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Abstract

Polycrystalline cobalt-substituted lithium ferrites with general formula Lig 5_,/»,Co,Fes 5,204 (x=0.0, 0.2, 0.4 and 0.5) were prepared by
a non-conventional citrate precursor method, which is advantageous over conventional (solid state sintering) method because of low
temperature (600 °C) processing. Small amounts of Bi,O5 (0.5 wt.%) were added to reduce the porosity and dielectric loss tangent at sintering
temperatures (1000-1200 °C). The complex magnetic permeability (1’ — ju”) and complex dielectric permittivity (¢/ — je”) of cobalt-
substituted lithium ferrites were measured in the 8—13 GHz microwave frequency range. The systematic variations of the real and imaginary
parts of both permeability and permittivity with frequency and composition have been analyzed. The minimum value of € ~ 11.3 measured
for x = 0.4 substituted lithium ferrite is observed for a sample sintered at 1000 °C. The highest values of €’ and €” were observed for samples
sintered at 1200 °C. ' varies between 1.84 and 3.90 for pure and cobalt-substituted lithium ferrite bulk ceramics. The spinel structure of the

samples was confirmed by X-ray diffraction (XRD).
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Spinel ferrites have potential applications in electrical
components, memory devices and microwave devices over a
wide range of frequencies because of their high resistivity
and low loss behavior [1-3]. Ease of fabrication, low cost,
high Curie temperature and better temperature stability of
saturation magnetization of lithium ferrites have made them
attractive from commercial point of view and are good
substitutes of garnets for microwave devices such as iso-
lators, circulators, gyrators and phase shifters. Lithium
ferrite has an important role in microwave latching devices,
magnetic switching circuits and can also be used as cathode
material in lithium batteries. There are many reports on the
effect of magnetic and non-magnetic substitutions on var-
ious properties of lithium ferrite [4—7]. At high power levels,
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the nonlinearities impair ferrite performance in microwave
device applications. To avoid microwave power loss for
device applications, the incorporation of Co®* ions in
lithium ferrites is found very effective. Co**, being a fast
relaxing ion enhances the microwave properties. For micro-
wave applications, dense, defect free and fine grained ferrite
materials are required [8]. Several wet chemical methods
like co-precipitation, organic precursor method, spray dry-
ing, etc. have been used for ferrite preparation [9,10]. In the
present work, a wet chemical method, the citrate precursor
method, has been used to obtain a homogeneous, fine
grained, pure and cobalt-substituted lithium ferrite powder.
A small amount of Bi,O; is added to ensure good densifica-
tion and to minimize the loss of lithium and oxygen [11].

2. Experimental procedure

Polycrystalline samples of Lijs_,»Co.Fes s ,»04 with
compositions x = 0.0, 0.2, 0.4 and 0.5 were prepared by the
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citrate precursor method. This method avoids the lithium and
oxygen volatilization which reduces resistivity and increases
microwave losses, is simple and low cost, gives homoge-
neous, atomic scale mixing of metal ions and provides low
temperature ferrite formation. Lithium nitrate (98% Merck,
Germany), cobalt nitrate (98%, Merck, India), iron(III)
citrate (Merck, Germany) and citric acid (99.5%, Merck,
India) were used as starting materials. The experimental
procedure to obtain the precursor mixture (transparent in
colour) has been described elsewhere [12]. After adding an
appropriate amount of ammonium hydroxide solution the
precursor mixture was heated (without boiling) with constant
stirring to allow water and ammonia to evaporate. The brown
colored fluffy mixture, left behind was calcined at 600 °C for
2 h at a slow heating rate (~2 °C/min). Small amounts of
bismuth oxide (0.5 wt.%) were added to the ferrite powder
obtained. The resulting ferrite powder was homogeneous.
Polyvinyl alcohol (2 wt.%) in aqueous solution was added to
the calcined powder to act as binder and finally ground to
dryness. The powder mixture was pressed into pellets (dia-
meter 15.00 mm and thickness 1.25 mm) by applying a load
of 10 tonnes. The samples were sintered in air for 1 h at three
different sintering temperatures: 1000, 1100 and 1200 °C and
subsequently furnace cooled. The heating rate was kept
2.5 °C/min. The phase identification of the samples was
done by X-ray diffraction (XRD) analysis (Rigaku Geiger
Flex 3 kW diffractometer using Cu Ka source) and their
microstructure was determined by scanning electron micro-
scopy (Cambridge Stereo Scan-360 SEM).

In the microwave frequency region, the cavity-perturba-
tion is used for the measurement of complex dielectric
permittivity and magnetic permeability [13,14]. This
method offers the advantage of high sensitivity and requires
a small quantity of sample. As dispersive terms of a cavity
are related to its resonance frequencies and dissipative terms
to its quality factors (‘Q’ values), by an appropriate choice of
cavity mode the resulting change in resonant frequency and
Q values can be used to calculate the real and imaginary
parts of dielectric permittivity and magnetic permeability.
The complex magnetic permeability (1’ — ju”) and complex
dielectric permittivity (¢ — je”) of cobalt-substituted lithium
ferrites were measured in the microwave frequency range
(8-13 GHz) by employing the cavity-perturbation method.
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Fig. 1. Rectangular resonator cavity with dimensions L = 13.5cm, a =
2.29 cm, b =1.02 cm. Slot is 3 mm x 1.2 mm and the width of the aperture
is 2.5 mm.

