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a b s t r a c t

Lanthanum doped cobalt ferrite ferrites with improved dielectric and magnetic properties have been
synthesized by co-precipitation technique. The nano-structures, dielectric and magnetic properties have
been investigated by means of X-ray diffraction, impedance analyzer and VSM respectively. The dielectric
properties and magnetic properties of CoLaxFe2−xO4 (x = 0, 0.1, 0.15, 0.2) ferrites have been studied as a
function of frequency and applied field. The values of dielectric constant and dielectric loss have been
reduced significantly due to the doping of La3+ ions in cobalt ferrite. The dielectric loss of the investigated
ferrite is 1.9 × 10−3 at 9 MHz. The dc electrical resistivity of CoLa0.1Fe1.9O4 ferrite was found to increase
up to 30 times more as compared to pure cobalt ferrite at room temperature. Low values of dielectric
constant, dielectric loss and magnetic loss can be correlated with better compositional stoichiometry and
2.15.Eb

eywords:
ano-structures
hemical synthesis

Fe ions concentration. The mechanisms responsible to these processes have been discussed.
© 2010 Elsevier B.V. All rights reserved.
-ray diffraction
ielectric response
agnetic measurements

. Introduction

Nano-scale materials possess intriguing properties that are
omparable to or superior to those of bulk. These materials are
nteresting due to their fascinating size dependent optical, elec-
ronic, magnetic, thermal, mechanical and chemical properties
1,2]. Cobalt ferrites have been regarded as one of the competitive
andidates for high density magnetic recording media because of
ts moderate saturation magnetization, high coercivity, mechani-
al hardness and chemical stability [3]. Synthesis of nanoparticles,
specially spinel ferrites, characterized by a low size distribu-
ion is important due to their remarkable electrical and magnetic
roperties and wide practical applications in information stor-
ge systems, ferro-fluid technology, magneto-caloric refrigeration
nd magnetic diagnostics [4]. Cobalt ferrites are among the most
idely used magnetic materials having low cost, high perfor-

ance for high frequency applications [5–8]. The properties of

errites are very sensitive to the processing techniques. The var-
ous processing techniques, which are used for the synthesis of
pinel ferrite powders, include microwave refluxing, hydrother-
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mal, sol–gel, co-precipitation and spray pyrolysis. Cobalt ferrites
prepared by different methods have different magnetic properties
[9–14]. The co-precipitation method offers a synthesis route for
the production of ferrite, which is uniform and non-aggregated.
Though the ferrites were prepared at 100 ◦C, but to obtain good
results, ferrite samples were sintered at 500 ◦C.Our interest is to
make pure cobalt ferrite at nano-scale with magnetic properties
similar to bulk material and then to modulate the properties by
doping with La3+ ions. In this study we have prepared La–Co fer-
rites and compared the properties of CoFe2O4 and CoLa0.1Fe1.9O4.
In order to show the effect for higher concentration of La3+, we
have mentioned the result for CoLa0.15Fe1.85O4 and CoLa0.2Fe1.8O4.
The room temperature saturation magnetization for pure cobalt
ferrite is about 60 emu/g which is higher than achieved by sol–gel
method [15]. It has been reported that [16] remanence and coer-
civity is not observed at 300 K for rare earth doped cobalt ferrite,
however, we have been able to observe it at the temperature. In
addition, we have been able to prepare La3+ doped samples with
higher resistivity, low dielectric and magnetic losses.
2. Experimental

Lanthanum–cobalt ferrites of composition CoLaxFe2−xO4 (x = 0, 0.1, 0.15, 0.2)
were prepared by the co-precipitation method [17]. The materials used were cobalt
nitrate (97% Merck, India), iron nitrate (98% Merck, India), lanthanum nitrate (Merck,
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the electronic exchange between Fe2+ and Fe3+ ion cannot follow
the electric field. Since an assembly of space charge carriers in a
dielectric requires finite time to line up their axes parallel to an
alternating field. If the frequency of the alternating field increases,
16 P. Kumar et al. / Journal of Alloys

