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This work is part of our comprehensive study on the synthesis and characterization of
Sr0.5Ba0.5−xPrxFe12−yNiyO19 (0.00 ≤ x ≥ 0.10, 0.00 ≤ y ≥ 1.00) hexaferrite nanomaterials and, to the best of
our knowledge, is the first of its kind in this area of research. The results of the study reveal that this
material may have potential applications in the area of magnetic and high-frequency devices, particu-
larly those requiring high electrical resistivity to reduce eddy current losses. Solid state studies using
X-ray diffraction show characteristic peaks of the magnetoplumbite structure for these compounds.
anostructured materials
lectronic properties
canning electron microscopy
-ray diffraction

Electrical and magnetic properties of the co-precipitated ferrites were investigated using state-of-
the-art techniques. Values of saturation magnetization and remanence are found to increase in the
ranges of 66–78 and 43–48 emu/g, respectively, whereas coercivity is inversely related to Pr–Ni con-
tent. AC-magnetic susceptibility investigations show a sharp ferri- to paramagnetic transition in the
temperature range of 500–672 K. DC-electrical resistivity shows a maxima for the nominal composition:
Sr0.5Ba0.44Pr0.06Fe11.4Ni0.6O19. The electrical properties of the synthesized materials are discussed in terms

ectro 3+ 2+
of charge-transport via el

. Introduction

M-type hexagonal ferrites (MFe12O19, M = Ba, Sr, Ca, Pb) are
nown for their unique electrical and magnetic properties that lead
o their extensive use in modern technological applications [1].
he materials are used in computers, magnetic recording devices,
agnetic cards, telecommunications equipment, [2,3] as well as

ermanent magnets. The magnetoplumbite unit cell (MFe12O19)
f the hexaferrite system contains two formula units consisting
f 10 hexagonally closed-packed oxygen layers stacked along the
exagonal basal plane (c-axis). The divalent ion, M2+, is substi-
uted for an oxygen atom in every fifth layer. The Fe3+ ions are
istributed on five different crystallographic sites: three octahe-
ral (12k, 2a and 4f2), one tetrahedral (4f1) and one trigonal
ipyramidal site (2b) [4]. In MFe12O1, 8 of the 12 Fe3+ ions at
2k, 2a and 2b lattice sites have upward spin (↑), while the
emaining 4 ions at 4f1 and 4f2 sites have downward spin (↓).
ccording to the configuration of Fe3+ ions, there are 5 unpaired

lectrons in the 3d orbital, with each Fe3+ ion carrying a mag-
etic moment of 5 �B. According to the spin orientation of the iron

ons, the total magnetic moment per formula unit of hexaferrite is:
�B × (1[Fe1] + 1[Fe2] − 2[Fe3] − 2[Fe4] + 6[Fe5] = 20�B [5].

∗ Corresponding author. Tel.: +92 51 90642143; fax: +92 51 90642241.
E-mail address: mjiqauchem@yahoo.com (M.J. Iqbal).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.073
n-hopping mechanism between Fe /Fe ions at the octahedral site.
© 2010 Elsevier B.V. All rights reserved.

In general, strontium–barium hexaferrites are known for their
high electrical resistivity, magnetization and low dielectric losses.
These characteristics are fundamental to restraining eddy current
losses for applications operating at high-frequencies [6] and are
well suited to radio-frequency circuits, inductors such as wireless
communications, mobile phones, cameras, laptops, etc., [7–9], high
quality filters, and a range of multilayer chip device applications.

Alteration of electrical resistivity, saturation magnetization,
remanence, coercivity, and hyperfine parameters for M-type hex-
aferrites via cationic substitution has been extensively discussed
in the literature [3,4]. Tenaud et al. [10] prepared La–Co substi-
tuted strontium hexaferrites and found that the values of saturation
magnetization and remanence increased initially by doping with
La–Co ions and then decreased with increasing the substitution
level. The behavior is attributed to the presence of secondary phases
in the material composition. Iqbal and Farooq [3] synthesized Ce–Ni
doped strontium–barium hexaferrites and noted that substitution
of Ce–Ni ions could enhance saturation and remanence magne-
tization reducing the coercivity at the same time. Lechevallier et
al. [11,12] reported the hyperfine parameters of La–Zn/La–Co and
Pr–Co substituted strontium hexaferrites. Litsardakis et al. [13]

showed that substitution of Gd–Co ions into barium hexaferrites
could be utilized to enhance the magnetization and coercivity.

