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ABSTRACT
ZnFe1−xAlxO4 (x = 0.0, 0.1, 0.3, and 0.5) samples were synthesized by the combustion method. The x-ray diffraction pattern confirms that the
ferrite samples have a cubic inverse spinel structure, and Rietveld refinement adds more weight to this conclusion. Furthermore, the space
group is Fd3m. Using Rietveld analysis, the oxygen location, lattice parameter, and cation distribution were found, proving that Al doped
ZnFe2O4 ferrites were present in every sample. According to structural research, when the Al3+ concentration increases, the crystallite size
decreases (15–29 nm) but the lattice parameter increases (8.399–8.418 Å). The FE-SEM images are agglomerated for all the ferrite samples.
The estimated energy gap (1.83–2.05 eV) increases as the doping concentration is increased. The FT-IR spectrum revealed the formation of
Al doped ZnFe2O4 nanoparticles, and vibrating sample magnetometry showed the ferromagnetic behavior.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0237471

I. INTRODUCTION

A class of magnetic iron oxides known as ferrites have a cubic
spinel structure and are generally expressed by the formula AB2O4.
These compounds have a nearly perfect cubic close-packed struc-
ture, with oxygen atoms arranged in an ideal manner. Within this
structure, there are eight tetrahedral sites (A-sites) and 16 octahe-
dral sites (B-sites) occupied by Fe2+ ions. The 16 B-sites include an

equal distribution of Fe2+ and Fe3+ ions.1 When a divalent tran-
sition metal ion replaces another ion in the tetrahedral location,
the ferrite displays a characteristic normal spinel structure. In con-
trast, the formation of an inverted spinel structure occurs when the
divalent transition metal is present at the octahedral position. A
more complex situation arises when divalent transition metal ions
are added to both the A and B sublattices; this usually leads to a
mixed or disordered structure. Recent research has placed growing
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emphasis on examining both large-scale ferrite samples and tiny
crystals at the nanoscale, specifically to investigate their distinct
magnetic properties and possible uses.2

The distribution of cations among octahedral (B) and tetra-
hedral (A) sites plays a crucial role in defining the magnetic and
structural properties of ferrites, especially when replacements exist at
the Fe sites. Zinc ferrite, or ZnFe2O4, has a distinctive spinel struc-
ture where all ferric ions occupy the octahedral sites and Zn2+ions
occupy the tetrahedral sites because of their propensity to form
sp3 bonds with oxygen anions. The specific arrangement of cations
in zinc ferrite results in its distinctive low Néel temperature and
weak superexchange interaction. These properties are controlled by
the 90○ bond angle between Fe3+ and O− ions, causing ZnFe2O4
to exhibit paramagnetic behavior at ambient temperature.3 Fur-
thermore, it has been proposed that the distribution of cations
between the octahedral and tetrahedral sites in Mn-doped ZnFe2O4
is random.4 Technically speaking, spinel-containing zinc ferrites are
extremely valuable because of their many applications in fields such
as electronics, drug delivery systems, medical diagnostics, infor-
mation storage, and magnetic resonance imaging (MRI) contrast
agents. Obtaining particles with a precise and limited range of sizes
is essential for tackling a range of technological obstacles. Precise
manipulation of particle size is crucial in doped ferrites as it influ-
ences the tendency of electrons to concentrate at the interfaces of
nanostructured substances. By localizing, the eddy current losses in
electrical applications are reduced, making these materials particu-
larly ideal for use as cores in inductive components that operate at
high frequencies. ZnFe1−xAlxO4 (where x = 0.0, 0.1, 0.3, and 0.5)
ferrites exhibit unique superparamagnetic properties due to their
nanoscale, single-domain structure.5 Several synthesis methods have
been developed and reported in the literature for the production
of magnetic nanoparticles, including spray pyrolysis, hydrothermal
preparation, microemulsion methods, and microwave irradiation of
ferrous hydroxide.6–10

The co-precipitation method offers the advantage of being
relatively simple while allowing for effective control over the par-
ticle properties. Although there is extensive research on the struc-
tural characteristics of ZnFe1−xAlxO4 (x = 0.0–0.5) ferrites, there
remains limited information on aspects such as synthesis temper-
ature, site occupancy, and cation ordering. To explore these factors,
ZnFe1−xAlxO4 ferrites have been synthesized using the chemical
co-precipitation technique, aiming to investigate their structural,
vibrational, and magnetic properties. This series of ZnFe1−xAlxO4
(x = 0.0, 0.1, 0.3, and 0.5) ferrites has been thoroughly characterized
using various techniques, including FT-IR, Rietveld analysis, VSM
(vibrating sample magnetometry), DRS-UV, FESEM (field emis-
sion scanning electron microscopy), EDX (energy-dispersive x-ray
spectroscopy), and XRD (x-ray diffraction) spectroscopy.