ermany) and sodium hydroxide (96% Merck, India). These solutions were poured
s quickly as possible into the boiling solution of NaOH under vigorous stirring pro-
uced by the glass mechanical stirrer (500 rpm). Mixing is very important; otherwise
egregation of phases can take place. After co-precipitation, pH is set to 12.5–13. The
eaker was covered to diminish the evaporation of the solution. Reaction was con-
inued for 30–40 min at temperature 95–100 ◦C under vigorous stirring. The beaker
as cooled to ambient temperature and particles precipitate. Precipitates were
ashed with distilled water and centrifuged at 7000 rpm for 10 min. The residue
as dried and powdered. These samples were sintered in air at 500 ◦C at a heating

ate of 350 ◦C/h for 3 h and were subsequently cooled. This powder was mixed with
% P.V.A. binder and pressed into pellets and rings uniaxially under a pressure of
ton/inch2 in a stainless steel die. These samples were then sintered in air at 500 ◦C

or 3 h and were subsequently cooled.
The purpose of sintering is to develop the most appropriate structure for the

pplication, complete the inter-diffusion of the component metal ions into the
esired crystal lattice and to establish the appropriate valencies for the multi-valent

ons by proper oxygen control [18]. Sintering is the bonding together of compacted
owder particles at temperatures below the melting point. It involves the joining of
articles placed in contact with each other by growth of neck at the region of contact,
hen the particles are heated to appropriate temperature. Sintering in practice is

he control of both densification and grain growth. Densification is the act of reduc-
ng porosity in a sample thereby making it denser. Sintering is effective when the
rocess reduces the porosity and enhances properties such as strength and thermal
onductivity. The main mechanism responsible for sintering is the lattice or volume
iffusion of atoms which occur through vacancy movements with grain boundaries
cting as vacancy sinks. Various parameters like temperature, pressure, time and
tmosphere affect the sintering process.

The rings were wound with about 42 turns of 34 SWG enameled copper
ire to form the toroids. Saturation magnetization and magnetic remanence were
easured by using vibrating sample magnetometer (VSM). XRD was taken with
PERT-PRO system.

Dielectric measurements and permeability studies were done with LCR meter
rom Agilent Technologies 4285A. The dielectric constant was determined using
ormula ε′ = Cd/ε0A where C is the capacitance of the pallet, d is the thickness of the
ellet, A is the cross-sectional area of the flat surface of the pallet in and ε0 is the
ermittivity of free space.

Initial permeability �i = L/L0, where L is inductance of the sample and L0 is the
nductance with air core and L0 = 4.6 N2dlog(OD/ID) × 10−9 H, N is the number of
urns, d is the thickness of toroid in metre, OD and ID are outer and inner diameters
f the toroid respectively.

The tangent of dielectric loss angle can be calculated using the relation
an ı = 1/2�fRsCs where ı is the loss angle, f is the frequency, Rs is the equivalent
eries resistance and Cs is the equivalent series capacitance.

The dielectric loss factor (ε′ ′) is also measured in terms of tangent loss factor
tan ı) defined by the relation [19] ε′ ′ = ε′ tan ı, where ε′ and tan ı are defined above.

The dc resistivity of the sample was measured by using a Keithley-2611 system.

. Result and discussion

.1. Structural study

The X-ray diffraction patterns for the typical CoLaxFe2−xO4 (x = 0,
.1, 0.15, 0.2) ferrite powder obtained on calcination at 500 ◦C
hows a typical single-phase inverse spinel structure and are shown
n Fig. 1. The diffraction peaks are broad because of the nanome-
er size of the crystallite. The particle size of the samples has been
stimated from the broadening of XRD peaks using the Scherrer
quation [20]. The average particle size for the CoFe2O4 is 49 nm
nd for CoLa0.1Fe1.9O4 is around 17 nm while for x = 0.15 and x = 0.2
t is 49 nm and 28 nm respectively.

