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Samples of strontium ferrite (Sr-M) with different molar substitution concentrations of lanthanum, neodymium and samarium
ions were prepared by a standard ceramic processing technique. AC conductivity, dielectric constant and dielectric loss tangent
measurements were carried out in the frequency range of 20 Hz to 1 MHz. The experimental results indicate that AC electrical
conductivity increases with increasing frequency. The increase in AC conductivity with frequency can be explained on the basis
of Koops model, whereas the dielectric constant and dielectric loss tangent variations have been explained with a Maxwell-
Wagner type interfacial polarization in agreement with the Koops phenomenological theory. The effects of rare earth
substitution on the magnetic properties such as the saturation magnetization moment (Ms), coercive field (Hc), remenance (Mr),
and Curie temperature Tc (K) have been investigated. It is found that the values of the magnetization moment (Ms), and
remenance (Mr) decrease with increasing rare earth ions substitution for all the series. The reason for the decrease may be
both the magnetic dilution and spin canting, which promote reduction of superexchange interactions. The enhancement of Hc

values may be due to higher magnetocrystalline anisotropy, where Fe2+ ion anisotropy on the 2a site could be dominant in all
hexaferrites series.
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Introduction

M-type hexagonal ferrites having the general formula
MFe12O19 (where M is Sr, Ba or Pb) are hard magnetic
materials with a magnetoplumbite structure. Because of
the fact, that strontium ferrite has a low price per unit
available magnetic energy, this material continues to occupy
an importance particular in the permanent magnets market.
This material is chemically stable and once known for
its high uniaxial magnetocrystalline anisotropy with an
easy axis of magnetization along the hexagonal c-axis [1].
When compared with alnico-magnets, strontium ferrite
has high coercivity (240-340 k A/m), moderate remenance
( 350 mT), excellent chemical stability and corrosion
resistance [2, 3].This material is being used in bulk form
in many electrical and electronic devices due to its better
magnetic properties, such as in microwave devices, small
motors, and, more recently, magnetic recording applications.
In order to improve the magnetic properties of strontium
hexaferrites, many studies have also been carried out with
cationic substitutions [4]. Some researchers have used
rare earth and other metal cations substitution for Ba, Sr
and Fe, respectively, taking into account the ionic radius

of the element substituted [5].
The hexagonal ferrite crystallizes in a hexagonal symmetry

with space group P63/mmc in which the iron ions are
coordinated tetrahedrally (FeO4), trigonal bipyramidally
(FeO5) and octahedrally (FeO6) by oxygen ions. The
structure comprises 64 ions per hexagonal unit cell on
11 distinct basic sites. The 24 Fe3+ ions are distributed on
five different crystallographic sites: three octahedral sites
(12k, 2a, and 4f2), one tetrahedral site (4f1) and one
trigonal bipyramidal site (2b) [6, 7]. The ferromagnetic
structure given by the Gorter model shows, three parallel
(12k, 2a, and 4f2) and two anti-parallel (4f1 and 4f2)
sites, which are coupled by super- exchange interactions
through the O2− ions [6]. One group has reported the
enhancement in its magnetic properties by varying the
processing conditions (mole ratio, calcination temperature
and sintering temperature etc.) thereby improving its
microstructural features [8, 9]. While, another group of
researchers have concentrated their studies on partial
substitution of divalent-tetravalent ions such as Ni-Ti,
Co-Ti, Bi-Co etc. [10-12] as well as trivalent metal ions
such as Al, Cr, Bi and La etc.[13, 14] and observed a
variation in magnetic properties of strontium ferrite sintered
magnets. Many reports have recently shown that rare earth
(RE) substituted M-type hexaferrites have improved
magnetic properties [15-17]. The improvement is largely
associated with the increase of both magnetocrystalline
anisotropy and coercive field with magnetization [15, 17].
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Effects have also been made to enhance physical properties
of SrFe12O19 with pair doping such as La-Co pairs to
replace Sr-Fe pairs [18, 19]. Apart from magnetic
properties, electrical properties of these ferrites are very
sensitive to the processing conditions and type of substitution.
Also it is known that the electrical properties of ferrites
are derived from many physical and chemical characteristics.
The dielectric behavior offers much valuable information
about the localized charge carriers which depend upon
the composition of the ferrite and also varies with frequency
and temperature of operation. Studies of such variations
help to elucidate the mechanisms responsible for charge
transport phenomena and dielectric behavior. Many re-
searchers have studied the dielectric and electrical properties
of different hexaferrites [20, 21]. However, investigations
of the substitutional effect on the electrical and dielectric
properties of strontium ferrite are rare.