Rare-earth ions in the hexaferrite lattice are known to have low
solubility in aqueous systems. Their stoichiometric incorporation
leads to the formation of secondary phases [12] that can potentially

dx.doi.org/10.1016/j.jallcom.2010.06.073
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mjiqauchem@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.06.073
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mpair the performance of permanent magnets made out of these
aterials. Rare-earth ions are known to affect the exchange inter-

ctions in the crystal structure leading to enhanced magnetization
nd electrical resistivity [14]. Recently, high values of coercivity
ave been reported for Nd–Co substituted barium hexaferrite [15].

This work reports the effect of simultaneous substitution of
r–Ni ions on the electromagnetic properties of Sr0.5Ba0.5Fe12O19
exaferrites. To the best of our knowledge, co-substitution of
r0.5Ba0.5Fe12O19 hexaferrites with Pr–Ni ions and the influence
f such a substitution on the electromagnetic properties of M-type
exaferrites has not been reported so far. The presence of Ni2+ ion

n ferrites is known to reduce the temperature coefficient of coer-
ivity, increasing the magnetization and the electrical resistivity
16]. The rationale for doping of Sr0.5Ba0.5Fe12O19 with Pr–Ni ions
as to investigate composition effects on the coercivity, electri-

al resistivity and overall magnetization. Low substitution ranges
f Pr (x = 0.0–0.10) and Ni (y = 0.0–1.0) were chosen to synthesize
agntoplumbite phase in as pure form as possible.

. Experimental

.1. Synthesis of Sr0.5Ba0.5−xPrxFe12−yNiyO19 hexaferrites

M-type hexaferrites of compositions Sr0.5Ba0.5−xPrxFe12−yNiyO19 (x = 0.00–0.10,
= 0.00–1.00) were synthesized using chemical co-precipitation method [15].
e(NO3)3·9H2O (98%, Merck), Sr(NO3)2 (≥99%, Aldrich), Ba(NO3)2 (>99%, Aldrich),
i(CH3COO)2·4H2O (99%, Merck), Pr(NO3)3·5H2O (>99%, Aldrich) and NH4OH (33%,
ldrich) were used as the starting materials. Aqueous solutions of metal ions were
repared with stoichiometric compositions Sr0.5Ba0.5−xPrxFe12−yNiyO19 and then
ixed together. Ammonium hydroxide solution (3 M) was used for precipitation of

olutions at pH 9. The mixture was stirred for 3 h followed by overnight aging. The
ollected precipitates comprising of hydroxides of metal ions, ammonium nitrates
nd water contents [17], were dried in oven at 473 K. The dried product (mainly
mmonium nitrates and hydroxides of metal ions) was annealed at 1323 K for 6 h in a
emperature-programmed tube furnace, at a heating rate of 5 K min−1. The proposed
hemistry of co-precipitation is as follows:

xSr(NO3)2 (aq)+yBa(NO3)2(aq)+zFe(NO3)2(aq)+NH4OH
pH=9−→ [Mes+ · OH−]m · nH2O

Mes+=Sr2+,Ba2+,Fe3+

+ wNH4NO3 −→
drying 473 K

[Me2+(OH−)m
precursor

] + wNH4NO3 −→
annealing 1323 K

Sr0.5Ba0.5Fe12O19
crystalline

.2. Characterization

Precursor sample was analyzed thermo-gravimetrically using a Mettler-Toledo
ystem (TGA/SDTA 851e). The solid phase investigations of synthesized samples
ere done using X-ray diffractometer (JEOL JDX-60PX), equipped with CuK� as

he radiation source. The diffraction pattern was recorded for 2� from 20◦ to 80◦

ith scan step size of 0.02◦ . The voltage and current of the generator were set at
0 kV and 30 mA, respectively. Quantitative elemental analysis was carried out via
nergy dispersive X-ray fluorescence (ED-XRF) spectroscopy using a Horiba, MESA-
00 spectrometer. Morphological studies of samples were done using a scanning
lectron microscope (S-3400 SEM). Vibrating sample magnetometer was used at
he maximum applied field of 10 kOe, for measuring magnetic properties at room
emperature. AC-magnetic susceptibility measurements were made using a labo-
atory assembled double-coil setup operating at 273 Hz with a magnetic field of
.1 Oe in the temperature range of 300–703 K [18]. The susceptibility apparatus
as calibrated using pure nickel as standard. Disc-shaped pellets were prepared by

ompressing the powdered sample at 50 kN m−2 using hydraulic press (Paul-Weber
W-30). The pellets were used for DC-electrical resistivity and AC-magnetic suscep-
ibility measurements. The resistivity (�) was measured in the temperature range
f 373–673 K using a two-point probe technique [19].