.2. Electrical resistivity

Fig. 2 shows the variation of resistivity with temperature
or CoFe2O4 and CoLa0.1Fe1.9O4 samples. High dc resistivity of
20.621 × 106 � cm is obtained for x = 0.1 sample at room tempera-

ure and it decreases with increase in temperature. The higher value
f dc resistivity is due to La3+ content in cobalt ferrite. The addition
f La3+ ions in place of Fe3+ ions limits the degree of conduction by

locking Verwey’s hopping mechanism, resulting in an increase of
esistivity. La3+ content doping reduces the number of Fe3+ ions on
he octahedral sites which play a dominant role in the mechanism
f conduction [21–23]. The dc resistivity for CoLa0.15Fe1.85O4 and
oLa0.2Fe1.8O4 increases slightly [Table 1].
Fig. 1. XRD patterns of CoFe2O4 and CoLa0.1Fe1.9O4 sintered at 500 ◦C.

3.3. Dielectric study

Fig. 3 shows the variation of dielectric constant as a function of
frequency. The dielectric constant decreases slowly initially with
frequency up to 4 MHz and remains constant up to 10 MHz. Initial
decrease in dielectric constant with frequency up to 4 MHz can be
explained by the phenomenon of dipole relaxation [24,25]. Dipole
relaxation refers to the relaxation response of a dielectric medium
to an external electric field at microwave frequencies. Relaxation,
in general, is a delay or lag in the response of a system. Dielectric
constant is due to the polarization of the material. The decrease of
polarization of the dielectric constant with increasing frequency is
due to the fact that beyond certain frequency of the electric field,
Fig. 2. Variation of resistivity of CoFe2O4 and CoLa0.1Fe1.9O4 ferrites with tempera-
ture.
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Fig. 4. Variation of dielectric loss of CoFe2O4 and CoLa0.1Fe1.9O4 ferrites with fre-
quency.

ety of applications like broadband pulse transformers and wide

T
E

ig. 3. Variation of dielectric constant of CoFe2O4 and CoLa0.1Fe1.9O4 ferrites with
requency.

point will be reached when the space change carriers cannot keep
p with field and the alternation of their direction lags behind
he field. As the frequency of the field continues to increase, at
ome stage the space charge carrier will barely have started to
ove before the field reverses and make almost no contribution

o the polarization of the dielectric. As a result, the dielectric con-
tant of a material may decrease substantially as the frequency is
ncreased.

The increase in dielectric constant above 10 MHz may indicate
he beginning of presence of resonance peak which occurs at higher
requency. The resonance may arise due to the matching of the
requency of charge transfer between Fe2+ ↔ Fe3+ ions and that of
he applied electric field.

Fig. 4 shows the variation of dielectric loss with frequency. The
ielectric loss factor decreases initially with increase in frequency
ollowed by the appearance of the resonance with peaks occurring
t higher frequencies. The decrease in dielectric loss (tan ı) with
ncrease in frequency is in accordance with the Koops phenomeno-
ogical model [26]. Resonance occurs when the frequency of the
pplied electric field is equal to hopping frequency. Hudson [27]
as shown that, the dielectric losses in ferrites is reflected in the
onductivity measurements where the materials of high conduc-
ivity exhibiting higher losses and vice-versa. The value of dielectric
oss observed at room temperature is only 1.9 × 10−3 at 9 MHz. The
ow value of dielectric constant, dielectric loss and high value of dc
esistivity is due to the substitution of La3+ ion in cobalt ferrite as
hown in Table 1. This result is explained in view of the hopping
onduction mechanism between Fe2+ ↔ La3+ + e−1. The addition of
a3+ ions in place of Fe3+ ions limits the degree of conduction
nd polarization by blocking Verwey’s hopping mechanism [28],

esulting decrease in conductivity, dielectric constant and dielectric
oss.

Table 1 mentions dielectric constant as well as in dielectric loss
or CoLa0.15Fe1.85O4 and CoLa0.2Fe1.8O4.

able 1
lectric, dielectric and magnetic parameters of CoLaxFe2−xO4 (x = 0, 0.1, 0.15, 0.2) sintered

Composition Resistivity � (� cm) Dielectric loss
(at 9 MHz)

Die
(9 M

x = 0 6.465 × 105 40 × 10−3 84.
x = 0.1 20.621 × 106 1.9 × 10−3 67.
x = 0.15 26.990 × 106 1.5 × 10−3 60.
x = 0.2 33.310 × 106 0.5 × 10−3 55.
Fig. 5. Variation of permeability of CoFe2O4 and CoLa0.1Fe1.9O4 ferrites with fre-
quency.

