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In this work a series of Co0�7Cu0�3Cr0�5LaxFe1�5−xO4 were synthesized via sol–gel auto-combustion
technique through the incorporation of La3+ into the raw powders. The structural magnetic and resis-
tivity properties of the synthesized Co Cu Cr La ferrites were investigated. X-ray diffraction
data indicated that, after La3+ doping, samples consisted of the main spinel phase in combination
with a small amount of a foreign LaFeO3 phase. The addition of La3+ resulted in the reduction of
particle size and an increase of porosity of the synthesized samples. The infrared spectra were
recorded on the range from 300–800 cm−1. The two primary bands corresponding to tetrahedral
�1 at 595–605 cm−1 and octahedral �2 at 389–413 cm−1 were observed. The octahedral site radii
increased rapidly with La3+ substitution while the tetrahedral site radii slowly increased. Deviation
from the ideal oxygen positional parameter is found to decrease with La3+ substitution. The satura-
tion magnetization of the samples decreased with the amount of La3+ ions doped and the coercivity
shows an opposite trend. La3+ substitution affects the hopping between Fe2+ ↔ Fe3+, resulted in
increase in resistivity.
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1. INTRODUCTION
Today, research on, and the manufacturing of, nano-
particles with sizes from a few nanometers up to
micrometers have been introduced into many different
applications including information carriers in biotechnol-
ogy and medicine. In particular, magnetic nanomaterials
represent one of the most exciting prospects in current nan-
otechnology. Magnetic nanoparticles of ferrites are of great
interest in fundamental science, especially for addressing
the fundamental relationships between magnetic properties
and their crystal chemistry and structure.1–3

Cobalt ferrite (CoFe2O4) a well-known hard ferrimag-
netic material,4 in its bulk form crystallizes in mixed spinel
structure with space group Fd3m. Mixed copper ferrites
are also widely applied in inductors operating at high fre-
quencies because their electrical resistivity is larger than

∗Author to whom correspondence should be addressed.

that of magnetic alloys by many orders of magnitude.5

Thermoelectric power studies of Cu Cr ferrites as a func-
tion of composition and temperature have been studied by
Venkateshwarlu and Ravinder.6 Structural, electrical and
magnetic properties of Co Cu ferrite nanoparticles have
also been studied by various workers.7�8 Pure and mixed
cobalt copper ferrites are of great interest due to their
widespread application in electronics and medicine.9

There are a few reports available which have mentioned
the synthesis of rare earth (RE3+) substituted nanocrys-
talline spinel ferrites in single phase form using differ-
ent chemical routes despite having big difference in ionic
radius of RE3+ and Fe3+ ions.10–14 La3+ is non-magnetic
rare earth cation as it has no 4f electrons.15 However, its
ionic size is much larger than the ionic size of Fe ions.
So, little amount solid solution of La3+ in Co Cu Cr
may create lattice strain in the material and it leads to
modify the structure of the spinel ferrite. To the best of
our knowledge there are no reports are available on the
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combination of Co Cu Cr ferrite with La3+ substitu-
tion. In this research we have made an attempt to study the
effect of La3+ substitution on the structural, magnetic and
electrical properties of Co0�7Cu0�3Cr0�5LaxFe1�5−xO4 (x =
0�0�0�025�0�05�0�075�0�1).

2. EXPERIMENTAL DETAILS
The ferrite powders were synthesized through sol–
gel auto-combustion16 route to achieve homoge-
neous mixing of the chemical constituents on the
atomic scale and better sinterability. AR grade cobalt
nitrate (Co(NO3)2 · 3H2O), copper nitrate (Cu(NO3)2 ·
6H2O), chromium nitrate (Cr(NO3)3 · 9H2O), lanthanum
nitrate (La(NO3)3 · 6H2O), iron nitrate (Fe(NO3)3 ·
9H2O) and citric acid (C6H8O7 · H2O), were used
to prepare the Co0�7Cu0�3Cr0�5LaxFe1�5−xO4 (x =
0�0�0�025�0�05�0�075�0�1) ferrite compositions. Reaction
procedure was carried out in air atmosphere without pro-
tection of inert gases. The molar ratio of metal nitrates to
citric acid was taken as 1:3. The metal nitrates were dis-
solved together in a minimum amount of double distilled
water to get a clear solution. An aqueous solution of citric
acid was mixed with metal nitrates solution, then ammonia
solution was slowly added to adjust the pH at 7. Then
the solution was heated at 90 �C to transform into gel.
When ignited at any point of the gel, the dried gel burnt
in a self-propagating combustion manner until all gels
were completely burnt out to form a fluffy loose powder.
The auto-ignition of gel was carried out in BOROSIL
glass beaker upon a hot plate. The auto-combustion was
completed within a minute, yielding the brown-colored
ashes termed as a precursor. The as prepared powder then
annealed at 600 �C for 4 h. Part of the powder was X-ray
examined by Phillips X-ray diffractometer (Model 3710)
using Cu-K� radiation (�= 1�5405 Å).

