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semicircles associated with grain and grain boundary 
effects. The cole–cole plots in modulus formalism show 
that the electrical characteristics contribute from both the 
grains and grain boundaries. Modulus spectra suggest that 
the distribution of relaxation times and conduction mecha-
nism are influenced by La3+ ion substitution in cobalt fer-
rite nanoparticles.

1  Introduction

Recently, spinel ferrite nanoparticles have attracted consid-
erable research interest due to their wide range of applica-
tions in drug delivery, as contrast agent, in hyperthermia, 
magnetic recording, microwave absorption, multilayer 
chip inductors, transformer cores, rod antennas, cataly-
sis, gas sensor, energy storage devices, high-performances 
electrodes for lithium ion batteries, etc. [1–10]. Among 
the spinel ferrite, cobalt ferrite is hard magnetic material, 
which has a cubic spinel structure with excellent magnetic, 
electrical property and chemical stability, has been exten-
sively used for various technological applications [11, 12]. 
A remarkable physical properties are observed in doped 
complex inorganic nanostructures by several researchers 
[13–16]. The substitution of rare-earth ions in spinel ferrite 
nanoparticles has emerged as a promising strategy to tune 
the magnetic, dielectric and electrical properties [17, 18]. 
The magnetic, dielectric and electrical properties of rare-
earth ion substituted spinel ferrite nanoparticles depend 
on rare-earth ion, cation distribution, grain size, synthesis 
method, etc [19, 20].

Different synthesis techniques such as co-precipitation, 
sol–gel, micro-emulsion, hydrothermal, solvothermal, 
combustion method have been employed to synthesize 
rare-earth substituted spinel ferrite nanoparticles [21, 22]. 

Abstract  In this work, we have studied the influence of 
La3+ substitution on structural, magnetic, dielectric, elec-
trical and modulus spectroscopic characteristics of cobalt 
ferrite nanoparticles synthesized by starch-assisted sol–gel 
combustion method. The powder X-ray diffraction analy-
sis confirms the formation of single-phase CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) spinel ferrite nanoparti-
cles. Raman spectroscopy study also reveals the formation 
of single phase spinel ferrite crystal structure. The mor-
phological feature of synthesized ferrite nanoparticle was 
observed by scanning electron microscopy that demon-
strate formation of spherical nanoparticles with grain size 
10–50 nm. The presence of constituent’s, i.e., Co, Fe and 
La were authenticated by energy dispersive X-ray analy-
sis. The magnetic parameters are measured by employing 
vibrating sample magnetometer. The saturation magnetiza-
tion decreases with La3+ substitution, whereas coercivity 
shows anomalous behaviour. Cation redistribution in spinel 
ferrite nanoparticles are confirmed by X-ray photoelectron 
spectroscopy. The variation of dielectric constant (ϵ′, ϵʺ), 
loss tangent (tanδ), ac conductivity (σ), electric modulus 
(M′, Mʺ) and impedance (Z′, Zʺ) as a function of La3+ ion 
concentration and frequency has been investigated. The die-
lectric constant and ac conductivity increases with increase 
of La3+ substitution, whereas dielectric loss tangent exhib-
its anomalous behaviour. The modulus spectra reveal two 
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Solution combustion method is an effective energy saving 
and low cost method for production of rare-earth ion sub-
stituted spinel ferrite nanoparticles [23]. R. C. Kambale 
et al. [24] found that combustion technique is more advan-
tageous than the others for the synthesis of rare-earth ion 
substituted single phase spinel ferrite nanoparticles. The 
influence of La3+ ion substitution in cobalt ferrite synthe-
sized by different synthesis method, have been studied by 
different researchers. R. Indhrajothi et  al. [25] reported 
La3+ substituted cobalt ferrite nanoparticles prepared by 
citric acid, urea, and glycerol assisted foam combustion 
process. This research group observed that the presence of 
La3+ ion improved the oxidation reaction of Fe and Co ele-
ment and capacity retention as compared to pristine cobalt 
ferrite anode material. However, the presence of La3+ 
reduced the electrical conductivity of cobalt ferrite. S. F. 
Mansour et  al. [26] observed influence of La doping and 
synthesis methods on the magnetic properties of cobalt fer-
rite nanoparticles. Nanocrystals of La doped CoFe2O4 were 
synthesized using three different techniques: flash auto-
combustion, citrate–nitrate and the standard ceramic tech-
nique. This research group noticed that the citrate method 
displayed superior saturation magnetization values amongst 
all techniques. The coercivity was found to exhibit larg-
est values for the citrate method and then the flash while 
smallest values were associated with ceramic technique. 
L. Kumar et al. [27] studied the effect of La3+ substitution 
on the magnetic property of cobalt ferrite synthesized by 
citrate precursor method. The saturation magnetization, 
coercivity and magnetocrystalline anisotropy constants 
were found to decrease with increase of La3+ ion concen-
tration. P. Kumar et al. [28] reported the influence of La3+ 
doping on the electric, dielectric and magnetic properties of 
cobalt ferrite processed by co-precipitation technique. This 
research group noticed that incorporation of La3+ increased 
the dc resistivity of cobalt ferrite, however, saturation mag-
netization was decreased. K. K. Bharathi et al. [29] inves-
tigated coexistence of spin glass behaviour and long range 
ferrimagnetic ordering in La doped cobalt ferrite. We feel 
that the earlier studies on physical properties of La3+ doped 
cobalt ferrite nanoparticles has not been well studied in 
detailed on structural characteristics and its physical prop-
erty with impedance and modulus formalism. Therefore, 
our research group has focused on detailed investigation of 
structural, cation distribution, magnetic, dielectric, electri-
cal, impedance and modulus spectroscopy characteristics 
of La3+ doped cobalt ferrite nanoparticles.