II. EXPERIMENTAL
A. Chemicals

Aluminum doped zinc ferrite nanoparticles [Zn(NO3)2⋅6H2O,
Al(NO3)3⋅9H2O, Fe(NO3)3⋅9H2O, and L arginine] were obtained
from Merck and employed in the synthesis of zinc ferrite. Every
chemical utilized was of AR grade and did not require any addi-
tional purification. All of the trials’ water was distilled to have a lower
conductivity.

B. ZnFe1−xAlxO4 (x = 0.0, 0.1, 0.3, and 0.5) preparation
The combustion method was used to create ZnFe1−xAlxO4

(x = 0.0–0.5) particles. Zn(NO3)2 6H2O, Al(NO3)3 9H2O, Fe(NO3)3
9H2O, and L arginine were freshly made in proper mole ratios (1:2).
To prepare the Al-doped ZnFe2O4 samples, a solution of L-arginine
was added to the precursor solutions and stirred vigorously for one
hour. The nitrate precursors serve as oxidizers in this process, while
L-arginine serves as the fuel. The well-mixed homogeneous solu-
tion was then transferred to a 250 ml beaker and heated at 90 ○C
for 20 min. During this heating, the solution was first boiled, fol-
lowed by vaporization and dehydration, which eventually led to
the breakdown of the solution and the release of reaction gases.
Following a series of events, the Al-doped ZnFe2O4 material was
quickly produced through spontaneous ignition. The resulting sam-
ples were then washed thoroughly with distilled water and ethanol.
After washing, the samples were subjected to calcination, where the
temperature was increased to 570 ○C and maintained for 90 min. To
distinguish them from one another, the samples were then given the
labels a, b, c, and d, respectively.

C. Characterization
Utilizing CuKα (λ = 1.5406 A) radiation from 20○ to 80○,

a Siefert 3003T/T x-ray diffractometer was used to study the
phase development and crystal structure. Using an EDAX detec-
tor, an FEI Quanta FEG 200 scanning electron microscope was
used to examine the surface morphology. Using a twin beam
PerkinElmer (Lambda 35) spectrophotometer, UV-visible absorp-
tion spectra were obtained between 200 and 800 nm. The FTIR
spectra (400–4000 cm−1) were obtained for these studies using an
FT-IR-PerkinElmer Spectrum RX 1 model. Using a Lake Shore
model 7404 with three magnets, the VSM analysis was success-
fully completed by an RT HIOKI 3532-50 LCR. Utilizing a Hitester
and Keithley 6514 electrometer, the electrical characteristics of the
materials were examined.

III. RESULTS AND DISCUSSION
A. XRD analysis

The Al doped ZnFe2O4 samples’ x-ray diffraction (XRD) pat-
terns are displayed in Fig. 1. The peaks at 30.82, 36.61, 43.19, 54.10,
56.92, 62.54, and 73.49 correspond to the (220), (311), (400), (422),
(511), (440), and (533) planes of ZnFe2O4 nanoparticles. The pattern
verified a multiphase, crystalline structure free of any peaks associ-
ated with impurities. Based on the JCPDS card number 22-1012, the
peaks were indexed to the cubic ZnFe2O4 phase. The extra peaks
belong to Fe2O3 nanoparticles.11,12

As the Al concentration in the samples increases, it was dis-
covered that the lattice constant value increases. In good accordance
with previously reported values of 0.8330 and 0.8435 Å, the lat-
tice parameters of ZnFe2O4 nanoparticles were found to be a =
0.8399 Å and a = 0.8418 Å, respectively. The regular spinel struc-
ture undergoes crystal lattice contraction as Al3+ (ion radius 1.42 Å)
ions replace Fe3+ (ion radius 0.76 Å) ions.13