. Results and discussion

.1. Thermal analysis
Fig. 1 shows the TG plots for as-synthesized samples of the
trontium–barium hexaferrite with composition ranges in x = 0.00,
.02 and y = 0.00, 0.20. Dehydration, decomposition and sintering
re the most common processes known to occur during heat-
reatment of most samples. It can be seen from Fig. 1 that the
Fig. 1. TG-DTG of as-synthesized samples of (a) Sr0.5Ba0.5Fe12O19 and (b)
Sr0.5Ba0.48Pr0.02Fe11.8Ni0.2O19.

addition of dopants slightly influenced the thermal behavior of
the strontium–barium hexaferrite samples. The TG curves show
three distinct steps of weight loss. The first step below 500 K marks
the dehydration of the adsorbed water. The second step, between
500 and 550 K, shows the decomposition of metallic hydroxides. In
this temperature range, the NH4NO3 may also have decomposed to
liberate NOx and O2 as proposed below [20]:

NH4NO3 → NOx + O2 + H2O (1)

The weight loss in the temperature range of 700–900 K is
attributed to the formation of an intermediate hematite (�-Fe2O3)
and monoferrite (MFe2O4) phases [21]. The TG plot of the doped
sample is akin to the undoped sample, except that a gradual
decrease with higher weight loss is observed than that noted in
case of undoped sample. This is likely due to additional mass of
NH4NO3 in the doped precursor.

The TG curves show no noticeable weight loss above 1000 K,
most likely due to the onset of M-type hexaferrite phase. The
complex structure of the hexaferrite material [22] leads to the
suggestion that formation of pure strontium–barium hexaferrite
would likely require high annealing temperatures for the elimina-
tion of an intermediate (Fe2O3) phase.

3.2. Structural analysis

The XRD patterns of the synthesized hexaferrite materials are
presented in Fig. 2. XRD analysis reveals that all observed diffraction
peaks and Miller indices (hkl) match well with the known pattern of
M-type strontium–barium hexaferrite (Fig. 2g) with no extra peaks.
This also shows that the crystallization of samples in the single-
phase magnetoplumbite structure occurred to very high degree of
perfection, with no evidence of impurity and crystal deformation.
The crystallite size (D) is calculated by the Scherrer formula:

D = k�

ˇ cos �
, (2)

where � is the X-ray wavelength and is equal to 1.54 Å, ˇ is the
half-peak width, � is the Bragg angle and k is the shape factor that
is equal to 0.89 for the hexagonal system. The average crystallite

size is found to be in the range of 18–36 nm for the synthesized
samples (Table 1), which is much smaller than the value of 5 �m
reported for a composition of Sr0.5Ba0.5Fe12O19, synthesized by the
ceramic method [23]. Lattice constants, a and c, are calculated by
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ig. 2. (a and b) XRD patterns (a) x = 0.00, y = 0.00; (b) x = 0.02, y = 0.20; (c) x = 0.04
attern of Ba0.5Sr0.5Fe12O19, of Sr–Ba hexaferrite samples with different Pr–Ni conten
= 0.40; (d) x = 0.06, y = 0.60; (e) x = 0.08, y = 0.80; and (f) x = 0.10, y = 1.00.

he following equation:

1

d2
jkl

= 4
3

[
h2 + hk + k2

a2
+ l2

c2

]
, (3)

here dhkl is an inter-atomic spacing. Unit cell volume (Vcell) of the
exagonal system is calculated as follows:

cell = 0.866a2c, (4)

here numeric factor is constant for the hexagonal system. The
easured density (dm) is calculated by the mass and volume (V =
r2h) of the sample pellet using the following relation:

m = m

�r2h
(5)