In present study, we report the starch-assisted sol–gel 
combustion synthesis of La3+ substituted cobalt ferrite nan-
oparticles. Further, the variation in structural, cation dis-
tribution, magnetic, dielectric, electrical, impedance and 
modulus spectroscopic characteristics of CoFe2O4 nano-
particles on La3+ ion substitution in place of Fe3+, are 

investigated in details. The substitution of La3+ in cobalt 
ferrite nanoparticles significantly influences the magnetic, 
dielectric and electrical properties.

2 � Experimental section

2.1 � Synthesis

A series of La3+ doped cobalt ferrite nanoparticles with 
a formula CoFe2−xLaxO4 (x = 0.0, 0.05, 0.10, 0.15, 0.20) 
was synthesized by starch-assisted sol–gel combustion 
method. Analytical grade cobalt nitrate (Co(NO3)2⋅6H2O), 
iron nitrate (Fe(NO3)3⋅9H2O), lanthanum nitrate 
(La(NO3)3⋅6H2O) were used as starting materials. These 
chemicals were purchased from Alfa Aesar GmbH & Co. 
KG, Germany. The starch soluble (C6H10O5)n (from pota-
toes) was used as fuel and was purchased from Lach-Ner, 
Czech Republic. The stoichiometric amount of cobalt 
nitrate (Co(NO3)2⋅6H2O), iron nitrate (Fe(NO3)3⋅9H2O) 
and lanthanum nitrate (La(NO3)3⋅6H2O) were dissolved 
in deionized water needed to obtain a clear solution. The 
molar ratio of cobalt nitrate to iron nitrate and lanthanum 
nitrate was 1:2. An aqueous solution of starch was mixed 
with above prepared metal-nitrate aqueous solution. This 
mixed aqueous solution was put on a hot plate with con-
tinuous stirring at 110 °C. After evaporation few minutes, 
the solution starts to formed a very viscous brown gel. This 
formed gel was heated to 350 °C to initiate a self-sustain-
ing combustion reaction. The obtained combusted powders 
were hand-crushed with a pestle for following structural 
and physical property characterization.

2.2 � Characterization techniques

Powder X-ray diffraction pattern of synthesized series of 
CoFe2−xLaxO4 (x = 0.0, 0.05, 0.10, 0.15, 0.20) nanoparti-
cles were recorded on Rigaku MiniFlex 600 X-ray Spec-
trometer with a filtered cobalt source. Raman spectra of 
synthesized ferrite nanoparticles were measured by using 
Dispersive Raman microscope Nicolet DXR equipped with 
excitation laser and excitation wavelength 780  nm. The 
morphology of La3+ substituted cobalt ferrite nanoparti-
cle was examined by scanning electron microscope Nova 
NanoSEM450 (FEI company). The magnetic properties 
of synthesized CoFe2−xLaxO4 (x = 0.0, 0.05, 0.10, 0.15, 
0.20) nanoparticles were investigated using a vibrating 
sample magnetometer (VSM 7407, Lake Shore) at room 
temperature. The dielectric properties such as dielectric 
constant and dielectric loss tangent were measured using 
a Broadband Dielectric Impedance Analyzer Concept 40 
(Novocontrol, Germany). The sample dimension for die-
lectric and electrical property measurement was 20  mm 
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in diameter and 0.5  mm in thickness. Further, the modu-
lus and impedance spectra of synthesized La3+ substituted 
cobalt ferrite nanoparticles was determined using a stand-
ard sample cell BDS 1200 employing RC model.

3 � Result and discussion

3.1 � Structural study

The identification of crystal phase of CoFe2−xLaxO4 nan-
oparticles was performed by utilizing X-ray Diffraction 
(XRD) characterization technique. The typical XRD pat-
tern of synthesized CoFe2−xLaxO4 (x = 0, 0.05, 0.10, 0.15, 
0.20) nanoparticles is shown in Fig.  1. The observed dif-
fraction peaks matched well with standard CoFe2O4 (PDF 
Card No.: 00-002-1045) for X-rays (1.78897 Å for Co Kα). 
It can be noticed from Fig. 1 that the diffraction peak inten-
sity decreases with increase of La concentration because of 

decrease in crystallite size. The crystallite size of synthe-
sized CoFe2−xLaxO4 (x = 0, 0.05, 0.10, 0.15, 0.20) nanopar-
ticles was calculated by using Scherrer equation [30]:

where D is the crystallite size, B is the half maximum line 
width, λ is the wavelength of radiation used (1.78897  Å 
for Co Kα), and θ is the angle of diffraction. The calcu-
lated average crystallite size of CoFe2−xLaxO4 (x = 0, 0.05, 
0.10, 0.15, 0.20) nanoparticles is tabulated in Table 1. The 
decrease in crystallite size from 21 to 8 nm with increase 
of La concentration can be noticed from Table 1. The La3+ 
ion (1.06 Å) has higher ionic radii in comparison to Fe3+ 
ion (0.67  Å), therefore, it is not easy to replace Fe3+ ion 
in CoFe2O4 spinel ferrite nanoparticles. Consequently, few 
La3+ ions may reside on the grain boundaries. These higher 
ionic radii La3+ ions produce pressure on the grain bound-
aries and hinders the growth of grains, therefore, crystal-
lite size of La doped cobalt ferrite nanoparticles decreases 
with increase of La content [31, 32]. The lattice parameter 
of synthesized CoFe2−xLaxO4 (x = 0, 0.05, 0.10, 0.15, 0.20) 
nanoparticles were calculated using the following relation 
[33]:

where a is the lattice constant, λ is the wavelength 
(1.78897 Å for Co Kα), h, k and l are Miller indices, and θ 
is the position of X-ray diffraction peak.

