in-
terpret the dynamical aspects of electrical transport 
process in the material, such as the parameters (carrier/
ion hopping rate, conductivity relaxation time, etc.) with 
the smallest capacitance occurring in a dielectric system. 
As it turns out the effect of conductivity can be highly 
suppressed when the data are presented in the modulus 
representation. The electric modulus approach began 
when the reciprocal complex permittivity was discussed 
as an electrical analogue to the mechanical shear 
modulus [20]. The electrical modulus can be written 

Table 1.  Squarness ratio, magnetic moment, relaxation time, grain size, mobility and activation energy of the studied samples.

Parameters
 x = 0 x = 1 (wt. %) x = 2 x = 3 x = 4 x = 5

 (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)

Mr/Ms 0.40 0.46 0.52 0.57 0.60 0.59
nB (μB) 11.78 10.12 8.88 6.80 5.55 4.00
τ (μs) 2.56 2.69 2.94 3.05 3.26 3.96
G∙S (nm) 142.47 – 79.56 – – 57.85
μd (cm2∙V-s-K) 2.20 × 10-8 1.36 × 10-9 5.64 × 10-10 1.09 × 10-10 1.75 × 10-11 4.02 × 10-12

Eμ (eV) 0.19 0.29 0.35 0.40 0.50 0.54

µd =
1
neρ

n =
NA db PFe

M

µd = µ0 exp (        )Eµ

kBT

c)

Figure 2.  SEM images of Y2O3 substituted Sr2MnNiFe12O22 
hexaferrites.

Figure 3.  Arrhenius plot for mobility of Y2O3 substituted 
Sr2MnNiFe12O22 hexaferrites.
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in term of both resistive (real) and reactive (imaginary) 
components as given below

(4)

 The variation of real part of electric modulus (Mʹ) 
as a function of frequency is shown in Figure 4. The 
value of Mʹ is very low in the low frequency region. 
As frequency increases the value of Mʹ increases and 
reaches a maximum constant value of M∞ = 1/ε∞ at higher 
frequencies for all samples. These observations may 
possibly be related to a lack of restoring force governing 
the mobility of charge carriers under the action of an 
induced electric field. These features indicate that the 
electrode polarization makes a negligible contribution in 
the material [21].
 The frequency dependence of the imaginary part 
of the electric modulus (Mʺ) exhibits a maximum in 
Figure 4 (inset). It may be noted from Figure 4 (inset) 
that the position of the peak shifts to lower frequencies 
as the doping content is increased. This pattern provides 
wider information relating charge transport processes 
such as mechanism of electrical transport, conductivity 
relaxation, and ion dynamics as a function of frequency. 
The frequency region below the peak maximum deter-
mines the range in which charge carriers are mobile 
over long distances. At the frequency above peak 
maximum (high-frequency), the carriers are confined 
to potential wells, being mobile over short distances. 
Their region where the peak occurs is indicative of the 
transition from long-range to short-range mobility with 

increase in frequency. Further, the appearance of peak 
in the modulus spectrum provides a clear indication of 
conductivity relaxation [22]. The condition for observing 
maxima in (Mʺ) of a material is [23].

ω ∙ τ = 1                                  (5)

where ω = 2πƒmax and τ is relaxation time.
 Now, the relaxation time is related to jumping 
probability per unit time P by relation

τ = ½∙P or ƒmax∙α∙ P                       (6)

 The value of the relaxation time is given in the 
Table 1 which indicating the increasing trend with 
doping content.

