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Abstract

Ni-Zn-Al mixed ferrite nanoparticles, with general formula NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0),
were synthesized by sol-gel auto combustion technique. All prepared ferrite nanoparticles were characterized
by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy and vibrating sample magnetometer. X-ray diffraction study confirmed the formation of
the single phase cubic spinel structure in all ferrite samples. The crystallite size was calculated by the Debye-
Scherrer formula and found to be in the range 15–46 nm. The lattice constant decreased with increasing Ni2+

ion concentration. Scanning electron microscopy images clearly indicate that the particles are very small but
agglomerated. Energy dispersive X-ray was used to confirm the composition of the prepared powders. Fourier
transform infrared spectra showed two main absorption bands of ferrite nanoparticles, the high frequency band
(ν1) around 600 cm-1 and the low frequency band (ν2) around 400 cm-1 arising from tetrahedral (A) and octa-
hedral (B) interstitial sites in the spinel lattice, respectively. Vibrating sample magnetometer results reported
that the saturation magnetization, remanent magnetization and magnetic moments decrease with increasing
Ni2+ ion concentration.
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I. Introduction

The mixed spinel nano-ferrites have a wide range of
applications in the various fields of science and tech-
nology. Various ferrite preparation techniques, doping
and cation substitutions play an extraordinary role in
deciding and controlling the characteristics of nano-
ferrite particles. Substituting the trivalent and pentava-
lent ions gives rise to many applications of ferrites in
different areas such as magnetic storage, transformer
cores, magnetic cards, magnetic recording, permanent
magnets, computer peripherals, electronic devices, mi-
crowave devices and catalysts. Ferrites have high elec-
trical resistivity and low eddy current losses, conse-
quently they are well suitable for high frequency appli-
cations [1–8]. Normally, in ferrites nickel has a strong
tendency to occupy the octahedral sites whereas zinc
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occupies the tetrahedral site. Thus, nickel ferrite has
an inverse spinel structure whereas zinc ferrite has a
normal spinel structure. Hence, Ni-Zn ferrites have a
mixed spinel ferrite structure and are used as a wave
absorber for electromagnetic interference [9]. The tetra-
hedral sites are occupied by Zn2+ and Fe3+ whereas the
octahedral sites are occupied by Ni2+ and Fe3+. The in-
teractions between the ions in tetrahedral and octahe-
dral sites can alter magnetic and electrical properties of
nano-ferrites. The ferrite properties are also highly de-
pendent on the methodology adopted for their synthesis,
preparative conditions, sintering temperature and time,
chemical composition, grain size etc. [10–12].

Presently, we have chosen the sol-gel auto combus-
tion technique to prepare the ferrite composition of
NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) and
investigate the influence of Ni:Zn ratio on their structure
and magnetic properties. The addition of Al3+ ions al-
ters the distribution of the ions in the spinel ferrite struc-
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ture. Usually the Al3+ ions occupy octahedral sites and
increase the strength of metal–oxygen bond by replac-
ing larger ionic radii Fe3+ ions in the octahedral sites.

II. Experimental

NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and
1.0) ferrite nanoparticles were prepared from chemical
reagents with analytical grade (AR) and >99% of pu-
rity. The used precursors were zinc nitrate hexahydrate -
Zn(NO3)2·6 H2O (AR), nickel nitrate - Ni(NO3)2·6 H2O
(AR), aluminium nitrate nonahydrate - Al(NO3)3·9 H2O
(GR), ferric nitrate - Fe(NO3)3·9 H2O (GR) and citric
acid monohydrate - C6H8O7·H2O (GR). Citric acid is a
chelating agent and fuel for self-combustion, but also
helps for the homogenous distribution and separation
of the metal ions. The ammonia was used to adjust pH
value and improve the solubility of the metal ions.

Metal nitrates were taken in the required stoichiomet-
ric ratio and dissolved in a sufficient amount of double
distilled water. The citric acid was added to the nitrate
solution in 3:1 molar ratio. Further, the liquid ammonia
was added to this nitrate solution drop by drop with con-
stant stirring to maintain the pH value at 7. The resulting
solution was constantly heated on the magnetic stirrer at
300 °C to allow the gel formation. The resultant gel was
kept in open air environment to remove the absorbed
water and the precursor powder was calcined under the
constant heating condition at 600 °C for 5 hours to get
the final product. The resultant powder was then ground
into fine particles by an agate mortar and pestle.

Phase composition was studied by Rigaku X-ray
diffractometer (Rigaku Miniflex II) using the CuKα ra-
diation (λ = 1.5406 Å). Scanning electron microscopy
(SEM) images were obtained using a TESCAN, MIRA

II LMH microscope. The composition was determined
by energy dispersive X-ray spectroscopy (EDX, Inca
Oxford, attached to the SEM). FTIR analysis was car-
ried out by FT/IR-4000, JASCO, Japan in the range
400–4500 cm-1 at room temperature. Magnetic proper-
ties were studied by vibrating sample magnetometer
(Lakeshore VSM 718 model) at room temperature.

III. Results and discussion

3.1. XRD analysis

The structural analysis of NixZn1-xAlFeO4 (x = 0.0,
0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles calcined
at 600 °C was performed by powder XRD method. Fig-
ure 1 shows the X-ray diffraction patterns of all prepared
ferrite nanoparticles and confirm their crystalline struc-
ture with single phase spinel phase. The average crystal-
lite size of the ferrite nanoparticles was calculated using
the Debye-Scherrer equation [13,14]:

t =
0.9λ
β · cos θ

(1)

where, λ is wavelength of the X-ray radiation, β is full
width at half maximum, θ is Bragg’s angle. It was found
that the average crystallite size of the ferrite nanopar-
ticles is in the range 15–46 nm. It was noticed that the
crystallite size and lattice constant gradually decreased
with increasing Ni2+ ion concentration (Table 1). De-
crease in the crystallite size and lattice constant may be
due to the substitution of larger Zn2+ ions (0.84 Å) with
smaller Ni2+ ions (0.74 Å) [15–18]. The lattice constant
(a), X-ray density (ρX), bulk density (ρB), porosity and
jump lengths (LA, LB) were determined by the equations
(2), (3), (4), (5), (6) and (7), respectively (and listed in
Table 1).

Figure 1. X-ray diffraction pattern of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles
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Table 1. Lattice constant (a), X-ray density (ρX), bulk density (ρB), porosity, crystallite size - XRD (dXRD), tetrahedral and
octahedral jump lengths (LA & LB), tetrahedral frequency (ν1), octahedral frequency (ν2)

of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles

Composition a ρX ρB Porosity dXRD LA LB ν1 ν2

(x) [Å] [g/cm3] [g/cm3] [%] [nm] [Å] [Å] [cm-1] [cm-1]
0.0 8.334 4.869 3.784 22.28 46 3.609 2.946 634 411
0.2 8.327 4.850 3.893 20.22 46 3.605 2.944 635 409
0.4 8.314 4.842 3.905 19.35 41 3.600 2.939 634 414
0.6 8.307 4.824 3.947 18.18 34 3.597 2.937 631 404
0.8 8.295 4.814 3.981 17.30 21 3.592 2.933 636 413
1.0 8.281 4.807 3.997 16.85 15 3.586 2.927 605 414

Figure 2. FTIR spectra of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4,
0.6, 0.8 and 1.0) ferrite nanoparticles

a = d
√

h2 + k2 + l2 (2)

where, d is interplanar distance, h k l are Miller indices.

ρX =
8M

N · a3
(3)

where, M is molecular weight, N is Avogadro number,
a is lattice constant.

ρB =
m

π · r2 · t
(4)

where, m is mass of the circular pellet, r is radius of the
pellet, t is thickness of the pellet.

P = 1 −
ρB

ρX

(5)

where, ρB is bulk density and ρX is X-ray density.

LA =

√
3

4
a (6)

LB =

√
2

4
a (7)

From Table 1 it was observed that the X-ray density
and porosity decreased, bulk density increased with in-
creasing Ni2+ ion concentration. In general, the X-ray
density of nano-ferrites is higher than bulk density due

to existence of pores in the samples. The X-ray density
depends on the molecular weights of the samples and
lattice constants. The molecular weights of the prepared
NixZn1-xAlFeO4 samples were found to decrease from
212.15 to 205.46 g/mol by varying the composition.
Hence, the X-ray density decreased as Ni2+ ion con-
centration increased [19]. The bulk density and poros-
ity was inversely related with each other. Hence, the
bulk density increased and the porosity progressively
decreased with the increase of Ni2+ ion concentration
(Table 1), which has already been observed in literature
[20]. Jump length for A-sites and B-sites were found
to decrease slightly with increasing Ni2+ ion concentra-
tion. This shows that less energy is required for jumping
of electrons between A and B-sites as a result of which
the conductivity increases. Jump lengths are directly re-
lated with lattice constants. So decrease of the lattice
constant values consequently decrease the jump lengths.

3.2. FTIR study

Fourier transform infrared spectra of NixZn1-xAlFeO4
(x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparti-
cles calcined at 600 °C (Fig. 2) show the strong ab-
sorption bands with two characteristic peaks [21–24].
In ferrites the metal ions are situated at two sub-lattices
named tetrahedral (A) site and octahedral (B) site. The
high frequency tetrahedral (ν1) band was observed in
the range of 605–636 cm-1 and low frequency octahedral
band (ν2) was observed in the range of 404–414 cm-1.
These bands confirm the spinel structure of the prepared
ferrite nanoparticles. Similar reports were published by
Zahi and Pathak [25,26].

3.3. SEM and EDX analysis

Scanning electron morphologies of NixZn1-xAlFeO4
(x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles
calcinated at 600 °C were shown in Fig. 3. It is clearly
noticed that powder particles are in nano-size range and
have high tendency to join together and form spherically
shaped agglomerates [27,28]. Figure 4 shows the EDX
images of all NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8
and 1.0) ferrite nanoparticles calcined at 600 °C. The
characteristic peaks of Ni, Zn, Al, Fe and O elements
were observed in EDX spectra. Hence, the EDX pat-
terns and the corresponding data in Table 2 confirm the
presence of all constituting elements in the prepared fer-
rite nanoparticles [29].
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Figure 3. SEM images of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles

3.4. Magnetic properties

The magnetic properties of ferrites were influenced
by various parameters like anisotropy, crystallite size,
density, composition and super exchange interactions
between A and B-sites. Magnetic hysteresis loops of
NixZn1-xAlFeO4 samples calcined at 600 °C were ob-
tained at room temperature by vibrating sample magne-
tometer and are shown in Fig. 5. The magnetic proper-
ties like saturation magnetization, remanent magnetiza-
tion, coercivity and magnetic moments were elucidated
from hysteresis loops and given in Table 3. From Table

3 it can be observed that all prepared ferrite nanopar-
ticles show the soft and ferrimagnetic behaviour. The
magnetic moment (µB) was calculated by the saturation
magnetization and molecular weight of the prepared
nanoferrite samples by equation [30]:

µB =
MS × M

5585
(8)

where MS is saturation magnetization, M is molecular
weight of a sample.

The magnetic hysteresis data confirmed that the satu-

Figure 4. EDX pattern of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles
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Table 2. Elemental composition of NixZn1-xAlFeO4 samples

Composition Element [wt.%] [at.%]

x = 0.0

O 27.74 55.14
Al 10.08 11.88
Fe 32.82 18.68
Ni 0.47 0.26
Zn 28.89 14.05

Total 100 99.81

x = 0.2

O 27.95 56.33
Al 7.29 8.71
Fe 22.97 13.27
Ni 19.35 10.63
Zn 22.44 11.07

Total 100 100.01

x = 0.4

O 25.22 53.04
Al 7.24 9.03
Fe 21.43 12.91
Ni 22.07 12.65
Zn 24.04 12.37

Total 100 100

x = 0.6

O 21.91 47.00
Al 12.31 15.66
Fe 14.55 8.94
Ni 25.43 14.86
Zn 25.80 13.54

Total 100 100

x = 0.8

O 22.12 49.11
Al 13.98 12.41
Fe 16.61 12.90
Ni 23.16 13.44
Zn 24.13 12.14

Total 100 100

x = 1.0

O 31.50 60.18
Al 8.21 9.30
Fe 16.81 9.20
Ni 18.59 9.68
Zn 24.89 11.64

Total 100 99.81

ration magnetization, remanent magnetization and mag-
netic moment decrease with increasing Ni2+ ion concen-
tration. The observed decrease of the saturation mag-
netization might be due to lesser magnetic moment of
Ni2+ ions as compared to that of Fe3+ ions and the size-
effect. Crystallite size and saturation magnetization are
directly related, hence, decreasing the crystallite size
indicates the decrease in the saturation magnetization

Figure 5. M-H loops of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6,
0.8 and 1.0) ferrite nanoparticles

[31]. The observed decrease of saturation magnetiza-
tion with increasing the Ni2+ ion concentration may also
be explained by the presence of lattice defects, feeble
magnetic super-exchange interaction between tetrahe-
dral and octahedral sites and random orientation of spin
on the nanoparticle surfaces [32,33]. Normally, there
is a huge difference in the magnetization values be-
tween nano-ferrites and bulk ferrites [34], which can
be attributed to the finite size effects [35]. The decrease
of saturation magnetization in nanoparticles can be at-
tributed to the canted spins in the surface layers due to
a decrease in the coupling exchange, which is caused
by the lack of oxygen mediating super exchange mech-
anism between the nearest iron ions at the surface [36].
They can also be attributed to the improvement of the
surface barrier potential due to the distortion of crystal
lattice caused by the deviation of the atoms from normal
positions in the surface layers [37].

Increasing the Ni2+ ion concentration together with
Al3+ ion substitution considerably lowers the sat-
uration magnetization and leads to superparamag-
netic behaviour. In our earlier work, we have ob-
served superparamagnetism for the composition of
Ni0.5Zn0.5AlxFe2-xO4 at x = 2.0 [38].

The coercivity (HC) is found to vary with increas-
ing the Ni2+ ion concentration. The change in the co-

Table 3. Saturation magnetization (MS), remanent magnetization (MR), coercive field (HC), magnetic moment (µB) and
molecular weights (M) of NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles at room temperature

Composition MS MR HC
µB

M

(x) [emu/g] [emu/g] [kOe] [g/mol]
0.0 1.3 0.03 395 0.049 212.15
0.2 10.6 0.27 48 0.400 210.81
0.4 9.3 0.26 58 0.348 209.48
0.6 8.8 0.19 40 0.328 208.15
0.8 8.7 0.17 39 0.322 206.82
1.0 4.3 0.42 166 0.158 205.49
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ercivity may be explained by differences in ferrite mi-
crostructure, magnetic domain size, particle size and
anisotropy [39]. The magnetic moment of the prepared
ferrite nanoparticles was found to decrease with increas-
ing the Ni2+ ion concentration. This is due to the differ-
ence between Neel’s theoretical and experimental Bohr
magnetic moments which confirms the existence of a
non-collinear or canted spin structure that exists in oc-
tahedral (B) sites [40,41].

IV. Conclusions

NixZn1-xAlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0)
ferrite nanoparticles were synthesized by sol-gel auto
combustion technique. XRD results confirmed the for-
mation of single phase spinel cubic structure. The crys-
tallite size and lattice constant were found to decrease
from 46 to 15 nm and from 8.334 to 8.281 Å, respec-
tively, with increasing the Ni2+ ion concentration. SEM
analysis confirmed the nanocrystalline nature, but in the
same time the presence of large agglomerated particles.
From FTIR spectrum two fundamental bands ν1 and ν2
around 600–400 cm-1 were observed, that are the com-
mon features of all ferrite materials. The characteris-
tic peaks of Ni, Zn, Al, Fe and O elements were ob-
served in EDX spectra, confirming the presence of all
constituting elements in the prepared ferrite nanoparti-
cles. Magnetic hysteresis loops were obtained at room
temperature by vibrating sample magnetometer. Mag-
netic measurements confirmed that the saturation mag-
netization, remanent magnetization and magnetic mo-
ment decreased with increasing Ni2+ ion concentra-
tion in NixZn1-xAlFeO4 ferrite nanoparticles. Increas-
ing Ni2+ ion concentration together with Al3+ ion sub-
stitution considerably lowers the saturation magnetiza-
tion and leads to superparamagnetism. Hence, the Ni-
Zn-Al mixed nanoferrite particles with the lower satu-
ration magnetization may be suitable for broad range of
frequency applications and magnetic recording.
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