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Abstract

Lanthanum substituted nickel ferrites NiFe,_,La, O, (0 <x <0.10) powders have been synthesized for the first time by combus-

tion technique using glycine as a fuel. All the ferrites crystallize in Fd3_m space group with cubic symmetry. Very small peaks of
both Fe,O3 and LaFeO; were also detected, the intensity of which increases with increasing La content. No systematic trend in
the lattice parameter @ with La doping has been noticed. Room temperature magnetization studies, obtained from vibrating
sample magnetometer (VSM), exhibit a decrease in saturation magnetization with La doping. Cation distribution, obtained from
magnetic measurements, shows that La doped nickel ferrites have inverse spinel structure in which Ni** ions predominantly

occupy octahedral sites.
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Introduction

Magnetic spinel ferrites, MFe,O4 (M = Co*, Cu**, Ni**,
etc.), are significant magnetic materials with several modern
technological applications. Their unique properties are
governed by their reduced size [1-5]. NiFe,O4 have inverse
spinel structure in which half of the Fe** ions reside at A sites
and the other half on B sites while other half of the B sites are
occupied by Ni**ions. Therefore, its chemical formula can be
written as (Fe’™") 4 [N?*Fe*™]| pO; [6]. Partial exchange of
Fe** by rare-earth (R**) ion in the B-site leads to distortion of
structure [7] that causes strains and significantly alters the
magnetic properties [8—11]. NiFe,O,4 can be used as a perma-
nent magnet because of its high coercivity. It is very fascinat-
ing to examine the introduction of the rare earth ions into the
spinel NiFe,O4 because their introduction may increase coer-
civity and hence fabrication of magnetically extra hard mate-
rials. Rare earth metal ions, because of their larger sizes, favor
holding the octahedral sites. The doping of rare earth metal
ions into the structure hinders the growth of the ferrite because
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these particles are difficult to diffuse [12, 13]. Ferromagnetism
is displayed by nickel ferrites that arise due to the magnetic
moment of anti-parallel spins between Ni** ions residing at
octahedral sites and Fe>* ions at tetrahedral sites [14]. Due to
partial replacement of Fe ions with rare earth metal ions in the
spinel structure, there is introduction of R—Fe and R—R inter-
actions (3d—4f and 4f—4f couplings) in these ferrites and as
these interconnections are very low in comparison to Fe—Fe
interconnections (3d—3d couplings) and they are the source of
reduction in the spontaneous magnetization and Curie temper-
ature values of the rare earth substituted spinel ferrites [13,
15-17].

It is usually known that nanoparticles accompanied by con-
trolled size and composition have many technological advan-
tages. The properties like appearance and dimension of the
particles and various physical properties of ferrites are deter-
mined by preparation method. The ferrites having large and
non-uniform particle size are generated by ceramic technique
comprising high-temperature solid-state reactions resulting in
the creation of empty space or low density [18]. In recent
years, various innovative techniques of synthesis of nanocrys-
talline ferrites such as co-precipitation, sol-gel, hydrothermal,
freeze drying, oxidation, and reverse micelle method have
been recommended [19-26]. Among the modern techniques
of preparation, combustion technique is proving to be one of
the most attractive and effective methods for the synthesis of
nanoscale materials as it controls crystallite size, purity, etc.
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and has been applied for the large-scale generation of nano-
particles with large surface area. It is convenient to check the
stoichiometry and surface area that have a great impact on
structure, morphology, and magnetic characteristics of ferrites
[27]. Various characteristics of this method of synthesis like
lesser time, simplicity, less use of energy during preparation
are advantageous [28-30].

In the present research, we describe the preparation of
nanocrystalline NiFe,O4 by simple, fast, and inexpensive
combustion method taking glycine as fuel and study the influ-
ence of lanthanum substitution for iron on the structural and
magnetic properties of nickel ferrite. As far as we know, there
is only one report on this aspect [31]. Moreover, there are
some contradictory statements about the cell parameters on
La-substituted nickel ferrites. Al Angari [31] shows systemat-
ic increase in lattice constant a for doping of La in NiFe,Oy,
while Lin et al. [32] reported decrease in lattice constant a for
the incorporation of La in Cug sCoq sFe,O4 nanoparticles due
to increase in LaFeOs impurity. In order to overcome such
anomalies, we have carried out Rietveld refinements of
XRD patterns.

