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ABSTRACT

Mixed Lis_x/2Fens5-1/2CrO4 (X = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) nano-ferrite sys-
tem was synthesized by using Citrate gel auto-combustion method. Structural
parameters such as lattice constant, hopping length, and X-ray density were
reported and discussed with composition. The surface morphology was pre-
sented and explained with TEM analysis and SAED patterns. XRD patterns
show the prepared samples are single-phase cubic spinel structure and the
average particle size lies between 17 to 27 nm. TEM analysis shows prepared
sample are the crystallite formation in nano-size. DC electrical properties pre-
sented variation with temperature and composition were discussed and studied
well behind the Curie temperature. Magnetic measurements are carryout with
VSM (Vibrating Sample Magnetometer), Observations have shown that mag-
netic properties are strongly influenced due to the substitution of Cr*" in
Lithium ferrites. Two samples Lij5CrgFe; 904 and LigsCry oFe; 504 were sub-
jected to an applied field of 100 Oe between 5 and 375 K temperature for ZFC
and FC (Zero Field Cooled and Field Cooled) measurements of magnetization
which indicated blocking temperature at around 350 K for both samples beyond
which they exhibited super-paramagnetic behavior.
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1 Introduction

In the field of science and technology, nano-scale
materials play an very important role because the
nanostructure magnetic materials show evidence of
novel properties and all other properties together are
different than that of their bulk materials [1-3].
Hence, nano-size materials are the most important
because nano-size material structure, magnetic and
electrical properties studies, and their interrelation is
still incomplete. Among magnetic materials, spinal
are the most significant materials for research in
fundamental electronic components due to their
tremendous magnetic and electrical properties [4, 5].

Ferrites exhibit low loss behavior and high resis-
tivity which make them highly potential in applica-
tions related to memory devices, electrical
components, and microwave devices over a large
frequency range [6-12]. Lithium ferrite has inverse
spinel structure with Li* ions occupying B sites and
Fe’* occupying A sites [13, 14]. Lithium ferrite has
been a widely investigated material due to its
importance in construction and engineering of many
electromagnetic and microwave devices [15, 16]. As
well as doped lithium ferrites are performance wise
more advantageous over other spinel structures and
hence used in microwave devices that include circu-
lators, gyrators, isolators, cathode materials, phase
shifters, and memory cores because of their high
curie temperature, low eddy current loss, high
resistivity, high saturation magnetization, and hys-
teresis loop properties [17-20].

Various synthesis routes such as sol-gel and
citrate, flash combustion, co-precipitation, and tech-
nique of microwave hydrothermal high-temperature
ceramic methods play an important role in synthesis
and good physio-chemical properties of ferrites [21].
Out of these methods, citrate gel auto-combustion
attracts more attention as it is associated with pro-
cessing at low temperature, less time, equivalent
distribution of reactants, ability of producing parti-
cles of nano-size. Several investigations carried on
Lithium—Cadmium [22], Lithium—Zinc [23], and
Lithium-Magmesium [24] properties have been
reported. From a review of earlier work, it is evident
that very less attention has been paid to the study of
structural, electrical, and magnetic properties in sys-
tematic manner. This paper reports the electrical,
structural characterization, and magnetic properties
of Cr-doped Ligs-_x/2Fe@s5-r/2CrOs (X =00, 0.2,
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0.4, 0.6, 0.8, 1.0) nano-ferrites synthesized through
citrate gel method.

2 Experimental details
2.1 Materials

High-purity AR-grade Lithium Nitrate-Li(NO3),
Chromium Nitrate-(Cr(NO3),-9H,0), Citric Acid-
(CsHgO7-H,0), Ferric Nitrate-(Fe(NOs3)»-9H,0), and
Ammonia(NH;) are being used as starting materials
to prepare Cr-doped Ligs_r/2Fe@s-_x/2CryOs
(X=0.0,02,04, 0.6, 0.8, 1.0) ferrite nanoparticles.

2.2 Synthesis of chromium-doped lithium
ferrites

Synthesizing of nanoparticles from Li¢5_x/2)Fe@s_x/
»Cr,04 (X =0.0, 0.2, 04, 0.6, 0.8, 1.0) ferrites was
done by mixing the starting material in stoichiometric
method with deionized water and nanoferrite sam-
ples were prepared by citrate gel auto-combustion
method by taking the required molar ratio of citric
acid and metal nitrates. The metal nitrates solutions
are mixed together in beaker and the citric acid was
added in 1:3 ration of nitrate to citric acid. Nitrate
material work as oxidizing agent, whereas organic
fuels act as reducing agents. By changing the oxidant
to fuel sample ratio, properties of different materials
were altered in sequential manner. The mixed solu-
tion was placed on magnetic stirrer with hot plate for
1 h maintaining temperature at 80 °C to get homo-
geneity. To this nitrate-citrate mixture, the ammonia
is added slowly to maintain the pH to 7. The mixed
solution was then heated at same temperature with
uniform stirring to acquire a viscous gel which was
further heated by a hot plate with temperature
ranging between 180 to 200 °C. Removal of water
molecules from the mixture takes place and foams
the viscous gel resulting in formation of dry gel
which produces ferrite powder particles on subjected
to auto-combustion process. Finally, the ferrite pow-
der particles were grained with Agate Mortar and
Pestle and calcined (oxidized) in a muffle furnace at a
temperature of 700 °C for 5 h which was once again
grained to obtain better crystallization and homo-
geneity in the spinel. Figure 1 represents the flow
chart of synthesis of present materials.
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Fig. 1 Flow chart for the
preparation of Lig s_y/
»Fe@.5-2)Cr 04 (X = 0.0,
0.2, 0.4, 0.6, 0.8, 1.0) nano-
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The structural characterization was carried out by
X-ray Diffractometer (Model 3710-Philips) using
CuKa radiation (1 = 1.5405 A) at normal temperature
through continuous scanning between 10° to 80°
(Bragg’s angles) in steps of 0.04°/s.

The average crystallite size of nano-ferrites was
calculated from the most intense peak (311) according
to Debye Scherer’s formula [25]:

D = 0.914/ f Cosf

7

where the X-ray wavelength is given by ‘A’ and
FWHM in radians is ‘f’.
The lattice parameter has been determined from

the relation:
a=dx\Vh +k2+12

The density of X-ray ‘d,’ was found using the
relation [26]:

nM 3
dx = N g/cm

where ‘M’ and ‘N’ correspond to samples molecular
weight and Avogadro number.

The hopping length at A and B sites were calcu-
lated from the formula [27]:

L=3 a2

4 4

The doping effect always results into the strain in
the base matrix. The effect of Cr’* doping on the local
strain was calculated accorded to the formula:

@ Springer

The stress was calculated according to the formula:
5 15 —¢
a-t

Morphology of the samples and average particle
size were measured and discussed through TEM
(Tecnai-12, FEI, Netherlands) and SAED analysis
(Transmission Electron Microscopy and Selected
Area Electron Diffraction).

DC electrical properties as a function of tempera-
ture between 200 to 600 °C and composition were
calculated with the help of two-probe method [17].

The resistivity (p) and temperature (T) Kelvin
relationship may be expressed as Arrhenius relation
[28]:

p = p,elE/KT

which p, denote the resistivity at normal room tem-
perature, ‘Kg’ represents Boltzmann constant, and
‘AE’ stands for activation energy.

Activation energy can be determined using the
following equation:

AE =2.303 x Kp x 10° x slope(eV)

Vibrating sample magnetometer (GMW Magnet
System, model 3473) was performed at 310 Kand 5 K
(high and low) temperatures in order to measure
Remanence Magnetization (M,) and Coercivity (Hc).
Magnetization measurements ZFC-FC for two par-
ticular ferrite compositions Lig5CrgeFe; 004 and

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Lig5Crq 0Fe; 504 were carried out in the range of
5-360 K temperature on application of magnetic field
(H) equal to 100 Oe.

3 Results and discussion
3.1 XRD

Figure 2 shows the XRD pattern of Li-Cr nano-ferrite
system which demonstrates XRD and crystalline
phases that are noticed and evaluated with reference
data of PDF-4 from ICDD (International Centre for
Diffraction Data). The XRD indicated strong reflec-
tion from (311) plane confirming spinel phase struc-
ture, while other reflections from (220), (222), (400),
(422), (511), and (440) planes confirm cubic unit cell.
Therefore, single-phase cubic spinel structure of
Fd;m space group without displaying other phases of
impurity can be confirmed from these allowed
planes.

Table 1 tabulates the calculated values of structural
parameters D, a, d, (crystallite size, lattice parameter,
X-ray density), and hopping length at A, B sites from
which it is observed that the average crystallite size is
in nanometer range between 27 to 17 nm. Increase in
concentration of chromium decreases lattice param-
eter in Li ferrites because the ionic radii of the Cr’"
(62 A) are smaller than the ionic radii of the Fe>* (69
A). X-ray density decreases with increasing chro-
mium concentration in Li ferrites due to decrease in

lattice parameter. These reports are in good
m g s« T = x=10
= . 2 g ¥ i
i x=08
Ferd Ao, S NPV NNV
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= N N L U SN S | W
= T T T T T
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=
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M I v N, W SN
T T T T T
x=00
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Fig. 2 XRD pattern of the Li(0‘5_X/Z)Fe(z'S_x/z)Cer4 (X = 00,
0.2, 0.4, 0.6, 0.8, 1.0) nano-ferrites
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agreement with others (Latta and Ravinder [29] in
case of Mn-Zn ferrites, West and Blankenship [30] in
case of Li—Zn ferrites). The values of hopping length
are found to increase at A, B sites with increase in
Cr’* content (x) in Li ferrites. The observed stress and
strain values increase with increase in Cr** doping in
Li ferrites, because of decreasing the size of the par-
ticles and also due to the incorporation a smaller Cr**
ion at larger Fe®" ion.

3.2 Morphological study

One of the important characteristics of nano-scale
material is shape and its particle size distribution.
Figure 3 represents the TEM micrographs of synthe-
sized Li—Cr nano-ferrite system which shows that the
particles are accumulated one on another because of
mutual magnetic attraction between them and the
prepared samples exhibit comparatively uniform
particle distribution around 20 nm having the shape
of a polyhedral. TEM images show agglomerated
nanoparticles with collection of different nanograins
isolated from each other and spherical in shape
[19, 31].

Figure 4 represents the SAED patterns of the pre-
pared sample for x = 0.00 and x = 0.80 which illus-
trates that ferrite nanoparticles doped with Cr**
originate with well-crystalline nature. The superim-
position between bright spot and Debye ring pattern
clearly identifies the nature to be polycrystalline and
the patterns clearly approve the particles to be crys-
tallite and nano-sized.

3.3 DC electrical properties

DC electrical measurement is an influential technique
to illuminate the electrical conductivity mechanism.
Hopping mechanism accounts for electrical conduc-
tion in ferrites [32]. Variation in DC conductivity with
temperature between 200 and 600 °C for Ligs_,,
z)Fe(2.5_x/2)Cer4 (X = 00, 02, 04, 06, 08, 10) nano-
ferrites is reported. Figure 5a—f demonstrate the
graphs for In(¢T) versus 1000/ T from which it can be
seen that increase in temperature increases conduc-
tivity (o) for each sample prepared exhibiting normal
semiconductor behavior [33] From the plots of
Arrhenius, graph of In(¢T) versus 10°/T divided the
curve into two regions (known as curie temperature)
resulting in ferrimagnetic region and paramagnetic
region which is known to be the change of magnetic

@ Springer
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Table 1 The Structural characterization parameters of Lic s_v2)Fe@ 512 CrO4 (X = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) nano-ferrites

Cr’™" content (x) Crystallite size Lattice X-ray density (dx) Stain Stress Hoping length
+ 0.2 t 0
(nm) o izr)ame °r © O te@nA Busite dg) A

X =00 27 8.433 4.760 0.050 0.065 3.6080 2.9458
X=02 21 8.414 4.600 0.046 0.0846 3.6433 2.9744
X=04 26 8.401 4.611 0.070 0.0683 3.6328 2.9661
X =06 21 8.400 4.587 0.090 0.0845 3.6375 2.9697
X=038 21 8.397 4.575 0.085 0.0847 3.6361 2.9685
X=1.0 17 8.381 4.565 0.085 0.1046 3.6289 2.9626

Flg. 3 TEM Images of Li(o.5_x/2)Fe(2,5_x/2)Cer4 (X = OO, 02, 04, 06, 08, 10) ferrite nanoparticle
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(b)

Fig. 4 SAED pattern for the composition a Lij sFe, 504 and b Lig ;Crg gFe; 104

ordering. Hence two activation energies in low- and
high-temperature regions which are at below Curie
and above Curie temperature are achieved due to
change in magnetic state.

Table 2 lists the values obtained for activation
energy and curie temperature in ferrimagnetic and
paramagnetic regions. It was observed that increase
in concentration of Cr’* decreases Curie temperature
in lithium ferrite, which may be attributed to reduc-
tion in magnetic exchange interaction between the B
and A sites [34]. According to magnetic semicon-
ductor theory, regions of ferromagnetic are ordered,
while regions of paramagnetic are disordered [35].
Hence conduction in the paramagnetic region
requires more energy as compared to ferrimagnetic
region. Hence, activation energy in paramagnetic
region (Ep) is more than the other (Er) [36-38] which
can be achieved with small value of electrical con-
ductivity in paramagnetic region, whereas it requires
high value of electrical conductivity for same energy
in ferrimagnetic region.

3.4 Magnetic properties

Measurements of variation in magnetization with
temperature was studied with VSM (Vibrating Sam-
ple Magnetometer) for LigsCroeFe; 004 and Ligs.
Cr oFe; 504 samples at 5 K and 310 K temperatures
on application of & 10 T magnetic field. The ZFC
(Zero field cooled) measurements were observed
during cooling without any magnetic field FC (Field
cooled) measurements were observed by heating
with applied magnetic field of 100 Oe.

Figure 6a and b illustrate ZFC (Zero Field Cooled)
and FC (Field Cooled) conditions for Liy5Crg ¢Fe; 0Oy
and LiysCry oFe; 504 samples on applying 100 Oe
magnetic field. It demonstrated that decrease in
temperature increases FC magnetization curve, while
the curve related to ZFC magnetization is super
maximum for specific temperature. The divergence
observed between FC and ZFC curves is about 350 K
which is called blocking temperature (T3,). This is due
to super-paramagnetic behavior present in the sam-
ple. Beyond blocking temperature, magnetic moment
of single domain nanoparticle might be unblocked
continuously. Finally, the M-H curve reaches a
position of thermal equilibrium similar to an atomic
paramagnet [39].

Figure 7a and b illustrate magnetic hysteresis loops
for samples Lig5Crp¢Fe; 904 and LigsCry gFe; 504 on
application of & 10 T magnetic field at 5 K and 310 K
temperatures which indicated clearly that the two
samples exhibit ferrimagnetic behavior. These hys-
teresis loops were used to measure coercivity (H,)
and remanence magnetization (M,) whose values are
reported in Table 3. Observations show that increase
in temperature decreases the magnetic behavior of
samples under investigation. Reports indicate similar
results with varying compositions synthesized by
various methods [40, 41].

Comparison between FC-ZFC and hysteresis data
clearly indicated that the material show some hys-
teresis behavior as ferrimagnetic material below
blocking temperature and above this temperature the
material behaves to be super-paramagnetic with
disappearance of hysteresis. Hence, Lithium-

@ Springer
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Fig. 5 a—f DC Conductivity variation with temperature of Lic 5_2)Fe 5_x2)Cry04 (X = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) nano-ferrite system

Chromium nano-ferrites amid super-paramagnetic
behavior makes them highly potential for trans-
formers cores, inductor devices, recording heads, and
in bio-medical applications specific to drug delivery

and MRI (Magnetic Resonance Imaging).
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4 Conclusion

Synthesized Li—Cr nano-ferrite samples with Citrate
gel auto-combustion technique shows cubic spinel
structure with average particle size between 17 and
27 nm. X-ray density and lattice constant decrease

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Table 2 Electrical resistivity

Activation energy (eV)

and activation energies of Composition Curie temperature (K)
Li@s—w2)Fe@s-x2Cr:04 Ferrimagnetic region Paramagnetic region
(X=0.0,0.2,04, 0.6, 0.8,
1.0) nano-ferrite system LigsFe; 504 600 1.34 -
Li0A4 Cr0‘2F62‘404 572 0.875 0.945
Li0'3 Cr0<4Fez‘3O4 560 0.703 0.798
Lio'z CI‘O‘(,F624204 553 0.526 0.659
LiO.l Cro_gF62_104 540 0.480 0.621
Cr Fe,Oy4 520 0.575 0.712
€.0
(a)”_ (b) ] H =100 Oe
EQ =

T T T T T
o 50 100 150 200 250 200

T (K)

w
o -
=]

Fig. 6 a, b ZFC and FC for Lig sCrg ¢Fe| 9O4 and Lig sCr; oFe; 504
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Fig. 7 a, b Hysteresis Curves for Lig sCrg ¢Fe; 904 and for Lig sCrj gFe; sO4 at 5 K and 310 K

with increased chromium concentration in Li ferrites.
TEM images show that most of the nanoparticles are
agglomerated with collection of various nanograins
isolated from each other that are spherical in shape.

The SAED patterns show that the particles are crys-
tallite and nano-sized. DC conductivity variation

with temperature explains that the prepared samples
show the normal behavior of semiconductor nature.
As a result of the FC-ZFC and hysteresis information,
Li-Cr nano-ferrites amid super-paramagnetic
behavior are attractive for transformers cores,
inductor devices, recording heads, and in bio-medical
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Table 3 Magnetic
Lig 5Cry oFe; 504

parameters of LigsCryg¢Fe; 9O, and

Magnetic parameters Lig sCrggFe; 004  LigsCry gFe; 504

3I0K 5K 3I0K 5K
Coercivity (H,) 0.037 0.082  0.085  0.097
Remanence (M,) (emu/g) 14.43 23.44 21.18 22.47

applications specific to drug delivery and MRI
(Magnetic Resonance Imaging).
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