Transmission electron microscope (TEM) measurements
were recorded on Philips (Model CM 200). The infrared
spectra of all the samples were recorded at room tempera-
ture in the range 300 cm−1 to 800 cm−1 using Perkin Elmer
infrared spectrophotometer. Room temperature magnetiza-
tion of the samples was measured using the pulse field
magnetization set-up. The DC electrical resistivity of all
the samples was studied using two-probe technique. The
measurements of DC electrical resistivity were taken in
the temperature range 300–800 K on a disc shaped pellet
of 10 mm diameter and 3 mm thickness.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis
The annealed ferrites were characterized by XRD. Figure 1
shows the X-ray diffraction pattern of all the typical
samples, indicating that all samples possess the cubic
spinel structure (JCPDS card number 77-0013) with the
appearance of weak peaks as secondary phases (LaFeO3,
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Figure 1. X-ray diffraction patterns of (a) x= 0�0, (b) x= 0�025, (c) x=
0�050, (d) x = 0�075 and (e) x = 0�1 for Co0�7Cu0�3Cr0�5LaxFe1�5−xO4.

JCPDS card number 75-0541) for x ≥ 0�05. The peak
for LaFeO3 increases with increasing La3+ substitution.
The appearance of secondary phases in the La-substituted
Co Cu Cr ferrites implies that the substitutes have a
solubility limit in the spinel lattice. It is known that a
degree of the replacement of Fe by the other ions in the
spinel lattice depends on the cationic radius of the substi-
tutes. Because the ionic radius of La3+ ions (1.05 Å) is
larger compared to that of Fe3+ ions (0.67 Å), the replace-
ment of Fe3+ by La3+ is limited in the spinel lattice, redun-
dant La3+ ions form LaFeO3 on the grain boundaries.17

The lattice parameter ‘a’ was calculated from the XRD
data,18 shows the increasing trend from 8.387–8.403 Å
with increase in La3+ substitution. The increase in lattice
parameter with increasing La3+ content can be explained
on the basis of the ionic radii. The ionic radius of La3+ is
larger compared to Fe3+. Therefore, replacement of Fe3+

by La3+ will cause expansion of unit cell.
Figures 2(a) and (b) shows the TEM analysis of the

synthesized powder the end samples. The particles tend
to agglomerate because they experience a permanent mag-
netic moment proportional to their volume. The particle
size of the synthesized powder is about 28–14 nm in size
and exhibited more or less spherical morphology. It can
be considered that La3+ ions may diffuse to the grain
boundaries and form the secondary phase (orthoferrite)
around the grains during the sintering process. This effect
of segregation process on grain boundary will inhibit grain
growth by limiting grain mobility.17 The HRTEM image
(Fig. 2(c)) show the lattice fringes. The fringes of d =
0�292 nm (Fig. 2(c)) match that of the (220) plane of spinel
phase. The corresponding SAED pattern (Fig. 2(d)) of the
selected region indicates that the product is in amorphous
nature due to the small particle sizes.
The bulk density ‘dB’ of the specimens has been deter-

mined by the hydro-static method. The variation of the
bulk density is shown in Figure 3. These measurements
show density decreases from 4.539 to 4.418 g/cm3 with
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Figure 2. TEM images of (a) x = 0�0 and (b) x = 0�1 (c) HRTEM and (d) SAED pattern of x = 0�1.

increase in La3+ content which is in accordance with the
densities of pure La and Fe, 6.162 g/cm3 and 7.874 g/cm3,
respectively. Further, the bulk densities are related to the
crystallite size, as the crystallite size decreases with La3+

ions which force to decrease in bulk density of the sample.
The percentage porosity is calculated using the follow-

ing relation

P =
(
dX −dB

dX

)
×100 (1)

where dX and dB are the X-ray density and bulk density
respectively. Figure 3 shows that the porosity increases with
increase in La3+ substitution. The increase in porosity is
related to decrease in crystallite diameter and bulk density.
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Figure 3. Variation of bulk density (dB) and porosity (P ) with La
content x.

