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Doping spinel ferrites with carefully selected dopants is a common approach to enhance the physical 

properties of the base ferrite. Zn/Mn co-substituted CuFe2O4, represented as Cu1-3xZn2xMnxFe2O4, was 

prepared by the auto-combustion method. The primary goal was to study the effects of varying Zn/Mn 

levels on the structural, optical, and magnetic properties of CuFe2O4 spinel ferrites. As the Zn/Mn co-

substitution level increased, a notable structural phase change from a tetragonal phase with I41/amd 

space group to a cubic phase with Fd3̅m space group was observed. This finding was further validated 

through FTIR spectroscopy analysis. Interestingly, the bandgap energy of the co-substituted ferrites 

showed a clear dependence on the substitution levels, ranging from 1.68 eV to 1.98 eV. This variation 

in optical properties is a significant result, as it allows researchers to fine-tune the bandgap energy of 

these materials based on specific application requirements. Furthermore, the saturation 

magnetization of the co-substituted ferrites exhibited a considerable shift as the Zn/Mn levels 

increased. A hard-to-soft magnetic phase transition was observed, indicating a substantial change in 

the materials' magnetic behavior. This discovery highlights the potential to tailor the magnetic 

properties of CuFe2O4 spinel ferrites by carefully controlling the Zn/Mn co-substitution levels. Overall, 

the findings from this study demonstrate that Zn/Mn co-substitution is an effective technique to 

modify the properties of CuFe2O4 spinel ferrites.  

Keywords: 

Spinel Ferrite;  

Zn/Mn Co-Substitutions;  

Structure Phase Transition;  

Magnetic Properties. 

1. Introduction 

Due to varied properties, magnetic materials have long 
captivated researchers. Among these materials, spinel 
structures have stood out for their desirable characteristics, 
such as high adsorption capacity, chemical stability, and 
diverse functionalities. These versatile properties have 
propelled their widespread applications in fields ranging 
from data storage and recording to drug delivery systems 
and microwave absorption. The promising future of spinel 
ferrites extends far beyond these initial applications [1-3]. 
Their magnetic, optical, and catalytic properties are being 
harnessed for photocatalysis, sensing devices, 
optoelectronics, and more, propelling them to the forefront 
of emerging technologies. This diverse functionality makes 
spinel ferrites an exciting area of research for scientists, 
engineers, and inventors seeking to harness their potential 

for the next generation of technological advancements [4-
7]. 

Spinel ferrites exhibit intriguing properties due to their 
unique crystal structure and general chemical formula, 
MFe2O4. In this formula, M represents a divalent cation, 
which occupies the tetrahedral (A) crystallographic sites 
within the spinel lattice. These cations play a determining 
role for the physical properties of the material. The cation 
selection profoundly affects the electronic structure, 
magnetic behavior, and other properties, such as band gap 
and coercivity. This makes spinel ferrites highly versatile, 
and with careful synthesis methods like sol-gel, their 
potential can be tailored for various applications in fields 
like data storage, optical sensing, and catalysis. With a 
deeper understanding of the role of cations in spinel 
ferrites, research has turned to modifying their properties 
through the addition of foreign ions. This technique, known 
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as co-doping, is emerging as an effective strategy for fine-
tuning the properties of ferrites for specialized applications 
[8,9]. The co-doping of spinel ferrites has opened the door 
for further customization of these materials to meet specific 
requirements. By strategically selecting and controlling the 
amount of co-doped ions, it is possible to achieve enhanced 
performance in a range of technological applications [10-
13].  

