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Abstract. The ferrite nanoparticles of composition Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4
were prepared by sol-gel method. In order to study the temperature dependent structural and elastic properties, the prepared powder was divided into five
parts. The first part was considered as the as-prepared sample and the remaining
four parts were calcinated at temperatures 600, 700, 800 and 900◦ C. The X-ray
diffraction patterns confirmed the formation of cubic spinel structure in single
phase and Fd3m space group without any impurity peaks. The crystallite size
was found 17.61 nm in case of as-prepared sample whereas it was increased
from 11.75 nm to 18.13 nm with the increment of calcination temperature from
600 to 900◦ C. The lattice parameter was found maximum, 8.389 Å in case of asprepared sample whereas it was found decreased to 8.360 Å with the increment
of calcination temperature. From the FE-SEM micrographs, the average grain
size was found 100.2 nm in case of as-prepared sample whereas it was found
increased to 152.3 nm with the increment of calcination temperature. The FTIR
spectroscopy showed six absorption peaks in the range 350 to 3450 cm−1 . The
first two absorption bands were found in the ranges 360–448 cm−1 and 553–
575 cm−1 which attributes the presence of spinel structure. The study of elastic
properties was made by measuring the longitudinal velocity (Vl ) and shear velocity (Vs ) which were carried out at room temperature using pulse transmission
technique at the frequency of 1 MHz. The elastic moduli were found increased
with the calcination temperature whereas zero porous moduli were found decreased with the calcination temperature.
K EY WORDS : XRD, SEM, FT-IR, Elastic Moduli.

174

1310–0157 c 2022 Union of the Physicists in Bulgaria (UPB)