Cole–Cole plots

 To separate the grain and grain boundary contri-
butions, complex impedance plane plots (Cole–Cole 
plots) have been investigated. The nano crystalline 
samples are characterized by small grain size and large 
number of grain boundaries. The electrical modulus (M) 
was used, in order to study the frequency dependences 
of the interfacial polarization effect, which generates 
electric charge accumulation around the ceramic particles 
by displacing relaxation peaks. The Maxwell–Wagner 
model provides to assess the behavior of complex con-
ductivity in heterogeneous systems having two or more 
phases [24, 25].
 In a heterogeneous system, if the region of grain 
boundary occupies a large volume, the graph of the 
modulus (M* = 1/ε*) M″ versus M’ provides better 
information about the semi circles. It suggests that there 
is a probable relationship between the behavior of grain 
boundary and the appearance of the peaks of M″ as a 
function of frequency. In the second case, if the region 
of continuity of the grain boundary occupies a small 
volume, the spectrum of impedance (Z″ versus Z’) 
provides better visualization of the semi circles in the 
plane. Since there is a probable relationship between the 
behavior of grain boundary and the appearance of the 
peaks in M″ as a function of frequency, former case is in 
great agreement with our present experimental results. 
 The complex impedance (Cole–Cole) plots using 
Mʹ and M″ as two variants are plotted in Figure 5.
A semi-circle was obtained for all the samples. It was 
observed from these plots that the major contribution in 
the conduction is due to grain boundary density. At lower 
frequency i.e. left side of the semi-circle is a result of 
grain resistance [26], while the intermediate frequencies 
represent grain boundary contribution [27]. Taking into 
account the higher frequency region, extreme right side 
represents the whole resistance of both grain and grain 
boundaries [26]. 
 Addition of Y2O3 suppresses the grain growth and 
hence the grain boundaries density increases which in turn 
leads to a remarkable rise of grain boundary resistance. 

M =          =              = M′ – jM″
1
ε*

1
ε′ – jε″

Figure 4.  Variation in real part of electric modulus (Mʹ) with 
frequency of Y2O3 substituted Sr2MnNiFe12O22 hexaferrites, 
(inset) showing Variation in imaginary part of electric modu-
lus (Mʺ) with frequency of Y2O3 substituted Sr2MnNiFe12O22 
hexaferrites.
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Therefore, the conduction mechanism, observed in 
complex impedance measurement, is well in agreement 
with the AC conductivity phenomenon, reported earlier.  
However, as compared to the grain contribution, only 
grain boundary contribution is clearly observed from 
Cole–Cole plots. Moreover the resistance of the grain 
boundary increases with increasing Y2O3 contents. The 
high resistance of the grain boundary contributes in the 
resistivity and dielectric properties.

Magnetic hysteresis studies

 The saturation magnetization (Ms), remanent mag-
netization (Mr), magnetic moment (nB), and coercivity 
(Hc) of the prepared samples were measured by means of 
VSM at room temperature. The magnetic pattern of the 
undoped Sr2MnNiFe12O22 and doped Sr2MnNiFe12O22 +
+ xY2O3 samples for (x = 0 - 5 wt. %) is shown in Figure 6. 
Hysteresis loop in Figure 6 indicate that all the samples 

exhibit steep rise in magnetization at low applied field 
followed by a slow variation at high field. The large 
slope of hysteresis curve is obtained of doped sample 
at x = 5 wt. % at high field indicates unsaturated state. 
The effect of rare earth element Y3+ substitution on 
the magnetic properties of the material is in general a 
positive one.
 The variation in coercivity with Y3+ concentration is 
shown in Figure 7. This plot indicated that the coercivity 
increased with the increase in Y3+ concentration. This 
behavior could be explained on the basis of particle size. 
The particle size estimated from SEM images as given 
in Table.1 showed that it decreases with increase in Y3+ 
concentration. This decrease in particle size resulted in 
the increase in coercivity. In the present experimental 
findings the investigated samples which are Y-type 
hexaferrites  can be used in PRM due to high value of 
coercivity  for x > 2 wt. % which is comparable to the 
those of M-type and W-type hard magnetic materials. 
Materials are consider to be hard magnets, If Hc > 
Mr/2 and if Hc < Mr/2, then the materials are semi-hard 
magnets [28, 29]. 
 The saturation magnetization decreases with the 
substitution of Y3+ ions as shown in Figure 7. According 
to Thongmee et al. [30], large size dopant ions go to 
octahedral sites while small size ions go to tetrahedral 
sites. If ‘Ms’ decreases as in present case, dopant 
went into spin up sites. The deep observation of the 
spinel block of Y-type ferrite recalls the fact that super 
exchange interaction is accountable for magnetic 
ordering between octahedral 3av1 and tetrahedral 6c1v 
sites of the spinel block [31]. In the present investigated 
samples, the substitution of rare earth ion (Y3+ magnetic 
moment = 0 μB) [32] is mainly responsible for diluting 
magnetic interactions. Y3+ had strong preference to 
3av1 octahedral site, consequently, reducing the super 
exchange interaction between 3av1 and 6c1v sites. In 
this way we can conclude that increasing concentration 