It can be seen that the lattice parameter a, remains nearly con-
tant while the value of c slightly decreases with the increasing
ubstitution of Pr–Ni (Table 1). It also supports the proposition that

opants simply replaced the Ba2+–Fe3+ ions without distortion of
he hexagonal symmetry of the host strontium–barium hexaferrite.
light shrinkage in the unit cell volume is observed with Pr–Ni sub-
titution (Table 1), which is interpreted in terms of the substitution
f Pr, one of the rare-earth elements that are known for their abil-

able 1
rystallite size (D), lattice constants (a, c), unit cell volume (Vcell), measured density (dm),
f hopping (Ea) for Sr0.5Ba1−xPrxFe12−yNiyO19 with different PrxNiy contents (x = 0.00–0.10

Parameters x = 0.00 y = 0.00 x = 0.02 y = 0.20 x = 0.04

D (nm) (±0.65) 36 41 32
a (±0.002 Å) 5.880 5.883 5.883
c (±0.017 Å) 23.149 23.150 23.142
Vcell (±0.3 Å3) 693 694 693
dm (±0.07 g cm−3) 3.58 3.41 3.48
Tc (±5 K) 672 652 620
� (1010 � cm at 423 K) 0.502 1.086 1.691
Ea (±0.02 eV) 0.64 0.66 0.67
Hc (kOe) 2.85 2.79 2.52
.40; (d) x = 0.06, y = 0.60; (e) x = 0.08, y = 0.80; (f) x = 0.10, y = 1.00 and (g) standard
d (b) expanded view of samples (a) x = 0.00, y = 0.00; (b) x = 0.02, y = 0.20; (c) x = 0.04,

ity to form strong lanthanide–oxygen bonds. The binding energy of
the lanthanide–oxygen octahedra (RO6) in rare-earth substituted
oxide materials is known to be much higher than the transition-
metal ion-oxygen octahedra (MO6), a likely factor in the shrinkage
of the crystal lattice in this case [24,25].

The density is seen to decrease with the substitution of Pr–Ni,
as shown in Table 1. It appears that the doped elements con-
tribute to the retardation of the process of densification of the
hexaferrite matrix. Since doping of lanthanide ions is known to
contribute to the stability to the crystal lattice [26]. A similar
effect in this case can be seen where an observed diminished
grain-growth may be related to the process of nucleation or
agglomeration. The observed elemental composition of the syn-
thesized samples matches well with the expected stoichiometry,
as indicated by the ED-XRF analysis (Table 2). The results indicate
that Pr and Ni entered the hexaferrite lattice, resulting in a sin-
gle M-type hexagonal phase. This is substantiated by XRD findings
shown in Fig. 2. The surface micrographs of the three representa-

tive samples Sr0.5Ba0.5Fe12O19, Sr0.5Ba0.44Pr0.04Fe11.6Ni0.4O19 and
Sr0.5Ba0.42Pr0.08Fe11.2Ni0.8O19 are shown in Fig. 3(a–c). The surface
of the undoped Sr0.5Ba0.5Fe12O19 sample (Fig. 3a) appears to be
dense with large agglomerated particles. The surface of the samples

Curie temperature (TC), DC-electrical resistivity (�) at 423 K and activation energy
, y = 0.00–1.00).

y = 0.40 x = 0.06 y = 0.60 x = 0.08 y = 0.80 x = 0.10 y = 1.00

26 21 18
5.884 5.884 5.885

23.132 23.123 23.105
694 693 693

3.54 3.57 3.59
595 580 558

2.255 0.957 0.266
0.69 0.68 0.66
2.57 2.64 2.70
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Table 2
Elemental compositions of Sr0.5Ba1−xPrxFe12−yNiyO19 (x = 0.00–0.100, y = 0.00–1.00) with different PrxNiy contents as determined by ED-XRF analysis.