3.2. Infrared Spectroscopy
The room temperature IR spectra of the all the composi-
tion are shown in Figure 4. The spectra are recorded in the
range from 300 to 800 cm−1. The spectra show two main
absorption bands at 600 cm−1 and 400 cm−1 as a common
feature of all the ferrites. The high-frequency band �1 lies
in the range 594–605 cm−1 while the low-frequency band
�2 is varying in the 389–413 cm−1 range. The difference in
the band position is expected because of the difference in
Fe3+–O2− distance for the octahedral and tetrahedral com-
pounds. From the IR spectra it is noticed that the frequency
�1 and �2 are shifted to higher frequencies with an increas-
ing La3+ concentration and consequently with decreasing
Fe ions concentration. The band positions for all the inves-
tigated composition are given in Table I. Waldron19 studied
the vibration spectra of ferrites and attributed the �1 band
to the intrinsic vibrations of the tetrahedral groups and �2
band to the octahedral groups. Thus, the replacement of
La3+ with Fe3+ ions (having larger ionic radius and higher
atomic weight than Fe3+) at octahedral site in the fer-
rite lattice affects the Fe3+–O2− stretching vibration. This
may be reason for the observed change in �1 and �2 band
positions. It is also noted that the peak intensity slightly
changes with an increasing La3+ content. It is known that
the intensity ratio is a function of the change of dipole
moment with the inter-nuclear distance (d�/dr).20 This
value represents the contribution of the ionic bond Fe O
in the lattice. So the observed decrease in the peak inten-
sity with an increasing La3+ content is presumably due to
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Figure 4. Infrared spectra of Co0�7Cu0�3Cr0�5LaxFe1�5−xO4.

the perturbation occurring in Fe O bonds by substitution
the La3+ ions.

3.3. Cation Distribution
The cation distribution in spinel ferrite can be obtained
from the analysis of X-ray diffraction pattern. In the
present work, the Bertaut method21 is used to determine
the cation distribution. This method selects a few pairs of
reflections according to the expression

IObs�hkl

IObs�h′k′l′
= ICalc�hkl

ICalc�h′k′l′
(2)

where, IObs�hkl and ICalc�hkl are the observed and calculated
intensities for reflection (hkl), respectively. The best infor-
mation on cation distribution is achieved when comparing
experimental and calculated intensity ratios for reflections
whose intensities
(i) are nearly independent of the oxygen parameter,
(ii) vary with the cation distribution in opposite ways and
(iii) do not differ significantly.

The distribution of divalent and trivalent cations among
octahedral and tetrahedral sites in the presently investi-
gated samples were determined from the ratio of XRD
lines I220/I440 and I422/I400. These planes are assumed to
be sensitive to the cation distribution. The temperature and
absorption factors are not taken into account in our calcu-
lations as they do not affect the intensity calculation. If an
agreement factor (R) is defined as in Eq. (3), the best-
simulated structure which matches the actual structure of

Table I. IR absorption bands of Co0�7Cu0�3Cr0�5LaxFe1�5−xO4.

Comp. x �1 (cm−1) �2 (cm−1)

0 595 389
0.025 599 413
0.05 601 398
0.075 602 405
0.1 605 409

the sample will lead to a minimum value of R and the
corresponding cation distribution is obtained for each hkl
and h′k′l′ reflection pair considered,

R=
∣∣∣∣
(
IObs�hkl

IObs�h′k′ l′

)
−
(
ICalc�hkl

ICalc�h′k′l′

)∣∣∣∣ (3)

For the calculation of the relative integrated intensity
(Ihkl) of a given diffraction line from powder specimens
as observed in a diffractometer with a flat-plate sample
holder, the following formula is valid,

Ihkl = �F �2hklP ·LP (4)

where, F is the structure factor, P is the multiplicity factor,
LP is the Lorentz-polarization factor and