Study of Temperature Dependent Structural and Elastic Properties of...
1

Introduction

The general formula of spinels structures is AB2 O4 , where A is a divalent transition metal ion (Ni, Zn, Cd, Co, Cu, etc.) and B is a trivalent metal ion
(Fe, Al & Fe, Cr & Fe, Gd & Fe, etc.). Over the former several decades,
the spinel structures have fascinated great attention by the researchers due to
their enormous applications along with their good biocompatibility, low toxicity and their magnetism [1, 2]. These kind materials are presently considered
among the most successful magnetic nanoparticles for technological and medical applications such as magnetocaloric refrigerators, magnetic memory, solar water oxidation, electrochemical supercapacitor applications, biological applications, lithium-ion batteries, contrast enhancement in magnetic resonance
imaging (MRI) and magnetic fluid hyperthermia [3–10]. Therefore, an understanding of the structural, electrical, magnetic and elastic properties of these
spinels is acquired great importance from both basic and applied researchers.
These properties can be altered by synthesis methods, calcination temperature
and by doping suitable elements into the A-site or/and B-site. Particularly, the
spinel ferrites have a face-cantered 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 divalent metal ions and 32 oxygen ions. The spinel structure contains two interstitial sites, occupied by metal cations with octahedral
(B) and tetrahedral (A) oxygen coordination. In general, the cationic distribution between the two sites is quantified by the inversion degree (γ), which is
defined as the fraction of divalent ions in the octahedral sites. In the normal
spinel configuration, the Fe3+ ions (16) occupy the octahedral sites, while the
divalent M2+ ions (8) occupy the tetrahedral sites, giving the empirical formula
(M2+ )A [Fe3+ ]B O4 . On the other hand, in the inverse spinel configuration, half
of the Fe3+ ions (8) occupy the tetrahedral sites, while the other half of Fe3+
ions (8) and the M2+ ions (8) occupy the octahedral sites, yielding the empirical
formula (Fe3+ )A [M2+ Fe3+ ]B O4 . The structure in some cases can also be mixed
or random spinel also. However, super exchange interactions between magnetic
ions located in the same kind of interstitial sites (JA−A and JB−B ) lead to two
ferromagnetically ordered sub-lattices. In the case of nanoparticles, the larger
surface area creates surface relaxation, surface bond bending, surface effect and
consequently spins canting which modifies the contribution of each interaction.
The relation between structures and physical properties for ferrite nanoparticles
require 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 extensively been used
to synthesize spinel ferrite nanoparticles with different sizes and shapes. Ball
milling method is favourable to produce a highly crystalline nanostructures, but
always leads to agglomeration in high reaction temperature and long time. In
contrast, sol-gel method is preferred to synthesize nanoparticle due to its better control over the shape and size at lower temperatures. This method requires
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short process time and can produce large quantity with remarkable purity at
low cost [15]. The mixed Ni-Zn ferrite is a member of the class of the spinel
ferrites which is widely advertised for its applications in magnetic, magnetooptical and magneto-dielectric devices. Under normal conditions, spinel NiZn ferrite is a typical ferrimagnetic material possessing mixed spinel structure
2+
2+ 3+
(Fe3+
i M1−i )[Mi Fe2−i ]O4 [16, 17], where i is the inversion degree, ( ) and
[ ] represent tetrahedral and octahedral positions respectively, which belongs
to Fd3m space group. The cation arrangement can vary between two extreme
cases. One of them is the normal spinel (i = 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 = 1), where all the divalent elements
occupy octahedral B sites and all trivalent elements are equally distributed between tetrahedral (A) sites and octahedral (B) sites. The third one is random
spinel with the cation distribution in the way of intermediate between normal
and inverse spinel (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 (soft magnetic), high permeability, high dielectric constant, low
losses, semiconductor dielectric transition and they can find wide application in
the high frequency region of electronic devices [19]. On substitution of Zn2+ in
Ni ferrite the Fe3+ ions migrate from (A) to [B] site and consequently the FeA -OFeB interaction becomes weak. Few studies have reported that the magnetic and
electrical properties can be changed and tuned by gadolinium doping in Ni-Zn
ferrites [20, 21]. The introduction of Gd3+ ions leads to significant variations of
cation distribution over the A and B sites depending on the method of synthesis
and Gd concentration [21]. For nanometric Ni-Zn ferrites, it is possible to obtain
good magnetic properties and high performance at relatively low sintering temperature. 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 temperatures
to optimize the structural and magnetic properties and found that calcinating at
different temperatures ranged from 400 to 800◦ C provides changes of the magnetic properties of these particles. In case of Lahouli et al. [23], the investigation
of dielectric properties of Ni0.6 Zn0.4 Fe1.5 Al0.5 O4 ferrite nanoparticles annealed
at 600, 900, and 1200◦ C was done and found that the dielectric properties of the
system improved on increasing the temperature. Further, K.V. Kumar and D.
Ravinder et al. [20, 21] have studied effect of gadolinium substitution on electrical and dielectric properties of Ni-Zn ferrites. Likewise, several people have investigated temperature dependent magnetic and dielectric properties. But, there
is no study found in the literature on calcination temperature dependent structural and elastic properties of ferrite nanoparticles. Therefore, we have taken up
the study of calcination temperature dependent structural and elastic properties
of Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 nanoparticles prepared by sol-gel method.
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2

