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B.P. 1171, 3000 Sfax, Tunisia. E-mail: am

gmail.com
bICMPE (UMR 7182), CNRS, UPEC, Univers
cLaboratoire de Physique des Matériaux, Fa

Sfax, B. P 1171, 3000 Sfax, Tunisia. E-mail

Cite this: RSC Adv., 2021, 11, 13256

Received 1st December 2020
Accepted 8th March 2021

DOI: 10.1039/d0ra10140k

rsc.li/rsc-advances

13256 | RSC Adv., 2021, 11, 13256–132
ymium substitution on structural,
magnetic and spectroscopic properties of Ni–Zn–
Al nano-ferrites

N. Amri, *a J. Massoudi, *a K. Nouri,b M. Triki,c E. Dhahri a and L. Bessaisb

Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 ferrite samples, with x ¼ 0.00, 0.05, 0.075 and 0.1, were synthesized using the

sol–gel method. The effects of Nd3+ doping on the structural, magnetic and spectroscopic properties were

investigated. XRD Rietveld refinement carried out using the FULLPROF program shows that the Ni–Zn

ferrite retains its pure single phase cubic structure with Fd�3m space group. An increase in lattice

constant and porosity happens with increasing Nd3+ concentration. FTIR spectra present the two

prominent absorption bands in the range of 400 to 600 cm�1 which are the fingerprint region of all

ferrites. The change in Raman modes in the synthesized ferrite system were observed with Nd3+

substitution. The magnetization curves show a typical transition, at the Curie temperature TC, from a low

temperature ferrimagnetic state to a high temperature paramagnetic state. The saturation magnetization,

coercivity and remanence magnetization are found to be decreasing with increasing the Nd3+

concentration.
Introduction

Spinel ferrites AB2O4 have a crystal structure belonging to Fd�3m
space group where the tetrahedral A site is occupied by divalent
metals and the octahedral B site is occupied by trivalent cations.
Particularly, Ni–Zn ferrites have enormous importance in
technological and scientic applications such as electrical
devices, microwave industries, chemical sensors, etc. due to
their interesting physico-chemical properties. These materials
are chosen for their high resistivity, high Curie temperature, low
current losses etc.

Several studies were done with varying the doping cations
(divalent or trivalent)1,2 and synthesizing the desired
compounds with different methods such as sol–gel, thermal
combustion, co-precipitation3–6 in order to ameliorate certain
structural, magnetic or dielectric properties as required in
scientic and technological domains.

The magnetic and dielectric properties of Ni–Zn ferrites are
controlled by the substitution of iron sites by magnetic or non-
magnetic ions. The neodymium Nd which is a magnetic ion
with a greater ionic radius (0.99 Å) than iron (0.67 Å) has
a capability to modify the characteristics of ferrites. The doping
of neodymium (Nd3+) in spinel ferritesdecreases the saturation
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magnetization, and alsoincreases the density and resistivity of
the spinel ferrite due to unpaired electrons in the 4f orbital of
Nd3+ that give rise to ion with a nonmagnetic nature.7 Moreover,
the larger ionic radii Nd3+ ions replace Fe ions at the octahedral
site of the ferrites which results in improved magnetic and
electrical properties of the ferrites for the high-frequency
application.8–10

X. Wu et al.11 synthesized Ni0.5Zn0.5NdxFe2�xO4 (0.0 # x #

0.12) samples by calcining oxalates in air. They reported that
magnetic properties were improved aer doping with
neodymium. P. Pranav et al.12 also announced an enhancement
in saturation magnetization of Mn0.6Zn0.4Fe2�xNdxO4 (x ¼ 0,
0.04, 0.06, 0.08, and 0.1) prepared using combustion method.
Moreover, Luo et al.13 discussedthe impact of neodymium
substitution on structural, dielectric andmagnetic properties of
polycrystalline Ni0.5Zn0.5NdxFe2�xO4 (0.002 # x # 0.010)
ferrites. They found that the mechanism of doping induced
modulation on structural, dielectric and magnetic properties.

In this paper, we aim to investigate the effect of neodymium
on the structural, morphological and magnetic properties of
Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 synthesized using sol–gel route.
Spectroscopic properties were discussed based on FTIR and
Raman measurements.
Experimental procedure

Crystal nano-particles with chemical composition Ni0.6Zn0.4-
Al0.5Fe1.5�xNdxO4 with x ¼ 0.00, 0.05, 0.075 and 0.1 were
prepared via sol–gel method. The starting materials used to
prepare our samples are NiCl2$6H2O, ZnO, Al2O3,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rietveld analysis of X-ray powder diffraction pattern of Ni–Zn
ferrites.
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Fe(NO3)3$9H2O and Nd2O3 (all used chemicals were of analyt-
ical grade with purity $99%). The required precursors NiCl2-
$6H2O and Fe(NO3)3$9H2O were taken in stoichiometric
amounts and were dissolved in distilled water to obtain a mixed
solution. The oxides powders ZnO, Al2O3 and Nd2O3 were dis-
solved in nitric acid thenjoinedto the solution drop by drop.
Next, ethylene glycol (C2H6O2)was added to the mixture as
a complexing agent in order to get transparent solution with
homogenous distribution of metal ionsaer adding the citric
acid (molar ratio 1 : 1.5 of metal cation (Ni + Fe + Zn + Al + Nd) to
citric acid). Using a hot plate magnetic stirrer, the mixture was
stirred at 80 �C during 6 hours. Aer that, the viscous solution
gets converted into a homogenous brown gel then to a powder.
The burned gel was ground to get a ne ferrite powder by using
an agate mortar. The powder were annealed at 500 �C for 6
hours in an electrical muffle furnace and cooled slowly in room
temperature to decompose the organic matter. Finally, the ob-
tained powder was pelletized and annealed at 900 �C during 6
hours.