LP = 1+ cos2 2�

sin2 � cos�
(5)

The atomic scattering factors for various ions were taken
from the literature.18

It should be added that the calculated integrated inten-
sities are valid at 0 K. Because the observed values are
obtained at room temperature, a suitable correction is in
principle necessary for precise comparison. However, the
spinels are high-melting compounds, the thermal vibration
of the atoms at room temperature should not differ greatly
from that at absolute zero. Therefore, in our intensity cal-
culations no temperature correction was deemed necessary.
The cation distribution from in above mentioned way is

listed in Table II. From the data of cation distribution we
conclude that the La3+ ions show a preference for octahe-
dral sites. From occupancy variation we have observed that
Co2+ ion can occupy both tetrahedral and octahedral sites.
Hence, the present samples are in mixed spinel structure.
Radius of the octahedral site is larger than the tetrahedral
site in the spinel lattice. The ionic radius of the La3+ ion
is large enough for octahedral site. One can assume that
small amount of La3+ cations can be substituted for Fe3+

cations which enter into the octahedral sites by rearrange-
ment of cations between the tetrahedral and octahedral
sites to minimize the free energy of the system. Partial
migration of Co2+ ions (0.78 Å) from B to A sites has been
observed by increasing the La concentration accompanied
by an opposite transfer of equivalent number of Fe3+ ions
(0.67 Å) from A to B sites in order to relax the strain at

Table II. Cation distribution of Co0�7Cu0�3Cr0�5LaxFe1�5−xO4.

A-site B-site

Comp. x Co Cu Cr Fe Co Cu Cr La Fe

0 0�1 0 0.1 0�8 0�6 0�3 0.4 0 0�7
0.025 0�105 0.004 0.1 0�791 0�595 0�296 0.4 0�025 0�684
0.05 0�11 0.008 0.1 0�782 0�59 0�292 0.4 0�05 0�668
0.075 0�115 0.012 0.1 0�773 0�585 0�288 0.4 0�075 0�652
0.1 0�12 0.016 0.1 0�764 0�58 0�284 0.4 0�1 0�636
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Figure 5. Variation of site ionic radii (rA and rB) with La content x.

the octahedral sites.22 Cu2+ and Cr3+ ions showed a strong
preference for the octahedral B-site due to favorable fit of
charge distribution. The mean ionic radius of the A and
B sites (rA and rB� can be calculated for all the samples
using the relations discussed elsewhere.23�24 It is observed
from Figure 5 that rA and rB increases with increase in
La3+ substitution. The increase in rB is due to the replace-
ment of smaller Fe3+ ions of ionic radii (0.67 Å) by larger
La3+ ions with 1.05 Å ionic radii at octahedral B-site. The
small increase in rA is due to the migration of Cu2+ and
Co2+ ions from B site to A site, that force to increase the
octahedral radii.
The theoretical values of lattice parameter can be calcu-

lated with the help of following equation,25

ath =
8

3

√
3	
rA+R0�+

√
3
rB +R0�� (6)

where rA and rB are radii of tetrahedral (A) site and octa-
hedral [B] site, rO is radius of oxygen i.e., (rO = 1�32 Å).
The variation of theoretical lattice constant as shown in
Figure 6 is similar to that observed for experimentally
determined lattice parameter.
Using the values of ‘a,’ the radius of oxygen ion RO =

1�32 Å and ‘rA’ in the following expression, the oxygen
positional parameter ‘u’ can be calculated,23

u=
[

rA+R0�

1√
3a

+ 1
4

]
(7)
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Figure 6. Variation of theoretical lattice constant (ath) and oxygen
parameter (u) with La content.

Figure 6 shows the variation of oxygen positional param-
eter ‘u’ with La3+ substitution. In most oxide spinels the
oxygen ions are apparently larger than the metallic ions.
In spinel like structure the oxygen positional parameter
has a value in the neighborhood of 0.375 Å for which
the arrangement of O2− ions are equals exactly a cubic
closed packing but in actual spinel lattice, this ideal pat-
tern is slightly deformed. The u has a value 0.375 Å when
the origin is chosen on the tetrahedral sites but the struc-
ture is a centric and the structure factor calculation is less
direct.24 Our value of ‘u′ is larger than its ideal value (u=
0�375 Å), this larger value may probably be due to many
reasons, including the history of the samples, experimen-
tal or measurement errors, e.g., precision of the observed
X-ray intensity and the theoretical data used for the scat-
tering model of the system.