Figure 5.  Cole-Cole plot of Y2O3 substituted Sr2MnNiFe12O22 
hexaferrites at room temperature.

Figure 6.  VSM analysis of Y2O3 substituted Sr2MnNiFe12O22 
hexaferrites at room temperature.

Figure 7.  Variation in Ms, Mr and Hc of Y2O3 substituted 
Sr2MnNiFe12O22 hexaferrites.
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of Y, the magnetization (M3av1) of 3av1-sites decreased 
while that of 6c1v site M6c1v remained constant. As net 
magnetization is equal toM3av1- M6c1v, so it was found 
to decrease.
 Inverse relation of saturation magnetization and 
coercivity can be absorbed through browns relation 
[33] Hc = K1/μoMs where K1 is magneto-crystalline 
anisotropy, μo is vacuum susceptibility, Ms is satura-
tion magnetization and Hc is coercivity. Our present 
experimental results of Ms and Hc are quite satisfac-
tory with this relation, i.e. Ms decreases and coercivity 
increases with increasing substitution level as shown in 
Figure 7. Similar behavior is reported by many resear-
chers [34, 35]. Figure 7 indicated that the retentivity 
followed the saturation magnetization i.e. the remanence 
decreases with doping content. The presences of secon-
dary phases are responsible for the decrease in remanence 
[36].
 The magnetic moment (nB) is calculated using the 
following formula:

(7)

 The values of magnetic moment are listed in 
Table 1. The values of magnetic moment vary from 11.78 
to 4.00 (emu∙g-1), which is comparable to already 
reported values of (nB) for Y-type hexaferrites [31] 
within the margin of experimental uncertainty. In present 
experimental findings behavior of magnetic moment 
is consistent with the saturation magnetization as both 
decreases with increasing Y2O3 contents. The decrease 
in magnetic moment can be interpreted as due to the 
existence of spin canting, promoting the reduction of 
magnetic moment interactions [37].
 Table 1 showed Squarness ratio (Mr/Ms) for studied 
samples (ranging 0.40 - 0.60). The ratio is well below 
the typical value of 1, assigned to single domain isolated 
ferromagnetic particles. However, the small values of 
Mr/Ms are due to the existence of multi-domain (MD) 
particles in all the samples [38]. This deviation of 
Squarness ratio from typical single domain value may 
be attributed to the interaction amongst the grains since 
they are affected by the grain size distribution in material 
[39]. 

CONCLUSION

 The variation of magnetic properties of Y3+ do-
ped strontium hexaferrites Sr2MnNiFe12O22 have been 
presented. Yttrium doping suppressed the grain growth 
and decreased the grain size. Cole-Cole plot showed 
a single semicircle, indicating the capacitive and 
resistive properties of the materials; due to contribution 
of grain boundaries in the studied samples The novel 
Y-doped Y-type ferrites exhibit excellent static magnetic 
properties such as low saturation magnetization and high 

coercivity. It is concluded that two effects contribute to 
the significant increase of coercivity. One is the increase 
in the crystalline anisotropy field (intrinsic effect) 
attributed to the doping of Y content. The other is the 
decrease in the particle size (extrinsic effect) produced 
from Y doping restrains the grain growth of hexaferrites 
particles. The increased anisotropy and reduction of 
particle size are beneficial for many applications, such 
as improving signal noise ratio and stability of recording 
devices.
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