Characterizations

In order to identify the crystal phase formation of our materials,
we used the X-ray diffraction (XRD) patterns which were recor-
ded on a Bruker D8 powder X-ray diffractometer using the Cu
(Ka) radiation (l ¼ 1.5406 Å)with a step size of 0.015� for 13.5 s
over a 2 h range from 15� to 80�. The morphological study was
performed by Merlin Scanning Electron Microscopy (SEM)
equipped with an energy-dispersive X-ray spectrometer (EDXS).
Fourier transform infrared (FTIR) spectroscopy of synthesized
samples was used to nd the functional groups and vibrational
structure on the surface, within Thermo Scientic Nicolet 6700
FTIR Spectrometer in the region 400–4000 cm�1 at room
temperature with diffuse reectance infrared Fourier transform
spectroscopy (DRIFTS) technique. Raman scattering measure-
ments were performed using a SENTERRA spectrometer
(Bruker, Germany) with laser excitation of 532 nm at room
temperature. Magnetic measurements of magnetization versus
temperature for all ferrites samples were carried out using
differential sample magnetometer MANICS in a eld up to 16
kOe. Hysteresis loops of the present ferrites have been traced
using a SQUID magnetometer under magnetic eld up to 4 T, at
room temperature.

Results and discussion
Structural study

Fig. 1 presents the X-ray diffraction pattern of Ni–Zn–Al ferrite
samples recorded in the 2q range between 10� and 80�. The
Rietveld renements of these patterns show that all samples
crystallize in the cubic structure with Fd�3m space group. The
essential reection peaks were from the characteristic crystal
planes of cubic single phase spinel structure (111), (220), (311),
(222), (400), (422), (511), (440), (620) and (533).14–16 It can be
observed from Fig. 1, the existence of extra peaks for x ¼ 0.1
sample which refers to orthorhombic ferrite symmetry Pbnm as
a second phase (NdFeO3) symbolized by (*). The orthorhombic
© 2021 The Author(s). Published by the Royal Society of Chemistry
ferrite phase has been also observed in the literature.17,18

However, the small amount of Nd3+ ions in Ni–Zn–Al ferrite can
affect not only the phase composition but also the size of the
spinel matrix, which is due to orthoferrite (NdFeO3) phase.
Pawar et al.18 reported that the most important reason for the
orthorhombic phase formation in the rare earth element
substituted spinel ferrites is the electronic conguration, larger
ionic radii of rare earth element and diffusion of rare earth ions
at the grain boundaries. It is worth to mention here that, up to x
¼ 0.075, Nd3+ is highly soluble in Ni–Zn–Al ferrite. This level of
Nd3+ solubility is quite better as compared to previous reports
related to rare earth doping.17,18

Rietveld rened parameters such as unweighted prole R-
factor (Rp), weighted prole R-factor (Rw), expected R-factor (Re),
goodness t factor (c2) and lattice parameter (ar) are given in
Table 1. The values of c2 inform us about the good rening and
quality of the samples.

The lattice parameter (aexp) of Ni–Zn–Al–Nd ferrite nano-
particles was determined from X-ray data analysis using the
relation:19

aexp ¼ l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

2 sin q

where l is X-ray wave length, q is the diffraction angle, and (h, k,
and l) are Miller indices.

It is clear from the Table 1 that both lattices parameter (ar
and aexp) and the unit cell volume increase with the Nd3+

contents. This increase is due to the change in ionic radius from
Fe3+ (0.67 Å) to larger ionic radius of Nd3+ (0.99 Å).20
RSC Adv., 2021, 11, 13256–13268 | 13257
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Table 2 Values of hopping lengths (LA and LB), ionic radii, the tetra-
hedral and octahedral bond lengths (dAE) and (dBE), tetrahedral edge
(dAL), shared and unshared octahedral edge (dBL) and (dBEU), inter-
atomic bond lengths and angles for Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 (x ¼
0.0, 0.05, 0.075 and 0.1) nanoparticle samples

Parameter x ¼ 0.0 x ¼ 0.05 x ¼ 0.075 x ¼ 0.1
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Furthermore, although Nd3+ ions have a larger ionic radius in
comparison to that of Fe3+ ions, a very thin insulating ultra-thin
layer may be formed around the grains due to ions that have
spread over the grain boundary. This phenomenon can cause
the contraction of the spinel lattice.21

Cation distribution plays a vital role in governing the struc-
tural, electrical and magnetic properties of AB2O4 spinel
ferrites. Thus, the understanding of the cation distribution is
essential in understanding the intricate structural and physical
property relationship. Massoudi et al.19 reported that the
experimental intensities for the (220), (400) and (440) reections
are sensitive to cations on tetrahedral (A-) and octahedral (B-)
site. In the present studies, the Bertaut method was adopted to
compute the cation distribution estimated from XRD data.22

From the best-matched intensity ratio, the cation distribution
was estimated and the values are:

x ¼ 0 (Zn0.4Al0.28Fe0.32) [Ni0.6Al0.22Fe1.18]

x ¼ 0.05 (Zn0.4Al0.28Fe0.32) [Ni0.6Al0.22Nd0.05Fe1.13]

x ¼ 0.075 (Zn0.4Al0.28Fe0.32) [Ni0.6Al0.22Nd0.075Fe1.105]

x ¼ 0.1 (Zn0.4Al0.28Fe0.32) [Ni0.6Al0.22Nd0.1Fe1.08]

For cubic spinel structures, the distance between magnetic
ions (hopping length) in A site (tetrahedral) and B site (octa-
hedral) (LA and LB) on A-site and B-site were calculated by using
the following relations:23

LA ¼ a
ffiffiffi
3

p

4
; LB ¼ a

ffiffiffi
2

p

4

It is obvious from the Table 2 that the value of hopping
length of A-site (LA) is bigger than that of B site LB, which leads
Table 1 Summary of the structural parameters of Ni0.6Zn0.4Al0.5-
Fe1.5�xNdxO4 (x ¼ 0.0, 0.05, 0.075 and 0.1) nanoparticle samples