3.4. Magnetic study

The typical variation of initial permeability with frequency
for x = 0, 0.1 are shown in Fig. 5. It shows that the value of
initial permeability is fairly constant over a wide range of fre-
quency. It means the sample prepared is compositionally stable
and quality-wise is also good. It makes it desirable for a vari-
band read write heads for video recording. However after 20 MHz
permeability starts increasing and the rise indicates that at some
higher frequencies the resonance will happen [29]. This happens
when applied field frequency matches with precessing frequency

at 500 ◦C.

lectric constant
Hz)

Magnetic loss
factor (9 MHz)

Saturation
magnetization (emu/g)

00 40 × 10−3 60.570
05 25 × 10−3 47.133
75 4 × 10−3 42.104
61 4 × 10−3 40.933
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Fig. 6. Variation of magnetic loss of CoFe2O4 and CoLa0.1Fe1.9O4 ferrites with fre-
quency.
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Fig. 7. M–H plots for CoFe2O4 and CoLa0.1Fe1.9O4.

f magnetic spins in ferrites. This matching leads to energy
ransfer from the field to the ferrite system in orienting the
ipoles.

Fig. 6 shows the variation of magnetic loss at different fre-
uencies. The loss is due to the lag of domain walls with respect
o the applied alternating field and is attributed to imperfec-
ions in the lattice. The magnetic loss factor (tan ı) decreases
nitially and it remains almost constant up to 12 MHz.The increase
n tan ı above 12 MHz may indicate the beginning of a possible
resence of resonance with peaks occurring at higher frequen-
ies.

In the ideal situation, when the sample prepared grows
nto a pure inverse type spinel structure with all Co2+ ions
ocated in the octahedral sub-lattice, the magnetization per
ormula unit is represented by the net moment of that in

and B sites. A simple theoretical expression for the net

oments of CoLa0.1Fe1.9O4 can be written as (assuming

a3+ ions assuming only the B sites for their large ion radii):
La = MB − MA = [5 × 0.9 + 3.8 + 0.1 × �La] − 5 = 3.3 + 0.1 × 0 = 3.3 �B
here MA and MB represent the total magnetic moment of the
and B sub-lattices, respectively. The magnetic moment of Fe3+

[

[
[
[

ompounds 508 (2010) 115–118

cations is fixed to be 5 �B (spin only) and that of octahedrally coor-
dinated Co2+ cations is fixed to be 3.8 �B which corresponds to the
saturation magnetization at 0 K of bulk CoFe2O4 (95 emu/g) [16].
The net magnetic moment for La3+ has been taken to be zero, La3+

being non-magnetic. So the saturation magnetization is expected
to be less than pure CoFe2O4 (x = 0). The measurements (Fig. 7)
show that saturation magnetization decreases with the increase
of La3+ ions. This can be related to the decrease in Fe3+–Fe3+ (B–B)
interactions resulting from doping with La3+ [30].

The initial permeability of spinel ferrites can be expressed as
�i˛Ms

2Dm/K1, where Dm is the average grain diameter, K1 is the
magneto-crystalline anisotropy constant and Ms is the saturation
magnetization [31]. As �i is proportional to Ms

2, the variation of
�i with x for La3+ should be affected in a manner similar to that
of variation of Ms

2 with x. Hence the decrease of permeability and
saturation magnetization with La3+ ions concentration can be cor-
related well with each other.

Saturation magnetization for x = 0.15, 0.2 is mentioned in
Table 1.

4. Conclusions

CoLaxFe2−xO4 (x = 0, 0.1, 0.15, 0.2) ferrites were successfully syn-
thesized by co-precipitation method. Incorporation of La3+ ions
results in increase in dc resistivity. High value of dc resistiv-
ity, of the order of 106 � cm, makes this ferrite suitable for the
high frequency applications where eddy current losses become
appreciable. The dielectric loss and magnetic loss of the prepared
ferrites is quite low. Saturation magnetization decreases with con-
centration of La3+ ions concentration. The samples although in
nano-range but still show appreciable hysteresis with good value
of saturation magnetization and remanence at room tempera-
ture.
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