Sample compositions Elements (moles)

Sr Ba Pr Fe Ni

Sr0.5Ba0.5Fe12O19 0.500 0.497 – 12.00 –
Sr0.5Ba0.48Pr0.02Fe11.8Ni0.2O19 0.498 0.479 0.019 11.80 0.21
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Sr0.5Ba0.46Pr0.04Fe11.6Ni0.4O19 0.498 0.
Sr0.5Ba0.44Pr0.06Fe11.4Ni0.6O19 0.499 0.
Sr0.5Ba0.42Pr0.08Fe11.2Ni0.8O19 0.500 0.
Sr0.5Ba0.40Pr0.10Fe11.0Ni1.0O19 0.499 0.

hown in Fig. 3b and c, exhibit a relatively well-defined mixture of
ndividual nanoparticles of well crystalline nature and small aggre-
ates formed as a result of an agglomeration of these individual
anoparticles. The size of these agglomerated particles gets smaller
s the dopant content increases, as shown in Fig. 3c. The aver-
ge particle size calculated from SEM micrographs is in range of
8–57 nm, which are comparable to the crystallite sizes of samples
s calculated by Scherrer formula (Table 1).

.3. Magnetic properties

.3.1. Magnetization measurements
The hysteresis loops for the substituted Sr–Ba M samples,

hown in Fig. 4, represent a sharp increase in magnetization at low
pplied field that slows down at the high fields. The variation of
agnetic parameters: saturation magnetization (Ms), remanence
agnetization (Mr) and coercivity (Hc) with Pr–Ni substitutions

re shown in Fig. 5 and Table 1, respectively. Fig. 5 shows increase
n the values of both Ms and Mr with the substitution of Pr–Ni ions
p to x = 0.06 and y = 0.60. This is likely due to the site occupancy
f the doped metal ions at different lattice sites. In M-type hexa-
errite, Fe3+ ions are distributed on 12k, 2a, 2b lattice sites with an
pward spin moment and with downward spins on the 4f1 and 4f2

attice sites, as shown in Fig. 6. Four of the upward spins cancel out
he four downward spins, and the net magnetic moment is due to
he remaining four ferric ions with upward spins. Therefore, each

-type hexaferrite carries the total magnetic moment of 20 �B per
nit cell [23]. Generally, the magnetic behavior of the ferrimagnetic
exaferrite material is largely governed by the distribution of iron

ons on the crystallographic lattice sites and hence the Fe3+–Fe3+

xchange interactions (the spin coupling of the 3d electrons). The
agnetization of the hexaferrite material varies with the factors

nfluencing the strength of these exchange interactions. In the
are-earth substituted ferrite materials, RE3+–Fe3+ interactions
lso exist via 4f–3d couplings which can cause changes in magnetic
roperties. The RE3+–RE3+ interactions are very weak because they
esult from indirect 4f–5d–4f coupling [27].

Substitution of the Fe3+ ions in the spin-up states (12k, 2a, 2b)
ppears to cause reduction in magnetization while the substitution
n the spin-down (4f1, 4f2) states [23] may lead to an increase in
he net magnetization. It is reported that the Ni2+ ion has a special
reference for the 4f2 (octahedral) site but may also occupy the 12k
ite for a higher substitution level (∼0.5) [5]. The low level of the
oped Ni ions is expected to replace the iron ions from the sites
aving spins in the downward direction (4f2). The net increase in
pward spin is, therefore, expected to increase the total magnetic
oment and hence the magnetization. Pr3+ ions are located in the

a2+ site, whose nearest neighbor is the 2b lattice site because it is
nown that the nearest neighbors of Ba2+ in the Ba-layer are 12k,

f2 and 2b, where the 2b site is closer to the Ba2+ site at a distance
f 0.340 nm as compared to the 4f2 site which is at a distance of
= 0.366 nm [11]. The substitution of Pr3+ to the Ba2+ ion induces
perturbation in both electron-density and symmetry around the
b lattice site, that could strengthen the exchange interactions and
0.039 11.61 0.40
0.058 11.42 0.60
0.079 11.20 0.81
0.097 11.01 1.01

hence the magnetization. This is also reported by Ounnunkad [28]
for the rare-earth substituted Ba hexaferrite.

The abrupt fall in the values of Ms and Mr for the samples with
x ≥ 0.08, y ≥ 0.80 appears mainly due to the replacement of Fe3+

in the spin-up state (12k) by the doped Ni2+ with a low mag-
netic moment (2 �B). This appears to weaken the strength of the
exchange interactions resulting in a decreased net magnetization.
In addition, the presence of Pr3+ ion with low magnetic moment
(3.58 �B) in the vicinity of Fe3+ (5 �B) ion would dilute the strength
of the exchange interactions to result in the reduction of the total
magnetization.