Experimental

The composition of Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 spinel ferrite nanoparticles were
prepared by sol-gel method [24]. The starting materials such as nickel nitrate,
zinc nitrate, iron nitrate, gadolinium nitrate, citric acid and ammonia of analytical grade were used. The solution of nickel nitrate (Ni(NO3 )2 ·6H2 O), ferric
nitrate (Fe(NO3 )3 ·9H2 O), zinc nitrate (Zn(NO3 )2 ·6H2 O) and gadolinium nitrate
(Gd(NO3 )3 ) in their stoichiometry were dissolved in a de ionized water. Citric
acid was then added to the prepared aqueous solution to chelate Ni2+ , Zn2+ ,
Gd3+ and Fe3+ in the solution. The molar ratio of citric acid to total moles of
nitrate ions was adjusted at 1:3 ratio. The mixed solution was neutralized to the
pH value 7 by adding ammonia (NH3 ) solution in adequate proportion. The neutralized solution was evaporated to dry by heating at about 100◦ C on a hot plate
with continuous stirring, until it becomes viscous and finally formed a viscous
gel. Increasing the temperature up to about 300◦ C lead to ignite the formed gel,
then the dried gel burnt completely in a self-propagating combustion manner to
form a loose powder [25, 26]. The prepared powder was divided into five parts,
one part was not calcinated and just it was treated as as-prepared sample and the
remaining four parts were calcinated at 600, 700, 800 & 900◦ C for 8 h followed
by sintering at 1300◦ C for 4 h in air.
The structural characterization was carried out by powder X-ray diffraction
(XRD) using Phillips expert diffractometer at room temperature in the 2θ range
of 20–80◦ . The bulk densities of all the samples were calculated by means of
immersion method. With the help of these bulk densities and X-ray densities,
the porosity values were calculated. Micro structural studies of the samples
were carried out using a field emission scanning electron microscope (FE-SEM)
(Apreo LoVac, Make: FEI). Fourier transform infrared spectroscopy (FTIR)
was recorded on a Jasco FTIR spectrometer (Model: FT/IR4200typeA) within
a range of 400–4000 cm−1 . The longitudinal and shear wave velocities were
calculated by ultrasonic pulse transmission technique using a pulse generator
RPR-4000 (RITEC INC., USA). The pulse oscillator generated RF pulses and a
transmitting transducer converted them into acoustic pulses. The acoustic pulses
propagating through the disc shaped testing sample of thickness ∼ 2.5 mm and
diameter ∼ 10 mm, these pulses were converted into electrical signals at the
receiving transducer. The amplified output signals were displayed on a storage
oscilloscope. Quartz transducers with ability to generate ultrasonic signals of
1 MHz were used for the both the operations like generating and detecting signal. The longitudinal and shear wave signals were generated by using X and
Y-cut transducers respectively. The transmission time of the ultra sound was
measured up to an accuracy of 1 µs using a 100 MHz digital storage oscilloscope
(Tektronix model: TDS2012C). The overall correctness of these measurements
in velocity was about 0.25% and elastic moduli were about 0.5%. The block
diagram of ultrasonic pulse transmission technique is shown in Figure 1.
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Figure 1. Block diagram of pulse transmission technique
Fig. 1: Block diagram of pulse transmission technique
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Results and Discussions

3.1

X-ray diffraction

The X-ray diffraction patterns of all the samples are shown in Figure 2. A systematic investigation of the XRD data evidently reveals that all the samples are
having single phase without any noticeable impurity. Rietveld refinement technique [27] was used to analyze the XRD data by assuming spinel cubic structure
and Fd3m space group. The Rietveld refinement is fitted for the sample calcinated at 900◦ C and is shown in Figure 2 (Top). The calculated values such as
lattice parameter, crystallite size, X-ray density, bulk density and porosity percentage of all the samples are furnished in Table 1. As per the earlier reports,

Table 1. Lattice parameters, crystallite size and average grain size of
Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 ferrite nanoparticles (as-prepared and calcinated at 600, 700,
800 & 900◦ C)
Parameter
a (Å)
b (Å)
c (Å)
V (Å3 )
RP (%)
RWP (%)
REXP (%)
Goodness of fit (S)
Crystalline size (nm)
Avg. Grain size (nm)
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As-prepared
8.389(1)
8.389(1)
8.389(1)
590.3785
2.173
3.352
3.220
1.04
17.61
100.2

Calcination temperature (◦ C)
600
700
800
8.382(2)
8.382(2)
8.382(2)
588.9019
2.256
3.421
3.227
1.06
11.75
117.22