The lattice parameter was found to decrease with addi-
tion of La ions and it was further increased with increase 
of La ions in CoFe2O4 spinel ferrite nanoparticles, as tabu-
lated in Table 1. The variation in lattice parameter of La3+ 
ion in cobalt ferrite nanoparticles depends on three factors 
(i) higher ionic radii tend to increase lattice parameter, (ii) 
created strain due to La3+ ion substitution tries to decrease, 
and (iii) cation redistribution with substitution of La3+ 
ion [34]. The observed decrease in lattice parameter from 
8.3886 Å (x = 0.00) to 8.3463 Å (x = 0.05) with La3+ sub-
stitution seems due to created strain and further increase 
in lattice parameter from 8.3463 Å (x = 0.05) to 8.3964 Å 
(x = 0.20) is related with cation redistribution and higher 
ionic radii of La3+ ion.

The X-ray density of synthesized CoFe2−xLaxO4 (x = 0, 
0.05, 0.10, 0.15, 0.20) nanoparticles was determined using 
the following relation [35]:

where, ‘M’ is the molecular mass, ‘N’ is Avogadro’s num-
ber and ‘a3’ is the volume of the cubic unit cell. The calcu-
lated value of X-ray density of synthesized CoFe2−xLaxO4 
(x = 0, 0.05, 0.10, 0.15, 0.20) nanoparticles is tabulated 
in Table  1. It was found that the X-ray density increases 
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Fig. 1   XRD pattern for CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 
0.20) nanoparticles synthesized by starch assisted sol–gel combustion 
method

Table 1   Influence of La3+ ion on crystallite size (D), lattice param-
eter (a), X-ray density (dx) and hopping lengths (dA and dB) for 
CoFe2−xLaxO4 (x = 0, 0.05, 0.10, 0.15, 0.20) nanoparticles synthe-
sized by starch-assisted sol–gel combustion method

x D (nm) a (Å) dx (g cm−3) dA(Å) dB (Å)

0.00 21 8.3886 5.28 3.6323 2.9654
0.05 14 8.3463 5.45 3.6139 2.9504
0.10 11 8.3539 5.54 3.6172 2.9531
0.15 9 8.3693 5.59 3.6239 2.9585
0.20 8 8.3964 5.64 3.6356 2.9681
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from 5.28 g cm−3 (x = 0.00) to 5.64 g cm−3 (x = 0.20) with 
increase of La ion concentration in CoFe2O4 nanoparticles. 
The increase in the value of X-ray density with increase of 
La ion substitution is due to larger mass of ions.

The hopping length between the magnetic ions in the tet-
rahedral (A) and octahedral site (B) for CoFe2−xLaxO4 (x = 0, 
0.05, 0.10, 0.15, 0.20) nanoparticles is evaluated using fol-
lowing relations [36]:

where, dA and dB are hopping length for tetrahedral site 
and octahedral site, respectively. The evaluated value of dA 
and dB are tabulated in Table 1. It is noticeable that hop-
ping length decreases with substitution of La3+ ion, which 
is associated with replacement of Fe3+ ions by the relative 
number of La3+ ions at octahedral (B) site in cobalt ferrite 
nanoparticles. Further, with increase of further substitution 
of La3+, hopping length increases which is associated with 
cation redistribution between tetrahedral (A) and octahedral 
(B) site. The X-ray parameters for cubic spinel structure, 
viz. A-site radii (rA), B-site radii (rB), tetrahedral and octa-
hedral bond length dAx and dBx, tetrahedral edge, shared 
and unshared octahedral edge (dAxE, dBxE, dBxEU) were cal-
culated using the experimental values of lattice parameter 
‘a’, oxygen positional parameter ‘u’ (u = 0.381 Å) and oxy-
gen ion radius Ro and substituting these values into the fol-
lowing equation [37]:
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The calculated value of rA, rB, dAx, dBx, dAxE, dBxE, dBxEU 
is tabulated in Table 2. From Table 2, it is noticeable that 
A-site radii (rA), B-site radii (rB), tetrahedral and octahe-
dral bond length dAx and dBx, tetrahedral edge, shared and 
unshared octahedral edge (dAxE, dBxE, dBxEU) decreases 
to some extent with La3+ ion substitution due to higher 
ionic radii of La3+ ion as compared Fe3+ ion and created 
strain with La3+ substitution. Furthermore, these structural 
parameters are increased with further substitution of La3+ 
ions, which is related to cation redistribution at A-site and 
B-site in cobalt ferrite nanoparticles.

3.2 � Raman spectroscopy

Raman spectroscopy is a powerful characterization tech-
nique to investigate crystal structure of spinel ferrite. 
Figure  2 shows the Raman spectra for CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles synthe-
sized by starch-assisted sol–gel combustion method. 
The group theory analysis of the lattice vibrations in 
the Fd3m structure with eight formula units per unit 
cell predicts five Raman active phonon modes, A1g + Eg 
+ 3T2g [38]. Here, A, E and T are for one dimensional, 
two dimensional and three dimensional representations, 
respectively. These five Raman modes are associated with 
the motion of oxygen anions and cations at both tetrahe-
dral and octahedral sites in spinel ferrite. The A1g Raman 
mode involves mainly the motion of oxygen anions and 
the remaining other four Raman modes (Eg + 3T2g) is 
related to motion of both oxygen anions and cations 
[39]. The presence of five Raman modes in Fig. 2, indi-
cate formation of single phase cubic spinel structure. The 
strong Raman mode around 670 cm−1 corresponds to A1g 
and can be assigned to symmetric stretching of oxygen 
atoms along metal–oxygen and Fe-O bonds at tetrahedral 
sites. The Raman mode T2g(3) around 590  cm−1 corre-
sponds to asymmetric bending of oxygen and the Raman 

dBxE = a
√

2 (1 − 2u)

dBxEU = a[4u2 − 3u + (11∕16 )]
1∕2

Table 2   Structural parameters: tetrahedral (A)-site radii (rA), octa-
hedral (B)-site radii (rB), tetrahedral and octahedral bond length dAx 
and dBx, tetrahedral edge, shared and unshared octahedral edge (dAxE, 

dBxE, dBxEU) for CoFe2−xLaxO4 (x = 0, 0.05, 0.10, 0.15, 0.20) nanopar-
ticles synthesized by starch-assisted sol–gel combustion method

x rA (Å) rB (Å) dAx (Å) dBx (Å) dAxE (Å) dBxE (Å) dBxEU (Å)