Experimental

In the present work, NiFe, ,La,O; powders were pre-
pared via glycine-nitrate combustion method. The stoi-
chiometric quantities of Ni(NO3),.6H,0,
Fe(NO3)3.9H,0, La(NOj3);.6H,0, and NH,CH,COOH
(all were 99.9% pure) were dissolved in distilled water,
and the volume of the mixture was raised to 200mL.
The pH of the resulting solutions was found to be in
the range 1.5-1.8. On the basis of the total oxidizing
and reducing valencies of oxidizer and fuel, the stoi-
chiometric ratio of the above mixture was calculated
for the combustion technique [33]. The glycine-nitrate
ratio has been estimated based on propellant chemistry
and the details are reported elsewhere [34]. The
resulting mixtures were stirred for about lh using a
magnetic stirrer followed by heat treatment at 100°C
on a hot plate till a viscous gel formation. The gel
was then decayed in a preheated oven at 150°C
resulting in a frothy residue which was then crushed
into powder and heated at 800°C for 10h in a furnace
to disintegrate the organic precursor. The feasible chem-
ical reaction for the preparation of Ni ferrites is given
by the following chemical equation:

Ni(NOs),.6H,0 + (2—x) Fe(NO3);.9H,0
+xLa(NOs);.6H,0 + 4.444CH,NH,COOH
—NiFerLa,04 + 35.11H,0 + 8.88C0O; + 6.22N»

@ Springer

For the interpretation of crystal structure of synthesized
compounds, X-ray diffraction (XRD) analysis of powdered
samples has been done using CuK,, (A = 1.54A) radiation at
room temperature with 2 altered in the range of 10-100°.
Rietveld method was employed to get structural parameters by
means of the GSAS program. Scherrer equation was used to
calculate crystallite size (D) from XRD data. Scanning elec-
tron microscopy (FE-SEM QUANTA 200 FEG from FEI
Netherlands with accelerating voltage 0.3-30 kV) was used
to analyze the surface morphology and microstructures of the
powdered samples. The compositional purity and stoichiom-
etry of various cations were checked by energy-dispersive X-
ray spectroscopy (EDX) using INCA attachment with the
SEM instrument. Transmission electron microscopy (TEM)
was used to measure grain size of the samples. The M-H
curves were obtained at 300K employing vibrating sample
magnetometer (VSM) having magnetic field of 15kOe.

Results and discussion

Figure 1 gives the XRD pattern for NiFe, ,La, O, ferrites at
300K and Rietveld profile fitting for the data. All the diffrac-
tion maxima were well indexed and matched well with cubic
NiFe,O4 (JCPDS Card No. 44-1485). The appearance of the
major lattice planes (220), (311), (222), (422), (511), (400),
and (440) evidences the formation of cubic spinel structures

with space group Fd3_m (227). Very small peaks of Fe,O; (a
= 5.0351(2)A, ¢ = 13.7 545(9)A ; space group R-3c¢) and
LaFeO; (a = 5.5583(4)A, b = 5.5586(3)A, c = 7.8516(3)A ;
space group Pbnm) characteristic of secondary phases were
also noticed, which intensity increases with increase in La
content indicating slight solid solubility of La**. Using the
following relation, the weight% of orthoferrite (LaFeO3) has
been calculated

Weight%of  orthoferrite

I orthoferrite

= ( ) x 100
1 orthoferrite +1 spinel  ferrite +1 Fe, 0

and the calculated values of weight% of orthoferrite, Fe,O3,
and spinel phases are tabulated in Table 1. From the table, it
can be noticed that weight% of spinel phase decreased with La
exchange. Hence, it can be inferred that even a little mass of
La’** in NiFe,O, can influence the phase composition and also
the size of the spinel matrix, that is, because of the formation
of orthoferrite (LaFeOs) phase.

For complete structural information of the synthesized
phases, Rietveld refinement was made on the XRD data using
the GSAS/EXPGUI program [35] by using essential structural
data from the literature. The standard of refinement was con-
firmed through various parameters like R,,,, R,, and X’
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Fig. 1 Rietveld profile fitting for
the XRD patterns of NiFe,.
xLaxO4
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Table 1 Phase analysis of NiFe, La, O,

X 0.0 0.02 0.04 006 008 0.10
Weight% of spinel phase  97.3 929 914 82.1 755 72.6
Weight% of orthoferrite 0 29 42 125 173 201
Weight% of Fe,0; 27 42 44 54 72 73

collected from refinement. A relatively good fit between the
observed and calculated diffraction patterns (Fig. 1) is ob-
served. The refined structural parameters for the samples are
summed in Table 2. It can be observed from Table 2 that the
lattice parameter « rises initially and then start decreasing with
further La doping. The rise in lattice parameter a with x < 0.04
might be due to larger ionic radius of lanthanum (1.061A)
than iron (0.645A) resulting in the increase of unit cell vol-
ume, which confirms the entry of La into the lattice site. The
decrease in a with 0.04 < x < 0.1 might be due to lower
solubility of La** in the spinel lattice. The expendable La**
ions occupy the grain boundaries forming LaFeO; phase
whose concentration rises with La doping which is established
by XRD results, thus restraining the grain growth and apply-
ing pressure on the grains affecting the lattice value a to de-
crease [32, 36, 37].

The crystallite sizes were calculated by Scherrer equation
[38] using (311) peak of highest intensity

K\

D = ——
(Bcost

where K is the shape factor (= 0.90), \ is the X-ray wave-
length, 6 corresponds to the peak position, and 3 is full width
at half maximum of (311) peak in radians and their values are
listed in Table 2. It is recognized that La doping has nearly no
impact on the crystallite size of Ni ferrites.

To check the compositional purity and stoichiometry of
constitutive elements, EDX measurements were carried on
synthesized samples. Typical EDX spectra for x = 0.0 and

0.02 samples are given in Fig. 2. The EDX results confirmed
the presence of Ni, Fe, La, and O and did not reveal the
presence of any foreign element in the phases. The mass per-
centages obtained from EDX were found near to the nominal
compositions as presented in Table 3. Thus, the glycine-nitrate
combustion technique used in this work is a suitable method
for sample synthesis with good stoichiometry.

The microstructures and grain sizes of the calcined ferrite
powders were determined by SEM method considering the
average of a large number of grains. FE-SEM profile of x =
0 and 0.02 phases are displayed in Fig. 3. Both the samples
display the formation of spongy and fragile nickel ferrite pow-
ders with empty spaces and pores in the samples. It is due to
the liberation of a considerable mass of gases during the com-
bustion process due to the decomposition of both glycine and
metal nitrates. This clearly shows that the results of SEM are
dependent on the type of raw materials used, as well as on the
synthetic methods. It is further revealed by SEM profile that
the aggregated particles lie in the nanometric range. The ma-
terials show some tendency of aggregation because of their
magnetic properties.

In order to have a detailed information regarding particle
dimensions and morphology, TEM images of the prepared
ferrites for x = 0.0 and 0.02 compositions were obtained
(Fig. 4). The TEM micrographs of the synthesized samples
revealed the spherical shape of nanoparticles with a small
particle size distribution. The line intercept method was
followed to determine the average grain size and found to be
56 nm and 58 nm, respectively, for x = 0.0 and 0.02 compo-
sitions, which are in good agreement with the crystallite sizes
obtained from XRD.

The magnetization behavior of ferrite particles is attributed
to various characteristics like synthetic method, cation distri-
bution among octahedral and tetrahedral sites, crystallite size,
and spin-orbital coupling strength [39, 40]. Figure 5 presents
the typical graphs for the hysteresis loops of NiFe, ,La,O4
samples at room temperature. The magnetic properties like
saturation magnetization (M), remanent magnetization (M,),

Table 2 Structural parameters obtained from the Rietveld refinement of X-ray diffraction pattern for NiFe,_ La, O, samples calcined at 800°C
temperature

Sample x=0.0 x=0.02 x=0.04 x=0.06 x=0.08 x=0.10

a (A) 8.3357 (1) 8.3362 (1) 8.3379 (1) 8.3346 (1) 8.3340 (2) 8.3339 (2)
u 0.2546(3) 0.2537 (3) 0.2547 (3) 0.2551 (4) 0.2552 (5) 0.2554 (6)
D (nm) 614 61.6 62.3 62.4 62.6 62.9

R, (%) 6.78 7.73 7.81 9.87 11.70 12.38

R, (%) 5.28 5.80 5.68 6.77 7.65 7.86

X 1.052 1.310 1.344 1.902 2.593 2913

The atomic sites are Ni/Fe 8a [0.125, 0.125, 0.125], Fe/La 16d[0.5, 0.5, 0.5] and O 32¢ in the space group Fd3_m

@ Springer
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Table 3 EDX results of NiFe,._

x=0.02

«La,04 samples Samples x=0.0
Element Experimental mass%
Ni 24.71
La -
Fe 46.91

Theoretical mass% Experimental mass% Theoretical mass%

25.04 24.26 24.86
- 1.32 1.18
47.65 46.26 46.85

and coercivity (H,.) were estimated from the hysteresis curve,
and their values are summarized in Table 4. It can be seen that
M reduces from 54.934 emu/g for x = 0.0 to 26.696 emu/g for
x = 0.1 sample by the replacement of Fe*™ magnetic ions by
La®* jons which could be due to the effect of cation distribu-
tion among tetrahedral and octahedral sites. In the normal
structural model for ferrites possessing collinear ferrimagnetic
structure, the magnetization of tetrahedral (A) site is anti-
parallel to that of octahedral (B) site. Due to larger ionic radius
of La®>* ions than Ni** and Fe** ions, La>* ions favor to hold
the octahedral sublattice (B). Moreover, La**isa diamagnetic
ion; the major contribution to the magnetic properties of
NiFe,_.La,O4 ferrites will appear from Fe**ions (5pup) on
the B sublattice. Thus, exchange of Fe’* on B sublattice by
La®* lowers the super exchange interactions, overall magnetic
moment (i = pup — i) and hence lessen the saturation mag-
netization. In addition, spin canting generally produced by

rare earth ions transforms collinear ferromagnetic order into
non-collinear ordering thereby disrupting ferrimagnetic order,
thus leading to a decrease in M, [41]. Furthermore, the de-
crease in saturation magnetization could also be due to exis-
tence of antiferromagnetic LaFeO; component which be-
comes dominant with La doping [35, 42].

The magnetic moment per formula unit in Bohr magneton
(np) for La** doped nickel ferrites, as given in Table 4, is
measured using the relationship given below [43]:

MW X MS
5585

np —

where My, is the molecular weight of a specific ferrite
structure and M; is the saturation magnetization (emu/g).
The reduction in np from 2.243uz for x = 0.0 to
0.8425 for x = 0.10 with the rise of La** replacement
in Ni ferrites is seen, which is completely compatible

240
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144
120]
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24

0
0.0 13

Fig. 2 EDX spectrum of NiFe,.
La,0O,4 for x =0 and 0.02

Counts
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Fig. 3 FE-SEM micrographs of
polycrystalline powders of NiFe,.
La,Oy4 for x =0 and 0.02

with the behavior of M. Same consequences had been
noticed for Gd doped Co ferrites [40].

Since La** ions primarily reside the octahedral sites due to
their large size, the proposed cation distribution of NiFe,_
La, 04 ferrites can thus be written as [Fe][NiFe;_,La,JO4

@ Springer

500 nm

assuming all Ni** ions occupy octahedral voids. The theoret-
ical magnetic moment, ng(th), can be calculated by the rela-
tion

ng(th) = p (octahedral site)—u (tetrahedral site)
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Fig. 4 TEM micrograph of
NiFe,_La, O, for x = 0 and 0.02

and its values are listed in Table 4. These values are found to
be slightly larger (except x = 0.0) than those obtained from M—

H loops. In order to have good agreement between nz and
np(th), the value of ng(th) should be decreased by changing

Table 4 Magnetic parameters of

NiFe,_,La,0, X Coercivity,  Saturation Remanence, = Magnetic moment Theoretical magnetic
H.(G) magnetization, My, M, (emu/g) (from MH loop), np moment, 7z (th)
(emu/g) (B.M.) (B.M.)
0.0 15831 54.934 5.2355 2.243 1.946
0.02 286.98 36.800 11.447 1.445 1.765
0.04  269.61 36.671 11.578 1.426 1.645
0.06 27828 31.169 9.8380 1.097 1.396
0.08 27426 26.890 8.0327 0.876 1.208
0.10 28251 26.696 8.4436 0.842 1.089

@ Springer



816

J Aust Ceram Soc (2021) 57:809-818

Moment / mass (emu/g) Moment / mass (emu/g)

Moment / mass (emu/g)

604 +=10.0
40 -
20 -
0
-20- e
74
-40 - 200
40 e
'60' -60
2000 1000 0 1000 2000
-15000-10000 -5000 0 5000 10000 15000
Field (Gauss)
409 x=0.04
30+
20 -
10 4
0
40
-10 - 30 .'y,w—'
w7
-20 - 0 L]
A0 .-*'.. i
20 y
304 @ "‘/
-40
-40 - 2000 1000 0 1000 2000
15000-10000 5000 0 5000 10000 15000
Field (Gauss)
304 x=0.08
20 -
10 4
0
30
20 -
-10+ 10 _.«f
20 4 0 .__.-"'.. 4
20] _paurt
-30
-30 1 -2000 -1000 1000 zoool
1500010000 5000 0 5000 10000 15000
Field (Gauss)

Fig. 5 Variation of magnetization with applied field for NiFe,_La,O4

@ Springer

Moment / mass (emu/g) Moment / mass (emu/g)

Moment / mass (emu/g)

401 v=0.02
304
204
10
0
40
104 3° o
20 ; / K
.18 ; ¥
0 g
-40
-40. -2000 -1000 0 1000 2000'
-15000-10000 -5000 0 5000 10000 15000
Field (Gauss)
40
301 x=0.06
204
10
0 .
10 0 o
o " 7
-20 4 0 __.'. ,.'.
A
-30 4 30
A0 Jigooo 41000 1000 2000]
-15000-10000 -5000 0 5000 10000 15000
Field (Gauss)
304x=0.1
204
104
0
0- ca
L:
- A
-30- -2000 -1000 0 1000 2000¢
-15000-10000 -5000 0 5000 10000 15000
Field (Gauss)



J Aust Ceram Soc (2021) 57:809-818

817

the cation distribution. Moreover, the nz(th) values cannot be
further decreased as Ni** ions having lower magnetic moment
than Fe** ions are already assumed to be present at octahedral
sites, thus confirming the cation distribution to be [Fe][NiFe;_
«La,]O4. The smaller value of nz(th) than that of nz obtained
from M-H loop in case of x = 0.0 indicates the presence of
some NiZ* ions at tetrahedral sites, and its cation distribution
can therefore be written as [Nig gsF€9.05][Nig.o5F€1.05]O04.
Further, as can be seen from Table 4 that the value of coerciv-
ity force is not significant variation with the increasing La
doping. It may be correlated to the coercivity which is affected
by various factors, such as crystallinity, microstrain, magnetic
particle morphology and size distribution, anisotropy, and
magnetic domain size [44, 45].

Conclusions

Lanthanum substituted cobalt ferrites NiFe,_,La, 04 (0.0 <x <
0.10) have been synthesized via combustion method using
glycine as a fuel. All the ferrites crystallize in space group
with cubic symmetry. The lattice parameter a first increases
for x = 0.0 to x = 0.04 and then starts decreasing. The particle
sizes estimated from TEM are in good agreement with the
crystallite size calculated from XRD using Scherrer’s formula.
Magnetic measurements showed that all the samples possess
ferromagnetic behavior. Replacement of Fe** on B sublattice
by diamagnetic La®>* decreases the superexchange interactions
and consequently lowers the saturation magnetization.
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