Parameter x ¼ 0.0 x ¼ 0.05 x ¼ 0.075 x ¼ 0.1

Space group Fd�3m Fd�3m Fd�3m Fd�3m
ar (Å) 8.347 8.351 8.350 8.354
aexp (Å) 8.325 8.331 8.335 8.339
ath (Å) 8.354 8.375 8.387 8.543
V (Å3) 577.1 582.4 582.3 583.1
c2 1.29 1.8 1.75 3.7
Rp (%) 24.9 23.1 18.6 35.5
Rwp (%) 11.1 11.9 10.6 17.1
Re (%) 9.71 8.84 8.03 8.89
rX-ray (g cm�3) 5.124 5.176 5.227 5.277
rth (g cm�3) 3.334 3.314 3.234 3.321
P (%) 34.93 35.97 38.12 37.06
S (m2 g�1) 39.56 37.88 39.17 39.34
Dsc (nm) 29.8 30.6 29.3 28.9
Dwh (nm) 62 70 65 59
3 � 10�3 1.96 2.9 3.1 1.9
Dsem (nm) 37.62 — — 35

13258 | RSC Adv., 2021, 11, 13256–13268
to deduce that the electron hopping between ions at B and B
sites is more probable than that between A and B sites.

The theoretical lattice parameter (ath) can be calculated
using the following equation:19

ath ¼
8
�ðrA þ ROÞ þ

ffiffiffi
3

p ðrB þ ROÞ
�

3
ffiffiffi
3

p

where, RO is the radius of the oxygen ion (1.32 Å), rA ¼ P
i
Ciri

and rB ¼ 1
2

X
i

Ciri are the average ionic radii per molecule for

the respective A and B-sites; here, Ci is the concentration of the
element i with ionic radius ri on a particular site.

The increase of hopping length and radius of the ion with an
increasing substitution of Nd3+ ions is related to the increase in
lattice constant and to the difference in the ionic radii of Nd3+

ions and Fe3+ ions, which means that the magnetic ions move
far from other ions (Table 1).

The oxygen positional parameter (u) can be determined
using the relations:

u ¼
�
ðrA þ ROÞ 1

a
ffiffiffi
3

p þ 0:25

�

As shown in Table 2, (u) decreased from 0.3879 Å to 0.3874 Å
with the Nd substitution. According to many researchers, u
would be expected to be 0.375 Å for the origin at tetrahedral
sites and a centric crystal structure.24 According to XRD studies
LA (Å) 3.614 3.616 3.615 3.617
LB (Å) 2.951 2.952 2.952 2.953
rA (Å) 0.6492 0.6492 0.6492 0.6492
rB (Å) 0.6429 0.6525 0.6568 0.7152
U (Å) 0.3875 0.3874 0.3873 0.3872
dAE (Å) 3.247 3.237 3.236 3.236
dBE (Å) 2.639 2.653 2.656 2.660
dAL (Å) 1.998 1.982 1.982 1.981
dBL (Å) 1.979 1.984 1.986 1.988
dBEU (Å) 2.951 2.952 2.953 2.955
p (Å) 1.973 1.979 1.981 1.983
q (Å) 1.988 1.982 1.982 1.981
r (Å) 3.807 3.796 3.795 3.794
s (Å) 3.666 3.667 3.668 3.669
b (Å) 2.943 2.945 2.946 2.948
c (Å) 3.451 3.453 3.455 3457
d (Å) 3.604 3.607 3.609 3.610
e (Å) 5.407 5.411 5.413 5.416
f (Å) 5.098 5.101 5.104 5.106
q1 (�) 121.16 121.32 121.34 121.40
q2 (�) 136.18 136.71 136.85 137.00
q3 (�) 127.72 127.39 127.28 127.23
q4 (�) 126.68 126.61 126.63 126.60
q5 (�) 68.87 69.26 69.34 69.40

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of some researchers, u > 0.375 Å for substituted ferrites.19,25 In
the present study, u was determined to be higher than its ex-
pected “ideal” value of 0.375 Å.

The tetrahedral and octahedral bond lengths (dAE) and (dBE),
tetrahedral edge (dAL), shared and unshared octahedral edge
(dBL) and (dBEU) can be evaluated by:26

dAE ¼ a
ffiffiffi
2

p �
2u� 1

2

�

dAL ¼ a
ffiffiffi
3

p �
u� 1

4

�

dBL ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðuÞ2 � 11

4
uþ 43

64

r

dBEU ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ðuÞ2 � 3uþ 11

16

r

dBE ¼ a
ffiffiffi
2

p
ð1� 2uÞ

As shown in Table 2, dAE, dAL decrease while dBE, dBEU and
dBL increase with an increase in Nd3+ content. These variations
can be explained by the fact that as Nd3+ ions preferred to
occupy the octahedral B sites where they have replaced the Fe3+

ions. Since the radius of Fe3+ ion is smaller than the radius of
Nd3+ ions hence the increasing trend is then justied.

The bond lengths and bond angles between the cations are
calculated by the following relations:19

Me–O distances

p ¼ a

�
5

8
� u

�
; q ¼ a

ffiffiffi
3

p
ðu� 0:25Þ; r ¼ a

ffiffiffiffiffi
11

p
ðu� 0:25Þ; s

¼ a
ffiffiffi
3

p �
1

3
uþ 1

8

�
;

Me–Medistances

b ¼ a
ffiffiffi
2

p

4
; c ¼ a

ffiffiffiffiffi
11

p

8
; d ¼ a

ffiffiffi
3

p

4
; e ¼ 3a

ffiffiffi
3

p

8
; f ¼ a

ffiffiffi
6

p

4
;

Bond angles

cosðq1Þ ¼ p2 þ q2 � c2

2pq
; cosðq2Þ ¼ p2 þ r2 � e2

2pr
;

cosðq3Þ ¼ p2 � b2

2p2
; cosðq4Þ ¼ p2 þ s2 � f 2

2ps
cosðq5Þ

¼ r2 þ q2 � d2

2rq
;

where (a) is the experimental lattice parameter. All the calcu-
lated bond angles and bond lengths are listed in Table 2, where
all bond angles changed irregularly in the system. Therefore,
© 2021 The Author(s). Published by the Royal Society of Chemistry
the weakening and strengthening of the magnetic interactions
between different cations were affected by the concentration of
Nd3+ doping in the system.