8.373(1)
8.373(1)
8.373(1)
587.0070
2.356
3.395
3.086
1.10
12.98
132.23

8.367(1)
8.367(1)
8.367(1)
585.7459
2.228
3.428
3.265
1.05
14.44
146.50

900
8.360(3)
8.360(3)
8.360(3)
584.2770
2.210
3.302
3.145
1.05
18.13
152.30
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Fig. 2: X-ray diffraction patterns of Ni0.5Zn0.5Gd0.05Fe1.95O4 ferrite nanoparticles (as-prepared and
Figure 2. X-ray diffraction patterns of Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 ferrite nanoparticles
at800
600,&700,
◦
(as-prepared and calcinatedcalcinated
at 600, 700,
900800
C).& 900˚C)

a systematic variation of properties with divalent, trivalent and tetravalent metal
ions doped into ferrites have been reported [28–36], but the study of properties
of gadolinium ferrites with calcinated temperature is not reported. Huixue Yao
et al showed that the crystallite size is shrinking with the increasing doping content of Gd3+ ions [37]. They tried to clarify the reason for this decreasing trend.
On the one hand, the large size mismatching between Gd3+ and Fe3+ can lead
to grain anisotropy when the replacement of ions generates strain inside crys179
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Figure
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0.5
0.05
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with calcination
(as-prepared(as-prepared
and calcinated
600, 700, 800
& 900˚C)
ferrite nanoparticles
withtemperature
calcination temperature
andatcalcinated
at 600,
700,

800 & 900◦ C).

tal volume with an increase of Gd3+ doping content. Moreover, the balance of
the crystal anisotropy and volume strain to each other can maintain in a stable
equilibrium state. As a result, the grain size decreases with an increase in Gd3+
substitution contents for decrease of the volume strain. On the other hand, the
Fe3+ takes up either tetrahedral or octahedral sites, whereas Gd3+ ions tend to
occupy the octahedral site in the crystal structure of NiFe2−x Gdx O4 . The Gd3+
ions enter the lattice owing to the other strain being from segmental gadolinium ions, prohibiting the crystallization of NiFe2 O4 . In the present study, the
crystallite size was found 17.61 nm in case of as-prepared sample whereas the
crystallite size was increased gradually from 11.75 nm to 18.13 nm with the increment of calcination temperature from 600 to 900◦ C as shown in Figure 3. The
lattice parameter was found maximum (8.389 Å) for as-prepared sample and it
was found decreased to 8.360 Å with the increment of calcination temperature.
The decrement of lattice parameter can be attributed to the occupation of Gd3+
ions in octahedral voids, instead of tetrahedral lattice sites in a gadolinium doped
Ni-Zn ferrite nanoparticle [37].
3.2

Field emission scanning electron microscopy

The micro structural investigation of all the samples was carried out using a
Field Emission Scanning Electron Microscope (FE-SEM) and the micrographs
of all the samples are shown in Figure 4. It can be observed that the shape of the
grains was not having any particular pattern in case of all the samples [38–40].
From the FE-SEM micrographs, the average grain size was found 100.2 nm for
as-prepared sample and it was found increased gradually to 152.3 nm with the
calcination temperature as shown in Figure 3. The average grain size of all the
samples are furnished in Table 1.
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Figure 4. SEM micrographs of
Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 ferrite
nanoparticles (as-prepared and
calcinated at 600, 700, 800 &
900◦ C).
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(e)micrographs
900◦ C of Ni0.5Zn0.5Gde)0.05900˚C
Fig. 4: SEM
Fe1.95O4 ferrite nanoparticles (as-prepared and

3.3

FTIR spectra

The FTIR transmission spectra of all the samples are shown in Figure 5. The six
characteristic absorption bands for all the samples are furnished in Table 2. The
first two absorption bands were found in the ranges 360–448 cm−1 and 553–
575 cm−1 which corresponds to stretching vibration of the metal-oxygen bond
in octahedral sites and metal-oxygen bond in tetrahedral sites respectively which
would be observed in general in the spinel structures [41–44]. This observation
agrees with the results of XRD analysis. The broad absorption band in the range
3435–3444 cm−1 can be attributed to the characteristic of absorbed water or hy-
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Fig. 5: FTIR spectra of Ni0.5Zn0.5Gd0.05Fe1.95O4 ferrite nanoparticles (as-prepared and calcinated at
Figure 5. FTIR spectra of Ni0.5 Zn
Gd0.05
O4 ferrite nanoparticles (as-prepared
0.5700,
600,
800Fe&1.95
900˚C)

and calcinated at 600, 700, 800 & 900◦ C).