The coercivity, Hc, which is a measure of the strength of the mag-
netic field required for overcoming the anisotropy to flip over the
aligned magnetic moments, is also affected with the dopant substi-
tution (x, y), as shown in Table 1. High value of coercivity (2.85 kOe)
is observed for the undoped sample, which is ascribed to the uniax-
ial magneto-crystalline anisotropy of hexaferrite material along an
easy axis (c-axis) [23]. A significant fall in the coercivity is observed
with the addition of Pr–Ni contents up to x = 0.06, y = 0.60 (Table 1).
It has been reported that in the M-type hexaferrite, 4f2 and 2b sites
contribute to their large magneto-crystalline anisotropy [29]. Sub-
stitution of the Ni2+ at the 4f2 site (as Ni2+ replaces iron at the 4f2
for a low substitution level <0.5) [5] and the perturbation at the
2b lattice site, caused by doping of Pr3+ ions, are jointly responsi-
ble for the observed decrease in the coercivity (Table 1). Another
plausible reason for the observed decrease is that the ionic radius
of the dopant Ni2+ (0.69 Å) is larger than that of the Fe3+ (0.64 Å)
so that the uniaxial anisotropy does not remain planar along the
easy c-axis. Also, similar behavior has been observed for the Co–Ru
doped Sr0.5Ba0.5Fe12O19. [23].

An exceptionally high value of coercivity is observed when
x ≥ 0.08, y ≥ 0.80 (Table 1). Because Ni2+ ions substitute for the
Fe3+ ions at the 12k site for the higher substitution level >0.5
(as mentioned above), as this lattice site does not contribute
to magneto-crystalline anisotropy [4], coercivity is expected to
enhance. The magnetic anisotropy is the result of accumulative con-
tributions of the magnetic cations in the crystal structure (nickel,
iron and praseodymium). Mainly, Ni2+ ions are octahedrally co-
ordinated [30], and an increase in their number would increase the
single magnetic ion anisotropy to result in the enhancement of the
coercivity. Since the spin-orbital coupling is usually much stronger
in the rare-earth ions, the substitution of Pr at higher dopant level
(x ≥ 0.08) would also contribute for enhancing the value of coerciv-
ity. Similar effects on magnetic properties of the rare-earth doped
Mg–Ti ferrites are also reported by other authors [31]. Increase in
the magnetization of the synthesized hexaferrites together with
the decrease in the coercivity of the Pr–Ni ions doped hexaferrites
validates their possible use in magnetic data storage devices.
3.3.2. AC-magnetic susceptibility measurements
Magnetic susceptibility is a parameter of prime significance

in the characterization of the magnetic properties of a mate-
rial. The magnitude of the susceptibility and its temperature
dependence provides a significant insight into the magnetic
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Fig. 4. Hysteresis loops for Sr–Ba hexaferrite samples with different Pr–Ni substi-
tution contents (x = 0.00–0.100, y = 0.00–1.00).

formed in all the samples [32] as already predicted by XRD studies
(Fig. 2). The linear portion of (1/�) versus T is extrapolated to the
temperature axis to estimate the TC for all the synthesized samples.
The Curie temperature decreases with the addition of the Pr–Ni ions
(Table 1), which can be interpreted in terms of the strength of the
ig. 3. SEM images of (a) Sr0.5Ba0.5Fe12O19, (b) Sr0.5Ba0.46Pr0.04Fe11.6Ni0.40O19 and (c)
r0.5Ba0.42Pr0.08Fe11.2Ni0.8O19 samples.

ehavior of the materials. The temperature dependence of AC-
agnetic susceptibility (�) is employed in the temperature

ange of 300–680 K, to characterize the magnetic properties
f Sr0.5Ba0.5−xPrxFe12−yNiyO19 ferrite nanoparticles (Fig. 7). The

nverse susceptibility (1/�) decreases with a rise in tempera-
ure, then increases sharply after a transition point, where ferrite
anoparticles appear to switch from ferrimagnetic to the para-
agnetic state. An ordered arrangement of magnetic moments
Fig. 5. Effect of Pr–Ni contents on saturation magnetization (Ms) and remanent mag-
netization (Mr) for Sr–Ba hexaferrite samples containing different Pr–Ni contents.