0.00 0.5833 0.7268 1.9033 2.0479 3.1077 2.8230 2.9675
0.05 0.5737 0.7165 1.8937 2.0376 3.0920 2.8088 2.9525
0.10 0.5754 0.7184 1.8954 2.0395 3.0948 2.8114 2.9552
0.15 0.5789 0.7221 1.8989 2.0433 3.1006 2.8165 2.9607
0.20 0.5851 0.7287 1.9051 2.0498 3.1105 2.8256 2.9703
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modes T2g(2) around 460 cm−1 corresponds to asymmet-
ric stretching of metal–oxygen and Fe-O at octahedral 
site. The Raman mode T2g(1) around 190  cm−1 corre-
sponds to translational motion of tetrahedron. The Raman 
mode Eg around 300 cm−1 is associated with symmetric 
bending of oxygen with respect to metal ion [40]. The 
variation in Raman peak position and Raman intensity 
is associated with cation redistribution and crystallite 
size of CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) 
nanoparticles.

3.3 � Morphology and EDX study

Figure  3 shows the scanning electron microscopy image 
of CoFe2−xLaxO4 (x = 0.00, 0.15 and 0.20) nanoparticles 
synthesized by starch-assisted sol–gel combustion method. 
From Fig. 3, it can be notice that un-doped and La doped 
cobalt ferrite nanoparticles were spherical in morphol-
ogy with little agglomeration. The ferrite nanoparticles 
were with grain size distribution 20–80  nm for x = 0.0, 
10–60 nm for x = 0.15 and 5–50 nm for x = 0.20, as shown 
in Fig.  3a–c. Further study of energy dispersive X-ray 
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spectra of cobalt ferrite nanoparticles (x = 0.20) confirms 
that La3+ ions exist in cobalt ferrite nanoparticles, as shown 
in Fig. 3d.

3.4 � XPS study and cation distribution

The oxidation state of Co and Fe and their presence at 
tetrahedral and octahedral site in spinel ferrite lattice are 
examined by X-ray photoelectron spectroscopy. Co 2p and 
Fe 2p core level XPS spectra for CoFe2−xLaxO4 (x = 0.10 
and 0.20) nanoparticles are shown in Fig.  4. These spec-
tra were fitted with combined Gaussian–Lorentzian func-
tion. For CoFe2−xLaxO4 (x = 0.10) nanoparticles, in the Co 
2p spectrum (Fig.  4a), the binding energy (B.E.) peak at 
779.9 and 785.7 eV are corresponding to Co 2p3/2 and its 
shake-up satellite peak, respectively; however, another two 
B.E. peaks at 795.4 and 802.6 eV is associated to Co 2p1/2 
and its shake-up satellite peak, respectively. The existence 
of Co 2p3/2 shakeup satellite peak indicate the presence of 

Co2+ oxidation states in CoFe2−xLaxO4 (x = 0.10) nanopar-
ticles [41]. The asymmetric nature of main B.E. peak Co 
2p3/2 is associated with its distribution between tetrahe-
dral and octahedral site. After fitting, the evaluated value 
of distribution of Co2+ at tetrahedral and octahedral site is 
tabulated in Table 3. Similar results can also be noticed for 
CoFe2−xLaxO4 (x = 0.20) nanoparticles in the Co 2p spec-
trum (Fig.  4b) and distribution of cation at different sites 
are tabulated in Table 3. Further, Fe 2p core level spectra as 
shown in Fig. 4c for CoFe2−xLaxO4 (x = 0.10) nanoparticles 
and in Fig.  4d for CoFe2−xLaxO4 (x = 0.20) nanoparticles 
suggest the existence of Fe3+ oxidation state [42]. These 
Fe3+ ions are also distributed at tetrahedral and octahedral 
site. The evaluated value of distribution of Fe3+ ions at 
different sites for CoFe2−xLaxO4 (x = 0.10 and 0.20) nano-
particles is tabulated in Table 3. From Table 3, it is notice-
able that Fe3+ ions at tetrahedral and octahedral site was 
redistributed with further addition of La ion substitution in 
cobalt ferrite nanoparticles.

Fig. 3   Scanning electron microscopy image for CoFe2−xLaxO4 nanoparticles. a x = 0.0. b x = 0.15. c x = 0.20. d EDX spectrum of 
CoFe2−xLaxO4 nanoparticles for x = 0.20
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3.5 � Magnetic property

The magnetic properties of spinel ferrite magnetic nanopar-
ticles depend upon cation distribution, crystallite size, crys-
tallinity, chemical composition and synthesis technique, 
etc. The magnetic property of synthesized CoFe2−xLaxO4 
(x = 0.0, 0.05, 0.10, 0.15, 0.20) nanoparticles were inves-
tigated by using vibrating sample magnetometer (VSM) at 
room temperature with an applied field 10 kOe. The mag-
netic hysteresis loops of CoFe2−xLaxO4 (x = 0.0, 0.05, 0.10, 
0.15, 0.20) nanoparticles obtained by VSM at room temper-
ature are shown in Fig. 5 and the magnetic parameters are 
tabulated in Table 4. It can be noticed from magnetic hys-
teresis loops of synthesized CoFe2−xLaxO4 (x = 0.0, 0.05, 
0.10, 0.15, 0.20) nanoparticles that the pure and La3+ doped 
CoFe2O4 nanoparticles exhibit ferromagnetic behaviour 
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Fig. 4   X-ray photoelectron spectra of a Co 2p region for x = 0.10 and b Co 2p region for x = 0.20; and c Fe 2p region for x = 0.10 and d Fe 2p 
region for x = 0.20 of CoFe2−xLaxO4 nanoparticles synthesized by starch-assisted sol–gel combustion method

Table 3   XPS results: binding energy (B.E.), assignment of peak, 
atomic percentage for CoFe2−xLaxO4 (x = 0.10 and 0.20) nanoparti-
cles

Sample Spectrum B.E. (eV) Assignment Atomic 
percentage 
(%)

CoFe2−xLaxO4
(x = 0.10)

Co 2p3/2 779.6 Octahedral Co2+ 79
782.2 Tetrahedral 

Co2+
21

Fe 2p3/2 709.9 Octahedral Fe3+ 84
712.7 Tetrahedral Fe3+ 16

CoFe2−xLaxO4
(x = 0.20)

Co 2p3/2 779.7 Octahedral Co2+ 79
781.8 Tetrahedral 

Co2+
21

Fe 2p3/2 710.1 Octahedral Fe3+ 76
712.2 Tetrahedral Fe3+ 24
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with saturation magnetization, coercivity, and remanence. 
It can also be observed that the value of saturation mag-
netization (Ms) decreases with addition of La3+ ion in 
CoFe2O4 nanoparticles. This can be explained according to 
Neel’s sub-lattice model [43]. According to Neel’s sub-lat-
tice model, the magnetic moment per formula unit is given 
by ηB = MB – MA, where MB and MA are the [B] and (A) 
sub-lattice magnetic moments in μB. Generally, rare-earth 
ions substituted in spinel ferrite occupy octahedral site [B] 
due to their larger ionic radii. The Ms is decreased with 
increased substitution of La3+ ion in CoFe2O4 nanoparti-
cles, suggesting the added non-magnetic La3+ preferred to 
octahedral [B] site by displacing Fe3+ ions from octahedral 
site [B] to tetrahedral site (A) by diluting magnetic moment 

of the [B] site. The total magnetization of CoFe2−xLaxO4 
(x = 0.0, 0.05, 0.10, 0.15, 0.20) nanoparticles is the differ-
ence between the magnetization of octahedral [B] and tet-
rahedral (A) site, and thereby, Ms is reduced with addition 
of La3+ ion. The displacement of Fe3+ ions from octahe-
dral site [B] with addition of La3+ can be noticed from XPS 
results as tabulated in Table 4. The magnetic properties of 
spinel ferrite strongly depend on cation distribution at tetra-
hedral and octahedral site. Three types of exchange interac-
tions are involved between the magnetic ions at these two 
site in spinel structure, i.e., AA interaction, BB interaction 
and AB interaction; in which AB interaction dominates 
over other two interactions [44]. Furthermore, the substitu-
tion of La3+ ions in CoFe2O4 nanoparticles monotonically 

Fig. 5   Hysteresis curves of 
CoFe2−xLaxO4 (x = 0.00, 0.05, 
0.10, 0.15, 0.20) nanoparticles 
synthesized by starch-assisted 
sol–gel combustion method and 
inset is enlarge view of hyster-
esis curves
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Table 4   Magnetic parameters: saturation magnetization (Ms), coercivity (Hc), remanent magnetization (Mr), remanence ratio (Mr/Ms), anisot-
ropy constant (K), magnetic moment (ηB), Y–K angle for CoFe2−xLaxO4(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles

x D (nm) a (Å) Ms(emu/g) Hc (Oe) Mr (emu/g) Mr/Ms Kx103(erg/g) ηB (μB) αYK (deg)

0.00 21 8.3886 53 785 18 0.34 43.34 2.23 0.0
0.05 14 8.3463 36 593 8 0.22 22.24 1.54 0.0
0.10 11 8.3539 30 538 7 0.23 16.81 1.30 18.04
0.15 9 8.3693 26 578 5 0.19 15.65 1.15 28.59
0.20 8 8.3964 16 611 3 0.18 10.18 0.72 47.36
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decreases the value of Ms from 53 emu/g (x = 0.00) to 16 
emu/g (x = 0.20) with the decrease of crystallite size 21 nm 
to 8 nm, as shown in Fig. 6. The decrease in magnetization 
with crystallite size is associated with surface effect [45]. 
This surface effect is associated with the existence of a dead 
magnetic layer due to the surface spin disorder. The num-
ber of spins at the surface of CoFe2−xLaxO4 (x = 0.0, 0.05, 
0.10, 0.15, 0.20) nanoparticles increases with decrease of 
crystallite size [46].

The variation of coercivity with increasing La3+ ion 
concentration in cobalt ferrite nanoparticles is tabulated in 
Table 4 and shown in Fig. 6. It can be notice that the coer-
civity decreases from 785 Oe (x = 0.0) to 538 Oe (x = 0.10) 
with addition of La3+ ion concentration and then increases 
on further addition of La3+ ion from 538 Oe (x = 0.10) 
to 611 Oe (x = 0.20). The coercivity of CoFe2−xLaxO4 
(x = 0.0, 0.05, 0.10, 0.15, 0.20) nanoparticles depends on 
magneto crystalline anisotropy constant, cation distribu-
tion, strain, defect, and porosity, etc. [38]. The anisotropy 
constant of CoFe2−xLaxO4 (x = 0.0, 0.05, 0.10, 0.15, 0.20) 
nanoparticles is estimated using following relation [47]:

where, K is anisotropy constant.
The magnetic moment (ηB) per unit formula in magnetic 

moment (μB) was evaluated from the following relation 
[48]:

where, M is the molecular weight. The calculated values of 
magnetic moments and anisotropy constant are tabulated 
in Table 4. The decrease in the value of magnetic moment 

Hc =
0.96 K

MS

�B =
M ×Ms

5585

ηB with increase of La3+ ions in cobalt ferrite nanoparti-
cles can be explained on the basis of Yafet and Kittel (Y-K) 
model [49]. According to this model, the B lattice can be 
divided into two sub-lattices, B1 and B2, each sub-lattice 
has equal magnetic moment in magnitude with oppositely 
canted at the same angle, αy−k, relative to the net magneti-
zation [50]. The spin canting or non-collinear magnetic 
order is a behaviour in which spin orientations of magnetic 
ions aligned with making angles from the preferred direc-
tion. The existence of spin canting and the behaviour of 
magnetic moment with La3+ ion substitution can be deter-
mined by the Y-K angle [51]. The Yafet-Kittel (Y-K) angles 
are calculated by using the following relation [52]:

where ‘x’ represents concentration of La3+ ion substitution 
in cobalt ferrite nanoparticles. The calculated value of Y-K 
angle is tabulated in Table 4. Figure 7 shows the depend-
ence of magnetic moment and Y-K angle of CoFe2−xLaxO4 
nanoparticles on the concentration of La3+ ion. It can be 
seen from Table  4 and Fig.  7 that the αyk=0 for x = 0.00 
and 0.05, which indicates that the magnetization can be 
explained on the basis of the Neel’s two sub-lattice model, 
i.e., CoFe2−xLaxO4 (x = 0.00 and 0.05) exhibit a Neel’s 
type of magnetic ordering. Furthermore, it can be also 
notice from Table 4 and Fig. 7 that the value of Y-K angle 
gradually increases with increase of concentration of La3+ 
ions in cobalt ferrite nanoparticles. The non-zero Y-K 
angle suggest that the magnetization behaviour cannot be 
explained on Neel’s two lattice model due to presence of 
non-collinear spin structure on octahedral (B) sites, which 
increases the B–B interaction and consequently decreases 
the A–B interaction [53].

�B = (6 + x)Cos�yk − 5(1 − x)
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3.6 � Dielectric property

3.6.1 � Dielectric constant

Dielectric spectroscopic study provides information about 
the crystal structure, grain, grain boundary, charge storage 
capabilities and transport properties for dielectric mate-
rial [54]. Figure  8 shows the real (ϵʹ) and imaginary (ϵʺ) 
part of dielectric constant of CoFe2−xLaxO4(x = 0.00, 0.05, 
0.10, 0.15, 0.20) nanoparticles with frequency at room tem-
perature. It is noticeable from Fig.  8 that the synthesized 
CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparti-
cles exhibit dielectric dispersion where both real (ϵʹ) and 
imaginary (ϵʺ) part of dielectric constant decreases rapidly 
at low frequency region, however, it is frequency independ-
ent at higher frequency region. The dispersion in dielec-
tric constant is associated with Maxwell–Wagner type 
of interfacial polarization in agreement with Koop’s phe-
nomenological theory [55]. According to this model for in-
homogeneous structure as during the synthesis of ferrites 
in polycrystalline form, the formation of highly conductive 
grains with thin layers of poorly conducting grain bounda-
ries take place and thereby it behaves as heterogeneous 
dielectric materials. At low frequency, grain boundaries are 
more effective and as frequency increases highly conduct-
ing grains come in action due to which dielectric constant 
decreases. B. K. Bammannavar et al. [56] reported that the 
dielectric dispersion of ferrite is due to the exchange mech-
anism of charges among the ions situated at crystallograph-
ically equivalent sites. It is attributed to polarization due to 
changes in the valence states of cations and space charge 
polarization. At higher frequency, the dielectric constant 

remains independent of frequency and it is associated with 
inability of electric dipoles to follow the variation in ac 
applied electric field.

3.6.2 � Dielectric loss

Dielectric loss tangent (tan δ) is dissipation of energy in 
dielectric material and associated with impurities, defects 
and imperfections, which cause polarization to lag behind 
with the applied electric field [57]. Figure  9 shows the 
dependence of dielectric loss (tanδ) of CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles with fre-
quency at room temperature. It is noticeable that the die-
lectric loss (tanδ) exhibit normal dielectric behaviour 
for CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nano-
particles. At low frequency dielectric loss decreases with 
frequency and almost frequency independent at high fre-
quency. The high value of dielectric loss at low frequency 
is due to high resistivity of grain boundaries which are 
more effective at low frequencies. Because of high resistiv-
ity of grain boundaries more energy is required for electron 
exchange between Fe2+ and Fe3+ ions, which relates maxi-
mum energy loss. However, at high frequency small energy 
is sufficient for electron exchange and therefore less energy 
loss [58]. Further, when the jumping frequency of electron 
between the Fe2+ and Fe3+ is equal to frequency of applied 
field with the condition ωτ = 1, (where ω = 2πfmax and τ 
is relaxation time), the dielectric loss peak occurred [59], 
as shown in Fig. 9. In other words, when the hopping fre-
quency of charge carriers matches well with the frequency 
of applied electric field, the maximum electrical energy 
is transferred to oscillating ions and consequently due to 
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power loss, a dielectric loss peak occurs. It is also notice-
able that the dielectric loss depends on content of doping 
of La3+ ions in cobalt ferrite nanoparticles. The observed 
value of dielectric loss at 100 Hz and 1 kHz frequency is 
tabulated in Table 5. It was 2.60 (at 100 Hz) and 1.41 (at 
1  kHz) for pure cobalt ferrite nanoparticles, while it was 
1.47 (at 100 Hz) and 0.99 (at 1 kHz) for x = 0.10 content 
of La3+ ion in cobalt ferrite nanoparticles. The low value 
of tanδ at high frequency region indicates that this material 
has potential for high energy applications.

3.7 � AC conductivity

To understand influence of La3+ substitution in cobalt ferrite 
nanoparticles on conduction mechanism, the variation of ac 
conductivity with frequency is investigated. Figure 10 shows 
the dependence of ac conductivity (σac) of CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles with fre-
quency at room temperature. It is noticeable from Fig. 10 that 
the electrical conductivity of CoFe2−xLaxO4 nanoparticles 
increases slowly at low frequency and rapidly increases at 
high frequency. In general, the total conductivity is in accord-
ance with following relation [60]:

where, σo(T) is dc conductivity due to band conduction and 
it is frequency independent part, σ (ω, T) is ac conductivity 
due to hopping process among ions of same element pre-
sent in more than one valence state. B and s are constants 
which depends on both temperature and composition; s is 
a dimensionless quantity having values between 0 and 1, 
when s = 0 conduction is dc conduction but for s ≤ 1, the 
conduction is ac conduction. It is well known that in spinel 
ferrite, the conduction is due to the hopping between ions 
with mixed valence. In spinel ferrite, the conduction pro-
cess occurs as a consequence of electron exchange between 
Fe2+ and Fe3+ ions and hole exchange between Co2+ and 
Co3+ at the octahedral sites [61, 62]. The presence of Fe 
and Co ions at the octahedral site may cause conduction 
according to following relation [63–65]:

The dependence of ac conductivity of CoFe2−xLaxO4 
nanoparticles on frequency can be explained on the basis 
of Maxwell–Wagner double layer model for dielectrics 
[66, 67]. According to this model, at low frequency the 
resistive grain boundaries are more active and therefore, 

�tot = �o(T) + �(�, T ) = �o(T) + B�s

Co2+ + Fe3+ ↔ Co3+ + Fe2+

Table 5   Electrical parameters 
for CoFe2−xLaxO4 (x = 0.00, 
0.05, 0.10, 0.15, 0.20) 
nanoparticles: dielectric 
constant (ϵʹ & ϵʺ), dielectric 
loss (tanδ) and AC conductivity 
(σac) at 100 Hz and 1 KHz

x ϵʹ ϵʺ tanδ σ (S cm− 1)

At 100 Hz At 1 kHz At 100 Hz At 1 kHz At 100 Hz At 1 kHz At 100 Hz At 1 kHz

0.00 57 17 145 24 2.60 1.41 8.59 × 10− 9 1.37 × 10− 8

0.05 91 31 127 32 1.50 1.05 7.32 × 10− 9 1.88 × 10− 8

0.10 122 48 179 47 1.47 0.99 1.04 × 10− 9 2.66 × 10− 8

0.15 247 73 416 89 1.67 1.19 2.37 × 10− 8 4.93 × 10− 8

0.20 327 69 727 124 2.22 1.76 4.05 × 10− 8 7.17 × 10− 8
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Fig. 10   The dependence of ac conductivity (σac) of CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles with frequency at 
room temperature
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the hopping of charge carriers between Fe2+ ↔ Fe3+ and 
Co3+ ↔ Co2+ is very much hindered at low frequency and 
therefore a constant plateau region is noticed. However, at 
high frequency the conductive grains are more active and 
therefore support the hopping of charge carriers between 
neighbouring ions [68]. Furthermore, it is noticeable 
that the doping of La3+ ion in CoFe2O4 nanoparticles 
enhances the ac conductivity and also supports the mech-
anism for the enhancement in the dielectric constant. The 
value of ac conductivity at frequency 100 Hz and 1 kHz 
is tabulated in Table  5. It was 8.59 × 10−9  S  cm−1 (at 
100 Hz) and 1.37 × 10−8 S cm−1 (at 1 kHz) for pure cobalt 
ferrite, while it was 4.05 × 10−8 S cm−1 (at 100 Hz) and 
7.17 × 10−8  S  cm−1 (at 1  kHz) for x = 0.20 La3+ doped 
cobalt ferrite nanoparticles (Fig.11).

3.8 � Modulus and impedance spectroscopy

The modulus and complex impedance spectroscopy is 
powerful technique to investigate the contribution of the 
relaxation process of different micro-regions in the poly-
crystalline materials such as grain, grain boundary and 
electrode interface [69]. In the present work, the modu-
lus and impedance spectroscopy are used to investigate 
the effects of grains and grain boundaries because both of 
them have different relaxation time. The dependence of 
real part of impedance (Zʹ) and real part of modulus (Mʹ) 
of CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nano-
particles with frequency at room temperature is shown 
in Fig.  12. It can be observed from Fig.  12 that synthe-
sized CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) 

nanoparticles have low value of Mʹ at low frequency, 
which indicates that there is lack of force that governs 
the mobility of charge carriers under the influence of 
applied electric field at low frequency. It is also notice-
able that Mʹ tends to zero at low frequency, which indi-
cate negligible or absent electrode polarization phenom-
enon [70]. Moreover, it is obvious from Fig. 12 that the 
value of Mʹ for CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 
0.20) nanoparticles increases with increase of frequency. 
Furthermore, decrease in resistance (Zʹ) with increase in 
frequency for CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 
0.20) nanoparticles can be observed from Fig. 12, which 
indicate conduction is promoted by applied electric field 
[71].

The variation of imaginary part of impedance (Zʺ) 
and imaginary part of modulus (Mʺ) of CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles with fre-
quency at room temperature, is shown in Fig. 13. The elec-
tric modulus is associated with the relaxation of electric 
field in the material when the electric displacement remains 
constant [72]. The peak in modulus (Mʺ) spectra repre-
sents real dielectric relaxation process [73]. The existence 
of two relaxation peaks in Mʺ versus frequency plots, as 
shown in Fig. 13, confirms the presence of both grain and 
grain boundary effects in spinel ferrite nanoparticles. In the 
modulus (Mʺ) spectra, the relaxation peak at low frequency 
side is due to grain boundaries effect and the one at high 
frequency is contributed by grains effect. Further, the shift 
in peak position in the imaginary part of modulus (Mʺ) 
spectra with La3+ content in cobalt ferrite nanoparticles can 
also be notice from Fig. 13. This shift in peak position is 
associated with dependence of relaxation and correlation 
between mobile ion charges. The frequency region below 
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the peak in imaginary part of modulus (Mʺ) spectra for 
CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nanopar-
ticles, indicates the range in which the charge carriers are 
mobile over long distances, whereas the frequency region 
above the peak represents the range in which the charge 
carriers are confined to their potential well, and therefore, 
localized motion inside the well [74]. The region of exist-
ence of peak is associated with transition from long-range 
to short range mobility with increase of frequency. The 
existence of peaks in the modulus (Mʺ) spectra indicates 
conductivity relaxation. The broadening of peak indicates 
the relaxation with a relaxation constant distribution [75]. 
Further, the asymmetric broadening of peaks in imaginary 
part of modulus (Mʺ) spectra for CoFe2−xLaxO4 (x = 0.00, 
0.05, 0.10, 0.15, 0.20) nanoparticles, indicates that the 
conduction mechanism is of non-Debye type [76]. Further-
more, it is also obvious from Fig. 13 that the reactance (Zʺ) 
decreases with increase of frequency, which indicates that 
the conduction is promoted by applied ac electric field. It 
is also noticeable that the imaginary part of impedance (Zʺ) 
spectra tend to merge above 1 kHz frequency, which indi-
cate a possible release of the space charge.

The cole–cole plot (Mʹ vs. Mʺ) for CoFe2−xLaxO4 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles is shown in 
Fig. 14. It is well known that the cole–cole plot of modu-
lus formalism (Mʹ vs. Mʺ) is more effective than impedance 
formalism (Zʹ vs. Zʺ) for precisely separating the relaxation 
effects from grain and grain boundary in nanostructured 
spinel ferrite material. It is due to imaginary part of imped-
ance (Zʺ) represents the relaxation dynamics from largest 
resistance of the material, whereas, imaginary part of the 
modulus (Mʺ) represents the smallest capacitance (i.e., 
the highly conductive part) of the material [77]. It is obvi-
ous from Fig.  14 that the cole–cole (Mʹ vs. Mʺ) plots for 
CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nanopar-
ticles exhibit two semi-circular peaks, which indicates the 
presence of two type of relaxation phenomenon with dif-
ferent relaxation time (τ), associated with each relaxation. 
It is associated with electrical heterogeneity in the synthe-
sized CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nano-
particles. The relaxation time, τ, associated with frequency 
maximum in the modulus spectra, can be evaluated by fol-
lowing relation [78]:

The peak height in Mʺ versus frequency plot is inversely 
proportional to the capacitance. Hence, the capacitance 
values can be calculated at the maximum frequency (fmax) 
using the following relation [79]:

Further, the resistance values at the maximum frequency 
(fmax) are related by following relation [80]:

The evaluated electrical parameters Rg, Cg and τg cor-
responding to the resistance, capacitance, and the relaxa-
tion time of the grain and further Rgb, Cgb and τgb corre-
sponding parameters for grain boundary are tabulated in 
Table 6. The dependence of these electrical parameters on 
La3+ ion in cobalt ferrite nanoparticles can be noticed from 
the Table 6. It was associated with variation of crystallite 
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Fig. 14   The cole–cole plot (Mʹ vs. Mʺ) for CoFe2−xLaxO4 (x = 0.00, 
0.05, 0.10, 0.15, 0.20) nanoparticles

Table 6   Electrical parameters: grain relaxation time (τg), grain boundary relaxation time (τgb), grain resistance (Rg), grain boundary resistance 
(Rgb), grain capacitance (Cg) and grain boundary capacitance (Cgb) for CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles

x τg (s) τgb (s) Rg (Ω) Rgb (Ω) Cg (pF) Cgb (pF)

0.00 1.13 × 10− 7 9.29 × 10− 6 9.63 × 102 1.74 × 105 117.82 52.37
0.05 8.23 × 10− 8 9.00 × 10− 6 8.26 × 102 1.31 × 105 99.55 68.68
0.10 8.23 × 10− 8 4.89 × 10− 6 1.11 × 103 6.85 × 104 74.08 71.45
0.15 2.97 × 10− 8 3.25 × 10− 6 3.27 × 102 4.26 × 104 90.78 76.38
0.20 8.49 × 10− 8 2.43 × 10− 6 1.17 × 103 4.44 × 104 72.62 54.69
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size and cation distribution with substitution of La3+ ion 
in cobalt ferrite nanoparticles. Furthermore, Fig. 15 shows 
the modulus plots scaling behaviour (Mʺ/Mmaxʺ) of 
CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparti-
cles with frequency. The mismatch among the curves with 
variation in La3+ content in cobalt ferrite nanoparticles can 
be noticed from Fig.  15, which indicate variation in con-
duction mechanism and relaxation process with variation in 
grain, grain boundary, crystallite size, cation redistribution 
in synthesized CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 
0.20) nanoparticles by starch-assisted sol–gel self-combus-
tion method.

4 � Conclusion

We have successfully synthesized single phase cubic spinel 
structure of CoFe2−xLaxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) 
nanoparticles using a starch-assisted sol–gel self-combus-
tion method. The doping of La3+ ions for Fe3+ in CoFe2O4 
nanoparticles reduces the crystallite size and influences 
the cation distribution and consequently influence in the 
structural, magnetic, dielectric and electrical properties. 
The variation in magnetic parameters such as saturation 
magnetization and coercivity with La3+ substitution was 
observed. Cation redistribution in synthesized spinel ferrite 
nanoparticles was noticed by X-ray photoelectron spectros-
copy. The frequency dependent dielectric constant and ac 
conductivity increases with La ion substitution in cobalt 
ferrite nanoparticles. Modulus Spectroscopy, which is well 
developed characterization technique to distinguish grain 
and grain boundary contribution to the total conductivity, 

was utilized to evaluate electrical responses of synthesized 
La3+ doped spinel ferrite nanoparticles. Further, the modu-
lus spectra revealed the variation of resistance in terms of 
grain and grain boundary contributions.
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