droxyl group in the alcohol. The absorption band in the range 2926–2933 cm−1
can be assigned to the formation of CH3 –CH3 –, CH3 –NH2 –, CH3 –O– bonds
when the polymerization takes place with metal nitrate, citric acid, and ethylene
glycol. The absorption band in the range 1021–1047 cm−1 is ascribed to the
C–C–O structure from ethylene glycol in the polymerization process.

Table 2. Characteristic wavenumbers of Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 ferrite nanoparticles
(as-prepared and calcinated at 600, 700, 800 & 900◦ C)
Calcination
temperature (◦ C)

ν1
(cm−1 )

ν2
(cm−1 )

ν3
(cm−1 )

ν4
(cm−1 )

ν5
(cm−1 )

ν6
(cm−1 )

As-prepared
600
700
800
900

360.62
435.83
440.65
447.40
428.11

553.47
560.22
565.04
555.40
574.68

1021.12
1028.83
1040.41
1033.66
1046.19

1581.34
1581.34
1568.81
1581.34
1582.31

2932.23
2926.45
2929.34
2927.41
2932.23

3435.56
3443.27
3442.31
3440.39
3435.36
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3.4

Elastic properties

The longitudinal and shear wave velocities (vl and vs ) of all the samples are furnished in Table 3. Both the velocities were found increased continuously with
the calcination temperature as shown in Figure 6. With the support of velocity
values, Poisson’s ratios (σ) of all the samples were calculated by the well-known
relation [47] and the calculated values were furnished in Table 3. Further the
Poisson’s ratio was found in the range 0.1649–0.1905. The longitudinal velocity
was found increased gradually from 4250 m/s to 4338 m/s and the shear velocity was found increased gradually from 2628 m/s to 2748 m/s, whereas Poison’s
ratio was decreased from 0.1905 to 0.1649 with the increment of calcination
temperature. As the porosity percentage was decreased from 20 to 13 with calcination temperature, the longitudinal and shear velocities increased gradually.
The similar behavior was observed in earlier reports of some other CMR mate-

Fig. Figure
6: Variation
of longitudinal
and shearand
velocities
Ni0.5Zn0.5in
GdNi
FeZn
O4Gd
ferrite
nanoparticles
0.05
1.950.5
6. Variation
of longitudinal
shear in
velocities
0.5
0.05 Fe
1.95 O4
(as-prepared
and
calcinated
at 600,
700,
800800
& 900˚C)
ferrite nanoparticles
(as-prepared
and
calcinated
at 600,
700,
& 900◦ C).

Table 3. Bulk & X-ray densities, porosity percentage, ultrasonic velocities and Poison’s
ratio of Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 ferrite nanoparticles (as-prepared and calcinated at
600, 700, 800 & 900◦ C)
Calcination
temperature
(◦ C)

Bulk
density
ρb

X-ray
density
ρx

Porosity
(%)

Longitudinal
velocity vl
(m/s)

Shear
velocity vs
(m/s)

Poison’s
ratio
σ

As-prepared
600
700
800
900

3278
3368
3420
3510
3602

4097
4107
4120
4129
4140

20
18
17
15
13

4250
4285
4305
4320
4338

2628
2662
2690
2725
2748

0.1905
0.1857
0.1797
0.1696
0.1649
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Table 4. Elastic moduli of Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 ferrite nanoparticles (as-prepared
and calcinated at 600, 700, 800 & 900◦ C) before and after porosity correction
Calcination
temperature
(◦ C)
As-prepared
600
700
800
900