Fullprof software was used to carry out the Rietveld refinements
for the Al-doped ZnFe2O4 samples; the outcomes are shown in
Fig. 2. To validate the formation of two distinct phases, these refine-
ments were made. Both the simulated and observed x-ray diffraction
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FIG. 1. XRD pattern of ZnFe1-xAlxO4(x = 0.0, 0.1, 0.3, and 0.5) nanoparticles.

patterns of the Al-doped ZnFe2O4 nanoparticles show a strong cor-
relation [Figs. 2(a)–2(d)]. Furthermore, the values shown in Table I,
which are close to unity, indicate a high degree of accuracy between
the observed and calculated 2θ values. The weighted profile fac-
tor (called Rwp) and the expected weighted profile reliability factor
(called Re) are used to calculate the parameter “S,” which measures
the goodness of fit. The refined parameters are estimated with high
accuracy when the “S” value is close to unity, which indicates an
excellent fit between the observed data and the model.14

B. Morphology study
FE-SEM micrographs are shown in Figs. 3(a)–3(d). These sam-

ples exhibit spherical morphology as well, with a consistent diameter
of roughly 20 nm. Through manipulation of the growth para-
meters, including temperature and reaction time, as well as the
starting concentration, the diameter of these Al doped ZnFe2O4
microspheres may be controlled to be between 15 and 29 nm. The
transition from discrete particles to an agglomerated texture with

FIG. 2. Rietveld analysis of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles.
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TABLE I. Sample code, crystallite size, lattice parameter, Rietveld refinement factors, and bandgap values of ZnFe2−xAlxO4 (x = 0.0, 0.1, 0.3, and 0.5) samples.

Sample Sample code Crystallite size, L (nm) Lattice parameter, a = b = c (Å) Fit parameters Energy gap (eV)

ZnFe2O4 a 15 8.399

Rwp = 4.38

1.83Rp = 3.61
Re = 3.97
S = 1.10

ZnFe1.9Al0.1 Fe2O4 b 19 8.404

Rwp = 9.53

1.86Rp = 7.43
Re = 8.63
S = 1.11

ZnFe1.7Al0.3 Fe2O4 c 24 8.411

Rwp = 12.35

1.97Rp = 6.35
Re = 9.91
S = 1.25

ZnFe1.5Al0.5 Fe2O4 d 29 8.418

Rw p = 11.20

2.05Rp = 8.87
Re = 9.70
S = 1.16

FIG. 3. FESEM image of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles.
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increasing Al doping is attributed to the influence of Al3+ ions on
the growth and crystallization process, as well as the increased sur-
face energy promoting particle clustering. To control morphology
across all samples, various parameters can be optimized, such as syn-
thesis temperature and reaction time, which can influence particle
growth and prevent agglomeration. Limiting the doping concen-
tration of Al3+ to a lower range may help preserve the particle
morphology, and gentle post-synthesis treatments, such as careful
drying or annealing, can further minimize clustering. A systematic
approach to fine-tuning these parameters could ensure morphology
control while maintaining the functional properties of the Al-doped
ZnFe2O4 nanoparticles.

The chemical makeup of the as-prepared ferrite products was
ascertained by the utilization of energy dispersive x-ray analysis.
EDAX spectra obtained from individual as-prepared ferrite micro-
spheres revealed that samples for Al doped ZnFe2O4 exclusively
contained Al, Zn, Fe, and O [Figs. 4(a)–4(d)]. In addition, the
inset table images shown in Figs. 4(a)–4(d) confirmed the elemental

composition of the treated sample by showing the presence of Zn,
Al, Fe, and O atoms.

C. Bandgap studies
By examining the UV-visible diffuse reflectance spectra of the

Al doped ZnFe2O4 samples between 200 and 800 nm in wave-
length, the optical properties of the samples were examined. Diffuse
reflectance studies were utilized to determine the energy of the
optical bandgap (Eg). The revised Tau-c connection equation was
employed to ascertain the Eg value using the following equation:

αhν = A(hν − Eg)n, (1)

α = F(R) = (1 − R)2

2R
. (2)