Multiple studies have explored the preparation and 
modification of spinel ferrites to enhance their properties 
for various applications. Ferreira et al. [14] used a proteic 
sol-gel auto-combustion method to synthesize MFe2O4 (M = 
Ni, Co, Cu) spinel ferrites, demonstrating the effectiveness 
of this method in obtaining ferrite materials with controlled 
physical properties. Rietveld refinement confirmed the 
pure phase cubic structure of the ferrites, which also 
exhibited ferromagnetic behavior. This research underlines 
the potential of sol-gel methods for synthesizing ferrite 
materials with desirable properties. In another study, 
Vinnik et al. [15] studied the effects of Co/Zn co-
substitution on the physical properties of NiFe2O4 ferrites. 
XRD analysis validated the formation of a pure-phase 
structure with a complex relationship between Co content 
and saturation magnetization, revealing a non-linear 
correlation. Furthermore, an increase in remnant 
magnetization and coercivity was noted as Co content 
increased, indicating the intricate role of Co substitution in 
shaping the magnetic behavior of these magnetic materials. 
Structural characterization of Mn-doped Co/Zn spinel 
ferrites through XRD and FTIR showed the cubic symmetry 
of the spinel structure [16].  

The ferrites exhibited soft ferromagnetic behavior, as 
determined by magnetic measurements using a VSM. This 
finding emphasizes the efficacy of the sol-gel method in 
synthesizing spinel ferrites with desirable structural and 
magnetic properties. XRD analysis of Zn-substituted 
MnFe2O4 spinels confirmed the formation of a cubic 
structure of the samples and showed that increasing Zn 
concentration led to an increase in particle size [17]. This 
study demonstrates the potential of chemical substitution 
in modifying the properties of spinel materials, opening up 
new avenues for developing advanced magnetic materials. 
SEM and TEM analyses further validated the nano-sized 
nature of the materials, providing valuable insights into the 
structural and morphological changes caused by Zn 
substitution. These findings suggest that Zn substitution can 
notably influence the physical properties of MnFe2O4 
spinels, presenting a promising avenue for material 
optimization. Several studies have focused on the effects of 
chemical substitution on the properties of spinel ferrites, 
highlighting the potential for tailoring the spinel materials 
for various applications. Shertyuk et al. [18] reported the 
formation of a single-phase Co-substituted Ni/Zn spinel 
ferrites synthesized through a solid-state reaction method. 
The results demonstrated an enhancement in saturation 
magnetization, remanent magnetization, and coercivity 
with increasing Co substitution, attributed to the larger 
magnetic moment of Co2+ compared to Ni2+. This finding 
underscores the role of Co doping in modulating the 
physical properties of ferrites. In a separate study, Nasr et 
al. [19] reported that Rietveld refinement of XRD pattern of 

Co/Cd spinel ferrites confirmed the successful formation of 
a single-phase structure, demonstrating the effective 
incorporation of Co and Cd into the spinel lattice. FTIR 
analysis revealed two absorption bonds associated with the 
spinel structure. Vibrating sample magnetometer (VSM) 
measurements showed an increase in both saturation 
magnetization and coercive field with higher Co content, 
indicating an improvement in the ferromagnetic ordering of 
the ferrites. This result showed the potential of Co 
substitution in tuning the magnetic properties of spinels. 
Dojcinovic et al. [20] explored that XRD and FTIR analyses 
of Mg/Co spinel ferrites validated the formation of a pure 
spinel structure. The magnetic properties of the samples 
were significantly enhanced upon substituting Mg2+ ions 
with Co2+, demonstrating the impact of co-substitution on 
the overall magnetic behavior of these materials. 
Additionally, a decrease in bandgap energy from 2.09 eV 
value for MgFe2O4 spinel ferrite to 1.42 eV value for CoFe2O4 
ferrite was observed, indicating that co-substitution can 
also influence the electronic properties of ferrites. 
Collectively, these studies emphasize the importance of 
chemical substitution in modulating the structural, 
magnetic, and electronic properties of spinel ferrites. By 
carefully controlling the type and concentration of 
substituting elements, researchers can tailor these 
materials for technological applications, where specific 
magnetic properties are required.  