3.4. Magnetization
The magnetization curves of the synthesized samples
of La-substituted Co Cu Cr ferrites obtained at room
temperature VSM measurement are shown in Figure 7.
Absence of good hysteresis, and the non-attainment of sat-
uration at a high applied magnetic field of 11 kOe indicate
the presence of superparamagnetic behavior. Addition of
La3+ ions into Co Cu Cr ferrite greatly affects its mag-
netic properties. It is observed from Figures 7 and 9 that
magnetization decreases with increase in La3+ substitution.
In spinel ferrite the saturation magnetization is dominated
by the superexchange interactions between the tetrahe-
dral (A-sites) and octahedral (B-sites) sites cations. La3+

ions do not take part in the exchange interactions to the
nearest neighboring ions as they are non-magnetic. Hence
it will decrease the number of magnetic linkages occur-
ring between tetrahedral and octahedral cations. It leads
to weakening of the tetrahedral–octahedral superexchange
interactions with the increase in La3+ concentration.25 The
addition of nonmagnetic ions in the ferrites suppressed the
A-interaction and developed a B–B interaction, which is
reflected in reducing the saturation magnetization.26 Fur-
thermore, the deformity of the spinel lattice and increasing
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Figure 7. Variation of magnetization with applied field, where (a) x =
0�0, (b) x = 0�025, (c) x = 0�050, (d) x = 0�075 and (e) x = 0�1.
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the nonlinear antiferromagnetic coupling between A and
B sublattice due to La3+ substitution, decreases the sat-
uration magnetization of samples.27 According to Neel’s
molecular-field model,28 the A–B super exchange interac-
tion predominate the intrasublattice A–A and B–B interac-
tions. Therefore, the net magnetic moment is given by the
sum of the magnetic moments of the A and B sublattices.

The magnetic moment per formula unit (nB) was calcu-
lated from Neel’s sub-two-lattice model using the relation,

nBcal� =MB
x�−MA
x� (8)

where MB and MA are the B and A sub-lattice mag-
netic moments in �B. The nBcal� (�B) values for the present
system were calculated using cation distribution (Table II)
and the ionic magnetic moment of Fe3+, Co2+, Cu2+, Cr3+

and La3+ with their respective values 5�B, 3�B, 1�B,
3�B and 0�B. The variation of calculated magneton num-
ber is shown in Figure 8. In the present ferrite system
the Fe3+ ions are replaced by La3+ ions, leading to a
decrease in the B-site sublattice magnetization. Therefore,
the magnetization of the B sublattices decreases, which
leads to a decrease in the net magnetization (Fig. 7).
The decrease in magneton number is explained by the
A–B interaction. In the present case, La3+ ions of non-
magnetic moment replaces Fe3+ ions of high magnetic
moment (5�B). According to the cation distribution data
from Table II, La3+ ions occupy octahedral B-sites. This
placement leads to a decrease of the magnetic moment of
the B-site, and thus the magneton number nB decreases
with La substitution.

The observed magnetic moment per formula unit in the
Bohr magneton (�B) was calculated using a relation;29

nB =
MW ×Ms

5585
(9)

where MW is the molecular weight and Ms is the satu-
ration magnetization of the samples. It is obvious from
Figure 8 that the calculated and observed values of the
magneton number are in good agreement with each other.
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Figures 7 and 9 shows that the coercivity (Hc) increased as
the La3+ content increases, similarly to porosity. Porosity
affects the magnetization process because the pores work
as a generator of a demagnetizing field. As the porosity
increases, a higher field is needed to push the domain wall,
increasing Hc. The saturation magnetization is related to
Hc through Brown’s relation,30

HC = 2K1

�0MS

(10)

According to this relation, Hc is inversely proportional
to Ms , which is consistent with our experimental results.
It is also to be noted that the coercivity is a microstructure
property. It depends upon defects, surface effect, strains,
non-magnetic atoms, etc. in the material.31 The coercive
force variation of the system shows a typical size depen-
dent behavior. This behavior can be attributed to the com-
bination of surface effect and its surface anisotropy.32 The
electronic configuration of La3+ ions results in the lat-
tice or crystalline field distortion, and generates an internal
stress. Also, the strong spin-orbit coupling of rare earth
La3+ ions may contribute to the anisotropy, when they are
located in the B sites of ferrite.33 This might also one of
the reasons to increase the coercivity of the samples with
La3+ doping.