in the ferrite composition appears to get randomized with a rise
in temperature, due to the thermal fluctuations of the individual
moments [22]. Beyond the transition temperature termed as Curie
temperature (TC), the material becomes disordered and loses its
net magnetization. The sudden increase in 1/� above TC confirms
the conclusion that a single magnetoplumbite phase structure is
Fig. 6. Spin orientation of Fe3+ ions at each crystallographic site.
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ig. 7. Plots of AC-magnetic susceptibility of strontium–barium hexaferrite samples
ontaining different Pr–Ni contents (x = 0.00–0.100, y = 0.00–1.00).

xchange interactions. Such strength is a function of the Fe–O–Fe
inkages, which in turn depends upon the number of the Fe ions in
he formula unit and their distribution among the lattice sites. Since
he magnetic moment of the Pr3+ ions is lower than that of the Fe3+,
ubstitution of Pr3+ weakens the Fe3+–Fe3+, Fe3+–RE3+ exchange
nteractions. In addition, magnetic moment of the Ni2+ (2 �B) is
lso lower than that of the Fe3+ (5 �B). Therefore, substitution of the
r–Ni ions at or near the crystallographic sites of the Fe weakens
he strength of the net exchange interactions and hence decreases
he value of TC. Similar findings for the doped ferrite materials are
lso reported by other authors [30,33].

.4. Electrical properties

Electrical resistivity is an important parameter of the ferrites
rom applications point of view. The DC-electrical resistance (R) is

easured in the temperature range of 300–673 K by the two-point
robe method [19] and then used for the calculation of resistivity
�) using the following relation:

= R
A

h
, (6)

here R is the resistance, h is height and A (A = �r2) of the pellet
of the dimensions as mentioned above) of sample having radius r.

Fig. 8a shows DC-electrical resistivity as a function of
emperature in the range, 300–673 K. The value of resistiv-
ty initially increases as the temperature reaches the so-called

etal–semiconductor transition temperature, during which the
aterial shows metal-like behavior. It is followed by a decrease in

esistivity that is typical of semiconductors in general. The metal-
ike behavior is observed for all samples in the temperature range,
43–363 K. This is attributed to the presence of a minor amount
f moisture left over in situ, and absorbed at the surface of the
ample due to the porous nature of the samples [4]. The compo-
itional dependence of the DC-resistivity (�) at 423 K is presented
n Table 1. It is seen that the value of resistivity increases up to a
ubstitution level of x = 0.06, y = 0.60. The conduction in ferrites is
nterpreted in terms of Verwey [34] mechanism that proposes the
lectronic exchange between ions of the same element with more
han one valance state and distributed among the octahedral sites
n the crystal lattice. In addition, the conduction in these ferrites is
ttributed to the hopping of electrons from Fe3+ to Fe2+ ions [35].

he magnitude of this electron exchange would normally depend
pon the number of Fe2+/Fe3+ ion pairs present at the octahedral
ite. Furthermore, a proximity of iron ions at the octahedral site
lso supports the probability of hopping mechanism for electrical
onduction.
Fig. 8. (a and b) Temperature dependent DC-electrical resistivity of
Sr0.5Ba0.5−xPrxFe12−yNiyO19 (x = 0.00–0.100, y = 0.00–1.00) samples containing
different Pr–Ni contents.

The substitution of Pr3+ to the Ba2+ ions may as well induce
a perturbation in both the electron-density and the symmetry
around the 2b lattice site. A Pr3+ ion near the octahedral site
could change the separation between Fe2+ and Fe3+ ions, and
reduce the Fe2+–O–Fe3+ bond angle, as well [31]. This impedes the
electron-transfer between the Fe2+/Fe3+ ions and hence increase
the resistivity. It is reported that Ni2+ ions show a strong tendency
to occupy the octahedral lattice sites (4f2, 12k) [5]. Doping of the
Sr–Ba hexaferrite with the Pr–Ni ions may replace some of the Fe3+

at the octahedral site, hence increasing the resistivity. The increase
in resistivity is of significant importance from a technological point
of view, as it makes these ferrites suitable for microwave devices
where eddy current losses become appreciable.