Since strontium ferrite has higher magnetocrystalline
anisotropy as compared to Ba and Pb ferrites, efforts have
been made in the present investigation to study the effect
of rare earth ions substitution on the electrical and magnetic
properties of strontium ferrites which were prepared by
a ceramic processing technique. The effect of rare earth
substitution (La3+, Nd3+ and Sm3+ ) on the electrical and
magnetic properties such as AC conductivity (σAC), dielectric
constant (ε´), dielectric loss tangent (tan δ), saturation
magnetization (Ms), coercive field (Hc)and remenance
(Mr) have been studied in detail.

Experimental

A series of Sr1−xRExFe12O19 samples with different
substitution ratios were prepared by a standard ceramic
processing technique. High purity precursors SrCO3 (99%
purity), RE2O3 (99.9% purity) and Fe2O3 (97% purity)
were mixed together in the appropriate molar ratio,
calculated from the following chemical reaction:

(1−x) SrCO3 + 6Fe2O3 + (x/2) RE2O3 →
Sr1−xRExFe12O19 + (1−x) CO2 + (x/4) O2 (1)

where, x varies from 0 to 0.30 with an increment of
0.10. The details of the preparation method have been
given in our earlier publications [22, 23]. But in brief the
appropriate quantities of powders were weighed and wet
mixed in distilled water and milled for 6 hours in an agate
mortar and pestle fitted with an electric grinder rotating
at a speed of 100 rpm. After milling, the dried powders
were calcined at 1200 oC for six hours. The calcined
powders were further wet-milled in distilled water for 8
hours to obtain very fine and uniform size powders. After
milling, the powders were again dried and 5% polyvinyl
alcohol was added to them, which acts as a binder. These
materials were then granulated through sieves of 60-80
mesh B.S.S (250-180 µm approximately). The granules
were cold pressed in a die at a compressed load of 75 kN
to produce pellets of 14.5 mm diameter and 3.0 mm to
4.0 mm thickness. These pellets were finally sintered at

1250 oC for 2 h. The phase analysis of these sintered
pellets was carried out by an X-ray diffractometer (Model
RIGAKU D- MAX III C). The microstructural studies
of the samples were carried out by a scanning electron
microscope (Model JEOL 6100). AC conductivity and
dielectric measurements of all ferrite samples were done
in the frequency range from 20 Hz-1 MHz using a precision
inductance capacitance resistance meter (Model HP4284A)
by a standard two-probe technique using platinum electrodes.
The AC conductivity was determined using the formula:

(2)

where t and A are the thickness and cross-sectional area
of pellets and G is the conductance.

The value of the dielectric constant (ε') of the ferrite
samples can be calculated using the formula:

(3)

where Cp is the capacitance of samples in pF, t the
thickness of the samples in cm, A is the cross-sectional
area of the sample in cm2 and ε0 is the permittivity in free
space having a value 8.854 × 10−2 pF/cm. The magnetization
measurements of all samples were carried out by a vibrating
sample magnetometer (Model LAKESHORE 7306).

Results and Discussion

Structural Analysis
X-Ray diffraction 

Fig. 1 shows a sequence of X-ray diffraction pattern
obtained at different molar concentrations of Sr1−xRExFe12O19

(RE = La3+, Nd3+ and Sm3+). The analysis reveals that in
the case of the La3+ substitution, the samples are a single
hexagonal M-type phase (Fig. 1a). No peaks of Fe2O3

and La2O3 phases are observed, which suggests that Sr2+

ions are substituted by La3+ ions [17]. In the case of the
Nd3+ series all peaks correspond to hexaferrites. However,
in the case of Nd3+ = 0.30, there is an extra peak for
hematite (Fig. 1b (0.30)). No peak of Nd2O3 is observed.
This suggests that Nd3+ is completely substituting for Sr.
The existence of the hematite peak for the substitution
x = 0.30 is because of unreacted Fe2O3 which may be
because of improper heat treatment. In the case of the
Sm3+ series all peaks correspond to hexaferrites, however
in the case of Sm3+ = 0.30 there are extra peaks of hematite
and tetragonal Sr3Fe2O7 which are observed (Fig. 1c).
No SmFeO3 phase is observed. The emergence of these
extra phases may be due to partial substitution of Sm3+

for Sr2+ in the M-type ferrite structure. This substitution
causes an excess of Sr2+, which favours the stochiometry for
the formation of these secondary phases. Since sintering of all
samples was done at 1250 oC to make a better comparison
so the possibility exists that iron oxide may not find the
required activation energy to migrate into interstitial sites.
However, in the case of the Sm3+ substitution, Sr3Fe2O7
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and the hematite phase appear because of lattice straining.
But no peak of SmFeO3 is observed. This indicates that
there is a complete substitution by the dopant ions.

Lattice constants
X-ray diffraction patterns of Sr1−xRExFe12O19 hexagonal

ferrites of the three series under investigation have been
obtained using Cu-Kα radiation. The lattice constants
‘a’ and ‘c’ were calculated from the diffractograms obtained
by the following equation:

(4)

The variation of lattice constant ‘a’ and ‘c’ with com-
position (x) for the three series prepared with RE = La3+,
Nd3+ and Sm3+ are shown in the Figs. 2 and 3 respectively.
It was observed that both ‘a’ and ‘c’ decrease continuously
with an increase in the amount of rare earth ions substituted
for the three series. The observed variation in the lattice
constants can be explained on the basis of the relative
ionic radii of Sr2+ ions and RE3+ ions, which are (1.27 Å)
for Sr2+ and (1.22 Å, 1.16 Å and 1.13 Å) for La3+, Nd3+

and Sm3+ respectively [24]. Since RE3+ ions have ionic
radii less than that of the ionic radii of Sr2+ ions, the
replacement of Sr2+ ions by RE3+ ions results in a decrease
of the unit cell dimensions of the hexagonal lattice. The
greater decrease in the lattice constants ‘a’ and ‘c’ for
Sm3+ ions substituted hexaferrites as compared to those
for Nd3+ ions and La3+ ions substituted ones is attributed to
the smaller ionic radii of Sm3+ ions than those of Nd3+

ions and La3+ ions.

Scanning electron microscopy
Figs. (4-6) show the SEM images of the fractured surface

of all the samples studied here. Fig. 4(a) is for the undoped
sample where as Fig. 4(b-d) is for La-doped samples.
Similarly Figs. 5 and 6 are for Nd and Sm-doped samples,
respectively. From the SEM micrographs, the average
grain size of all the doped and undoped samples was
calculated. The variation of the average grain size with
composition for all the samples is shown in Fig. 7. It
was observed that the average grain size decreased for
all the substituted samples. However, this decrease is more
in the case of Sm3+ substitution. It is observed that the
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 Fig.1. X-ray diffraction pattern for the Sr1-xRExFe12O19 where RE = La3+, Nd3+ and Sm3+ with (x = 0 to 0.30) for La3+ (a), Nd3+ (b) and Sm3+

(c) respectively.

 Fig. 2. Variation of lattice constant ‘a’ with composition (x) for the
three series.

Fig. 3. Variation of lattice constant ‘c’ with composition (x) for
the three series.
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Figs. (4-6). SEM images for the Sr1-xRExFe12O19 where RE = La3+, Nd3+ and Sm3+ with (x = 0 to 0.30). 
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decrease in lattice parameters a & c occurs more when
the substitution is increased from 0.2 to 0.3. This decrease
is because of replacement of parent atoms with dopant
atoms in the lattice site. Since the ionic size of Sm is less
as compared to the other dopant ions so the unit cell
dimension of Sm doped compound is lowest. Doping causes
lattice straining in the matrix because of variation in ionic
radii. In order to relieve it masses of lower critical size
nucleate. Once nucleation occurs its growth is controlled
by other factors [25, 26] which depend upon type of interface
existing in the system (smooth or rough one). This further
depends upon the availability of fraction of the total binding
energy which binds an atom in a layer parallel to the plane
face to other atoms in the layer. As per Jackson and Hunt
model [27] faceted structures can be observed when α
parameter is more than 2. We observe hexagonal faceted
grains because α for strontium hexaferrite is more than 2.
This typical faceted structure of strontium hexaferrite is
responsible for better magnetic properties.

Density and porosity
The X-ray density Dx was calculated using the known

formula:

(5)

Here n is the number of molecules per unit cell, Na is
the Avogadro’s number per gram mole, ‘a’ and ‘c’ are the
lattice constants obtained from X-ray diffraction analysis
and M is the molecular weight of the sample.

The porosity of the samples was calculated using the
relation: 

(6)

The composition dependence of the apparent density D,
X-ray density Dx and porosity P is shown in Table 1 for
the three series. The increase in density with rare earth
content can be attributed to the atomic weight and density
of the rare earths (138.9, 6.15 g/cm3 ;144.2, 7.01 g/cm3

and 150.3, 7.52 g/cm3) for La3+, Nd3+ and Sm3+ respectively,
which are higher than those of Sr (87.6, 2.54 g/cm3).

The replacement of RE3+ by Sr2+ ions in the hexagonal
structure leads to a variation in the bonding and consequently
interatomic distance and density. The oxygen ions which
diffuse through the material during sintering also accelerate
the densification of the material. The apparent density
of the same sample reflects the same general behavior
of the theoretical density Dx. The X-ray density is higher
than the apparent density value due to the existence of
pores which depend on the sintering condition. This was
determined by the Archimedes principle based method.
The porosity decreases as the rare earth content increases
reflecting the opposite behavior of density. The higher values
of X-ray densities for Sm3+ ions substituted hexaferrites
as compared to those for Nd3+ ions and La3+ ions substituted
ones may be due to the lower value of lattice constants
in the former type of substitution.

Frequency variation of AC conductivity, dielectric
constant and dielectric loss tangent

The variation of the real AC conductivity σ' as a
function of the frequency for all the samples is shown
in Fig. 8. This shows that the AC conductivity σ' is
generally increased with an increase in the frequency
for all the series. The results of AC conductivity can be
explained on the basis of the assumption that real AC
conductivity consists of two parts [28]:

σ´ = σDC + σAC (7)

The first term σDC is the DC conductivity, which is
frequency independent and can be written as:

σDC = σ0exp(−E/kT) (8)

where E is the activation energy for electrical conduction,
σ0 is a pre-exponential constant and k is Boltzmann’s
constant. The second term σAC is temperature and frequency
dependent and is given by [28, 29]:

σAC=B(T)ωn(T) (9)

where B is the parameter having units of conductivity
(Ω−1 cm−1) and n is a dimensionless exponent and is
temperature and compositional dependent and ω = 2πf
is the angular frequency.
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Fig. 7. Variation of grain size with composition (x) for the three series.

Table 1. X-ray density Dx, Observed density D and Porosity P (%)
of Sr1-xRExFe12O19 where RE = La3+, Nd3+ and Sm3+ with (x = 0
to 0.30)

RE3+ Composition (x) D (g/cm3) Dx (g/cm3) P (%)

La

0
0.10
0.20
0.30

4.20
4.27
4.31
4.37

5.07
5.10
5.13
5.20

17.03
16.20
16.02
15.80

Nd
0.10
0.20
0.30

4.28
4.32
4.39

5.11
5.15
5.21

16.26
16.03
15.81

Sm
0.10
0.20
0.30

4.28
4.33
4.39

5.12
5.16
5.22

16.31
16.07
15.97
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The variation of the dielectric constant as a function
of frequency for all the samples is shown in Fig. 9. This
shows that the value of the dielectric constant decreases
regularly with an increase in the frequency. This behavior
in Sr-RE ferrites is a normal ferrimagnetic behaviour and
has been also confirmed by several investigators [30-33].
More dielectric dispersion is observed in the lower
frequency region and it remains almost independent of
the applied external field even at higher frequency. The
dielectric dispersion observed in the lower frequency region
is due to Maxwell-Wagner type interfacial polarization
in agreement with the Koops phenomenological theory
[30, 34]. Space charge polarization is due to the inhomo-
geneous structure as suggested by Maxwell and Wagner.
The presence of Fe2+ ions in an excess amount favours
the polarization effects. The decrease in dielectric constant
with an increase in the frequency is due to a lag of the
hopping frequency of electrons between Fe2+ and Fe3+

ions against the frequency of the external applied AC
field beyond a certain limit of the external field and
ultimately it becomes independent of it.

The variation of the dielectric loss tangent as a function
of frequency for all the samples is shown in Fig. 10.
The dielectric loss tangent value increases as the frequency

increases to reach its maximum (peak) value at a certain
critical frequency, and then it decreases at higher fre-
quencies. The resonance type behavior in the dielectric
loss occurs when the hopping frequency of electron between
Fe2+ and Fe3+ is equal to the frequency of the applied
field [35, 36].

Figs. 8 and 9 show the variation of AC conductivity
and dielectric constant measured at room temperature as
a function of frequency for different compositions (x).
The AC conductivity increases with an increase in x. On
the other hand, the dielectric constant increases with an
increase in x. Similar type of results have been reported
in different ferrites [37, 38]. Both the dielectric constant
and electrical conductivity are basically electrical properties
and it has been recognized that the same mechanism viz.
exchange of electrons between Fe2+ and Fe3+ are responsible
for both the phenomena. A strong correlation between
the conduction mechanism and dielectric behavior of
ferrites has been established by Iwauchi [39] and Rezlescu
and Rezlescu [40]. It has been concluded that the electron
exchange between Fe2+ Fe3+ results in a local displace-
ment of charges, and this is responsible for polarization

↔

Fig. 8. Variation of the real AC conductivity with frequency for
different compositions.

Fig. 9. Variation of the dielectric constant (e) with frequency for
different compositions.
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in ferrites. The magnitude of the exchange, which also
controls the conduction in ferrites, depends upon the
concentration of Fe3+ / Fe2+ ion pairs present on B sites. 

The Fe2+ ion concentration is a characteristic property
of a given material and its value depends on several
factors, sintering temperature, sintering atmosphere and
annealing time, etc. Some amount of Fe2+ ions can also
be formed due to the partial reduction of Fe3+ ions during
sintering. Therefore, the increase of AC conductivity with
composition can be attributed to the excess formation
of Fe2+ ions. Thus, it is the number of ferrous ions on
the octahedral sites that play a dominant role in the
process of conduction as well as dielectric polarization.
At the same substitution content, the AC conductivity
(σAC) and dielectric constant (ε') of La-substituted strontium
hexaferrites is larger than those of Nd-doped and Sm-
doped hexaferrites due to the larger concentration of
Fe3+/Fe2+ ion pairs present on the octahedral sites. It
has been observed that both the AC conductivity (σAC)
and dielectric constant (ε') increase with an increase in
x. The increase is, however, smaller in the case of the Nd
and Sm substituted series for x = 0.30. The reason for

this might be the existence of an insulating secondary
phase on grain boundaries, which may reduce the Fe2+

ions on the octahedral sites and also it is true that an
extra phase at grain boundaries limits the reduction of
Fe2+ ions concentration.

Fig. 10 shows the variation of dielectric loss tangent
measured at room temperature as a function of frequency
for different compositions (x). It shows that tand plot
exhibits resonance type behavior for all compositions.
The observed peaks are shifted towards higher frequencies
accompanied by an increase in the height of the peak
with increasing RE ion substitution. The substitution of
rare earth ions somehow decreases the distance between
Fe3+ and Fe2+ resulting in a change in hopping frequency.
The observed peaks of tan d curves can be explained
according to the fact that a strong correlation between
the conduction mechanism and the dielectric behavior
exist in ferrites [35, 36]. In this case, the peak is expected
when the hopping frequency of the electron between
Fe2+ and Fe3+ ions is approximately equal to that of the
external applied electrical field. In this case

ωτ = 1 (10)

where τ is the relaxation time of the hopping process and
w is the angular frequency of the external field (ω = 2π fmax).
It is also known that the relaxation time t is inversely
proportional to the jumping probability per unit time, P,
according to the relation [35]:

(11)

So, from equations (10) and (11), it is expected that
fmax is proportional to P. The shift and increase in
height of the peak with increasing RE ion substitution
indicates that the jumping probability per unit time, P
increases as the RE ion content increases. The increase
of jumping probability may be attributed to the increase
of ferrous ions on B-sites, which is responsible for the
polarization in these ferrites. The dielectric loss (tan δ)
is observed to be a maximum in the case of La-substituted
strontium hexaferrites. These losses in ferrites are generally
reflected in the resistivity measurements. Materials with
a high resistivity (low conductivity) exhibit low dielectric
losses and vice versa [41]. An increase of loss tangent
values in RE-substituted Sr hexaferrites confirms the
increase in conductivity [42, 43] supporting the Verway
conduction mechanism [44].

Magnetic measurements
Fig. 11 shows the variation of magnetization (Ms) and

remanence (Mr) with composition for all the series. It is
shown in Table 2 that the values of magnetzation (Ms)
and remanence (Mr) decrease with increasing substitution.
For the same substitution content, the values of Ms and
Mr of La-doped strontium hexaferrites are higher than
those of Nd-doped and Sm-doped samples. The decrease in

τ 1
2
---P=

Fig. 10. Variation of the dielectric loss (tan δ) with frequency for
different compositions.
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Ms and Mr values of all the series may be due to magnetic
dilution with a change of the Fe3+ (high spin) valence state
to Fe2+ (low spin) state on a site by substitution of the
Sr2+ sites with RE3+ ions and the existence of spin canting
promoting reduction of superexchange fields [15].The
Fe3+-O2−-Fe3+ exchange interaction is disrupted and
weakened by Fe2+ ion canted spins, which could be
produced by substitution of the rare earth ions into the
hexaferrite [15, 17]. Moreover the decrease in Ms and
Mr were found to be a maximum at a composition of
x = 0.30 in the case of the Nd and Sm- substituted
strontium hexaferrites. This decrease could be due to the
existence of nonmagnetic phases observed for higher rare
earth concentrations in the case of Nd and Sm substitutions.
It seems that the main role of these nonmagnetic phases
are to isolate Sr-ferrite particles from each other, thus
reducing exchange interaction between them and are
known to have a detrimental effect on Ms and Mr.

Fig. 12 shows the variation of coercive field (Hc) with
composition for all the series. It shows that the value of
the coercive field (Hc) increases with an increase in the
concentration of rare earth substitution. The increase in
Hc for all the series can be attributed to an enhancement
of the magnetocrystalline anisotropy [45] with anisotropic
Fe2+ ions locating on a 2a site and the grain size reduction
which is usually found with rare earth substitutions, which
is evident in the SEM micrographs [46, 47]. However for
the same substitution content, the Hc value of La-substituted
strontium hexaferrite is correspondingly smaller than those

of Nd-doped ferrites and Sm-substituted ferrites due to
the smaller magnetocrystalline anisotropies and larger grain
size. This suggests that the effect of Fe2+ anisotropy on
the 2a site in the Nd and Sm-doped samples could be
stronger than those in La-doped samples [46, 47]. Table 1
shows the effect of doping on the sintered density. The
sintered density is observed to increase with an increase
in the dopant content. This also depends upon particle size
and their distribution [25]. The structural features indicate
a hexagonal faceted structure with varying grain size.
The increase in coercivity (Hc) with an increase in density
depends upon the oxidation of the grains and their size.

Conclusions

M-type hexagonal ferrites Sr1−xRExFe12O19 samples where
RE = La3+, Nd3+ and Sm3+ with (x = 0 to 0.30) were
prepared by a ceramic processing technique. The increase
in AC conductivity with frequency has been explained
on the basis of Koops Model, whereas the dielectric
constant and dielectric loss tangent has been explained
with the Maxwell-Wagner type interfacial polarization
in agreement with the Koops phenomenological theory.
Out of the three series prepared, La-substituted strontium
hexaferrites showed the largest variation in AC conductivity,
dielectric constant (ε') and dielectric tangent loss (tan δ)
with an increase in frequency. This variation may be
attributed to the excess formation of Fe2+ ions which play
a dominant role in the process of conduction as well as
in dielectric polarization. It is found that the values of
magnetization (Ms) and remanence (Mr) decrease with
an increase in the rare earth substitution for all the series.
Such a decrease may be due to presence of nonmagnetic
phases at higher rare earth concentrations in the case of
Nd and Sm substitutions and both the magnetic dilution
and spin canting ultimately promotes reduction in superex-
change interactions. The enhancement of Hc could be due
to higher magnetocrystalline anisotropy, where Fe2+ ion
anisotropy on the 2a site may be dominant in all the
hexaferrite series.
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