3.5. DC Resistivity
The dc resistivity of the samples was measured using the
two-probe method where silver is used as a contact mate-
rial. For measuring temperature varying current, the sam-
ple is firmly fixed between two electrodes. An auxiliary
heater is used for heating of all investigated samples. The
temperature was measured using a chromel-alumel ther-
mocouple. The accuracy in resistivity measurements were
about 2% respectively. Figure 10 shows the variations in
DC resistivity with La3+ substitution. The substitutions of
La3+ ions have resulted in higher DC resistivities. The
reduction of Fe3+ ions with every La3+ substitution may
reduce the hopping between iron ions such as Fe2+ ↔
Fe3+ in octahedral sites and contributes to increase the
resistivity slightly for all the compositions in the system.
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Figure 10. Variation of resistivity with temperature.

Further, the La3+ ions at B-sites do not participate in
the conduction processes, but limit the degree of conduc-
tion by acting as scattering centres in the sense that they
reduce the number of Fe3+ ions. The total number of iron
ions present at B-sites decreases with every step of La3+

substitution and also the available Fe2+ ions for hopping
at these sites decrease in number; thus, under the situa-
tion, it may lead to balance the quantities of Fe2+ and
Co2+/Cu2+ ions to lock-up effectively and result in higher
resistivities. It is observed that for all the samples resistiv-
ity decreases with increasing temperature, indicating the
semi-conducting nature of the samples. The temperature
dependence of resistivity found to follow the Arrhenius
equation,

�= �
−
Eg/kBT �

0 (11)

where �0 is the pre-exponential factor with the dimen-
sions of 
-cm, kB is the Boltzmann constant (8�6173439×
10−5 eV/K), Eg is the activation energy, and T is the
absolute temperature. The conduction mechanism of fer-
rites can be explained on the basis of the Verwey de
Boer34 mechanism that involves exchange of electrons
between the ions of the same elements present in more
than one valence state and distributed randomly over crys-
tallographic lattice sites. The decrease in resistivity with
increase in temperature is due to the increase in drift
mobility of the charge carriers. Also conduction in fer-
rites is attributed to hopping of electrons of iron ions
such as Fe2+ ↔ Fe3+ at elevated temperatures. It can be
seen that for all the samples variation of resistivity with
increasing temperature follow the same trend. For spinel
ferrite samples usually three linear regions are observed
in the log� versus 1000/T plot from room temperature
to well above Curie temperature.35–37 The change in slope
indicates change in conduction mechanism. The first low-
temperature region is attributed to the conduction due to
impurities, voids, defects, etc. The second temperature
region (up to Curie temperature) is attributed to ferrimag-
netic region. Third temperature region (above Curie tem-
perature) is attributed to paramagnetic region.36�37 In the

present case second and third region agrees with the
reports in the literature.

4. CONCLUSIONS
La3+ substituted Co Cu Cr ferrites nanoparticles with
a chemical formula Co0�7Cu0�3Cr0�5LaxFe1�5−xO4 were
successfully synthesized via the sol–gel method. The
incorporation of lanthanum was found to affect the struc-
tural, magnetic and electrical properties. Lattice constant
found to increase with the increase in La3+ ions, this
increase in lattice constant is related to ionic radii of La3+

ions. The average crystallite size decreases with increase
in La3+ substitution. FT-IR spectra assumed the octahe-
dral preferentially occupancy of the lanthanum ions. The
cation distribution suggests that Cu2+, Cr3+ and La3+ have
strong preference towards octahedral B-site, whereas Co2+

and Fe3+ ions are distributed over both the lattice sites.
The theoretical lattice constant and experimental lattice
constant matches each other very well. Hysteresis loop
measurements indicated a decrease in the measured satura-
tion magnetization with increasing La3+ substitution. This
behavior is ascribed to the fact that the increasing con-
centration of nonmagnetic La3+ ions weakens the inter-site
exchange interaction, decreasing the value of saturation
magnetization. Resistivity increases with increase in La3+

substitution, this suggest the reduction in hopping of elec-
tron between Fe2+ and Fe3+ ions.
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