An increase in the substitution level x > 0.06, y > 0.60, is asso-
ciated with a fall in the values of � is observed (Table 1). This is
interpreted in terms of two fold valence fluctuations of (i) the Pr
ion between Pr3+ and Pr4+ valance states and (ii) the Ni between
Ni2+ and Ni3+ that is likely to occur during the annealing process
[36,37]. The exchange interactions of the type shown below may
become possible:

Fe3+ + Ni2+ ↔ Fe2+ + Ni3+ (7)

Pr3+ + e ↔ Pr4+ (8)

The conduction due to hole-hopping between Ni2+/Ni3+ and
Pr3+/Pr4+ ions causes the resistivity to decrease [3]. Secondly, the re-
arrangement of the Fe3+ ions at the octahedral and tetrahedral sites
may also result from the perturbation caused by doping with the
Pr3+. The iron ions are likely to partially migrate to the octahedral

3+
site to increase number of Fe ions at the site leading to decrease in
the resistivity. Similar findings for nanocrystalline ferrite materials
have been reported elsewhere [38].

The DC-electrical resistivity of these ferrites follows Arrhenius-
type temperature dependence [19]. The values of activation energy
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ig. 9. (a) Plots of drift mobility (�d) versus temperature (T) of Sr–Ba hexaferrite
amples containing different Pr–Ni content and (b) effect of Pr–Ni contents on the
rift mobility (�d) of Sr–Ba hexaferrite samples at 423 K.

or hopping (Ea) are computed from ln� versus 103/T plots in the
emperature range 383–483 K, shown as Fig. 8b. The value of acti-
ation energy of pure Sr–Ba hexaferrite is 0.64 eV, which increases
o 0.69 eV by increasing the dopant contents up to x = 0.06, y = 0.60
Table 1). These values are higher than the transition energy of Fe2+

nd Fe3+ (Ee = 0.2 eV), which indicates that the small-polaron model
f electron-hopping conduction mechanism is favored in the stud-
ed samples. The compositional dependence of Ea is similar to that
f the resistivity (Table 1) where samples with high electrical resis-
ivity are associated with high value of Ea. The drift mobility (�d)
f the charge carriers is calculated from the experimental values of
he DC-electrical resistivity using the following relation:

d = 1
ne�

, (9)

here e is the charge of electron, � is the electrical resistivity and n
s the concentration of charge carriers that can be calculated from
he following equation:

= NAdmPFe

M
, (10)

here NA is Avogadro’s number, M is the molecular mass of
he compound, PFe is the number of iron atoms in the chem-
cal formula of the ferrite samples and dm is the bulk density.
ig. 9(a) shows that the drift mobility increases with the tem-

erature. This represents the enhanced mobility of the charge
arriers due to the thermal activation of the charge carriers with
ncreasing the temperature. The magnitude of �d is found to be
n the range of 10−13–10−14 cm2 V−1 s−1 for all the compositions.
ig. 9(b) shows that drift mobility (�d) calculated at 423 K decreases

[

[
[
[
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from 0.52 × 10−14 to 0.14 × 10−14 cm2 V−1 s−1, due to the enhanced
electron-hopping at the octahedral sites lending the resistivity to
decrease (Table 1) as discussed above in the explanation for the
DC-electrical resistivity.

4. Conclusions

XRD data of the synthesized samples point to the formation of
single magnetoplumbite phase solid structures, with an average
crystallite size ranging from 18 to 36 nm. The TG curve indi-
cates that the formation of M-type hexagonal phase starts at
about 1000 K. The variation in magnetic parameters is described
in terms of preferential site occupancy of the substituted cations.
The decrease in Curie temperature from 672 to 500 K with increas-
ing Pr–Ni contents is interpreted in terms of the strength of
exchange interactions. Temperature dependence of electrical resis-
tivity reflects the semi-conducting nature of the ferrites. The drift
mobility (�d) and activation energy of hopping (Ea) were calculated
from the electrical resistivity data. Activation energy of hopping
(Ea) was found to increase from 0.64 to 0.77 eV for the samples
with x = 0.06, y = 0.60, because Pr–Ni ion substitution appears to
reduce the electron exchange between the Fe2+ and Fe3+ ions at the
octahedral site. The drift mobility increases with rise in tempera-
ture due to thermal activation of charge carriers. These properties
are significant in terms of eddy current loss reduction in magnetic
materials.
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