The synthesis and characterization of Zn/Mn co-
substituted CuFe2O4 ferrites have been a focus in recent 
research, aiming to bridge the knowledge gap on the 
properties of these novel materials. While phase transitions 
in other Zn/Mn co-substituted ferrite systems, such as Ni-
Zn-Mn or Co-Zn-Mn, have been previously reported [21-24], 
our work specifically focuses on the CuFe2O4-based system. 
To the best of our knowledge, the tetragonal-to-cubic 
transition induced by Zn/Mn co-substitution in CuFe2O4 
ferrites has not been previously documented in the 
literature. This work employs the sol-gel citrate-nitrate 
method to synthesize a series of Zn/Mn co-substituted 
CuFe2O4 spinel ferrites with varying concentrations of 
substituting ions. The introduction of Zn2+ and Mn2+ ions, 
having different ionic radii than the native Cu2+ and Fe3+ 
ions in CuFe2O4, leads to structural perturbations that 
significantly change the overall properties of the samples. 
To better understand the effects of Zn2+ and Mn2+ co-
substitution on CuFe2O4 nanoparticles, the structural, 
morphological, magnetic, and optical properties of the 
Zn/Mn co-substituted samples were extensively studied. By 
analyzing previous research on the effects of co-
substitution in spinel ferrites, this work explores how the 
incorporation of Zn and Mn influences various properties of 
CuFe2O4 nanoparticles. The subsequent sections provide a 
good discussion of the properties of Zn/Mn co-substituted 
CuFe2O4 nanoparticles. These discussions are guided by the 
findings of earlier studies, focusing on the structural 
perturbations caused by the substituting cations and their 
effects on the overall properties of the samples.  

The goal is to understand the potential applications of 
Cu1-3xZn2xMnxFe2O4 in different fields, including magnetic 
materials, electronics, and energy storage.
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The specific stoichiometry of Cu1-3xZn2xMnxFe2O4 was 
selected based on a combination of factors. Firstly, the 
coefficients 1-3x, 2x, and x were chosen to maintain the 
overall charge neutrality of the spinel structure, where the 
total positive charge contributed by Cu2+, Zn2+, Mn2+, and 
Fe3+ ions should equal the total negative charge contributed 
by oxygen ions. By varying the x value, we aimed to 
introduce different amounts of Zn and Mn dopants while 
maintaining charge balance within the system. Secondly, 
the ionic radii of Cu2+, Zn2+, Mn2+, and Fe3+ ions are relatively 
close to each other, facilitating the successful incorporation 
of Zn and Mn dopants into the CuFe2O4 lattice without 
significant structural distortion. The ionic radii matching 
between the dopants and host cations is critical for 
obtaining stable and well-defined materials. Finally, the 
stoichiometry was selected to tailor the magnetic 
properties of CuFe₂O₄ ferrites through the incorporation of 
Zn and Mn dopants. The magnetic moment optimization in 
our study aimed to achieve a hard to soft magnetic phase 
transition by fine-tuning the Zn/Mn substitution levels, as 
both Zn2+ and Mn2+ ions have different magnetic moments 
compared to Cu2+ and Fe3+ ions. 

Our work on Cu1-3xZn2xMnxFe2O4 ferrites contributes 
significantly to the existing body of knowledge in several 
ways: (1) Structural phase transition: Our findings reveal a 
notable structural phase transition from a tetragonal phase 
to a cubic phase as the Zn/Mn co-substitution level 
increases. This observation adds to the understanding of 
the effects of dopant concentration on the structural 
properties of spinel ferrites. (2) Optical properties: We 
demonstrate that varying the Zn/Mn substitution levels 
leads to a clear dependence of the bandgap energy on the 
dopant concentration, allowing for the fine-tuning of optical 
properties based on application requirements. (3) Magnetic 
phase transition: Our study highlights a substantial change 
in the magnetic behavior of CuFe2O4 ferrites induced by the 
introduction of Zn and Mn dopants. The observation of a 
hard to soft magnetic phase transition with increasing 
Zn/Mn substitution levels contributes to the understanding 
of how to tailor the magnetic properties of spinel ferrites 
through co-substitution. 

By examining the properties of these novel materials in 
detail, this research sheds light on how Zn/Mn co-
substitution can be utilized to modify and optimize the 
properties of CuFe2O4 nanoparticles. This understanding is 
crucial for the synthesis of tailored materials for selected 
applications, ultimately contributing to advancements in 
various industries. 

2.  Experimental  

2.1. Synthesis of the Samples 

The preparation of the Cu1-3xZn2xMnxFe2O4 was carried 
out using a sol-gel citrate-nitrate method according to Refs. 
[25,26]. Specifically, Cu(NO3)2.3H2O, Mn(NO3)2.4H2O, 
Zn(NO3)2.4H2O, and Fe(NO3)3.9H2O, obtained from Sigma-
Aldrich with a chemical purity of over 99%, were employed 
as starting reagents for the synthesis process. The 
synthesis of Cu1-3xZn2xMnxFe2O4 nanoparticles was 
commenced by preparing a homogeneous solution of the 
precursors in the deionized water, stirred by a magnetic 

stirrer. The solution was then combined with a citric acid 
solution in a molar ratio of 1:1, thus creating a mixture of 
the desired composition. The mixture was stirred until a 
uniform brownish color was achieved, then transferred to 
a hot water bath and heated to a temperature of 80 °C until 
it developed a gel-like consistency. The resulting gel was 
then placed in an oven at a temperature of 200 °C for 12 
hours to allow residual solvent evaporation and further 
drying of the resulted material. Following this, the dried gel 
was calcined at a temperature of 900 °C for 3 hours in a 
furnace, which triggered the crystallization process, 
resulting in the formation of Cu1-3xZn2xMnxFe2O4 
nanoparticles. Once the nanoparticles were successfully 
formed, the samples were collected, and investigated to a 
range of characterization methods to examine their 
physical properties. 

The selection of a calcination temperature of 900°C was 
based on a thorough review of existing literature and 
preliminary experiments conducted in our lab. Our 
experiments demonstrated that a calcination temperature 
of 900°C produced well-crystallized Cu1-3xZn2xMnxFe2O4 
ferrites with minimal impurity phases. Additionally, our 
choice of calcination temperature was guided by the need 
to achieve a balance between the formation of the desired 
spinel phase and the prevention of excessive particle 
growth and agglomeration. A higher calcination 
temperature may lead to increased particle size, while a 
lower temperature may result in incomplete crystallization 
and the presence of impurity phases. 

2.2. Characterizations 

To obtain a detailed properties of Zn/Mn co-substituted 
CuFe2O4 nanoparticles, several advanced characterization 
techniques were employed. These techniques provided 
comprehensive insights into the structural, morphological, 
optical, and magnetic properties of the synthesized 
materials. XRD patterns of Cu1-3xZn2xMnxFe2O4 were 
recorded using a D8 Advance diffractometer (Bruker-AXS, 
Cu-Kα anode). This technique allowed for the analysis of 
the structure and phase composition of the nanoparticles. 
The surface morphology of the Zn/Mn co-substituted 
CuFe2O4 nanoparticles was examined using a field-
emission scanning electron microscope (FE-SEM, TESCAN 
MIRA3). This high-resolution imaging technique provided 
detailed information on the particle size, and surface 
texture of the synthesized materials. In addition, energy-
dispersive X-ray (EDX) analysis, integrated with the FE-
SEM system, was employed to determine the elemental 
composition of the nanoparticles. Ultraviolet-visible (UV-
Vis) absorbance spectra of the Zn/Mn co-substituted 
CuFe2O4 nanoparticles were obtained in the 400-1100 nm 
wavelength range using a UNICO-4802 UV-Vis 
Spectrophotometer. This technique allowed for the 
analysis of bandgap energy of the prepared samples. 
Finally, the magnetic properties of the Zn/Mn co-
substituted CuFe2O4 nanoparticles were investigated by 
recording hysteresis loops with a magnetic field of 15 kOe, 
using a VSM-7300 vibrating sample magnetometer at room 
temperature, which provided coercivity, saturation 
magnetization, and remanent magnetization. A 
combination of state-of-the-art characterization 
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techniques was employed to obtain a comprehensive 
understanding of the microstructural, optical, and 
magnetic properties of Zn/Mn co-substituted CuFe2O4 
nanoparticles. These techniques provided valuable insights 
into the effects of Zn/Mn co-substitution on the properties 
of CuFe2O4 nanoparticles, paving the way for further 
optimization of these samples.  

3. Results and Discussion 

3.1. Structural Analysis 

XRD analysis of Cu1-3xZn2xMnxFe2O4 revealed 

substantial changes in the crystal structure as the Zn/Mn 

co-substitution level increased. As seen in Fig. 1, the XRD 

patterns of the samples exhibited a gradual tetragonal-to-

cubic transition with increasing Zn/Mn co-substitution. 

Table 1 shows the crystallographic findings of the samples. 

For the pristine CuFe2O4 sample (x = 0.00), the XRD pattern 

matched the tetragonal lattice with I41/amd space group, 

corresponding to the ICDD card No. 00-034-0425 [27,28]. 

This transition began at x = 0.03 and was completed at x = 

0.15, as evidenced by the emergence of a cubic lattice with 

Fd3 ̅m space group in the XRD pattern of x = 0.12 sample 

and x = 0.15 sample (ICDD card number 01-077-0010) 

[29,30]. The observed structural shift from tetragonal-to-

cubic phase can be attributed to the changes in the 

structural characteristics of the samples due to the co-

substitution of Zn2+ and Mn2+ ions for Cu2+ and Fe3+ ions, 

respectively.   

The difference in the ionic radii and electronic 

configurations between the substituting and native ions 

likely disrupts the spinel lattice, leading to a modification 

in the crystal phase. Overall, the XRD analysis provides 

valuable insights into the structural evolution of CuFe2O4 

spinel ferrites upon the Zn/Mn co-substitution.

 

Fig. 1. (a) XRD pattern of the Cu1-3xZn2xMnxFe2O4 spinel ferrites, (b), and (c) merging the XRD peaks indicates tetragonal-to-cubic phase transition. 

This transformation from tetragonal to cubic phase with 

increasing the Zn/Mn co-substitution levels highlights the 

significant chemical impact of co-substitutions on the 

crystallographic lattice of these materials, which can 

further influence their physical properties and potential 

applications. 
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Table 1. Crystallographic findings of the Cu1-3xZn2xMnxFe2O4 spinel ferrite nanoparticles 

                                             2θ (o)   FWHM 
(o) 

DSch  

(nm) 

dhkl 

(Å) 

Identification with 

         dhkl (Å)                 (hkl)                                      Structure 

CuFe2O4 (x = 0.00) 

                                              35.68 0.5580 15.0 2.50 2.50 211 Tetragonal 

Cu0.91Zn0.06Mn0.03Fe2O4  

(x = 0.03) 

                                           36.0 0.3303 25.3 2.49 2.50 

2.52 

211 

311 

Tetragonal 

Cubic 

Cu0.82Zn0.12Mn0.06Fe2O4  

(x = 0.06) 

                                              35.92 0.2464 33.9 2.50 2.50 

2.52 

211 

311 

Tetragonal 

Cubic 

Cu0.73Zn0.18Mn0.09Fe2O4  

(x = 0.09) 

                                             35.86 0.2972 28.1 2.50 2.50 

2.52 

211 

311 

Tetragonal 

Cubic 

Cu0.64Zn0.24Mn0.12Fe2O4  

(x = 0.12) 

                                            35.52 0.2963 28.2 2.52 2.50 

2.52 

211 

311 

Tetragonal 

Cubic 

Cu0.55Zn0.3Mn0.015Fe2O4  

(x = 0.15) 

                                            35.49 0.2444 34.2 2.52 2.52 311 Cubic 

The lattice parameters for the samples were 

determined using Eq. (1) for the tetragonal spinel phase, 

and Eq. (2) was used for those with a cubic spinel phase 

[28]: 

4 𝑠𝑖𝑛2 𝜃

𝜆2
=
ℎ2 + 𝑘2

𝑎2
+
𝑙2

𝑐2
 (1) 

4 𝑠𝑖𝑛2 𝜃

𝜆2
=
ℎ2 + 𝑘2 + 𝑙2

𝑎2
 (2) 

The lattice parameters, denoted as c and a, are 

calculated using the diffraction angle θ from X-ray peaks, 

with the wavelength λ=1.54 Å. For the cubic structure, 

lattice parameters are derived from the (311) peak using 

the selected Miller indices. For the tetragonal structure, 

lattice parameters are calculated using the (211) and (224) 

peaks. The variation of lattice parameters with substitution 

level x is provided in Table 2.
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Table 2. Geometric parameters of the Cu1-3xZn2xCoxFe2O4 ferrite 
 

Sample Lattice parameters 

c/a 

 

𝑽 (Å3)  a (Å) a* (Å) c (Å) 

x = 0.00 5.822 8.233 8.671 1.489 558.05 

x = 0.03 5.836 8.254 8.655 1.483 562.33 

x = 0.06 5.848 8.271 8.631 1.476 565.81 

x = 0.09 5.877 8.312 8.577 1.459 574.27 

x = 0.12 --- 8.309 --- --- 573.65 

x = 0.15 --- 8.305 --- --- 572.82 

It is well-established that the tetragonal lattice of 

CuFe₂O₄ can be viewed as a non-standard centrosymmetric 

structure (space group F41/ddm) with a c/a ratio of 1.6, 

consisting of 8 formula units of CuFe₂O₄ [28-30]. Typically, 

the tetragonal-to-cubic transition is understood as a 

compression or elongation along one of the FCC axes. 

Consequently, the structure adopts a non-standard 

centrosymmetric tetragonal form (space group F41/ddm), 

where the lattice parameters are given by a* =𝑎𝑡𝑒𝑡𝑟√2  and 

c* = c corresponding to the F41/ddm space group [28-30]. 

As indicated in Table 2, an increase in Zn/Co substitution 

leads to a corresponding increase in a∗. CuFe₂O₄ with a 

tetragonal spinel structure exhibits an inverse structure 

with δ approaching 1, where all Cu²⁺ ions occupy the B site, 

and Fe³⁺ ions are equally distributed between the A and B 

sites [28-30]. CuFe₂O₄ is a fully inverse spinel, where half 

of the iron cations, along with all Cu²⁺ cations, occupy the B 

site, while the remaining iron cations occupy the A site, 

resulting in a structure like (Fe+3)A [Fe+3Cu+2]BO4-2. The 

presence of Cu²⁺ cations at the B site induces Jahn-Teller 

distortion, which leads to the formation of a tetragonal 

spinel structure with the I41/amd space group [28-30]. 

However, under certain synthesis conditions and annealing 

temperatures, a mixed-spin CuFe₂O₄ structure with cubic 

symmetry (space group Fd3̅m) can be achieved. 

3.2. FTIR Analysis 

FTIR spectra of Cu1-3xZn2xMnxFe2O4 in the range of 400 

to 4000 cm-1 revealed distinct absorption bonds that shed 

light on the bond length and angle changes induced by 

Zn/Mn co-substitution. As shown in Figure 2, the FTIR 

spectra exhibited two characteristic absorption bonds 

related to the vibrations of the A- and B-sites in the spinel 

lattice [31,32]. 

The higher-frequency bond (ν̅ₜ), observed within the 

608-618 cm-1 range, corresponds to the vibration of the A 

site (Mtetra-O). As seen in Table 3, an increase in Zn/Mn co-

substitution resulted in a red shift of this bond, suggesting 

a change in the vibration of the A site. The lower-frequency 

bond (ν̅ₒ), detected in the 474-492 cm-1 range, is related to 

the B-site vibration (Mocta-O). As the co-substitution level 

increased, this bond exhibited a red shift, implying a change 

in the B-site vibration (see Table 3). These shifts in the 

absorption bonds can be attributed to modifications in the 

bond length and angle at the tetragonal and octahedral 

sites as a result of Zn/Mn co-substitution [33]. Specifically, 

the A site undergoes compression, while the B site 

experiences elongation, which can be ascribed to changes 

in the lattice parameters within the spinel lattice. The 

observed tetragonal-to-cubic structural transition upon 

increasing Zn/Mn co-substitution appears to be linked to 

the alterations in the bond lengths at the A and B sites. The 

distinct ionic radii and electronic configurations of the 

substituted Zn2+ and Mn2+ ions contribute to the 

compression of the A site and the elongation of the B site, 

ultimately driving the phase transition in the material’s 

structure.  

In conclusion, the FTIR analysis indicates valuable 

results into the structural evolution of Zn/Mn co-

substituted CuFe2O4 spinel ferrites. The changes in the A 

and B site vibrations observed in the absorption bonds 

reveals that the tetragonal-to-cubic structural transition is 

associated with modifications in the lattice parameters due 

to the co-substitution of Zn2+ and Mn2+ ions. 
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Fig. 2. FTIR absorption spectrum of the Cu1-3xZn2xMnxFe2O4 spinel ferrite 

 

 

Table 3. Positions of absorption peaks appeared in the FTIR spectra of Cu1-3xZn2xMnxFe2O4 spinel ferrites 

Sample ν̅ₒ(cm-1) ν̅ₜ (cm-1) 

x = 0.00 602 470 

x = 0.03 606 472 

x = 0.06 610 475 

x = 0.09 613 480 

x = 0.12 615 486 

x = 0.15 615 488 
  

3.3. Morphological Properties 

The morphology of Cu1-3xZn2xMnxFe2O4 (x = 0.00, 0.03, 

0.09, and 0.15) was analyzed via FESEM imaging shown in 

Figure 3, revealing an interesting increase in particle size 

upon co-substitution. As can be seen, Zn/Mn substitution 

causes larger aggregates and the size of particles is 

gradually increased. Size distribution histograms of 

samples are shown in Figure 4. According to these 

histograms, the mean grain size of the CuFe2O4, 

Cu0.91Zn0.06Mn0.03Fe2O4, Cu0.73Zn0.18Mn0.09Fe2O4, and 

Cu0.55Zn0.30Mn0.15Fe2O4 samples were 190.65 nm, 986.79 

nm, 927.62 nm, and 906.65 nm, respectively. Size 

distribution histograms are fitted by using a log-normal 

function. It is clear that the obtained values confirm our 

previous observations from FESEM images. The possible 

contributing factors for this observed phenomenon are as 

follows: The particle size increase observed in Zn/Mn co-

substituted CuFe2O4 spinel ferrites are likely influenced by 

factors beyond the similar ionic radii of Mn3+, Zn2+, and Cu2+ 

ions [34]. While ionic radii can play a role in determining 

particle size, the lack of a direct correlation suggests that 

other factors may be at play. One such factor could be the 

variation in electronegativity value between the guest (Zn 

and Mn) and host cations, which can lead to a decrease in 

bonding strength. Consequently, this reduction in bonding 

strength can increase the value of particle size of the 

ferrites. Additionally, the co-substitution process can alter 

the growth dynamics of the nanoparticles, potentially 

promoting formation of larger particles through 

mechanisms such as Ostwald ripening or particle 

aggregation [35,36]. 
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Fig. 3. FESEM images of Cu1-3xZn2xMnxFe2O4 samples 

 

 

Fig. 4. Size distribution histograms of the Cu1-3xZn2xMnxFe2O4 (x = 0, 0.03, 0.09, and 0.15) spinel ferrite nanoparticles 

Ostwald ripening involves the dissolution of smaller 

particles and the redeposition of their material onto larger 

particles, while particle aggregation refers to the clustering 

of particles due to attractive forces. These processes can 

help to the increase observed in the particle size in the 

Zn/Mn co-substituted CuFe2O4. Energy-dispersive X-ray 

(EDX) analysis of the Cu1-3xZn2xMnxFe2O4 (x = 0.00, 0.03, 

0.09, and 0.15) provide concrete evidence of the successful 

incorporation of these elements into the spinel lattice (see 

Figure 5). The EDX results revealed the presence of Cu, Zn, 

Mn, Fe, and O in the synthesized nanoparticles, offering 

valuable insights into their elemental composition and 

stoichiometry.  
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Fig. 5. EDS analysis of Cu1-3xZn2xMnxFe2O4 samples 

The close agreement between the weight and atomic 

percentages obtained from EDX analysis and the 

theoretical values supports the effectiveness of the chosen 

synthesis approach and the successful incorporation of Zn 

and Mn into the spinel structure. This indicates that the 

citrate-nitrate method can be employed to produce tailor-

made Zn/Mn co-substituted CuFe2O4 nanoparticles with 

controllable elemental compositions for various 

applications. 

3.4. Optical Properties 

The effect of Zn/Mn co-substitution on the band gap of 

Cu1-3xZn2xMnxFe2O4 powders was studied using the Tauc 

model, which confirmed a significant decrease in the band 

gap energy with increasing Zn/Mn and decreasing Cu 

contents. To calculate the band gap of the Cu1-

3xZn2xMnxFe2O4, the following relation between the 

absorption coefficient (α) and the photon energy (hν) was 

utilized [37,38]: 

(αhν)2 = A(hν − Eg) (3) 

In this equation, A represents a constant, Eg denotes the 

bandgap energy, and n is an exponent that varies 

depending on the type of electronic transition involved (n 

= 1/2 for direct and n = 2 for indirect transition). The 

analysis of the bandgap energy revealed that the 

Cu0.91Zn0.06Mn0.03Fe2O4 sample exhibited the highest Eg 

value of 1.98 eV, while the Cu0.55Zn0.3Mn0.15Fe2O4 sample 

displayed the lowest band gap of 1.68 eV (Figure 6 and 

Table 4). A decreasing trend in the band gap was observed 

with the Zn/Mn co-substitution, suggesting a reduction in 

the ionic bond strength due to changes in the electronic 

structure of the nanoparticles.  

Table 4. Bandgap energy values of Cu1-3xZn2xMnxFe2O4 spinel ferrites 

Sample Eg (eV) 

x = 0.03 1.98 

x = 0.06 1.87 

x = 0.09 1.82 

x = 0.12 1.71 

x = 0.15 1.68 
 

The decrease in bandgap energy could be advantageous 

for certain applications, such as in photocatalysis or solar 

energy conversion, where lower bandgap materials can 

utilize a broader range of the solar spectrum. Additionally, 

these findings provide valuable insights into the tuning of 

electronic properties of spinel ferrites through chemical co-

substitution, enabling the development of ferrite materials 

with tailored electronic characteristics for specific 

applications. 

3.5. Magnetic Properties 

An examination of the magnetic properties of Cu1-

3xZn2xMnxFe2O4 revealed that increasing the degree of co-

substitution significantly impacted the saturation 

magnetization (Ms) and coercive field (Hc) of the studied 

materials (see Figure 7). The values of coercive field (Hc), 

remanent magnetization (Mr), and saturation 

magnetization (Ms) for all samples were extracted from the 

hysteresis loops and are listed in Table 5.  

It is observed that with an increase in Zn/Mn co-

substitution, the total saturation magnetization of the 

samples increases (from 18.62 emu/g for x = 0 to 33.95 

emu/g for x = 0.15). With increasing the Zn/Mn co-

substitution, a hard-to-soft magnetic phase transition was 

observed in such a way that a sharp decrease in the 

coercive field of the samples is observed (from 1318.88 Oe 

for x = 0 to 35.86 Oe for x = 0.15), while the saturation 

magnetization increases. 
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Fig. 6. Optical band gap energy of the Cu1-3xZn2xMnxFe2O4 spinel ferrite 

 

 

Fig. 7. Hysteresis loops of the Cu1-3xZn2xMnxFe2O4 spinel ferrite 

   Table 5. Values of magnetic parameters for Cu1-3xZn2xMnxFe2O4 spinel ferrites 
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Sample Ms(emu/g) Mr (emu/g) