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This article presents the annealing effect on the structural, elastic, thermodynamic, optical, magnetic, and

electric properties of Ni0.6Zn0.4Fe1.5Al0.5O4 (NZFAO) nanoparticles (NPs). The samples were successfully

synthesized by the sol–gel method followed by annealing of the as-synthesized at 600, 800, 900, 1050,

and 1200 �C. This approach yielded the formation of a highly crystalline structure with crystallite size

ranging from 17 nm to 40 nm. X-ray diffraction (XRD), scanning electron microscopy (SEM) techniques,

as well as energy disperse spectroscopy (EDS), Fourier transform infrared (FTIR) and Raman

spectroscopy, were used in order to determine the structural and morphological properties of the

prepared samples. Rietveld XRD refinement reveals that Ni–Zn–Al ferrite nanoparticles crystallize in

inverse cubic (Fd�3m) spinel structure. Using FTIR spectra, the elastic and thermodynamic properties were

estimated. It was observed that the particle size had a pronounced effect on elastic and thermodynamic

properties. Magnetic measurements were performed up to 700 K. The prepared ferrite samples present

the highest Curie temperature, which decreases with increasing particle size and which is consistent with

finite-size scaling. The thickness of the surface shell of about 1 nm was estimated from size-dependent

magnetization measurements using the core–shell model. Besides, spin resonance, magnetostriction,

temperature coefficient of resistance (TCR), and electrical resistivity properties have been scientifically

studied and appear to be different according to their size. The optical properties of synthesized NZFAO

nanoparticles were investigated, and the differences caused by the particle sizes are discussed on the

basis of the phonon confinement effect. This effect was also inspected by the Raman analysis. Tuning of

the physical properties suggests that the Ni–Zn–Al ferrite samples may be promising for multifunctional

diverse applications.
Introduction

Over the past several years, ferrites spinels AFe2O4, where A is
a divalent transition metal (Ni, Zn, Fe, Cr, Mn, Co, .) have
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soudi@gmail.com

gineering, CICECO – Aveiro Institute of

eiro, Portugal

ue Henri Dunant, F-94320 Thiais, France

et des Nanomatériaux Appliquée a`
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attracted great interest due to their good biocompatibility, low
toxicity and their magnetism.1,2 These materials are currently
considered among the most successful magnetic nanoparticles
(MNPs) for technological and medical applications e.g., mag-
netocaloric refrigerators, magnetic memory, solar water oxida-
tion, electrochemical supercapacitor applications, biological
applications, lithium-ion batteries, contrast enhancement in
magnetic resonance imaging (MRI) and magnetic uid hyper-
thermia.3–10 Therefore, an understanding of the structural and
magnetic properties of spinels is of great importance from both
a fundamental and an applied point of view. These properties
can be controlled by synthesis methods, annealing temperature
and/or by doping suitable elements into the A-site or B-site to
change the structural parameters and/or the distribution
cation.

The ferrite spinel has a face-centered cubic (fcc) structure,
which consists of a cubic close-packed oxygen lattice. The unit
cell of a spinel ferrite consists of 16 trivalent iron ions, 8 diva-
lent metal ions (M) and 32 oxygen ones. The spinel structure
contains two interstitial sites, occupied by metal cations with
octahedral (B) and tetrahedral (A) oxygen coordination. In
This journal is © The Royal Society of Chemistry 2020
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general, the cationic distribution between the two sites is
quantied by the inversion degree (g), which is dened as the
fraction of divalent ions in the octahedral sites. In the normal
spinel conguration, the Fe3+ ions occupy the octahedral sites,
while the tetrahedral sites contain the M2+, giving the empirical
formula (M2+)A[Fe3+]BO4. On the other hand, in inverse spinels,
half of the Fe3+ occupy the tetrahedral sites, while the octahe-
dral sites contain the M2+ and the other half of Fe3+ ions,
yielding the empirical formula (Fe3+)A[M2+Fe3+]BO4. The struc-
ture can also be mixed spinels. However, superexchange inter-
actions between magnetic atoms located in the same kind of
interstitial sites (JA–A and JB–B) lead to two ferromagnetically
ordered sub-lattices. On the other hand, the dominant antifer-
romagnetic interactions between magnetic ions in the A and B
sites (JA–B) induce a non-compensated antiferromagnetic order
between the two sub-lattices inducing (ferrimagnetism). In the
case of nanoparticles, the larger surface area creates surface
relaxation, surface bond bending, surface effect and conse-
quently spins canting which modies the contribution of each
interaction. The relation between structures and physical
properties for nano ferrites requires a careful consideration.
Therefore, various methods, including, forced hydrolysis in
polyol, ball milling, coprecipitation, sol–gel auto-combustion
and hydrothermal/solvothermal method etc.,3,11–14 have exten-
sively been developed to synthesize nano-spinel ferrite with
different sizes and shapes. Ball milling method is favorable to
produce a highly crystalline nanostructure, but always leads to
agglomeration in high reaction temperature and long time. By
contrast, sol–gel method is preferred due to the better control
over the shape and size for particle synthesis in low temperature
and low time of process with remarkable purity and high
amount. Also, this method offers an advantage due to its high
quality production, its low cost.15

Ni–Zn ferrite is a member of the class of the spinel ferrites
which is widely touted for its applications in magnetic, mag-
netooptical and magnetodielectric devices. Under normal
conditions, spinel Ni–Zn ferrites is a typical ferrimagnetic
material possessing mixed spinel structure (Fei

3+M1�i
2+)[Mi

2+-

Fe2�i
3+]O4,16,17 where i is the inversion degree, () and [] represent

tetrahedral and octahedral positions respectively, which
belongs to Fd�3m space group. The cation arrangement can vary
between two extreme cases. One of them is the normal spinel (i
¼ 0), where all the divalent elements occupy tetrahedral A sites
and all the trivalent elements occupy octahedral B sites. The
other one is the inverse spinel (i ¼ 1), where all the divalent
elements occupy octahedral B sites and all trivalent elements
are equally distributed between tetrahedral A sites and octahe-
dral B sites. Spinels with the cation distribution intermediate
between normal and inverse (i.e., partially inverse spinels; 0 < i <
1) are also very frequent.18

Furthermore, Ni–Zn ferrites are characterized by high
surface area, chemical stability, high saturation magnetization,
high Curie temperature, low coercivity (so magnetic), high
permeability, high dielectric constant, low losses, semi-
conductor dielectric transition and they can nd wide applica-
tion in the high frequency region of electronics devices.19 On
substitution of Zn2+ in Ni ferrite the Fe3+ ions migrate from (A)
This journal is © The Royal Society of Chemistry 2020
to [B] site and consequently the FeA–O–FeB interaction becomes
feeble. Several studies have reported the dependence of
magnetic properties of Ni–Zn ferrites on their microstructure,
sintering temperature and preparation method, these proper-
ties can be changed and tuned by aluminum doping.20,21 The
introduction of Al3+ ions leads to signicant variations of cation
distribution over the A and B sites depending on the method of
synthesis and Al concentration, additional non-magnetic ions
Al3+ on octahedral B site reduces saturation magnetization by
increasing the resistivity.21

The electrical properties displayed macroscopically by the
ferrite are a direct consequence of their cationic arrangement
since both nickel and iron possess different electronic charac-
ters depending on the interstice they occupy inside the lattice.
For nanometric Ni–Zn ferrites, it is possible to obtain good
electric properties and high performance at relatively low sin-
tering temperature. Recently, Li et al.22 examined the dielectric
properties and direct-current resistivity of Al-substituted Ni–Zn–
Co ferrite nanoparticles. Also, the magnetic properties of Ni–Zn
ferrite nanocrystals depend on different sizes, shapes, and
synthesis methods. Beji et al.11 prepared a series of polyol-made
Ni–Zn ferrite nanoparticles with varying annealing tempera-
tures to optimize the structural and magnetic properties and
found that heating at different temperatures ranged from 400 to
800 �C provides changes of the magnetic properties of these
particles. In our earlier work,23 we investigated the dielectric
properties of Ni0.6Zn0.4Fe1.5Al0.5O4 annealed at 600, 900, and
1200 �C. It was found that the dielectric properties of the system
improved on increasing the temperature. Moreover, K. Praveena
et al.24 discussed the effect of annealing temperature in dynamic
magnetic properties of Ni0.4Zn0.2Mn0.4Fe2O4 nanoparticles.
However, their discussion was limited to the resonance eld
and g-value which are major imprints of the material charac-
teristics, but other key spin resonance parameters that can
provide an even more detailed understanding of the properties
of materials required to enhance the performance of the device
must be reported. To the best of our knowledge, there is no
report performed to understand the effect of particle size on the
relaxation mechanism, transverse relaxivity, magnetostrictive,
thermodynamic, and elastic properties of Ni–Zn–Al ferrite in
detail. A better understanding of these physical properties of
Ni–Zn–Al ferrite is, therefore, highly benecial to tune the
properties for diverse technological applications.

Herein, the main aim of this framework is to synthesize and
study nanoscale and bulk materials based on nickel–zinc
ferrites. We are interested in determining the effects of particle
size changes in the nano to micro-regime by annealing
temperature at 600, 800, 900, 1050, and 1200 �C and charac-
terized with different aspects such as structural, morphological,
magnetic, elastic, thermodynamic, magnetostriction, optical
and electric properties. A detailed investigation of the dynamic
magnetic properties was carried out by an electron spin reso-
nance (ESR) study and the spin resonance parameters were also
estimated. Interestingly, the synthesized nanoparticles at low
temperature possess excellent transverse relaxivity r2 and can be
used as T2 contrast efficacy in imaging application. Hence, these
synthesized materials will not only seem to be an ideal material
RSC Adv., 2020, 10, 34556–34580 | 34557
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for examining the size effect on the physical properties of
nanomaterial but also have broad applications in the future.
Experimental section
Synthesis

All the chemical reactants in this work were purchased from
Sigma-Aldrich and used without further purication. Ni0.6-
Zn0.4Fe1.5Al0.5O4 nanoparticles were successfully prepared
through the sol–gel method. The process was described in detail
elsewhere.23 In a typical preparation, analytical purity grade
Fe(NO3)3$9H2O and NiCl2$6H2O were dissolved in distilled
water. The oxides powders ZnO and Al2O3 of purity (99.99%)
were dissolved in nitric acid. The obtained solution was added
to the previous one. We mixed this solution with citric acid
(C6H8O7) with molar ratio 1 : 1.5 of metal cation (Ni + Fe + Zn +
Al) to citric acid owed by the addition of ethylene glycol
(C2H6O2). The resulting solutions were heated to 80 �C with
magnetic stirring to remove the excess water and to form a gel.
To decompose the organic matter, the as prepared powder was
annealed at 500 �C for 6 hours in an electrical muffle furnace
and cooled slowly to room temperature. Finally, the obtained
powder was then separated into ve sets (Ni600), (Ni800),
(Ni900), (Ni1050) and (Ni1200) were pelletized and annealed at
Fig. 1 Chemical reaction of Ni0.6Zn0.4Al0.5Fe1.5O4 synthesized by sol–ge

34558 | RSC Adv., 2020, 10, 34556–34580
600, 800, 900, 1050 �C for 6 h and 1200 �C for 24 h, respectively.
Chemical reaction of the prepared sample is shown in Fig. 1.
Characterizations and measurements

The structural characterization was carried out by X-ray
diffraction at room temperature. The ferrite nanoparticles
were characterized using a powder X-ray diffraction (XRD) with
a Bruker D8 diffractometer with Cu Ka radiation (l ¼ 1.5406�A)
and a step size of 0.015� width from 15� to 80�. Morphological
characterization was carried out using Merlin scanning electron
microscopy (SEM) equipped with an energy-dispersive X-ray
spectrometer (EDXS). The particle size was estimated by
image processing of SEM's pictures using ImageJ soware.
Thermogravimetric analysis (TGA) and the differential thermal
analysis (DTA) were carried out using the Setaram Instrument.
The sample was heated up to 1000 �C with a heating rate
10 �C min�1 in argon atmosphere with nitrogen ow of 40
mlmin�1. The Raman spectra were recorded using a SENTERRA
spectrometer from Bruker Company with laser excitation of
532 nm at room temperature. Room temperature Fourier
transform infrared (FTIR) spectra were obtained using Thermo
Scientic Nicolet 6700 FTIR Spectrometer in the region 400–
4000 cm�1 with diffuse reectance infrared Fourier transform
spectroscopy (DRIFTS) technique. Absorption spectra were
l method.

This journal is © The Royal Society of Chemistry 2020
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registered on a UV-3600 Spectrophotometer (SHIMADZU,
Japan) for the UV/visible/IR range. The magnetostriction
measurements were made on the NZFAO pellets using the small
angle rotation magnetization method. The magnetic isotherms
M(H) were recorded at room temperature under a magnetic eld
up to 4 T using a SQUID magnetometer. Measurements of the
intrinsic magnetic temperature (TC) were carried out using
differential sample magnetometer MANICS in a eld up to 1
kOe. Additionally, the electron spin resonance (ESR) measure-
ments were carried out on a Bruker ESP-300E spectrometer
operating in the X band 9.3 GHz and with a eld modulation of
2 GHz. A thin silver lm is deposited through a circular mask of
8 mm of diameter on both sides of the pellet by thermal evap-
oration. A plane capacitor conguration is obtained and
permits the investigation of electrical properties of the synthe-
sized material. Measurements are conducted with an Agilent
4294A analyzer under vacuum with signal amplitude of 20 mV.
Result and discussion
Thermal analysis

Thermal analysis is performed to understand the decomposi-
tion behavior of the Ni–Zn ferrite precursors and the formation
of metal oxides, Fig. 2 shows the TGA and DTA curves of the as
prepared sample which were performed up to temperature of
1000 �C at the heating rate 10 �C min�1 in argon gas to observe
different changes in the form of endothermic and exothermic
peaks which show the phase transition during the heat treat-
ment. Moreover total weight loss is 24% which is the sum of two
parts. The rst broad weight loss of �2% in the temperature
range below 200 �C is assigned to the dehydration of residual
water. The second weight loss of �22%, between 200 �C and
630 �C on TGA curve, which may be due to the autocatalytic
oxidation–reduction reaction between the nitrate and citrate
acid. For temperature higher than 630 �C, the sample attains
the stability in terms of weight and the weight loss at about this
temperature possibly corresponds to the formation of metal
oxide phase of ferrite Ni0.6Zn0.4Al0.5Fe1.5O4. We can conclude
Fig. 2 TGA and DTA curves corresponding to solid sample obtained
from NZAFO gel.

This journal is © The Royal Society of Chemistry 2020
from TGA and DTA that the organic compounds were elimi-
nated above 630 �C. Thus, the sample was further annealed at
temperature from 600 �C.
Structural analysis

Fig. 3a depicts the Rietveld rened X-ray powder diffraction
(XRD) patterns for Ni0.6Zn0.4Fe1.5Al0.5O4 samples annealed at
600, 800, 900, 1050 and 1200 �C using the FULLPROF
program.25 The reections from the atomic planes (111), (220),
(311), (400), (422), (511), (440), (620), (533) and (622) are iden-
tied and conrm the formation of single phase cubic spinel
structure with Fd�3m space group. For the sample annealed at
600 �C (Ni600), we notice the appearance of some peaks due to
rhombohedral symmetry R�3c as a second phase (Fe2O3) desig-
nated by (*) which disappeared at higher annealing tempera-
ture. The hematite phase has been observed by several authors,
up to the calcination temperature of 900 �C.26 No diffraction
peaks of other structures were detected in the other samples,
which indicated that high purity crystalline. The Rietveld
renement parameters are listed in Table S1 (ESI).† We have
observed a low value of goodness of t (c2) which suggests that
the rening of the samples is effective and that the obtained
samples are of good quality. From Fig. 3b, it is observed that the
width at half maximum of (311) peak decreases with increase in
annealing temperature. Diffraction peaks become narrower and
sharper with increasing temperature, thus demonstrating that
the average size of the crystallites increases accordingly. The
crystal structure of Ni0.6Zn0.4Fe1.5Al0.5O4 along with the
different Wyckoff sites occupied by the Ni, Zn, Al, Fe and O
atoms are shown in Fig. 3c.

The lattice constant (aexp) of Ni–Zn nanoparticles was
determined from X-ray data analysis using the relation:12

aexp ¼ l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

2 sin q
:

where l is X-ray wavelength, q is the diffraction angle and h, k,
and l are Muller indices.

The volume of the unit cell for a cubic system has been
calculated from the following equation: V ¼ aexp

3. All the ob-
tained lattice parameters and volume of the ferrite's
compounds are plotted against annealing temperature in
Fig. 3d. A decrease in the lattice parameter with increasing
annealing temperature could be attributed to a decrease in
particle surface stress and the higher crystal structure of larger
particles. In addition, many metal oxides exhibit lattice
parameter with a reduction in particle size which may be due to
cation/anion vacancies, nite size effect, lattice stress etc. A
similar variation of lattice parameter has been reported previ-
ously for Ni–Zn ferrite nanoparticles.11,21 The true values of the
lattice parameter “a0” also are determined using the extrapo-
lation function F(q) by plotting the calculated “aexp” values of
each diffraction peak versus the Nelson–Riley (N–R) function for
each reection of the studied Ni–Zn–Al ferrites:12

FðqÞ ¼ 1

2

�
cos2 q

sin q
þ cos2 q

q

�

RSC Adv., 2020, 10, 34556–34580 | 34559
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Fig. 3 (a) Rietveld refined X-ray diffraction patterns of Ni0.6Zn0.4Al0.5Fe1.5O4 annealed at 600, 800, 900, 1050 and 1200 �C. (b) Zoomed views in
the 2q interval of 35.1–36.3 (�). (c) Unit cell of the sample showing the tetrahedral (A) and octahedral [B] sites. (d) Lattice parameters and volume of
the ferrites compounds against annealing temperature. (e) Dsc versus the annealing temperature TA, where the solid line shows the fit to the
parabolic law and the fitted values are shown.
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The values of the lattice constant “aexp” are depicted in the
Fig. S1 (ESI)† as a function of F(q) for all samples. As seen from
the Fig. 3d, the true values of the lattice parameter are observed
to be slightly higher than the experimental values. It is also
evident that both “a0” and “aexp” and volume decreased as the
size of particles increased. Lattice parameters (a0, aexp and aR
measured from Rietveld renement), density, porosity, crystal-
lite size and surface area of all annealed samples are given in
Table S1.† Density plays an important role in controlling the
properties of polycrystalline ferrites. The X-ray density deduced
from XRD data (rX-ray) increases when increases annealing
temperature rises, from 5.04 g cm�3 for Ni600 to 5.15 g cm�3 for
Ni1200. Therefore, it has been noticed that the annealing
temperature inuences the densication process. In other
words, during the sintering process, a force that is generated by
the thermal energy drives the grains to grow over pores and as
34560 | RSC Adv., 2020, 10, 34556–34580
a result reduces the pores volume and their grain boundaries.
The values of bulk density (rth) also increase whereas the
porosity (P) decreases with increasing the particles size,
revealing that annealing temperature enhances the disorder of
spinel ferrite system. The sol–gel process is known for synthe-
sizing materials with high surface area (S). As it can be seen
from Table S1,† the specic surface area varied in the range
69.8–22.2 (m2 g�1). Therefore, a high surface area of ferrite is
needed for sensing and supercapacitor application.12

The crystallite size was calculated from the line broadening
of the most intense (311) peak using the classical Scherer
formula:12,21

b cos q ¼ Kl

Dsc
This journal is © The Royal Society of Chemistry 2020
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where Dsc is crystalline size, K is shape factor (0.9), l is wave-
length of Cu Ka radiation (1.5406 �A), q the diffraction Bragg
angle of the most intense peak (311) and b is half width of (311)
peak in radian. It is clear that from Fig. 3e that, the crystallite
size increases as the annealing temperature increases from
600 �C to 1200 �C. Particularly, the crystallite size increases
signicantly when the sample is annealed above 900 �C. The
growth of the crystallites can be attributed to coalescence by
solid-state diffusion and it is in agreement with the increase in
density. The corresponding crystallite size Dsc versus the
annealing temperatures is tted in Fig. 3f. The estimated values
of Dsc versus the annealing temperature TA are plotted, revealing
an increase with the increase in the particle size. The red solid
curve indicates the t of the experimental data by a theoretical
curve using parabolic law. The obtained t parameters are listed
in the inset of Fig. 2f. According to Coble's theory,27 the loga-
rithm variation of crystallite size for NZAFO NPs with annealing
temperature is shown in the inset of Fig. 3f. The activation
energy of grain growth can also be calculated by the modied
Arrhenius equation:

lnðDÞ ¼
�
� E

RT

�
þ ln C

where E is the activation energy, C is the specic reaction rate
constant, T is the absolute temperature and R is the ideal gas
constant. The crystallite growth activation energy of nickel
ferrite synthesized by high-energy ball milling with Fe2O3 and
NiO was found to be 64.4 kJ mol�1 as reported by Hajalilou
et al.28 By comparison, this value is higher than the present
value of 11.3 kJ mol�1. This means that the growth of Ni–Zn–Al
ferrite crystallite prepared by the sol–gel method required less
energy to overcome the kinetic barrier. Thus, it is one of the
reasons for obtaining phase Ni–Zn–Al spinel ferrite at lower
temperature.

The lattice strain (3) was calculated from the Williamson–
Hall method (gure not shown here). It is evident from Table
S1† that strain is constantly decreasing with the increase in the
crystallite size. This is evident because of the ratio of the
number of atoms at the surface to the one of atoms inside the
volume decreases when the crystallite size increases, reducing
the number of broken bonds for surface atoms, hence reducing
the strain.

The physical properties of ferrites are sensitive to the cation's
nature, the valance state and their distribution on tetrahedral A
and octahedral B sites of the spinel structure. Thus, under-
standing of the cation distribution is essential in understanding
the intricate structural and physical property relationship. The
distribution of cations in the various spinel ferrite systems has
been estimated from Mossbauer, XPS, X-ray diffraction, and
Raman measurements.29–31 Bestha et al.32 reported that the
intensities of (220), (422), and (400) planes are sensitive to
cations on tetrahedral (A-) and octahedral (B-) site. In our
studies, the distribution of cations was estimated from XRD
data by using the Bertaut method.32,33 From the best-matched
intensity ratio, the cation distribution was estimated and the
values are presented in Table S1.†
This journal is © The Royal Society of Chemistry 2020
On the basis of estimated cation distribution, the value of
ionic radius per molecule at the tetrahedral (rA) and octahedral
(rB), theoretical lattice constant (ath), oxygen positional param-
eter (u), tetrahedral bond lengths (dAL), octahedral bond lengths
(dBL), tetrahedral edge length (dAE), shared (dBE), unshared
octahedral edge lengths (dBEU), jump length of the tetrahedral
(LA) and octahedral (LB) for various samples has been deter-
mined using the relation (S5–S13) (ESI).† The values of all
estimated structural parameters are shown in Table S1.† As
shown in Table S1,† the variations of experimental (aexp) and
theoretical lattice parameter (ath) with increasing annealing
temperature are the same. Moreover, the theoretical lattice
constant values are in close agreement with the experimentally
derived values from XRD data. This result validates the esti-
mated cation distribution from the XRD data. The oxygen
positional parameter (u) is slightly greater than ideal value of
0.375. This has been attributed to the adjustment of the struc-
ture to accommodate differences in the relative effective radii of
cations in the spinel structure.

LA and LB were observed to show a decreasing trend with an
increase in the size of crystallites. The decreased behavior so
observed can be correlated to the decrease in lattice parameter
and to the decrease in distance betweenmagnetic ions. It is also
observed that LA > LB which indicates that the electron hopping
between ions at A and B sites is less probable than that between
B and B sites.

The strength of magnetic exchange interaction has direct
dependence on bond angles and inverse dependence on inter-
ionic distances.34 Fig. S3 (ESI)† shows the interionic distances
and bond angles between ions of spinel ferrites. The bond
lengths and bond angles between the cations are calculated by
the relations (S14–S27) (ESI) and are listed in Table S2.†
Morphological analysis

To obtain an accurate estimation of the microstructure and
morphology of the nano-crystals, scanning electron microscopy
has been performed. The SEM images of Ni0.6Zn0.4Fe1.5Al0.5O4

nanoparticles are shown in Fig. 4a–j, which demonstrates that
the samples (Ni600, Ni800 and Ni900) are in nanoregime. At
higher annealing temperature (>900 �C), a broad size of particle
is observed for Ni1050 and Ni1200 samples. All samples showed
a tendency towards agglomeration can be due to electrostatic
effects as well as an artifact of the drying of aqueous suspen-
sions and to magnetic interaction arising among of nano-
particles, revealing the formation of spherical and uniformly
distributed nanoparticles. A similar behavior of nanoparticle
agglomeration has been reported of Co3O4 nanoparticles.35 The
observed asymmetric distribution can be described using
a Lorentz distribution function as shown in Fig. 4k–o. Based on
SEM images, the average grain size was found to be around 13,
20, 30, and 180 nm for Ni600, Ni800, Ni900 and Ni1050 samples
respectively, and around 4 mm of the bulk sample (Ni1200). In
fact, the annealing temperature increases the size of the grains.
This increase is due to the coalescence of crystallites at
increasing temperature. As shown, a clear difference between
Ni600, Ni1050 and the bulk sample. The micrographs manifest
RSC Adv., 2020, 10, 34556–34580 | 34561
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Fig. 4 SEM images of Ni0.6Zn0.4Al0.5Fe1.5O4 ferrite samples; (a and f) Ni600, (b and g) Ni800, (c and h) Ni900, (d and i) Ni1050, (e and j) Ni1200.
The representative histograms of size distribution for of Ni0.6Zn0.4Al0.5Fe1.5O4 and their respective average size calculation by Lorentz fitting of
size histograms, (k) Ni600, size is about 13.6 nm, (l) Ni800, size is about 22.2 nm, (m) Ni900, size is about 37.6 nm, (n) Ni1050, size is about 180 nm,
(o) Ni1200, size is about 4 mm.
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grain boundaries and clear grains with non-uniform grain size
distribution of Ni1200. The grains are almost homogeneously
distributed throughout the sample surface. This observation is
consistent with the results observed by XRD analysis, discussed
earlier. Comparing the grain size obtained by SEM with crys-
tallite size obtained from XRD analysis, it can be concluded that
each grain of sample annealed at 600, 800 and 900 �C almost of
single crystallite nature while the grains of sample annealed at
1050 and 1200 �C consist of agglomeration of many crystallites.
The elemental analysis of the Fe600, Fe900 and Fe1200 samples,
measured using EDX at room temperature, are shown in Fig. S3
(ESI).† The spectrum conrms the presence of all chemical
elements Fe, Al, Zn, Ni and O in the synthesized Ni0.6Zn0.4-
Fe1.5Al0.5O4 samples, which conrms that there was no loss of
any integrated elements and no contamination during the
process of annealing. The result of EDX predicted the required
proportion of the constituents as well as the chemical purity of
the samples, denoting a homogeneous chemical composition.
Raman analysis

Further structural and complementary details can be obtained
by the analysis of the Raman spectra. Confocal Raman spec-
troscopy has been widely used as an effective tool to investigate
34562 | RSC Adv., 2020, 10, 34556–34580
the cation disorder, the lattice dynamics and structure transi-
tion in ferrites due of their sensitivity and their high spatial
resolution to explore atomic vibrations. In order to verify the
chemical impurity and to conrm the formation of our simples,
Raman spectra at room temperature in the region of 120 cm�1

to 850 cm�1 by using 540 nm laser excitation of Ni0.6Zn0.4-
Fe1.5Al0.5O4 nanoparticles and bulk synthesized by annealing at
600, 800, 900, 1050 and 1200 �C are presented in Fig. 5a. The
factor group analysis predicts the following modes in spinel:36

z ¼ A1g(R) + Eg(R) + T1g + 3T2g + 2A2u + 2Eu + 4T1u(IR) + 2T2u

where, (IR) and (R) indicate infrared active vibrational and
Raman modes, respectively. For spinel ferrite, it is well known
that the group theory predicts that ve Raman active modes (A1g
+ Eg + 3T2g) are observed at ambient conditions and they are
associated to the motion of O ions and both the A-site and B-site
ions and four infrared active modes (4T1u) for the Fd�3m space
group.14 The A1g Raman mode is associated to the symmetric
stretching of the oxygen atom with respect to metal ion in
tetrahedral sites. The Eg Raman mode corresponds to the
symmetric bending of the oxygen atom with respect to the metal
ion at the octahedral site and the T2g(3) and T2g(2) Raman
modes are due to the symmetric and asymmetric bending of
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) The Raman spectra of Ni0.6Zn0.4Al0.5Fe1.5O4 NPs at different annealing temperature with assigned symmetry types of the Raman active
bands, recorded in the region of 100–850 cm�1 at 300 K. (b) An enlarged view of the A1g modes. (c) The crystallite size Dsc dependence of the
area ratio between the bands associated with the octahedral and tetrahedral sites. (d) The relative Raman shifts Du of the A1g mode vs. particle
size DSEM, line is the fitted result obtained by the confinement model.
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oxygen atom in M–O band at octahedral site. Finally, the T2g(1)
phonon corresponds to the translation movement of the whole
MO4 tetrahedral units.37 So accordingly, all the Raman active
bands of NZFAO samples are assigned to the theoretical vibra-
tional mode of Fd�3m space group and illustrated in Table S3
(ESI).† The observed Raman modes are in good agreement with
the literature reports.38 In the Ni600 nanoparticle sample, the
peaks centered on 216, 274 and 397 cm�1 could be attributed to
A1g, Eg(1) and Eg(2) vibrational modes of hematite a-Fe2O3,39

respectively, which is consistent with the results of the XRD. No
additional peak corresponding to any other iron oxide phase is
present for the other compounds, thus conrming the mono-
phasic composition throughout. In order to determine lattice
effect, the natural frequency, and the positions of the peak and
its full width at half maximum (FWHM), Lorentzian line shape
was used to t the Raman spectra (Fig. S4, (ESI)†). In spinel
ferrites, the modes above 600 cm�1 are belonged to the vibra-
tions of the oxygen atoms in tetrahedral sites AO4 groups,
whereas the modes below this frequency are related to the
motion of the oxygen atoms in octahedral sublattice (O-
modes).40 Additional shoulder mode are probably related to
a breakdown of the momentum conservation rule since the
particle diameter are signicantly smaller than the wavelength
of the exciting radiation.41 Focusing on the most intense A1g
mode, a clear increase in intensity and blue shi along with the
line broadening behavior can be seen with an increase of
annealing temperature. The ratio of these signals is directly
correlated to the degree of inversion of the spinel.42 As in spinel
This journal is © The Royal Society of Chemistry 2020
ferrite, the distribution of trivalent and divalent cations can
change due to migration of metal ions from octahedral (B) to
tetrahedral (A) sites and vice versa. The A1g splitting suggests the
cation migration within both positions and the change in the
area and intensity of the band related to the octahedral sites. In
other words, the shi in the A1g modes due to a progressive
change in inversion degree of the spinel lattice (see Fig. 5b).42

The obtained values of area ratio between the bands associated
with the octahedral and tetrahedral sites are depicted in Fig. 5c.
It shows that area ratio decreases with the increase in the size of
crystallites indicating the decrease of the degree of inversion
with increase crystallites size. These changes could be due to
cation redistribution and a high degree of cation disorder
induced by a crystallite size effect.43

Moreover, this blue shi can be understood quantitatively by
estimating the effective force constant of the vibrating cation.
Since the vibrational frequency of a species is proportional to its
force constant (F), the following equations were used to calcu-
late the force constants of the ions pertaining to tetrahedral (FT)
and octahedral (FO) positions:32

FT ¼ 7.62 � MT � nT � 10�3

FO ¼ 10.62 � MO � nO � 10�3

where, MT and MO represent the molecular weights of ions in
tetrahedral and octahedral positions. The nT and nO represents
the frequencies correspond to A1g(1) and Eg peaks, respectively.
The estimated values of FT and FO are given in Table S3.†
RSC Adv., 2020, 10, 34556–34580 | 34563
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The obtained FO values were found to rise and the FT values
to decrease with an increase in crystallite size. The variation of
FT and FO values with particle size can be understood as follows.
In general, the force constant is inversely related to the bond
length (viz., Fe–O, Ni–O, Zn–O and Al–O). Indeed, these bond
lengths in ferrites will have an impact on the lattice parameter
of the unit cell. Now, the lattice parameter was found to reduce
with an increase crystallite size, and hence the Raman peak
shis towards the higher wavenumber side with increasing
annealing temperature.

However, we can well understand the overall down shi of
Raman bands in terms of size effect, because the size reduction
leads to the increase of the micro-deformation and/or the
dominance of phonon connement.44 The small size of the
crystallites hampers the propagation of phonons and thus
induces a folding of the Brillouin zone making all Raman
phonons active, leading to a broadening of the Raman spectrum
band. The Raman shi and broadening of A1g peak can be
explained by the bond-polarizability model described by Zi
et al.45 Raman shi due to the connement can be described by
this model using the following relation:

Du ¼ u(D) � u0 ¼ A(a/D)d

where u(D) is the Raman shi with grain size D. u0 is the
frequency at the Brillouin zone center, a is the lattice constant
of the crystal and the parameters A and d describes the vibra-
tional connement in nano-crystallites. Fig. 5d shows the vari-
ation of the Raman shi with grain size and the best t is
obtained for A¼ 32� 6 cm�1 with d¼ 1.4 reecting the phonon
connement in the Ni–Zn–Al ferrite NPs due to the nite size in
a nanoparticle. Recently, Chandramohan et al. tted results
obtained for CoFe2O4 NPs with average particle size in 6 to
500 nm range to the same expression by considering the bond
polarization model.46 Empirical Raman-versus-size scaling
exponent d is equal to 1.5 for three-dimensional covalent
network semiconductors, such as Si and GaAs, to about 1.5 and
1.0 for Si spheres and Si columns.45 Considering the fact that
the ferrite crystal spans a three-dimensional network and the
nanocrystals are spheres, the d should be 1.5. However, d is
equal to 1.4. The difference may stem from defects, such as
oxygen vacancies in Ni–Zn–Al ferrite nanoparticles. Neverthe-
less, Zn vacancies are formed in the crystal lattice at high
annealing temperature and which in turn, increases the pres-
ence of Fe2+ to compensate for the loss of Zn content, which
eventually hop to the Zn site. Other surrounding ions have to
move accordingly in order to stabilize the new position of the
ions. This hopping process will have a signicant impact on the
vibrational frequencies of the normal modes of the associated
octahedral BO6 site. The proposed hopping process is also
supported via electric studies which will be discussed in the
Electric section. Note that this hopping of ions leads to the
existence of both Fe2+ and Fe3+ in the matrix, thus causing
a decrease in the resistivity as the annealing temperature
increases.
34564 | RSC Adv., 2020, 10, 34556–34580
Elastic and thermodynamic properties using FTIR analysis

The Fourier transform infrared spectroscopy spectrum was
obtained in the wave number range of 400–4000 cm�1 at room
temperature. The spectra of the investigated Ni–Zn–Al ferrite
samples are shown in Fig. 6a. The peaks of metal–oxygen bonds
at (557–581) cm�1 and (403–410) cm�1 correspond to charac-
teristics of ferrites (see Fig. 6b). According to Waldron,47 these
peaks are attributed to the stretching vibration of the cation–
anion bond MA–O in tetrahedral sites (A) (nA) and the stretching
vibration of the cation–anion bond MB–O in octahedral sites (B)
(nB), respectively. Hence, the presence of these two peaks (nA)
and (nB) conrms the formation of a spinel ferrite structure in
the prepared nanoparticles. The positions of the vibrational
bands of the Ni–Zn–Al ferrites are listed in Table S4 (ESI).† As
can be seen in Fig. 6b, the peak (nA) slightly shis towards
a higher wavenumber with the increase in particle size, this
shi is due to change in microstructure with increased
annealing temperature, which may be the result of the trans-
formation from the FeO6 octahedron to the FeO4 tetrahedron,
and this transformation process can be accompanied by the
enhanced covalency of Fe–O bonding. This conrms the results
discussed in the Raman analysis.

The forces constants of the ions at the tetrahedral site (KT)
and octahedral site (KO) are connected to the IR band
frequencies (nA and nB) and to the molecular weight of cations
on A and B sites which are expressed as:48

KT ¼ 7.62 � MT � nA � 10�3

KO ¼ 10.62 � MO � nB � 10�3

The force constant decreases for tetrahedral site while it
increases for the octahedral site (Table S4†). The observed
variation in the force constant values reects changes in the Fe–
O covalent with lattice contraction upon annealing
temperature.48

The Debye temperature is an essential parameter to study
lattice vibrations in solid-state physics, which is the tempera-
ture at which the maximum vibration of the network takes place
and simplies the integration of thermal capacity. The Debye
temperature qD was determined using the following equation:12

qD ¼ ħCnav

KB

¼ 1:438nav

where, ħ is Planck's constant, nav is the average value of wave-
numbers, KB is Boltzmann's constant, C is the velocity of light.
The value of ħC/KB for the ferrite materials is taken as 1.438. It
was found that the qD increases with the increase of annealing
temperature (Table S4†). On the bases of specic heat theory,49

the increase of qD may be due to a decrease of the conduction
electron density Nn (n-type) and to an increase of the density of
conduction holes Np (p-type).

Waldron have evidenced that the FTIR spectroscopy is
a useful tool for calculating the threshold energy Eth associated
with the electronic transition from the threshold frequency nth,
which is determined from the maximum point of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) FT-IR spectra of NZFAO samples. (b) Zoomed views in the wavenumber interval of 400–800 cm�1.
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absorption spectra, where it reaches a limiting value.47 The
threshold energy can be calculated using the relation:

Eth ¼ ħCnth

The values of nth and Eth are shown in Table S4† and are
comparable to those previously obtained in mechanically mil-
led spinel ferrite by K. B. Modi et al.13 The Eth is found to
decrease on increasing annealing temperature. This decrease in
threshold energy may be due to the improvement of the electron
hopping between the Fe2+ and Fe3+ ions in the octahedral
coordination.

The elastic properties of materials are important for under-
standing the nature of binding forces in materials and can be
used to measure the resistance of a crystal to an externally
applied stress. The average force constant (Kav) is a product of
lattice constant and stiffness constant (C11). The bulk modulus
(B) of solids in terms of stiffness constants is dened as B ¼ 1/3
[C11 + 2C12]. According to Waldron,47 for the spinel ferrites, C11

¼ C12, hence B is simply given by C11. The value transverse wave
velocity (ns), longitudinal wave velocity (nl), mean elastic wave
velocity (nm), Young's modulus (E), rigidity modulus (G), Pois-
son's ratio (s), and Debye temperature (qE) of the present system
were calculated using the standard formulas available in the
literature.12,13

The calculated values of elastic parameters for all the compo-
sitions (Table S4†) are in good agreement to those obtained from
ultrasonic pulses transmission (UPT) technique.50 The values of
elastic properties increase with the increase of annealing temper-
ature, which indicates that the size of particles has large impact on
elastic properties of spinel ferrite. However, the increase of Young's
modulus E can be due to the rise of strength of inter-atomic
bonding between the ions with an increase in annealing temper-
ature.51 In addition, the Poisson's ratio s (�1 < s < 0.5) is generally
used to quantify the stability of the crystal against shear. The
higher the Poisson's ratio, the better the plasticity is. It can be
noted that the value of the Poisson's ratio is constant for all the
samples (s ¼ 0.35), which is in accordance with the theory of
isotropic elasticity and implies a good elastic behavior. Further-
more, due to the strong effect of the porosity on the elastic prop-
erties, the values of elastic moduli have been also corrected to zero
porosity using elastic theory and Ledbetter and Datta model52 and
are listed in Table S5 (ESI).† From Table S5,† it can be observed
that the Poisson's ratios increase with a raise of porosity and its
existence can improve the plasticity. The elastic constants are
similar to the obtained ones for Mn-doped Mg–Cu–Zn ferrites,51

LiZn2Fe3O8,12 andNi0.5Zn0.5Fe2O4,13which indicates that the elastic
properties of our NZFAO samples have a high consistency.
According to Pugh criteria,12 a useful value of bulk modulus to
rigidity modulus (B0/G0) were used to distinguish if the materials
under investigation are ductile or brittle in nature. It can be found
that the value of B0/G0 is higher than 1.75, which means that the
NZFAO compounds are of ductile nature. The high plasticity and
ductility make our samples a potential candidate as materials in
microelectro-mechanical systems (MEMS).
34566 | RSC Adv., 2020, 10, 34556–34580
The lattice energy values (the bond strength values) for
nanoparticles Ni–Zn–Al ferrite are estimated by Kadriavtsev's
approach. Assuming the additive of internal energy, the velocity
of sound wave (n) in solid and liquid media is given by the
standard thermodynamic equation:13,31,53

n2 ¼ nmg

UL

þ RgT

M

where n and m are constants dening the potential energy
function, g is the ratio of specic heat (Cp/Cv), R is the gas
constant, T is the temperature, M is the molar mass and Uo is
the potential energy. For most of the ionic solids, gz 1, n¼ 3 is
found suitable to many spinel ferrite materials, n is replaced by
mean sound velocity corrected to zero porosity (nm0) and Uo, can
be replaced by the lattice energy of the polycrystalline solid UL.
Hence, the lattice energy UL can be expressed as follow:13,31

UL ¼ �3.108 � 10�3Mnm0
2

Table S6 (ESI)† lists the UL values for the different samples.
In view of the Table S6,† our calculated values with this
approach are close to those obtained by Catlow et al.54 from
atomistic computer simulation.

Following Waldron's approach47 and according to Modi's
work,13,31 the characteristic temperature of Debye qJ can be
dened by:

qJ ¼ ħfmax

KB

¼ ħsmaxnl

KB

¼ ħCnmax

KB

where nmax¼ fmax/C is the approximate mean between the cutoff
frequencies of the oxide and metal ion vibrations, fmax ¼ nlsmax

is the high frequency cutoff of the elastic waves and smax ¼ 2.07
� 10�2/a (m�1) is the shortest wave corresponds to 1/2 wave per
mean interatomic distance. The values of qJ thus calculated for
all tested samples are shown in Table S6.† The results are in
agreement with the previous published results by Modi et al.31

However, the qJ is used to calculate the molar heat capacity at
constant volume, Cv. Using Einstein's theory, the Cv value at T¼
300 K for all the annealed Ni–Zn–Al spinel ferrite system was
calculated.31

Cv ¼ 3pR

�
qJ

T

�2
expðqJ=TÞ

ðexpðqJ=TÞ � 1Þ2

where p is the number of atoms per chemical formula and R is
the gas constant. The values of heat capacity are shown in Table
S6.† In the case of spinel ferrite system of the type A2+B2

3+O4,
according to Dulong and Petit law, the theoretically limiting
value of heat capacity at constant volume and at Tz q, Cv ¼ 21,
R ¼ 174.5 J K�1 mol�1.13,31 The Cv values of our samples are in
accord with this limiting value as obtained from Dulong and
Petit law and to that obtained using Waldron's approach.47

The thermal conductivity of a material can be considered
a fundamental property of the material. Using the Cahill's
model,55 we have calculated the minimum lattice thermal
conductivity at 300 K of annealed Ni–Zn–Al ferrite by the
following relation:
This journal is © The Royal Society of Chemistry 2020
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Pmin ¼ KB

2:48
n2=3ð2ns0 þ nl0Þ

where KB is the Boltzmann constant, n is number density of atoms,
ns0 and nl0 are the transverse and longitudinal velocities corrected
to zero porosity, respectively. The values of minimum lattice
thermal conductivity are tabulated in Table S6.† The pronounced
increase in Pmin with increasing grain size may be due to the
formation of excess vacancies during annealing. As discussed in
the Raman analysis, the existence of Fe2+ and Fe3+ in the matrix
leading to an increase in thermal conductivity as the annealing
temperature increases. So, the Ni–Zn–Al ferrite samples are useful
for various purposes of applications, e.g., as a core material to
increase the efficiency of switch-mode power supply (SMPS).56
Optical properties

UV-visible absorption spectra were used to understand the
optical properties of nickel–zinc ferrite samples. UV-visible
absorbance spectra for all samples were recorded in the range
200–800 nm at room temperature and the absorbance spectra
are shown in Fig. 7a. It is clear that Ni–Zn–Al ferrite shows high
absorption intensity in the UV and visible light region. Absor-
bance spectra exhibit an absorption peak at around 300 nm. It is
well known from past reports on ferrite spinel that, the
absorption can be attributed to the photo-excitation of electrons
from the valence band to the conduction band (ligand-to-metal
(p–d) type charge transition O2p / Fe3d) or to the 3d5–3d44s1

transition in Fe3+ ions.12 Interestingly, a slightly redshi in the
absorption edge was observed as the size of grain increases.
This might be due to changes in their morphologies, particle
size, carrier concentrations, surface microstructures, presence
of very small amount of impurities, lattice strain and oxygen
vacancy.57 Furthermore, the optical properties and band gaps of
the samples sintered at 600, 800, 900, 1050 and 1200 �C are
determined using absorption spectrum. The optical band gap
(Eg) is the most important feature of materials that are good
candidates for optoelectronic applications. The optical band
gap (Eg) of the present Ni0.6Zn0.4Fe1.5Al0.5O4 nanoparticles can
be calculated experimentally from the optical absorption edge
using the Tauc's relation as follows:12,58

ahn ¼ A[hn � Eg]
n

where, the absorption coefficient (a), n ¼ 1/2, 3/2, 2 or 3
depending upon the nature of electronic transition responsible
for the absorption and A is a constant.

As ZnFe2O4 and NiFe2O4 (ref. 59 and 60) have direct gap, the
synthesized compound has also a direct gap. So by plotting (ahn)2

vs. hn, the optical band gaps (Eg) of the samples were realized as the
intercepts with the energy axis, as shown in Fig. 7b–f. The esti-
mated band gap energies values were found to be 4.5, 3.75, 3.67,
3.56 and 3.16 eV for Ni600, Ni800, Ni900, Ni1050 and Ni1200,
respectively, denoting redshi as a function of grain size. This
might be due to sub-band gap energy level formation and the
presence of defects in the nanoparticles as a result of annealing
temperature. Similar effect has been observed for other ferrite
compounds reported by Singh et al.60 (Eg ¼ 4.28–3.80 eV for
This journal is © The Royal Society of Chemistry 2020
ZnFe2O4 nanoparticles) and Chand et al.59 (Eg¼ 3.54 eV for NiFe2O4

nanoparticles). For semiconductor nanoparticles, the quantum
connement effect is expected. In our case, it has been observed
that the band gap energy decreases with an increase in the crys-
tallite size. This decrease of band gap between the valence band
and conduction band (red shi) with increase particle size can be
attributed to weak quantum connement effect.61 Additionally, the
increase in annealing temperature decreased concentration of
oxygen vacancy and may be a source of trapped exciton states that
form a series of metastable energy levels within the energy gap,
resulting in the red shi of the optical band gap and the absorption
bandmoves to the upper wavelength region.62 These values of band
gap are greater than the theoretical energy required for water
splitting (l > 1.23 eV) and this prominent red shi may be
responsible for enhanced charge separation and increased photo-
catalytic activity under visible light (absorption capability in the
visible range).12 Fig. 7g shows the change in band gap value and
corresponding resultant schematic band structure. Furthermore,
the reduction in thewide band gapwith increasing particle size and
transparency in the visible region makes these Ni–Zn ferrites
samples a promising candidate for photodetectors and optoelec-
tronic applications by harvestingmore photons of light to excite the
electrons from the valence band to the conduction band. In addi-
tion, to further investigate the pre-absorption edge, an Urbach tail
analysis was also performed. The exponential absorption tails and
Urbach energy is given in accordance with the following relation:63

a ¼ A exp[hn/EU]

where a is absorption coefficient, A constant, hn the photon
energy, and EU the Urbach energy.

Urbach energy of samples is calculated by tacking the
reciprocals of the slope of the liner portion in the lower photon
energy of this curve by plotting the logarithm of the absorption
coefficient, ln(a), against photon energy. The EU value of this
exponential dependence on photon energy may arise due to the
random uctuations associated with the small structural
disorder present within the system. It is clear from Table S7
(ESI)† that the band gap energy has a correlation with Urbach
energy, and both red shis with the increase annealing of the
temperature. The observed red shi in EU arises because with
increase of structural order variation with growth temperature,
short range lattice disorder originates in the samples.63

The refractive index (n0) of semiconducting materials is very
important in determining the optical and electric properties of the
crystal. Knowledge of n is essential in the design of hetero-structure
lasers in optoelectronic devices as well as in solar cell applica-
tions.64 The refractive index (n0) of ferrite nanostructures can be
calculated from the value of Eg using Moss empirical relation:58,59

Egn0
4 ¼ 104 eV

Furthermore, we have calculated the high frequency dielec-
tric constant 3a with a refractive index by using the following
relation:58,59
RSC Adv., 2020, 10, 34556–34580 | 34567
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Fig. 7 (a) UV-vis spectra at room temperature of NZFAO samples annealed at different temperature. (b–f) Variation of (ahn)2 versus photon
energy hn plot for band gap calculation of annealed Ni0.6Zn0.4Al0.5Fe1.5O4 samples. (g) Schematic band structure obtained according to the
obtained results.

34568 | RSC Adv., 2020, 10, 34556–34580 This journal is © The Royal Society of Chemistry 2020
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3a ¼ n0
2

The values of the energy band gap, Urbach energy, refractive
index, and high-frequency dielectric constant of Ni–Zn–Al
ferrite samples are listed in Table S7.† Evidently, the values of
the refractive index n0 and 3a were increased with increasing the
annealing temperature. The results can be discussed on the
basis of the oxygen deciency with enhanced annealing
temperature.
Magnetostrictive properties

Fig. 8 shows the plots of longitudinal magnetostriction l of
Ni0.6Zn0.4Fe1.5Al0.5O4 samples sintered at 800, 900, 1050 and
1200 �C, measured at room temperature along the parallel
directions to the applied magnetic eld. It has been observed
that annealing temperature in Ni–Zn–Al ferrite has a strong
inuence on the magnetostriction characteristics. The
maximum value of magnetostriction increases with increasing
grain size. Further, the highest magnitude of magnetostriction,
lmax ¼ �10 ppm, was achieved for sample annealed at 1200 �C.
The magnetostrictive properties depends upon the processing
parameters such as synthesis method, applied pressure while
making pellets, sintering atmosphere, temperature and sinter-
ing time.65 However, the observed porous nature may be
responsible for the decrease of magnetostrictive coefficient in
nanoparticle samples. Also, another possibility is that the
increase in themagnetostriction with sintering temperature can
be due to the minor changes in the degree of inversion in the
ferrite, which can be attributed to the increase super-exchange
and the direction deection of the magnetic domain would,
therefore, result in a higher magnetostriction.

In the nickel ferrite, the unquenched orbital moment of Ni2+

leads to a large anisotropy and magnetostriction value (�26
ppm).66 This value of lmax for our samples are less than that
reported for the pure bulk NiFe2O4, due to the addition of non-
Fig. 8 Magnetostriction of the annealed NZAFO samples at room
temperature, as a function of magnetic field, measured along the
parallel direction to the applied field.

This journal is © The Royal Society of Chemistry 2020
magnetic Zn and Al ions to nickel ferrite and to the difference in
the microstructure associated with the different synthetic
methods and processing conditions. The lmax obtained in the
bulk sample Ni1200 is relatively larger than the reported values
of magnesium and lithium spinel ferrite.67 Moreover, this value
is similar to the ones of Ni0.5Zn0.5Fe2O4.68 Overall, the reason-
able magnetostriction coefficient and the high Curie tempera-
ture in Ni1050 and Ni1200 samples makes this material
attractive for the use in automotive stress-sensing sensors
applications.
Magnetic properties

Curie temperature (TC) is known to be one of the mainmagnetic
parameters of ferrite. So, to determine the Curie temperature of
the spinel NZAFO nanoparticles, the temperature dependent
magnetization was measured over a temperature range of 300–
750 K under an external magnetic eld of 1 kOe, as shown in
Fig. 9a. All samples exhibit paramagnetic (PM) to ferrimagnetic
(FiM) transition at Curie temperature TC. The TC was deter-
mined from The rst point of inection in the rst derivative of
the magnetization (inset of Fig. 9a) it appears that the FiM
transition in the Ni600 and Ni800 nanoparticles samples are
markedly sharper than the transition of the Ni900, Ni1050 and
Ni1200 samples. Moreover, the maximum slope of the magne-
tization curves, i.e. the slope at TC, systematically decreases
from 650 to 540 K with the grain size increases from 17 nm to 4
mm, indicating that a more direct relationship exists between
the grain size and the broadening of the Curie transition of the
NZFAO system.

The obtained Curie temperature value, TC, of the samples are
lower than that of polycrystalline NiFe2O4 (TC ¼ 883 K)32 and
NiFe2O4 nanoparticles (TC > 800 K)69 as well as Ni0.6Zn0.4Fe2O4

nanoparticles (TC ¼ 663 K) reported by Gawas et al.70 The
difference can be due to the replacement of magnetic Fe3+ ions
by nonmagnetic Al3+ ions. The substitution of nonmagnetic
ions reduces active magnetic linkages for magnetic ion per
formula unit as a result Curie temperature decreases.

The decrease in Curie temperature can be explained usually
on the basis of nite size effects, due to atomic defects at the
surface, leading to disorder in nanocrystalline systems.71 To
understand the strong size dependence of the Curie tempera-
ture, the nite-size-scaling theory was used to t the behavior of
TC as seen from Fig. 9b. According to this theory, the shi in the
Curie temperature from that of the bulk is given by:72

TCðDÞ ¼ TCðbulkÞ
 
1�

�
D

d0

��l!

where, TC is Curie temperature for given grain size D, TC (bulk)
is the Curie temperature of the bulk sample, d0 is a constant
(should be of the order of the characteristic dimension of the
system) and l ¼ 1/n is the critical exponent of the correlation
length, the system-dependent sign may be either negative or
positive. The t of TC is shown in Fig. 9b with TC (bulk)¼ 522.96
K, d0 ¼ 0.65 nm, and l ¼ 0.69. The t values of l and d0 are
consistent with the nite size-scaling reported by other groups.
The reasonable t value of d0 is comparable to the lattice
RSC Adv., 2020, 10, 34556–34580 | 34569

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05522k


Fig. 9 (a) Temperature dependence of magnetization under a magnetic field of 1 kOe of NZFAO samples, inset indicates the plot of dM/dT curve
as a function of temperature. (b) The dependences of the TC on the average particle size D, inset shows the corresponding TC versus 1/dn curve.
(c) Plots of Curie and Curie–Weiss temperature versus annealing temperature. (d) Temperature dependence of the inverse susceptibility for
NZFAO samples, the solid line is the fitting result following the Curie–Weiss law. (e) The experimental effective paramagnetic moment as
a function of annealing temperature. (f) The lattice parameter (a) and the exchange interaction (J) as a function of annealing temperature.
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constant. The value l is an agreement with that for the three-
dimensional (3D) Ising critical exponent of the correlation
length.73 Thus we conclude our data are consistent with nite
size scaling corroborating earlier works.72,74 In ferrite spinel,
according to Neel's two-sublattice model of ferrimagnetism,75

three types of magnetic interactions occur between sites A and
B, namely A–A, B–B, and the strongest and most dominant A–B
sub-lattice exchange. Therefore, the Curie temperature of
ferrites is fundamentally determined from the overall strength
of A–B exchange interaction. The decrease of Curie temperature
with an increasing annealing temperature has been explained
by a decrease of the degree of inversion which decreases the A–B
strength interaction in the lattice, reducing thereby the TC. This
could be attributed to the decrease in distance between the
moment of A and B sites, which is conrmed by the decrease in
lattice parameter with the size of particles. The decrease in the
value of Curie temperature, with grain size increase, is 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 interactions. The bond angles q1 and q2 are related
to A–B exchange interaction, the bond angles q3 and q4 are
associated to B–B exchange interaction,76 the bond angle q5 is
related to A–A exchange interaction.77 As shown in Table S2,†
the decrease in lattice parameter, bond angles and bond lengths
results in increased A–B exchange interaction. As the exchange
interaction is relatively strong, correspondingly higher thermal
energy is required to disorient the moments,77 thereby resulting
in higher TC values with decreasing particle size.
34570 | RSC Adv., 2020, 10, 34556–34580
Further, the values of exchange interaction J can be calcu-
lated using the formula:78

J ¼ 3KBTC

½2z� sðsþ 1Þ�
where z ¼ 8, s ¼ 1/2 and KB ¼ 1.380 � 10�16 erg K�1. It is clear
from Fig. 9f that, as the annealing temperature increases both
lattice parameter (a) and the exchange interaction (J) decrease,
which further reinforces the fact that the increasing grain size
of the nanoparticles Ni–Zn–Al ferrite causes the decrease of the
A–B exchange interaction.

In general, a large magnetocaloric effect (MCE) is observed
near the transition temperature and is closely related to the
order of the corresponding magnetic phase transition. The eld
cooling (FC) curves show a reversible character of the magne-
tization around the Curie temperature. Furthermore, the small
area of the hysteresis cycle indicates low energy loss during
a magnetization–demagnetization process79 (see Fig. 10a).
Therefore, the Ni–Zn–Al spinel ferrite can be considered as
a candidate for magnetic refrigeration in a wide temperature
range above room temperature and to transform industrial
waste transformed into electrical energy using a thermomag-
netic generator.80

The inverse magnetic susceptibilities are shown in Fig. 9d. The
inverse susceptibility rise sharply when the magnetic state of the
ferrite nanoparticles changes from ferrimagnetic to paramagnetic
states. In the temperature range, well above TC, the susceptibility
obeys the Curie–Weiss law:81
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 (a) Magnetization hysteresis loops at room temperature for different annealing temperatures NZFAO nanoferrites, the inset (i) shows the
variation of magnetization at a low applied field, the inset (ii) shows the separation of the MNPs of NZFAO free nanoparticles water dispersion. (b)
Annealing temperature TA dependence of the saturation magnetisation (Ms) and magnetic moments (nB). (c) The coercive field (Hc) as a function
of annealing temperature. (d)Ms

1/3 versus 1/D plot, the inset shows core–shell model. (e) The anisotropy constant (K1) as a function of annealing
temperature.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
2:

45
:1

7 
A

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
c�1ðTÞ ¼ T � qCW

C

This journal is © The Royal Society of Chemistry 2020
where qCW is the Curie–Weiss paramagnetic temperature, C
denotes the Curie constant and T is the absolute temperature.
By using C values obtained from the slope of 1/c, the
RSC Adv., 2020, 10, 34556–34580 | 34571
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experimental effective moment meff has been calculated (in unit
of Bohr magneton mB) by using the following equation:

m
exp
eff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� KB � C

NA

s
¼

ffiffiffiffiffiffiffi
8C

p
mB

where NA is Avogadro number and KB is Boltzmann constant.
Since the sign of qCW is positive (see Fig. 9c), then the ferri-
magnetic interaction between spin in these compounds is
highly expected. The obtained values of qCW are slightly higher
than TC which refers basically to the presence of a magnetic
inhomogeneity.82 Generally, the difference between TC and qCW

is associated with the presence of short-range order slightly
above TC (Fig. 9c). The increase in the experimental effective
paramagnetic moment for the bulk sample can be explained by
the existence of ferrimagnetic clusters within the paramagnetic
phase (Fig. 9e).

The room temperature magnetization M(H) of the nano-
Ni0.6Zn0.4Fe1.5Al0.5O4 varying sizes is shown in Fig. 10a. The
inset shows M versus H in a small eld range. It could be
observed from the hysteresis loop that all composition of
nanoparticles shows negligible remanence and coercivity,
which conrms the ferrimagnetism of the so ferrite materials.
This so magnetic nature might be useful for designing
multifunctional devices to switch magnetization with a small
external magnetic eld. The annealing temperature has an
enormous impact on the magnetic performance parameters: as
the annealing temperature increases (i.e., increasing grain size)
the saturated magnetization increases, while the coercivity
decreases. The variation of coercivity (Hc) as a function of
annealing temperature is summarized in Fig. 10c. The observed
decrease in coercivity in the samples has been due to multi-
domain nature of particles.83 Recently, Das et al.84 reported
the variation of coercivity (Hc) with grain size. They found that it
increases initially up to 40 nm and then decreases for CoFe2O4

nanoparticles. The decreasing trend of Hc with grain size
beyond 40 nm gives a hint of transforming single domain into
a multidomain particle. In our studied samples, the continuous
decrease of coercivity with the increase in grain size indicates
that the NZFAO particles do not undergo from single magnetic
domain to multi-domain in this range of particle size. Similar
variation ofHc with increasing particle size from 10 to 200 nm in
NiFe2O4 is also reported by Yadav et al.85

According to Stoner–Wohlfarth theory, the anisotropy
constant value is related to the coercivity by the following
relation:86

K1 ¼ 0:98HC

Ms

where Ms is the saturation magnetization. We found that the
anisotropic constant K1 increased as the particle size decreased,
thereby leading to an increase in coercivity (Hc). According to
above relation, Hc is also inversely proportional to Ms, which is
consistent with our results.

The increasing of coercivity observed in the Ni600 and Ni800
samples can be related to frustrated magnetic structure devel-
oping in the surface layer of nanoparticles.29 Further, the non-
34572 | RSC Adv., 2020, 10, 34556–34580
zero Hc suggests presence of some blocked particles in the
nanoparticles samples and that the samples had both ferri-
magnetic and superparamagnetic components together. In
addition, the Ni600 sample is magnetically well ordered at 300 K
and it displays a substantial amount of coercive eld (Hc ¼ 90
Oe) and this has been noticed only in very few nanometric
ferrites. The hight coercivity (280 Oe) at room temperature is
also reported by S. Dey et al.87 in Ni0.5Zn0.5Fe2O4 nanoparticle
with 8–20 nm particle size.

Therefore, further investigation of the observed behavior of
Hc is desired. The high saturated magnetization (Ms) values
were determined by tting the high eld magnetization data
using the saturation approach law given by:88

M ¼ Ms

�
1� A1

H
� B1

H2

�
þ C1H B ¼ 8K1

2

105Ms
2

where Ms is the saturation magnetization, A1 and B1 are
a constant, the term C1 corresponds to the susceptibility in the
high eld region, H is applied external magnetic eld and K1 is
the rst order cubic magnetocrystalline anisotropy coefficient
in J m�3. This law is valid over the entire eld range as shown in
Fig. S5 (ESI).† The plot of Ms versus annealing temperature is
shown in Fig. 10b. The decreasing of the size of nanoparticles
induces more severe surface defects, magnetic responses
weaken accordingly, and then saturation magnetization
decreases. This behavior was interpreted in terms of the pres-
ence of magnetic dead layer on the surface of a nanoparticle.
Similar effect has been seen in different types of magnetic
nanoparticles previously, including manganite perovskite and
ferrite nanoparticles89,90 and explained in terms of increasing
contribution of surface anisotropy for smaller particles. Hence,
a large proportion of dislocations and crystal defects can occur
within the lattice and this will cause a reduction of the magnetic
moment within the particles, as a result of the magneto-
crystalline anisotropy distortion.91

From Table S2,† the cation distribution results clearly indi-
cate that Zn2+ has strong preference for the tetrahedral sites,
whereas Ni2+ ions mainly occupy the octahedral sites and Al3+

and Fe3+ ions have a preference for both the available A and B
sites but the Al3+ have strong preference for the octahedral site.
As the sintering temperature increases, most of the Fe3+ ions
occupy the octahedral site and the majority of the Al3+ ions
occupy the tetrahedral site which increases the net magnetic
moment and hence the increase of the saturation magnetiza-
tion values.

The magnetic moments calculated per the formula unit are
chows in Fig. 10b.32

nB ¼ M �Ms

5585
mB

Themagnetic moment of nanoparticles at room temperature
increases remarkably with increasing particle size from nB ¼
0.85 mB (Ni600) to nB ¼ 2.15 mB for Ni1200 sample. This
enhancement is attributed to increase in exchange interactions
between A and B sites, which resultantly increases net magne-
tization as well as magnetic moment per formula unit.
This journal is © The Royal Society of Chemistry 2020
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The net magnetization of a unit cell in spinel ferrites is
considered to be proportional to the difference between
magnetic moment of the A and B sites. According to Neel's
collinear model, the magnetic moment per formula unit for
such a system can be given as:92

nth ¼ MB � MA

where, MA and MB are the Bohr magneton on the A and B sites,
respectively. The theoretical magnetic moment of Fe (nFe) and
Ni (nNi) are 5 and 2 mB. Based on the cation distributions, the nth
values are 3.9, 4.8, 5.6, 6.3 and 6.7 mB for Ni600, Ni800, Ni900,
Ni1050 and Ni1200, respectively. 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 Neel's collinear model is in conformity with our samples,
and noncollinear model of Yafet–Kittel (Y–K) model can explain
the difference between net magnetic moment (nth) and observed
magnetic moment (nB). According to the Y–K's noncollinear
model, the Yafet–Kittel angle (aY–K) can be calculated by the
following equation:48

cosðaY�KÞ ¼ nB þMA

MB

The value of aY–K angle is in the range 53–65.8�, which
conrms the existence of a triangular (canted) spin arrange-
ment in all samples. The estimated values of canting angle are
close to the value 53.64� for Ni0.6Zn0.4Fe2O4.93 It is clear that the
non-zero aY–K angle suggest that the magnetization behavior for
all samples cannot be explained on the basis of Neel two-
sublattice model due to non-collinearity of spins on B site.
Therefore, we may conclude that our NZFAO samples show Y–K
magnetic ordering. Furthermore, the results indicated cation
migration as the annealing temperature or the grain size
increased. The migration of cation causes strains and it may
break the surface exchange bonds to yield a canted spin struc-
ture. Thus, the canted spin structure weakens the A–B exchange
interactions to reduce the saturation magnetization as the
particle size decreases.

For the nanosized materials, the decrease in the saturation
magnetization is due to the increasing surface area to volume
ratio. It is assumed that a magnetically dead layer is formed at
the surface of the particles due to the uncompensated exchange
interactions in a surface layer of thickness t which is composed
by canted spins that do not contribute to the net magnetic
moment of the particle. We can then propose a model of the
particles in which the outer part contains defects in the crys-
tallographic structure and oxygen defects which will lead to
a magnetically disordered state but the internal part will have
the same properties as the bulk compound. Assuming a spher-
ical shape of NZFAO nanoparticles, we will estimate the thick-
ness of the shell (t) using the experimentally determined
saturation magnetization (Ms) and particle size (D) values of the
samples annealed at various temperatures. The variation of the
saturation magnetization versus the diameter of nanoparticles
This journal is © The Royal Society of Chemistry 2020
has been tted according to a core–shell model and shown in
Fig. 10d. In this core–shell model, the magnetization of the
particles can be expressed as:94

Ms
1/3 ¼ M0

1/3[1 � 2t/D]

where, M0 is the magnetization that would correspond to the
bulk material. Note that the intercept at 1/D¼ 0 and the slope of
the straight line correspond to M0

1/3 and 2tM0
1/3, respectively.

As can be seen in inset of Fig. 10d, the present experimental
data Ms

1/3 and 1/D show a good linear relationship, which
conrms the suggestion that the magnetization is actually
inuenced by the surface of the particle. Thereby, by tting the
data using the above relationship, the saturation magnetization
of the bulk material and the thickness of the shell were found to
be 57.2 emu g�1 and 1.6 nm, respectively. The shell thickness in
NZFAO nanoparticles is comparable to the values estimated for
La1�xSrxMnO3 manganite nanocrystalline powders (1–4 nm).94

The value ofM0 also is comparable to that expected for the bulk
material. However, the existence of the nonmagnetic layer
might be caused by the canting of the surface spins or by a high
anisotropy layer. The core–shell nanostructure of NZAFO NPs is
schematically presented in the inset of Fig. 10d. In general, for
non-magnetic nanocrystalline materials, 1 nm is also a typical
thickness of grain boundary regions.95

Using the saturation approach law, we have determined the
anisotropy constant K1 for different sizes of Ni–Zn–Al ferrite. K1

values are plotted as a function of the annealing temperature in
the Fig. 10e. It is clear that the anisotropy constant decreases
with the increase in particle size. This may be due to the nite
size effects and the collective fraction of broken lattice
symmetry accompanying atoms residing on the surface. These
values are slightly greater as compared to the other magnetic
nanoparticles, e.g., Fe2O3 (ref. 96) and CoFe2O4.65

In order to check if our material can be useful for high-
frequency microwave applications, the microwave frequency
(um), of the present NZFAO NPs has been calculated by the
following equation:97

um ¼ g18p
2Ms

where g1 is the gyromagnetic ratio (g1 ¼ 2.8 MHz Oe�1) and Ms

is the saturation magnetization. The calculated values of
microwave frequency are 4.7, 10.1, 10.6, 11.1, and 11.9 GHz for
Ni600, Ni800, Ni900, Ni1050, and Ni1200, respectively. It can be
seen that microwave frequency is increased from C to X band
with increasing particle size. However, these values were rela-
tively high, suggesting that the NZFAO samples are strong
candidates for high-frequency microwave applications. Further,
the um values were comparable to those found in other ferrite
systems that are considered potential candidates for the appli-
cations in microwave frequency bands.97,98
Electron spin resonance analysis

Electron spin resonance (ESR) spectra (rst derivative of the
power absorption curve) were recorded to further investigate the
magnetic features and spin related phenomena of the all
RSC Adv., 2020, 10, 34556–34580 | 34573
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Fig. 11 First derivative (dP/dH vs. H) of resonance signals of different
annealing temperatures NZFAO nanoferrites.
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annealed samples. The X-band ESR spectra of the Ni–Zn–Al
ferrite nanoparticles with different crystallite sizes at room
temperature are shown in Fig. 11. All main ferrite spectra are
well described by a single Lorentz line function in its eld-
derivative form:

dP

dH
¼ 2A

ðH �HrÞ

DHPP

�
1þ

�H �Hr

DHPP

�2�2

where A is its amplitude factor, Hr is the resonance magnetic
eld and DHPP is the half width at half maximum of the
absorbance line. As can be easily seen from Fig. 11, the ESR
spectra are characterized by a broad, single and slightly asym-
metric resonance line, which becomes narrower as the anneal-
ing temperature increases from 600 to 1200 �C. The broad
curves indicate that the existence of dipolar–dipolar interac-
tions among particles and randomly oriented magnetic
anisotropy axes, especially for the Ni600, Ni800 and Ni900
nanoparticles samples, which is the characteristic property of
superparamagnetic materials. In accordance with this obser-
vation, K. Praveena et al.24 have reported a similar behavior in
Ni0.4Zn0.2Mn0.4Fe2O4 nano powders annealed at different
temperatures. In the case of Ni1050 and Ni1200, the reduced
value of DHPP can be due to the strong super exchange inter-
action between magnetic ions through oxygen anions. Accord-
ing to resonance condition of the ESR spectra, we estimated the
effective factor g value from ESR spectra by using the formula:

g ¼ ħy
mBHr

where, y is the microwave frequency, mB is the Bohr magneton,
Hr is the resonance eld and ħ is the Planck constant. The
resonance line width (DHPP), the resonance led (Hr), and the
effective g-factor are listed in Table S8 (ESI).†

The g factors for the low temperature annealed samples
Ni600, Ni800 and Ni900 are very close to that for polycrystalline
Ni–Zn ferrite.99 The high value of g and the largest DHPP, indi-
cate the strong interaction between small NZAFO NPs.
Increasing the annealing temperature to 1200 �C, the g value
34574 | RSC Adv., 2020, 10, 34556–34580
decreased to 2.64 accompanied by the smallest value of DHPP of
405 Oe, reecting the presence of the strong exchange interac-
tion in bulk sample, indicating exchange interaction between
Fe3+ and Ni2+ ions. This decrease can be due to the isotropic
alignment of magnetic moments with the increase in particle
size. ESR signals show that when the size of particles increases,
the resonance eld increases, but the peak to peak line width
decreases. This means that the net magnetization of the
samples increases with the increase of annealing temperature.
Therefore, with the increase of grain size, migrate of Ni2+ and
Fe3+ ions from the surface/interface site to bulk one. The octa-
hedral and tetrahedral sites should also alter the interaction of
magnetic ions. Moreover, the shell is visualized to be the zone in
which created vacancies and the super exchange interaction has
been destroyed. The shell has a smaller magnetization
compared to the core and the magnetization of this zone
decreases with increasing size of grain. Therefore, the decrease
in resonance eld was observed.

ESR spectroscopy was used to study the relaxation mecha-
nism. The spin relaxation process is a function of static
magnetic eld and depends on the rate at which microwave
energy can be absorbed and dissipated via relaxation processes
either by spin–lattice (T1) or spin–spin relaxation (T2) process.
The spin–spin relaxation process is the energy difference (DE)
transferred to neighboring electrons and the relaxation time
(T2) can be determined from the DHPP line width according to
following equation:99

1

T2

¼ gmBDH

ħ

where DH is the full-width-at-half-maximum of the absorption
curve (DH¼ O3DHPP) and ħ is the Planck reduced constant. Due
to the homogeneous broadening of the ESR signal, the spin–
lattice interaction time, T1, has also been calculated from the
relation:100

1

T1

¼ 16p2n2ħffiffiffi
3

p
gmBDHPP

where, the spin–lattice relaxation involves the thermal equilib-
rium of the spin system with the lattice or environment of the
spin. Hence, the super-paramagnetic behavior of the samples
can be explained on the basis of spin–lattice interaction. Neel
superparamagnetic is due to thermally induced uctuations of
the direction of magnetization in single domain particles below
a certain critical size. However, the completion of g and DHPP

parameters leads to an increase of the relaxation time (T2) from
2.9� 10�11 s for Ni600 to 6.4� 10�11 s for Ni1200 (Table S8†). It
is well know that the specic loss power (SLP) value for hyper-
thermia treatment depends inversely to the relaxation time;
thus, the observed minimum value of T2 for Ni600, Ni800 and
Ni900 makes them a good candidate for use in hyperthermia
treatment.101 For these samples, T1 has a lower magnitude than
T2 showing the dominance of spin–spin interaction. Super-
exchange magnetic interaction is dominated in Ni1200
sample where the relaxation rate ratio R2/R1 is 1.7 � 10�2 and
dipolar magnetic interactions is dominated in Ni600 sample
This journal is © The Royal Society of Chemistry 2020
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with highest the relaxation rate ratio R2/R1 ¼ 8.6 � 10�2 (Table
S8†).

For magnetic resonance imaging (MRI) T2-contrast agent,
the transverse relaxivity r2 can be estimated at the magnetic
eld assuming the magnetic average regime (MAR) to interpret
the interaction of nanoparticles with the protons using the
following equation:78

r2 ¼
4gp

2m0
2VmatMs

2DSEM
2

405DF

where, gp is the magnetogyric ratio of proton, m0 is the magnetic
permeability of vacuum, DF is the water translational diffusion
constant at 25 �C,102 DSEM is the average particle size obtained
from SEM analysis, Vmat is the molar volume of the sample (m3

mol�1) andMs is the saturation magnetization of sample at 300
K in A m�1. The calculated values of r2 are reported in Table S9
(ESI),† indicating that the transverse relaxivity increases as the
grain size increases. The higher value of transverse relaxivity
gives the effective T2 contrast agent for our Ni–Zn–Al ferrite
nanoparticles samples. Also, the broad ESR linewidth of the
powders in this study suggests that the ferrite powders may be
a good candidate for the radar absorbing materials (RAM) used
in microwave applications in broad frequency range.
Electric properties

Let us now turn to the effect of annealing temperature on the
electrical properties. Fig. 12a shows the temperature depen-
dence of direct-current resistivity regime (rdc) in the range 220–
600 K for the NZFAO nanoparticles (Ni600, Ni900 and Ni1200),
the resistivity decreases continuously with increasing tempera-
ture for all samples, which reects a semiconductor behavior. In
general, this could be ascribed to the increase in the dri
mobility of electric charge carriers which are thermally activated
with increasing temperature.103 The electrical resistivity of the
Ni–Zn nano ferrite decreases from 7 � 106 to 4.7 � 103 U cm at
360 K with the increase in crystallite particles size from 17 to
40 nm. This can be due to the increase of compactness of the
specimens assured by increasing the annealing temperature.
The observed variations in resistivity with composition can be
Fig. 12 (a) The temperature dependence of direct-current resistivity f
temperature for Ni600, Ni900, and Ni1200.

This journal is © The Royal Society of Chemistry 2020
explained by Verwey's hopping mechanism.104 The electronic
conduction in ferrites is principally due to hopping of electrons
between the ions of the same element present in more than one
valence state (Fe2+ and Fe3+ ions), distributed randomly over
crystallographically equivalent lattice sites.105 For the Ni600 and
Ni900 nanoparticles with such high resistivity that led to very
low eddy current losses are desirable in transformers, electronic
inductors, electromagnets and at high frequency application,106

while the Ni1200 sample having with higher conductivity may
be desirable in the use in solid oxide fuel cells.103 The relation
between resistivity and temperature describes the well-known
Arrhenius equation and may be expressed as:

r ¼ r0 exp

�
Ea

KBT

�

where r is the dc electrical resistivity at temperature T, KB is
Boltzmann constant, Ea is activation energy and r0 is the pre-
exponential constant. Typical plots of (log rdc) versus 1000/T for
the samples sintered at 600, 900 and 1200 �C are shown in Fig. S5
(ESI).† For the Ni600 and Ni900 samples, a change in slope was
observed in the resistivity curve that divides the curve into two
regions or one break, whereas in the Ni1200 sample, which the
studied temperature range was extended to a few degrees upper
the Curie temperature, the plot shows three zones, i.e. two breaks.
The second break occurs in the vicinity of the Curie temperature
(TC ¼ 540 K) and this has been attributed to the inuence of
magnetic order on the conduction mechanism.107 The Curie
temperature obtained from the resistivity is in agreement with
the TC obtained by the magnetic measurements. The calculated
activation energies (E1 and E2) for the three compositions corre-
sponding to the two regions (Tr1 and Tr2) have been estimated
and are shown in inset of Fig. S5.† The activations energies in Tr2
region (E2) were higher than those in Tr1 region (E1). Increasing
activation energy with increasing temperature can be ascribed to
the presence of different carriers' traps. For the low temperature
process, the dominant conduction mechanism would be an
exchange of electrons between nearest neighbor Fe2+ 4 Fe3+

pairs, with associated activation energy of the order of 0.1 eV.108

While for the high-temperature process (Tr2 region), the
conductionmechanism is expected viaNi2+ or Fe3+ neighbors, i.e.
or Ni600, Ni900 and Ni1200 samples. (b) The TCR as a function of

RSC Adv., 2020, 10, 34556–34580 | 34575
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Ni2+ + Fe3+4 Fe2+ + Ni3+. Similar results to the present study were
obtained in the case of a number of mixed ferrites such as Ni–
Zn,107 and Mn–Ni–Zn.109

The value of the temperature coefficient of resistance TCR is
very useful for determining the sensitivity of the infrared
detectors (IR) for night vision bolometer technologies.110

TCR ¼ 1

r

�
dr

dT

�
� 100

where T and r are the temperature and resistivity, respectively.
In this section, the data of the TCR as a function of temperature
of Ni600, Ni900, and Ni1200 are investigated and shown in
Fig. 12b. As can be seen, the temperature dependence of the
TCR for the three samples shows a peak below room tempera-
ture. The peak position decreases with the increase of grain size.
The TCR values are �14%/K at 550 K, �12%/K at 500 K and
�3.4%/K at 400 K for Ni600, Ni900 and Ni1200 sample,
respectively. Several factors could affect peak TCR value,
including sintering temperature and time. Comparing to other
values of TCR collected from other works,111,112 the Ni–Zn–Al
ferrite has a highest TCR. Encouragingly, these results suggest
that NZFAO samples could be used for applications in bolo-
metric device.

Conclusion

In this study, we described an investigation on the inuence of
the particle size in the structural, optical, elastic, thermody-
namic, magnetic and electrical properties of Ni0.6Zn0.4Fe1.5-
Al0.5O4 nanoparticles. The sol–gel technique was successfully
used to obtain nano and micro-powders of Ni0.6Zn0.4Fe1.5Al0.5-
O4. Heat-treatment in the temperature ranges of 600–1200 �C
yields to an average grain size ranging from 17 nm to 4 mm. We
arrived at the following conclusion:

(1) Rietveld renement of the XRD patterns conrmed the
high crystalline quality of the particles obtained particles. The
grain size and strain were observed to increase with increasing
annealing temperature. FTIR and Raman spectroscopy analyses
conrmed the presence of tetrahedral and octahedral sites in
the prepared samples. The nanometric and micrometric nature
of Ni–Zn–Al ferrite was conrmed by SEM microscopy.

(2) The compositional dependence of elastic constants can
be explained on the basis of inter-atomic bonding between the
ions. The Debye temperature and molar heat capacity values
determined from FTIR spectral analysis are in agreement with
the reported ones in literature. The increase of size results in an
increase of both Debye temperature and thermal conductivity
but it decreases of the molar heat capacity. The Ni–Zn–Al ferrite
samples can be used for switch-mode power supply.

(3) The optical properties of the synthesized Ni0.6Zn0.4Fe1.5-
Al0.5O4 samples were also investigated. The decrease of size
results in a decrease of the band gap energy and in an increase
of refractive index n0. Hence, the annealed Ni–Zn–Al ferrite
samples display enhanced optical absorption capability in the
visible range.

(4) The high temperature magnetic measurements and
hysteresis loops at RT indicate that the increase in annealing
34576 | RSC Adv., 2020, 10, 34556–34580
temperature leads to signicant shi in Curie temperature
consistent with nite size scaling formula and to an increase of
the fraction of the superparamagnetic phase at the expense of
the ferrimagnetic one. Ms consistently increases with the
increasing of the annealing temperature and this can be
explained by an interface/surface region of the nano-spinel
ferrite. High values of microwave frequency are calculated
(from C to X band) which indicates that it is a promising
infrared detector (IR) for night vision bolometer material. Ni–
Zn–Al ferrites may have potential in industrial and technolog-
ical applications e.g. magnetic refrigeration, biomedical appli-
cations and microwave frequency (C and X) band applications.

(5) The room temperature ESR spectra reveal that peak width
DHPP was reduced and the spin–spin relaxation T2 increases as
the annealing temperature increases due to the increase in the
dipole–dipole interaction. Moreover, the high values of the
transverse relaxivity r2 of Ni600, Ni800, and Ni900 make them
a potential candidate for use in hyperthermia treatment. In
contrast, the reasonable magnetostriction coefficient (lmax ¼
�10 ppm), which was achieved for bulk sample (Ni1200) makes
this material attractive for the use in automotive stress-sensing
sensors applications.

(6) The electrical resistivity of the Ni–Zn nanoferrites
decrease with the increase in particle size. The temperature
coefficient of resistance TCR of three typical samples was
calculated. Ni600 (with the highest electrical resistivity) had
a highest temperature coefficient of resistance than Ni900 and
Ni1200 samples and could reach �14%/K at 550 K, which
indicates that it is a promising infrared detector (IR) for night
vision bolometer material.
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