The X-ray density (rX-ray) of the samples was calculated by
considering that a basic unit cell of the cubic spinel structure
contained eight ions using the following equation:27,28

rX-ray ¼
8M

NAa3

where “M” is the molar weight of each compound, “NA” is
Avogadro's number; “a” is the as-calculated lattice parameter
converted in cm units and 8 represents the number of mole-
cules in a unit cell of spinel lattice.

The bulk density rth was estimated using the following
relation:29

rth ¼
m

pr2h

where m, r and h are respectively the mass, the radius and the
thickness of the pellet.

The apparent porosity, P, for each sample was calculated
using the following equation:29

Pð%Þ ¼ rX-ray � rth

rX-ray

� 100

The change in X-ray density and bulk density leads to an
increase in porosity aer adding the neodymium which is
possibly originated from the vacancies created from the change
of ionic radii.20

The average crystallite size of our samples was calculated
from the full width at the half maximum (FWHM) of the most
intense peak by using the Debye–Scherrer equation:30

DSC ¼ 0:9l

b cos q

where l is the wave length of the used X-ray radiation, q is
Bragg's angle of the most intense peak and b is its angular full
width at half maximum of peak at FWHM for the most intense
peak. The calculated values of average crystallite size DSC are
listed in Table 1. As noticed, the average crystallites size is found
to be decreasing approximately when increasing the doping
level x. This decrease can be explained based on the ionic radii
of substituent. Moreover, this may also have been due to the
reaction condition that favored the formation of nano ferrite,
which prevented the growth of more particles. These crystal size
values are small sufficient to achieve the signal-to-noise ratio in
high-density recording media and medical applications.

The Williamson–Hall (W–H) equation was also used to
determine the average crystallite size and lattice strain in all the
samples and can be expressed as followed:31

b cos q ¼ Kl

DWH

þ 43 sin q

where, b is the full width at half maximum of the XRD peaks, q is
the position of the peaks, K is the Debye–Scherrer constant (0.94
for spherical shaped nanoparticles), l is the X-ray wave length,
Dwh is the size of the crystallite and 3 is the average micro strain.
RSC Adv., 2021, 11, 13256–13268 | 13259
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Fig. 2 W–H plots for Nd3+ substituted Ni–Zn–Al ferrite samples.
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A linear plot of b cos q versus 4 sin q yields intercept as crys-
tallite size and the slope as strain as shown in Fig. 2. The results
are tabulated in Table 1. The observed positive slope in W–H
plot conrmed the tensile strain experienced in smaller grain
size.32 Moreover, the obtained values of lattice strain 3 are in the
range of 1.9 � 10�3 to 3.1 � 10�3 (Table 2). These values of
lattice distortion are comparable with those previously reported
for ferrite spinel.33,34

Assuming all the particles to be spherical, the specic
surface area was calculated from the relation:35

S ¼ 6000

DrX-ray

where D is the diameter of the particle, “rX-ray” is the X-ray
density and the constant 6000 is called form factor for spher-
ical particles. The specic surface area values are listed in Table
1. These values of specic surface area were relatively high,
indicating that our samples nanoparticles are potential candi-
dates for gas sensing applications.36

Besides, the external morphology of Ni0.6Zn0.4Al0.5Fe1.5�x-
NdxO4 (x¼ 0.00 and 0.1) was visualized by SEM. Themicrograph
of the samples (indicated in Fig. 3a and b) shows clear indis-
tinguishable grain boundaries and high surface energy. Both
samples showed susceptibility towards clusters thanks to
reciprocal magnetic interactions and electrostatic effects
emerging among of ferrites. Having a closer look at the images,
it can be observed that not regular spherical shaped and nano-
size of the grains. These results are analogous to other
researcher's work made previously such as P. P. Naik et al. who
13260 | RSC Adv., 2021, 11, 13256–13268
reported in their publication12 that “large agglomerates of many
particles are formed”. Furthermore, the surface morphology
exposes distribution of small grains at the grain boundaries,
which is the unique mark of Ni–Zn ferrites. The obtained grain
size results from SEM micrographs for x ¼ 0.00 and x ¼ 0.1 as
shown in Fig. 3c and d (using the Image J soware by tting the
particle size distribution with a Lorentz function) are 37.62 and
35 nm for x ¼ 0.00 and x ¼ 0.1, respectively. This reduction in
grain size was also discovered by P. P. Naik et al.12 who have
found that neodymium prefers to occupy octahedral sites which
leads to strain on the grain boundaries causing an obstacle in
grain growth and consequently the downturn of grain distri-
bution with augmenting the Nd3+ doping level. By comparing
the average size of the crystallites obtained from XRD and the
particle size of the SEM analysis, we can deduce that every grain
is almost monocrystalline, which conrms the nanometric size
of our samples. It is well known that dispersive X-ray analysis
(EDX) is a useful technique for chemical analysis and for esti-
mating the atomic percentages of different constituents on
surface layer of the solid investigated. Energy dispersive X-ray
analysis was performed for prepared samples x ¼ 0.00 and x
¼ 0.1 and presented in Fig. 3e and f. The EDX spectrum conrm
the presence of Fe, Ni, Zn, Al, Nd and O elements in the samples
without any traceable impurities and conrms further the
phase pure of Ni–Zn ferrite samples.

FTIR measurements

The Fourier-Transform Infrared (FTIR) spectra of Ni0.6Zn0.4-
Al0.5Fe1.5�xNdxO4 samples with x ¼ 0.00; 0.05; 0.075 and 0.1 are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrograph of nickel–zinc ferrites for (a) x ¼ 0.00, (b) x ¼ 0.1, particle size distribution for (c) x ¼ 0.00 and (d) x ¼ 0.1 and EDX
spectrum of (e) x ¼ 0.00 and (f) x ¼ 0.1.