Before porosity
correction
E (GPa)
G (GPa)
53.90
56.60
58.40
60.96
63.63

22.64
23.87
24.75
26.06
27.20

After porosity
correction
E0 (GPa)
G0 (GPa)
89.78
88.37
88.40
86.97
85.88

37.83
37.42
37.66
37.43
36.94

rials [45] and manganites [46]. The behavior of Young’s modulus (E), rigidity
modulus (G) were quite similar to longitudinal and shear velocities. The elastic
moduli were also measured using the well-known methods [47] and the values
are furnished in Table 4. The Young modulus and rigidity modulus values of all
the samples were found to increase with the increase of calcination temperature
whereas the similar behavior was detected earlier in some other CMR materials,
but it was found with the variation of composition [45, 46]. It was clearly understood that the elastic properties of magnetic ceramics can also be tailored by
varying the composition as well calcination temperature.
3.5

Porosity correction

The elastic properties of any material depend on the density and the porosity
percentage of the testing samples [47, 48]. As the samples of the present investigation were prepared by the well-known sol-gel auto-combustion method,
they exhibit ceramic nature with porosity. Hence, it was become important to
measure the percentage of porosity in these materials. The percentage porosity
was calculated from bulk and X-ray densities of the samples and the measured
percentage porosity are presented in Table 3. The percentage porosity of all the
samples was found in the range of 13–20%. As all the samples under the study
were found to be porous, the measured elastic moduli would definitely be lesser
than those of non-porous elastic moduli. Moreover, these values do not have
any significance unless they would be corrected to zero porosity [45–47]. To
calculate zero porosity corrected elastic moduli, Hasselman and Fulrath model
was used [49]. This model proposed on the assumption that the samples prepared by solid state reaction method can mainly possess spherical type of pores.
According to this model [49], Young’s and shear wave moduli can be specified
by
E
3(9 + 5σ)(1 − σ)
, where αE =
,
1 − αE P
2(7 − 5σ)
G
15(1 − σ)
G0 =
, where αG =
,
1 − αG P
(7 − 5σ)
E0 =

184

(1)
(2)

Study of Temperature Dependent Structural and Elastic Properties of...
where E0 and G0 are the Young and Rigidity moduli of non-porous matrix respectively, whereas E and G are the experimental measured values of Young’s
and rigidity moduli, respectively, and P is percentage porosity of the material.
By means of equations (1) and (2), porosity corrections were completed for the
experimental elastic moduli and the zero porous elastic moduli were presented
in Table 4. It was observed that the value of corrected zero porous Young’s
modulus was found to decrease continuously with the increase of calcination
temperature. Similar behavior was found with doping concentration in earlier
reports in the case of some manganite-based materials [49, 50].
4

Conclusions
1. The spinel ferrite of composition Ni0.5 Zn0.5 Gd0.05 Fe1.95 O4 was prepared
by sol-gel method successfully.
2. The X-ray diffraction patterns confirm the formation of cubic spinel structure in single phase and Fd3m space group without any impurity peaks.
3. The lattice parameter was found maximum (8.389 Å) for as-prepared sample and it was found decreased from 8.382 to 8.360 Å with the increment
of calcination temperature from 600 to 900◦ C.
4. The crystallite size was found 17.61 nm for as-prepared sample whereas
the crystallite size was increased from 11.75 nm to 18.13 nm with the
increment of calcination temperature from 600 to 900◦ C.
5. The average grain size was found 100.2 nm for as-prepared sample and it
was found increased to 152.3 nm with the calcination temperature.
6. The bulk density and X-ray density were increased with the calcination
temperature whereas porosity percentage was decreased.
7. The FTIR transmission spectra showed six absorption peaks in all the
samples. The first two absorption bands were found in the ranges 360–
448 cm−1 and 553–575 cm−1 which attributes the presence of spinel
structure.
8. The Young modulus and rigid modulus values were found to increase with
the increasing the calcination temperature whereas zero porous moduli
were found to decreases with increasing calcination temperature.
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