FIG. 4. EDX of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles.
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In this particular situation, the term [F(R)] corresponds to the
Kubelka–Munk function [Eq. (2)], where α represents the coeffi-
cient for photon absorption and R denotes the reflectance. A graph
is created with hν displayed on the horizontal axis and [F(R)hv]2

represented on the vertical axis in order to investigate the correla-
tion between these variables. The direct bandgap values are shown
in Figs. 5(a)–5(d), and they are obtained by extending these graphs’
linear sections to the point where [F(R)hν]2 reaches zero. This
extrapolation allows for the estimation of the bandgap energy val-
ues. The calculated bandgap energies for the compositions x = 0, 0.1,
0.3, and 0.5 are 1.83, 1.86, 1.97, and 2.05 eV, respectively. The quan-
tum confinement effect in the nanoscale regime is responsible for
the higher bandgap value of 2.03 eV found in pure zinc ferrite. The
optical bandgap values progressively decrease as the aluminum con-
centration increases. When a material’s dimensions approach the

nanoscale, which is usually less than 100 nm, quantum confinement
effects become more apparent.15

D. FT-IR analysis
Figures 6(a)–6(d) display the Fourier-transform infrared (FT-

IR) spectra of Al doped ZnFe2O4 samples obtained by the com-
bustion process. The O-H functional group of water molecules was
identified as the source of the broad spectral band seen at 3441 cm−1.
The O-H bonds are attributed to the transition band at 2917 and
2851 cm−1. The H–O–H bond is responsible for the bands seen at
1641 and 1416 cm−1, respectively. The remaining nitrogen groups
are responsible for a noticeable peak at 1322 cm−1, which may be
the consequence of the specific combustion technique employed.16

The bands seen at 1059, 778, 544, and 450 cm−1 correspond to the

FIG. 5. Energy gap of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles.
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FIG. 6. FTIR of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d)
ZnFe0.5Al0.5O4 nanoparticles.

presence of octahedral group complexes of Zn2+–O2− and Fe3+–O2−

at tetrahedral sites in the zinc ferrite nanoparticles, respectively.

E. VSM analysis
The ferromagnetic properties of the Al-doped ZnFe2O4 sam-

ples are demonstrated by the hysteresis curve of the magnetization-
field (M-H) in Figs. 7(a)–7(d). Both positive and negative values,
ranging from +15 to −15 kOe, are included in the range of the
magnetic field studied at room temperature (Table II). In the Al3-
doped ZnFe2O4 system, the magnetic saturation (Ms) values range
from 3.056 to 12.62 emu/g, while the remanent magnetization (Mr)

FIG. 7. VSM spectra of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and
(d) ZnFe0.5Al0.5O4 nanoparticles.

values range from 0.71 to 2.25 emu/g, corresponding to different
Al3+concentrations (x = 0–0.5). It is observed that the coercivity
(Hc) values vary between 294.75 and 95.22 Oe. As a result, varia-
tions in magnetic characteristics such as remanent magnetization
(Mr), saturation magnetization (Ms), and coercivity (Hc) can pro-
vide important information about a material’s magnetic behavior. In
general, a material’s magnetic behavior can be impacted by the addi-
tion of impurities or dopant atoms. It is possible for some dopants,
such as aluminum ions, to decrease the total saturation magneti-
zation while increasing coercivity. An increase in coercivity (Hc)
suggests that the material’s magnetic domains are becoming more
resistant to alignment or reversal. This may be explained by elements
such as elevated magnetic anisotropy, defect concentration, or struc-
tural alterations, such as a shift from normal to inverse spinel. As
the difficulty of reorienting domains increases, the remanent mag-
netization (Mr) of the material may decrease. In this context, the
size and shape of the nanoparticles play a crucial role in determin-
ing their magnetic properties. When a material is nanostructured, it
may exhibit an increase in Hc along with a decrease in Ms (magnetic
saturation) and Mr (magnetic remanence). These alterations are fre-
quently the result of amplified surface effects or quantum size effects.
Doped samples have a lower crystalline size than pure ZnFe2O4,
indicating a higher fraction of surface atoms. This can dramatically
affect their magnetic behavior.17–20

F. Dielectric studies
The effects of frequency and temperature on the conductivity

properties of ZnFe2O4 nanoparticles doped with Al are investi-
gated through the use of dielectric analysis. The ability to perceive a
material’s polarizabilities at a certain frequency is crucial for under-
standing its dielectric characteristics. Figures 8(a)–8(d) display the
dielectric constant of Al doped ZnFe2O4 NPs with temperature and
frequency fluctuations using the following equation:

εr = CD/ε0A, (3)

where C is the capacitance of the parallel plate capacitor, A is its
area, D is its thickness, and λ is the permittivity of empty space.
Every sample exhibits a discernible pattern wherein the dielectric
constant (εr) progressively decreases with an increase in frequency.
At low applied field frequency, the dipoles in the sample oscillate in
response to the external field. When polarization reaches saturation,
dipoles respond to the external field by slightly altering the value
of the dielectric constant, εr.21 As the Al molar ratio increases, the
dielectric constant also increases. This is because the development
of additional defect levels in the Al doped ZnFe2O4 nanoparticles
enhances their polar centers.22

G. AC conductivity
We can gain a better grasp of charge carrier movement by

studying AC conductivity. The AC conductivity of spinel nanopar-
ticles doped with varying concentrations of Al-doped ZnFe2O4 was
measured. Using the following equation, the electrical conductivity
of the material was determined:

σac = ωεrA tan δε0, (4)
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TABLE II. Ms, Mr, and coercivity of ZnFe2−xAlxO4 (x = 0.0, 0.1, 0.3, and 0.5) samples.

Sample Sample code Ms (emu/g) Mr (emu/g) Coercivity (Oe)

ZnFe2O4 a 3.05 0.71 294.75
ZnFe1.9Al0.1 Fe2O4 b 2.58 0.35 208.97
ZnFe1.7Al0.3 Fe2O4 c 9.19 2.82 264.22
ZnFe1.5Al0.5 Fe2O4 d 12.62 2.25 95.22

FIG. 8. Dielectric constant of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles.

where σac is the AC electrical conductivity, ω is the angular fre-
quency (ω = 2πf , where f is the frequency), ε0 is the permittivity of
free space (8.85 × 10−12 F/m), εr is the relative permittivity, A is area
of the cross section, and tan δ is the loss tangent. The σac vs T graphs
of Al-doped ZnFe2O4 nanoparticles at two distinct temperatures and
frequencies (313–423 K and 100 Hz to 1 MHz, respectively) are

displayed in Figs. 9(a)–9(d). Each sample has regular dielectric prop-
erties, which are distinguished by substantial conductivity at higher
frequencies. Because there were fewer open locations at lower tem-
peratures, there was less conductivity, as observed. However, as the
temperature increases, so does the quantity of defect sites, which
increases the conductivity due to the fact that it has more defects.
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FIG. 9. AC conductivity of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles.

FIG. 10. AC conductivity and dielectric constant of (a) ZnFe2O4, (b) ZnFe0.9Al0.1O4, (c) ZnFe0.7Al0.3O4, and (d) ZnFe0.5Al0.5O4 nanoparticles at 1 MHz.
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FIG. 11. (a) AC conductivity vs concentration of Al3+. (b) Dielectric constant vs concentration of Al3+.

The permittivity [Eq. (5)] is the product of relative permittivity
(dielectric constant) and vacuum dielectric constant (ε0),

ε = εr ε0. (5)

Figures 10(a)–10(d) show the dielectric constant and AC conduc-
tivity temperature-dependent plots of ZnFe2−xAlxO4 samples over
a range of temperatures and frequencies (313–423 K and 100 Hz
to 1 MHz, respectively). Every sample displays robust conductiv-
ity and dielectric constant at higher frequencies, indicating typical
dielectric properties. Lower temperatures cause a reduction in the
number of available sites, resulting in a decrease in conductivity and
dielectric constant. With the temperature increase, the creation of
defect sites is amplified, resulting in a higher level of conductivity
and dielectric constant. From Figs. 11(a) and 11(b), it is evident that
the ZnFe1.5Al0.5O4 sample displayed exceptional AC conductivity
and low dielectric constant due to a higher concentration of defect
sites.21,22

IV. CONCLUSIONS
In conclusion, Al doped ZnFe2O4 ferrites were effectively made

by the combustion method and at a temperature of 570 ○C. Utiliz-
ing x-ray diffraction, every sample has been examined and found to
have a crystalline structure in the cubic phase. A diminishing trend
is shown by the fluctuation in the lattice parameter with increasing
Al doping concentration. The increased Al3+ doping concentra-
tion causes a progressive increase in the size of the mixed ferrite
crystallites. The IR absorption band, which is located between 450,
544, 778, and 1059 cm−1, is associated with the Fe3+–O2− bond’s
vibration at the tetrahedral (A) site, and Zn2+–O2− are free of any
evidence of an impurity peak. Studying the dielectric characteristics
of the spinel NPs showed changes as the frequency and temperature
varied.
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