Shift in the resonance frequencies and quality factors (Qs)
were measured by connecting the rectangular cavity having
a thin slot (to facilitate sample insertion) ~4 cm in length
and 1.2 mm in width to the HP Network Analyzer 8719 ES.
The rectangular resonator cavity with dimensions L =
13.5cm, a = 229 cm, b = 1.02 cm and slot is 3 mm X
1.2 mm and aperture width of 2.5 mm is shown in Fig. 1.
Thus the corresponding values of €, €”, 1/ and u” were
calculated at microwave frequencies (8—13 GHz) [15].

3. Results and discussion

The X-ray diffractograms of pure and cobalt-substituted
lithium ferrite pellets of compositions x = 0.0, 0.2, 0.4 and
0.5 and sintered at 1000 °C are shown in Fig. 2. All patterns
show diffraction lines corresponding to the cubic spinel
structure with no extra lines, indicating the formation of a
single phase. The values of lattice parameter ‘a’ calculated
for different samples having x = 0.0, 0.2, 0.4 and 0.5 were
found to be 8.328, 8.360, 8.398 and 8.416 A, respectively. It
may be noticed that the lattice parameter (a) increases
almost linearly with the increase in Co®* content. This is
understandable, as the radius of Co** (0.82 10\) is larger than
that of Li'* (0.74 A) and Fe®* (0.645 A) [16]. The scanning
electron microphotographs of lithium ferrite samples (x =
0.0) sintered at various temperatures 1000, 1100 and
1200 °C for 1 h are shown in Fig. 3. As can be seen, there
is an increase in grain size with increase in sintering
temperature. The average grain size of the lithium ferrite
sample sintered at 1000, 1100 and 1200 °C is observed to be
1, 1.4 and 6.5 pm, respectively. These values are much
smaller than the values (10-18 wm) reported for lithium
ferrite samples prepared by the conventional (solid state
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Fig. 2. XRD patterns of pure and cobalt-substituted lithium ferrite pellets of
compositions x = 0.0, 0.2, 0.4 and 0.5 and sintered at 1000 °C.
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(b)

Fig. 3. Scanning electron microphotographs of lithium ferrite (a) sintered at
1000 °C (b) sintered at 1100 °C and (c) sintered at 1200 °C.

sintering) method [17]. Small amounts of bismuth oxide
(0.5 wt.%) were added to the calcined ferrite powder
obtained to reduce the porosity and dielectric loss tangent
at sintering temperatures (1000-1200 °C). In dense materi-
als prepared in this way Bi,Oj3 segregates at grain boundaries
and the grains consist of only the basic structure. Sintering at
high temperatures (1000-1200 °C) converts a fraction of
Fe* into Fe** ions due to loss of oxygen and lithium. The
presence of small amount of Bi,O; in the calcined powders
retains higher fraction of Fe**, possibly due to smaller loss
of lithium. In the case of pure lithium ferrite, the number of
ferrous ions is maximum, and hence, it is quite possible for
these ions to polarize to the maximum extent.

15
—=—x=0.0
——x=0.2
144

—a—x =04

—v—x=0.5

w1 —

T
L
\ S —— {
11 : : . :
8 9 10 1 12
(a) Frequency(GHz)
15.0
—a—x=0.0
145 —e—x=0.2
: —4—x=04
- 14.01
w
13.5
13.0 . . : .
8 9 10 1 12
(b) Frequency(GHz)
17.6
—a—x=0.0
—e—x=0.2
17.2

. 16.8
W %\.
16.4 s:

16.0 T T T T
8 9 10 1 12

(c) Frequency(GHz)

Fig. 4. The variation of the real part of permittivity (¢') as a function of
frequency (GHz) of Ligs_,»CoFe,s 20,4 (a) sintered at 1000 °C (b)
sintered at 1100 °C and (c) sintered at 1200 °C.

The variation of the real part of the complex dielectric
permittivity (¢') of polycrystalline pure and cobalt-substi-
tuted lithium ferrites sintered at 10001200 °C as a function
of frequency (GHz) is shown in Fig. 4. The value of the real
part of complex dielectric constant (¢') is found to decrease
with increasing frequency 8.6—-11.96 GHz, which shows a
normal dielectric behavior of spinel ferrites. As the fre-
quency of the microwave field increases beyond a certain
frequency the electronic exchange between Fe’* and Fe?*
cannot follow the frequency of the alternating field, thus
resulting in gradual decrease in the dielectric constant. The
value of the real part of the complex dielectric constant is
dependent on composition as well as sintering temperature.
The value of the real part of the complex dielectric constant
is found to increase with increasing sintering temperature
1000-1200 °C. The observed higher values of ¢’ for pure and
cobalt-substituted lithium ferrite might be due to the pre-
sence of an higher number of Fe®* at elevated sintering
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temperatures. High €' values are significant from the view
point of size and weight considerations of the microwave
device. The value of real part of complex dielectric constant
is found to decrease with increasing cobalt content. This may
be due to the fact, that ferrites with cobalt content are
reported to exhibit greater structural perfection due to the
increased reactivity of materials during sintering at high
temperatures and Co>*, fast relaxing ions being stabilized in
octahedral sites. As cobalt content is increased, it is seen that
the number of ferrous ions on the octahedral sites to be
polarized decreases, resulting in a continuous decrease of the
dielectric constant. The minimum value of €' for composi-
tion x = 0.4 is observed at any sintering temperature and at
any frequency. This might be attributed to the presence of
Fe?* to a lower extent in this composition. The variation of
the imaginary part of the dielectric permittivity (¢”) as a
function of frequency (GHz) for samples sintered at 1000-
1200 °C is shown in Fig. 5. The values of €” are found to vary
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Fig. 5. The variation of the imaginary part of permittivity (¢”) as a function
of frequency (GHz) of Lips5_,»Co,Fes s 204 (a) sintered at 1000 °C (b)
sintered at 1100 °C and (c) sintered at 1200 °C.

in the range of .0246-.0495 with the sintering temperature
1000-1200 °C and also found to decrease with frequency.
The highest value of €” is measured at a sintering tempera-
ture of 1200 °C, which can be explained on the basis that
these samples have maximum number of Fe** ions, which
enhance hopping mechanism between Fe** and Fe®* ions
present on equivalent crystallographic sites in the structure,
which is responsible for maximum polarization.

The real part of permeability (u') as a function of
frequency (GHz) of samples sintered at 1000-1200 °C is
shown in Fig. 6. The real part of permeability varies between
1.84 and 3.90 for pure and cobalt-substituted lithium ferrite
bulk ceramics. The variation in the permeability spectra is
attributed to domain wall displacement and spin rotation at
microwave frequencies. According to Snoek’s relation, u'f;
= constant, where f; represents the resonance frequency. It
indicates the higher values of y/, the lower value of reso-
nance. Thus, the higher u' values observed in this case
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Fig. 6. The variation of the real part of permeability () as a function of
frequency (GHz) of Ligps_,»Co,Fe,s »04 (a) sintered at 1000 °C (b)
sintered at 1100 °C and (c) sintered at 1200 °C.
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appear to be the post resonance values. The observed
increase of w’ with sintering temperature can be attributed
to the increased grain size of samples, which facilitates the
motion of spins as the number of pores which impede the
wall motion are reduced. The increase in the sintering
temperature also decreases magnetic anisotropy and crystal
anisotropy, which reduce the hindrance to the movement of
the domain walls resulting thereby in the increased value of
w'. The imaginary part of permeability () as a function of
frequency (GHz) of samples sintered at 1000-1200 °C is
shown in Fig. 7. The permeability loss arises due to lag
between the magnetization and applied alternating field. u”
values are also observed to decrease with the applied
frequency exhibiting a small peak at 11.06 GHz, which
might be due to the natural magnetic resonance phenomenon
implying magnetic relaxation frequency to be directly cor-
related to morphology. The smaller grain size obtained as a
result of citrate processing also results in reduction of
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Fig. 7. The variation of the imaginary part of permeability (u”) as a

function of frequency (GHz) of Lips_.»Co.Fers ,»04 (a) sintered at
1000 °C (b) sintered at 1100 °C and (c) sintered at 1200 °C.

domain wall damping which also contributes to the lowering
of the magnetic loss factor. In the previous work, no data are
available on the permittivity and permeability of cobalt-
substituted lithium ferrite samples measured in the GHz
range. The dielectric constant and dielectric losses for the
samples prepared by a standard ceramic method in the lower
frequency range (100 Hz—1 MHz) have been previously
reported [5]. In the present work, we have reported that
the pure and cobalt-substituted lithium ferrites prepared by
citrate precursor method have lower dielectric and magnetic
losses in the GHz frequency range. The reduction results
because of the appropriate control of composition and
microstructure, an asset for the high frequency applications
of these ferrites.

4. Conclusions

The present work shows that pure and cobalt-substituted
lithium ferrites prepared by a non-conventional citrate pre-
cursor method have significantly lower values of permittiv-
ity and permeability in the microwave frequency region.
This reduction in the losses, which makes these ferrites
suitable for higher frequency application, can be attributed
to stoichiometric composition, purity and improved micro-
structure (smaller grain size) obtained by the citrate pre-
cursor method. The minimum value of € ~ 11.3 forx=0.4is
observed for the sample sintered at 1000 °C. This might be
due to the maximum porosity (14%) in this composition.
The values of € and €’ are found to be maximum for the
samples sintered at 1200 °C. Higher values of the real and
imaginary part of complex dielectric permittivity are
expected due to the increase in the hopping mechanism
between Fe®* and Fe®* ions present on equivalent crystal-
lographic sites in the structure of lithium ferrite, which is
responsible for maximum polarization.
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