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Abstract A series of Li0.5+zSbzLaxFe2.5−2z−xO4 spinel
ferrites were prepared by a standard ceramic technique.
All samples sintered at 1100 ◦C with a heating rate of
4 ◦C/min. A single-phase cubic spinel structure was con-
firmed by X-ray diffraction analysis with the appearance
of small peaks that represent secondary phases. AC con-
ductivity as a function of frequency and temperature was
carried out. The calculated values of the activation energy
approve the obtained results and indicate the semiconduc-
tor properties of the investigated samples. Due to large ionic
radius, La3+ ions cannot completely substitute Fe3+ ions.
These ions occupy grain boundaries instead of spinel lattice
and form secondary phases after interaction with other ions
present in grain boundaries. The magnetic parameters were
calculated from the magnetic susceptibility data, in the tem-
perature range 300–900 K at three different magnetic field
intensities of 2160, 3000, and 3800 Oe. The data showed
a decrease in the magnetic susceptibility till it reaches the
Curie temperature (TC). The observed decrease in the Curie
temperature with La content was explained on the basis of
Neel’s model and the cation distribution. One recommends
the use of such sample in the application that demands high
resistivity and high Curie temperature.
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1 Introduction

Among the substituted ferrites, lithium ferrites form an
important class and are the most widely studied. This is
because of their distinguishing qualities like high Curie
temperature, square hysteresis loop, high resistivity, low
dielectric loss, and wide and adjustable range of saturation
magnetization. They have wide industrial and technological
applications and are extensively studied by various workers
[1]. The optimum suitable ferrite for a particular applica-
tion can be obtained by making various substitutions like
Sb, Co, Mn, Al, Cr, Ga, and Ti. However, only few workers
have reported on the Sb3+-substituted Li ferrite. The Li1+
ion tends to occupy the B site, but above x = 0.5, it starts
drifting to the A site, while the Sb5+ ions have preference
for the B site [2].

Dhanaraju et al. [3] studied Sb5+-doped copper ferrite.
The substitution of Sb5+ led to the increase of domain wall
energy. Low concentration of substituent with the increased
domain wall energy was suitable to induce a driving force
for the movement of grain boundary resulting in an increase
in grain size.

Antimony tin oxide (ATO) nanoparticles doped with
different Sb contents was studied by Zhang et al. [4].
The results showed that the crystallinity of the powders
decreased with the doping of Sb. The widening phenomenon
of diffraction peaks appeared when the mole ratio of Sb to
Sn is 2:10. This can be attributed to the lattice defect caused
by Sb content.

The aim of the present work is to study the effect of
La3+ ions on the electrical and magnetic properties of Li-
Sb ferrites. The modification of the magnetic and electric
properties could be led to several technological applications
like fluid technology, high-density magnetic recording,
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magnetic resonance imaging, data storage, and photovoltaic
applications [5–7]. This study is also carried out to select
the suitable materials for specific applications.

2 Experimental Work

The ferrite samples were prepared using standard
ceramic techniques [8]. Analar grade oxides (BDH) were
mixed in stoichiometric ratio according to the formula
Li0.5+zSbzRxFe2.5−2z−xO4. Grinding using an agate mor-
tar for 4 h was carried out for each sample. The mixture
was transferred to an electric shaker and ball milled for
another 4 h. After that, they were pressed into pellet form
using a pressure of 5 × 108 N m−2. The presintering
was carried out at 800 ◦C in air using a Lenton furnace,
type UAF 16/5 (England), for 10 h and sintered at 1100
◦C with a heating rate of 4 ◦C min−1. The samples were
cooled to room temperature with the same rate as that of
heating.

The AC conductivity (σ) was measured using a self-
calibrated Hioki LCR Hi tester, type 3530 (Japan), as a
function of temperature from 300 to 750 K at a frequency
ranging from 100 kHz to 5 MHz. X-ray diffraction patterns
were obtained by using a Diano X-ray diffractometer. The
magnetic susceptibility was measured by Faraday’s method
balance [9, 10].

3 Results and Discussion

Figure 1 shows the X-ray diffractograms for ferrite samples
of the general formula Li0.5+zSbzLaxFe2.5−2z−xO4 with
z = 0.1 and (0.1 ≤ x ≤ 0.7). The diffraction peaks corre-
sponding to planes (111), (220), (311), (222), (400), (422),
(511), (440), (620), and (533) provide a clear evidence for
the formation of spinel structure with the appearance of
small peaks that represent secondary phases at x ≥0.3.
This can be attributed to the large ionic radius of La3+
(1.15 Å) ion which prevents it from occupying the tetrahe-
dral and the octahedral sites [11] and forming aggregates
on the grain boundary. As La3+ ion content increases,
the aggregates increase and, as a result, further compres-
sion in the spinel lattice will occur. It is possible that
the spinel lattice is compressed by the intergranular sec-
ondary phase due to the differences in the thermal expansion
coefficients [12].

Generally, the solubility limit of the rare earth ions
depends on the method of synthesis, ionic radii, and thermal
treatment given to ferrite. In our case, rare earth ion pos-
sesses larger ionic radii than Li1+, Sb3+, and Fe3+ ions, and
these ions produce impure phases in spinel lattice [13].
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Fig. 1 The x-ray diffraction pattern for Li0.5+zSbzLaxFe2.5−2z−xO4,
(z = 0.1, 0.1 ≤ x ≤ 0.7)

Figure 2a–d correlates Lnσ (σ�−1 cm−1) versus 1000/T
(K−1) for the samples Li0.5+zSbzLaxFe2.5−2z−xO4 (0.1 ≤
x ≤ 0.7, z = 0.1) in the frequency range 10 kHz–5 MHz.
The general behavior of conductivity data is the existence of
two straight lines at each frequency, intersecting at a point
slightly affected by the La content.

In the present study, Fe3+ ions are partially replaced by
La3+ ions. The rare earth ions (La3+) have a strong pref-
erence to occupy the B sites, leading to the replacement of
Fe3+ ions. In other words, the La3+ ions do not participate
in the conduction process but limit the degree of Fe2+ ↔
Fe3+ conduction by blocking up the Fe2+ ↔ Fe3+ trans-
formation [14]. This phenomenon impedes the Verwey–de
Boer mechanism between the distributed Fe2+ and Fe3+
ions at the equivalent crystallographic lattice sites, causing
an increase in the resistivity.

The Fe2+ ions may be also formed due to partial evap-
oration of lithium during the sintering process, and they
preferentially occupy the octahedral sites [2].

The change in the slopes of the investigated samples
is attributed to the change in the conduction mechanism.
The conduction at lower temperature (below Curie temper-
ature) is due to hopping of electrons between Fe2+ and
Fe3+ ions and jumping of holes between Sb5+ and Sb3+,
while that at higher temperature (above Curie temperature)
is due to polaron hopping. Figure 2 and Table 1 show that
the activation energy in the high-temperature region (EII)

is greater than that in the low-temperature one. This can
be attributed to the role of high temperature on the lat-
tice vibrations and the generation of phonons. These disturb
the system, and one needs more thermal energy for the
charge carriers to jump between the different conduction
states.

Figure 3a–d correlates the molar magnetic susceptibility
and absolute temperature as a function of a magnetic field
intensity for samples Li5.0+zLaxSbzFe2.5−2z−xO4 where
z = 0.1 and 0.1 ≤ x ≤ 0.7. From the figure, it is clear
that χM decreases with increasing temperature and then
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Fig. 2 a–d Relation between
ac-electrical conductivity and
reciprocal of absolute
temperature at different
frequencies for the samples
Li0.5+zSbzLaxFe2.5−2z−xO4,
(z = 0.1, 0.1 ≤ x ≤ 0.7)
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decreases drastically to reach its minimum value. This is
a well-known behavior and was explained in the previous
work [15]. The investigated samples Sb3+ (0.62 Å), Li1+
(0.68 Å), and La3+ ions are non-magnetic and do not con-
tribute to the magnetization. Thus, the magnetic moment is
due only to Fe ion concentration.

The obtained data shows that the magnetic susceptibility
χM increases with increasing La3+ ion concentration, giv-
ing a maximum at x = 0.7. This can be interpreted due
to the redistribution of Fe3+ ions among tetrahedral (A)

and octahedral (B) sites. However, some of Fe3+ with mag-
netic moment (5 Bohr magneton (BM)) migrates from B
to A sites and transformed to Fe2+ with lower magnetic
moment (3 BM), while the magnetic moment of La3+ is
almost negligible [13]. Hence, MA is decreased, giving rise
to a maximum net magnetization. On the other side, the
local magnetic moment of Fe3+ on the B site is higher than
that on the A site which implies a stronger covalence on
the A site than that on the B site [16]. Other factors which
must be taken also into account are spin-orbit coupling
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Table 1 the values of activation energy at low temperature region (EI ), at high temperature region (EI ) and at different frequencies for
Li0.5+zSbzLaxFe2.5−2z−xO4

Freq. (kHz) EI(eV) x=0.1 EII(eV) x=0.1 EI(eV) x=0.3 EII(eV) 3 x=0.3 EI(eV) x=0.5 EII(eV) x=0.5 EI(eV) x=0.7 EII(eV) x=0.7

100 0.30 0.73 0.56 0.84 0.58 0.67 0.79 0.89

200 – 0.85 0.46 1.02 – 0.82 – 0.82

400 0.20 0.85 0.17 0.48 0.25 0.65 0.77 0.97

600 0.25 0.70 0.13 0.00 0.20 0.55 − 0.95

800 0.22 0.55 0.18 0.69 0.25 0.50 − 0.91

1000 – 0.49 0.40 048 0.39 0.48 − 0.90

and 3d-4f coupling. Spin-orbit coupling effect dominates
in RE ions [17], while 3d-4f interaction regulates the
magnetic and electrical properties of the prepared ferrite
samples.

The obtained data obeys the well-known Curie–Weiss
law where 1/χ varies linearly with temperature in the para-
magnetic region. The values of the Curie constant (C)

and the effective magnetic moment (μeff) are calculated

Fig. 3 a–d Relation between
the molar magnetic
susceptibility and absolute
temperature for ferrite samples
Li0.5+zSbzLaxFe2.5−2z−xO4,
where (0.1 ≤ x ≤ 0.7, z = 0.1)
sintered at rate 4 ◦C/min at
different magnetic field
intensities
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Table 2 Magnetic constants: Curie constant(C), effective magnetic
moment (μgeff), Curie- Weiss constant (θ) at different La ion
concentration

H(Oe) C μgeff(BM) θ(K) C μgeff(BM) θ(K)

X = 0.1 X = 0.3

2160 1.039 2.885 840 2.286 4.279 820

3000 0.774 2.441 840 2.128 4.180 780

3800 0.546 2.091 840 1.867 3.867 760

X = 0.5 X = 0.7

2160 2.955 4.864 840 3.462 5.266 870

3000 2.406 4.391 830 2.632 4.591 860

3800 2.308 4.299 830 2.326 4.316 855

from the reciprocal of magnetic susceptibility with abso-
lute temperature (not present here) using the following
equation [18].

C = 1

slope
, μeff = 2.83

√
C (1)

The Curie–Weiss constant (θ) is calculated from the inter-
cept of the straight line with the temperature axis. The
experimental data is fitted linearly, and the magnetic param-
eters are calculated and tabulated in Table 2. The experimen-
tal C values provide information on the number of unpaired
electrons in the investigated system.

The Curie temperature (TC) decreases with increasing
La3+ ion concentration as shown in Fig. 4a. The variation
of Curie temperature (TC) is explained on the basis of A–
B interactions. The addition of Sb3+, Li1+, and La3+ ions
either onto A or B site weaken the A–B interaction and low-
ers the Curie temperature. According to Neel’s molecular
field theory, the A–B exchange interaction is stronger than
A–A or B–B exchange interactions [18]. In other words,
the replacement of Fe3+ magnetic ion by diamagnetic ions
reduces the number of magnetic linkage and consequently
decreases the Curie temperature. A decrease of TC with sub-
stituent concentration (x) in this study is similarly observed
[3] (Fig. 4a).

The exchange interaction constant (J ) is calculated
for the investigated samples using the following equation
[19]:

J = 3kTC

2ZS(S + 1)
(2)

where k is the Boltzmann constant, TC is the Curie temper-
ature, Z is the number of nearest neighbors of the atom, and
S is the spin magnetic moment of the atoms. The obtained
data reveals that J decreases with increasing La ion con-
centration (as shown in Fig. 4b). This means that La3+ ions
reduce all magnetic parameters as shown in Fig. 4a–b and
Table 2.

Fig. 4 Relation between (a) La
content and Curie temperature
and (b) La content and the
exchange interaction constant (J)
for Li0.5+zSbzLaxFe2.5−2z−xO4;
0.1 ≤ x ≤ 0.7 sintered at
1100 ◦C with the rate of heating
4 ◦C/min
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4 Conclusion

The composition Li0.5+zSbzLaxFe2.5−2z−xO4, z = 0.1, and
0.1 ≤ x ≤ 0.7 showed a spinel structure with small
secondary phase at x ≥ 0.3.

The molar magnetic susceptibility (wM) decreases with
the temperature before it drops to the critical temperature
(TC).

From the obtained data, one prefers the sample of y =
0.7 as the optimum La3+ concentration due to its favorable
magnetic properties and high resistivity.

High value of resistivity makes this ferrite suitable for
the high frequency applications where eddy current losses
become appreciable.
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