Table 3 Absorption bands (n1 and n2), force constant (KT and KO for the
A and the B sites, respectively) and the Debye temperature of Ni0.6-
Zn0.4Al0.5Fe1.5�xNdxO4 (x ¼ 0.0, 0.05, 0.075 and 0.1) nanoparticle
samples

Parameter x ¼ 0.0 x ¼ 0.05 x ¼ 0.075 x ¼ 0.1

n1 (cm
�1) 571 572 573 576

n2 (cm
�1) 407 406 409 410

na (cm
�1) 489 489 491 493

KT (N m�1) 133.2 130.0 128.4 124.6
KO (N m�1) 177.1 184.4 188.7 192.8
qD (K) 703 703 706 708
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studied in the range of 400–4000 cm�1 as illustrated in Fig. 4. As
known for spinel ferrites, it exist two major metal–oxygen
frequency bands y1 and y2 corresponding respectively to the
metal ions stretching vibration in the tetrahedral site and that
in the octahedral site.37–39 In our case, the higher frequency
absorption band y1 is assigned for Fe3+–O intrinsic vibration of
tetrahedral group in the range of 570 cm�1 and the lower
frequency absorption band y2 is attributed to that of the octa-
hedral group near 405 cm�1 which is the ngerprint of Zn–Ni
ferrites.39,40 There are additional frequency band located near
1061 cm�1 corresponding to the O–H stretching vibrations.41

It can be noted from the gure that the peaks intensity
amplies with raising the Nd3+ doping level. Such behavior can
be justied by the changes in bond lengths of Fe3+–O tetrahe-
dral and octahedral sites due to the insertion of doping ion
Nd3+.37 Moreover, the vibration band (n1) is widened and shied
© 2021 The Author(s). Published by the Royal Society of Chemistry
towards the higher wavenumber region with an increased Nd3+

doping level (see Table 3). Same behavior was observed in Nd
doped Mn0.6Zn0.4Fe2O4 reported by Naik et al.12 This shiing is
RSC Adv., 2021, 11, 13256–13268 | 13261
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Fig. 4 FTIR transmittance spectra of Nd3+ doped Ni–Zn ferrites.
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also associated with the lattice constant variations. However,
the presence of these absorption bands further conrms the
formation of our spinel-structured Ni–Zn–Al ferrite.

The force constants (K) for the tetrahedral site (KT) and
octahedral site (KO) can be calculated using the following
relation:35

KT,O ¼ 4pC2n1,2
2m

where, C is the velocity of light (C¼ 2.99 � 108 m s�1), n1,2 is the
vibration frequency for tetrahedral or octahedral sites in m�1

and m is the reduced mass for the Fe3+ ions and the O2� ions
(�2.065 � 10�26 kg mol�1).

The calculated values of the force constants (KT) and (KO) are
listed in Table 3. The force constants of the A and B sites
increase with increasing the doping level x. This increase may
Fig. 5 Raman spectra of the Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 for different va

13262 | RSC Adv., 2021, 11, 13256–13268
be due to the motion of metallic ions between the A- and B-site,
which changes the site radius, and variation in bond lengths,
dA–O and dB–O.

The Debye temperature (qD) can be calculated using the
equation given by Waldron:35

qD ¼ ħCna/kB ¼ 1.438na

where, ħ¼ h/2p, h is Planck's constant, na is the average value of
wavenumbers, kB is Boltzmann's constant and C is the velocity
of light. For ferrites, we get ħC/KB ¼ 1.438. Aer calculating, we
discovered that qD increase within creasing Nd3+ doping level
(Table 3). When we refer to the specic heat theory,42 we found
that this increase of Debye temperature may refer to a decrease
of the conduction electron number Ne (n-type) and to an
increase of the number of conduction holes Np (p-type).

Raman spectroscopy

To shed more light on the vibrational study and conrm the
formation of our compounds, we perform Raman scattering
analysis at room temperature. Raman spectra in the region of
100 cm�1 to 850 cm�1 by using 540 nm laser excitation for
Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 samples are presented in Fig. 5. It is
well known that the spinel ferrite belong to Fd�3m space group
which gives rise to 39 normal vibrational modes, ve of them
are Raman active modes (A1g + Eg + 3T2g).43 In spinel ferrites, it
exist two modes: the rst is vibrations of the oxygen atoms in
tetrahedral sites AO4 groups above 600 cm�1, and the second
mode below this frequency is vibrations of the oxygen atoms in
octahedral sublattice. The translation movement of the entire
tetrahedral units MO4 is associated to T2g(1) phonon. The T2g(2)
and T2g(3) Raman modes refer respectively to the symmetric
and asymmetric bending of the oxygen atom in the metal–
lues of Nd3+ concentration.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Raman band position of Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 (x ¼ 0.0,
0.05, 0.075 and 0.1) nanoparticle samples

Raman band position
(cm�1) x ¼ 0.0 x ¼ 0.05 x ¼ 0.075 x ¼ 0.1

A1g(1) 691.5 697.2 701.3 702.4
A1g(2) 651.3 665 670.2 671.5
F2g(3) 493.5 497.9 559.1 563.4
F2g(2) 468.3 482.9 484.8 485.7
Eg 330.8 330.9 331.7 332.9
F2g(1) 191.3 193.1 193.3 193.6
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oxygen band at the octahedral site. Plus, the Eg Raman mode is
correlated to the symmetric bending of the oxygen atom with
respect to the metal ion at the octahedral site. Finally, the
symmetric stretching of the oxygen atom in tetrahedral sites
corresponds to A1g Ramanmode.44 In order to better analyze the
Raman results of our samples, Lorentzian function was used to
t the obtained Raman data. The Raman modes for all Ni0.6-
Zn0.4Al0.5Fe1.5�xNdxO4 samples (x¼ 0.00, x¼ 0.05 x¼ 0.075 and
x ¼ 0.1) are summarized in Table 4. These Raman band posi-
tions are in accord with previous researches about spinel
ferrite.32,45 It is clear from the Table 4 that all modes of Ni0.6-
Zn0.4Al0.5Fe1.5�xNdxO4 are shiing to high frequency with
increasing Nd3+ content. This shi in Raman modes is due to
cation redistribution between octahedral and tetrahedral sites
result from the incorporation of Nd3+ ions in spinel ferrite
samples. Furthermore, the broad and shi of the Raman modes
in the nano-particle can be also ascribed to phonon conne-
ment and variations inphonon relaxation with the smaller
particle size.35 From Fig. 5, we observe that no additional peak
matching any other iron oxide phase is found for the
compounds (monophasic composition), which conrms the
results already found by the XRD analysis. In contrast with XRD
analyze, it reveals that the absence of the orthoferrite phase
NdFeO3 for x¼ 0.1 sample, which may be due to low percentage
of this phase in the system. However, we conclude that all the
Raman active bands of our samples are conforming to the
Fig. 6 M–T variation curves of Ni–Zn nanoferrites. Inset: variation of
dM/dT versus temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
theoretical vibrational modes of the spinel ferrites with cubic
phase Fd�3m space group, which also conrms the formation of
Nd doped Ni–Zn–Al ferrite samples.
Magnetic study

The temperature versus magnetization curves for all studied
samples were measured over a temperature range of 300–750 K
under an external magnetic eld of 1 kOe, as shown in Fig. 6. As
clear in the gure, magnetization decreased continuously with
temperature increasing till reaching a minimum value. This is
probably caused by the thermal randomization of magnetic
moments at various lattice sites.46 The TC values corresponding
to the point of inection in M(T) curves were determined from
the rst derivative of these curves (inset of Fig. 6). TC values are
found to be decreasing approximately with increasing the Nd
doping level x from 623 K for x ¼ 0.00 to 591 K for x ¼ 0.1 (see
Table 5). This decrease in the value of Curie temperature with
increasing Nd content may be due to a change in cation
distribution between the tetrahedral and octahedral sites of the
spinel lattice on the basis of strength of the exchange interac-
tions. S. G. Kakade et al.45 reported that the Curie temperature
decreases with Er substitution in CoFe2O4 due to decreasing the
strength of A–B sublattice superexchange interactions. For the
spinel oxides AB2O4, as reported by Néel about the two-
sublattice model of ferrimagnetism,47 the magnetic properties
are governed by competition among the magnetic interactions
between ions occupying the A and B sub-lattices: the intrasite
JAA and JBB(A–O–A and B–O–B) and the strongest and most
dominant A–B sub-lattice exchange JAB. So, the replacement of
iron by neodymium causes a weakening of the interaction JAB
triggered by the presence of non-magnetic Nd3+ ions the crys-
tallographic sites of the Ni–Zn–Al ferrite, and as a result of this,
the Curie temperature decreases.48 As shown in Tables 1 and 2,
the increase in lattice parameter, bond angles and bond lengths
results in decreased A–B exchange interaction. As the exchange
interaction is relatively strong, correspondingly higher thermal
energy is required to disorient the moments,19 thereby resulting
in lower TC values with increasing the Nd doping level x.

Fig. 7 depicts the inverse of susceptibilities versus tempera-
ture which ascend clearly when the ferrite nanoparticles change
Table 5 Summary of the magnetic parameters of Ni0.6Zn0.4Al0.5-
Fe1.5�xNdxO4 (x ¼ 0.0, 0.05, 0.075 and 0.1) nanoparticle samples

Parameter x ¼ 0.0 x ¼ 0.05 x ¼ 0.075 x ¼ 0.1

TC (K) 623 622 606 591
qCW (K) 668 601 669 655
meff (mB) 3.13 1.13 0.37 0.25
Ms (emu g�1) 47 42 39.8 34
Hc (Oe) 34 25 20 15
Mr (emu g�1) 3.2 2 1.5 0.5
Mr/Ms 0.07 0.08 0.04 0.01
K1 (J m

�3) 5.9 � 104 5 � 104 3.9 � 104 4.2 � 104

nB (mB) 1.87 1.7 1.63 1.41
nth (mB) 5.5 5.4 5.35 5.3
Y–K angles (�) 60.74 61.87 62.3 69.26

RSC Adv., 2021, 11, 13256–13268 | 13263
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Fig. 7 Inverse of susceptibility versus temperature of Ni–Z spinel ferrites.
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its magnetic state from ferrimagnetic to paramagnetic. In the
temperature range, well above TC, the susceptibility follows the
Curie–Weiss law:49

c�1ðTÞ ¼ T � qCW

C

where qCW is the Curie–Weiss paramagnetic temperature, T is
the absolute temperature and C is the Curie constant. The
experimental effective moment meff (in unit of Bohr magneton
mB) has been calculated, using C values gotten from the slope of
1/c and has been expressed as:
Fig. 8 Magnetic hysteresis loops obtained for the nanocrystalline undo
NdxO4) powders (a) and M–H variation curves (b).

13264 | RSC Adv., 2021, 11, 13256–13268
m
exp
eff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� kB � C

NA

s
¼

ffiffiffiffiffiffiffi
8C

p
mB

where NA is Avogadro number, kB is Boltzmann constant and mB

is Bohr magneton. The obtained parameters qCW and meff are
listed in Table 5. As noticed from the table, the obtained values
of qCW are slightly great comparable to TC. This difference may
mostly caused by the presence of a magnetic inhomogeneity.50

Generally, the difference between TC and qCW is associated
with the presence of short-range ordered slightly above TC.
However, we mark a downturn in Curie temperature and qCW
ped and neodymium-doped Ni–Zn–Al ferrite (Ni0.6Zn0.4Al0.5Fe1.5�x-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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values which can be related to the weakening of A–B exchange
interactions caused by the replacement of iron (Fe3+) by the
neodymium (Nd3+). The decrease in the effective experimental
paramagnetic moment with the increase in Nd3+ content may
refer to the decrease in ferrimagnetic clusters present in the
paramagnetic phase.51

The magnetic hysteresis loops obtained for the nano-
crystalline undoped and neodymium-doped Ni–Zn–Al ferrite
(Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4) Powdersat room temperature are
shown in Fig. 8a. All the compositions exhibit typical so
ferrimagnetic nature. It could be observed from the hysteresis
loop that all composition of nanoparticles shows negligible
remanence and coercivity, which conrms the presence of
super paramagnetic behavior in the samples. Moreover, the
hysteresis loops are not well-saturated which may be related
either to super paramagnetic state or to spin disorder at the
surface of thin nanoparticles.19,52,53

However, all samples exhibits a super paramagnetic
behavior might be useful for biomedical applications such as
hypothermia and contrast enhancement agents for magnetic
resonance imaging (MRI).

Magnetic parameters such as saturation magnetization (Ms),
coercivity (Hc), remanent magnetization (Mr), magneto-
crystalline anisotropy constant (K1) and reduced magnetiza-
tion (Mr/Ms) were obtained from the hysteresis loop. The satu-
ration magnetization (Ms) and magneto-crystalline anisotropy
constant (K1) were obtained from the hysteresis loop by tting
the high eld magnetization data (Fig. 8b) using the saturation
approach low:

M ¼ MS

�
1� A

H
� B

H2

�
þ C �HB ¼ 8 K1

2

105 MS
2

where MS is the saturation magnetization, H is the applied
external magnetic eld, A and B are a constant, C symbolize the
susceptibility in the high eld region and K1 is the rst order
cubic magneto-crystalline anisotropy coefficient in J m�3. The
different magnetic parameters are tabulated in Table 5. It is
observed from hysteresis loop that the saturation magnetiza-
tion decreases from 47 emu g�1 (for x ¼ 0.00) to 34 emu g�1 (for
x ¼ 0.1) with increasing the Nd3+ doping level in Ni–Zn–Al
ferrite. The decrease of saturation magnetization may refer to
the passage of Fe3+ from octahedral to tetrahedral sites with
Nd3+ ions substitution in Ni–Zn–Al ferrite. As evidenced from
Table 2, the distance between cation and anion decreases while
the distance between cations increases with an increasing
substitution of Nd3+ ions. It is noted that q1 and q2 related to the
A–B interaction increase, q3 and q4 related to the B–B interaction
decrease, whereas q5 corresponding to the A–A interaction
slightly increases with the Nd3+ substitution. It is reported by
Wang et al.25 that the increase in inter-ionic distances between
cation–cation results in weakening of the strength of magnetic
interactions. In fact, in the present work, we have observed the
increase in inter-ionic distances between cation–cation, sug-
gesting weakening of the A–B super-exchange interactions but
contrary to this, we also observed an increase in q1, q2 and q5

which suggests the strengthening of the A–B and A–A interac-
tions and decrease in q3 as well as q4 indicates the weakening of
© 2021 The Author(s). Published by the Royal Society of Chemistry
the B–B interaction, indicating the magnetism observed within
the cation distribution framework could not be demonstrated. A
similar observation results has been reported of Nd doped Mg–
Mn spinel ferrite nanoparticles.54 Since the inter-ionic distance
and bond angles are suggesting conicting information, the
decrease in saturationmagnetization is attributed to the surface
effect of the magnetic nanoparticles, due to small crystallite
size.19 This surface effect can be elucidated by postulating the
existence of dead magnetic layer due to the surface spin
disorder. It is expected that the number of spins at the surface
of Nd3+ doped Ni–Zn–Al ferrite increases as the crystallite size
get smaller.55 It is further noticed from the XRD analysis that for
higher substitution of Nd3+ ions, small traces of secondary
phase NdFeO3 is noticed. The NdFeO3 is antiferromagnetic in
nature, a decrease in saturation magnetization expected for
higher concentrations of Nd.56 Thus, the resultant of the above
mentioned effects are expected to reect in the saturation
magnetization of pure and Nd doped Ni–Zn–Al ferrite
nanoparticles.

Moreover, the decrease in saturation magnetization of our
ferrite samples can be explained on the basis of magnetic
moment of metal ions in the samples. Magnetic moment of
Nd3+ ion (3 mB)57 is smaller than that of Fe3+ ion (5 mB),58 when
Fe3+ ions in nanoparticles spinel Ni0.6Zn0.4Al0.5Fe1.5O4 are
partially doped by Nd3+ ions, the Nd3+ ions are preferentially
occupied the octahedral sites (B-sites), which leads to the
decrease in the net magnetic moment of octahedral sites in
Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 with the rise of x. Similar saturation
magnetization behavior has been reported for many rare earth
doped spinel ferrites.59–62

The effective anisotropy constants K1 of Ni0.6Zn0.4Al0.5-
Fe1.5�xNdxO4 are showed in Table 5. K1 value decreases with the
increase in Nd content.

The change in the magnetic parameters is due to the inu-
ence of cationic stoichiometry and occupancy at specic sites.
In the present study, based on the cation distribution obtained
from DRX, a deviation in the regular preferences of cations was
observed. Ni2+ ions mainly occupy the octahedral sites whereas
Zn2+ has strong preference for the tetrahedral sites, Al3+ and
Fe3+ ions have a preference for both the available A and B sites
and the Nd3+ ions are preferentially occupied the B sites. The
corresponding magnetic moments of Ni2+, Nd3+, Zn2+, Al3+ and
Fe3+ are 2 mB, 3 mB, 0 mB, 0 mB and 5 mB, respectively. By applying
the collinear Néel two-sub-lattice model on the different
assumed cation distribution congurations, the calculated
magnetic moment value can be determined using the following
formula:

nth ¼ MB � MA

where MA and MB are the sub-lattice magnetization, which can
be calculated from the magnetic moment of each cation in
terms of Bohr magneton (mB).

The dependence of the observed magnetic moment per
formula unitin Bohr magneton (mB) with Nd3+ substitution in
Ni–Zn–Al ferrite, is summarized in Table 5 aer being calcu-
lated using the relation below:19
RSC Adv., 2021, 11, 13256–13268 | 13265
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nB ¼ M �MS

5585

where M is the molecular weight of a particular ferrite compo-
sition and MS is saturation magnetization (emu g�1). The
decrease in magnetic moment nB from 1.87 mB (at x ¼ 0.00) to
1.41 mB (at x ¼ 0.1) with elevating the Nd3+ concentration in Ni–
Zn–Al ferrite is also noticed. The variation trends of net
magnetic moment (nth) and observedmagnetic moment (nB) are
similar while the values of observed magnetic moment (nB) are
lower than that of net magnetic moment (nth). It indicates that
the magnetization behavior for all samples cannot be explained
on the basis of Néel two-sublattice model, suggesting the
dominant role of canted spin (non-collinear) on B sites and the
existence of Yafet–Kittel angle. Spin orientations of magnetic
ions line up with making angles from the favorite direction.
This behavior is called spin canting or non-collinear magnetic
order. The Yafet–Kittel angles (aY–K) are calculated from the
observed magnetic moment nB values according to the relation
below:63

nB ¼ MB cos aY–K � MA

The obtained values of Y–K angles are summerized in Table
5. It increases when Nd3+ concentration elevates, indicating
increased contribution of non-collinear nature for magnetiza-
tion variation. The non-zero Y–K angles support that the
magnetization behavior can't be represented on the basic of
Néel two sub-lattice model due to the presence of spin canting
on the octahedral site (B site), which rises the B–B interaction,
as a result the A–B interaction reduces.

Table 5 also shows that the coercivity (Hc) decreases from 35
Oe to 15 Oe as x is increased from x ¼ 0.00 to x ¼ 0.1. The
decrease in coercivity is being attributed to the strong spin–
orbit coupling of rare earth Nd3+ ions contribute to the anisot-
ropy, when they are located in the B sites of ferrite. Another
possible explanation is that the decrease in the size of the
particles could cause a decrease in the coercivity. It is also found
that the squareness ratio (Mr/Ms) decreases with increase Nd3+

substitution. The values of Mr/Ms for Nd-doped Ni–Zn–Al
ferrites which vary from 0.08 to 0.01 are shown in Table 5. These
values are less than the typical value of “0.5” expected for
a single magnetic domain material.53 The low value of Mr/Ms

could be attributed to the interactions between the grains
which, in turn, area affected by the grain size distribution in the
material.

To probe if our samples can be useful for high-frequency
microwave applications, it is essential to have available mate-
rials with a high microwave frequency value.19,64 The microwave
frequency (um) was calculated by the given equation:

um ¼ g8p2Ms

where Ms is the saturation magnetization and g is the gyro-
magnetic ratio (g ¼ 2.8 MHz Oe). The calculated values of
microwave frequency are 10.6, 9.3, 8.8, and 7.5 GHz for x¼ 0.00,
x ¼ 0.05, x ¼ 0.075, and x ¼ 0.1, respectively. Actually, the
13266 | RSC Adv., 2021, 11, 13256–13268
obtained microwave frequency values for our samples are
comparable and even much bigger than some systems used for
high-frequency microwave applications noting Pr doped Cu
nanoferrites (from 5.2–9.5 GHz)64 and Al doped spinel nano-
ferrites (6–7 GHz).65 Thus, we can affirm that the studied
samples can be good candidates for high-frequency microwave
applications.

In general, a large magnetocaloric effect (ECM) value is
observed near the transition temperature and is closely related
to the order of the corresponding magnetic phase transition.
The M(T) curves show a reversible character of the magnetiza-
tion around the Curie temperature. Furthermore, the small area
of the hysteresis cycle indicates low energy loss during
a magnetization–demagnetization process. Therefore, the Nd
doped Ni–Zn–Al ferrite can be considered as a candidate for
magnetic refrigeration in a wide temperature range above room
temperature and other various applications such as in
biomedicine and in microwave devices.
Conclusion

The present study demonstrates the effect of Nd3+ substitution
for Fe3+ in Ni–Zn ferrite nano-crystals morphology, structure
and magnetic properties. Structural analysis of undoped and
Nd3+ doped Ni0.6Zn0.4Al0.5Fe1.5�xNdxO4 with x ¼ 0.00, 0.05,
0.075 and 0.1 showed a spinel cubic structure with Fd�3m space
group. Because of the large ionic radius of neodymium, the
lattice parameter, cell volume and crystallite size were found to
be increasing when the doping level is rising. Spectroscopic
analysis demonstrates the change in the frequency intensities
which affects the bond length in Fe3+–O tetrahedral and octa-
hedral sites due to the insertion of doping ion Nd3+.Magnetic
study proves a ferrimagnetic–paramagnetic transition at the
Curie temperature. The cationic arrangement between the
tetrahedral (A-) and octahedral (B-) of Ni–Zn–Al ferrite samples
was estimated from the diffraction intensities of XRD data.
Based on the cation arrangement, the estimated magnetic
moment values, by adopting Néel's sublattice and Yafet–Kittel
models, Ms variation with x is explained and found to reduce
with the rise in Nd content. The magnetic hysteresis loops
showed a so ferrimagnetic nature and the presence of super
paramagnetic behavior in this material, which can be consid-
ered as a good criterion for biomedical applications. Further-
more, high values of microwave frequency (um) in the range 7.5–
10.6 GHz are also reported.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the Tunisian Ministere de
l'Enseignement Superieur et de la Recherche Scientique
(PHCMaghreb 15 MAG07 program).
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10140k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 5
:5

1:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 Y. K. Dasan, B. H. Guan, M. H. Zahari and L. K. Chuan,
Inuence of La3+ Substitution on Structure, Morphology
and Magnetic Properties of Nanocrystalline Ni–Zn Ferrite,
PLoS One, 2017, 12(1), e0170075.

2 L.-Z. Li, X.-X. Zhong, R. W. Wang, X.-Q. Tu, L. He and
F.-H. Wang, J. Magn. Magn. Mater., 2019, 475, 1–4.
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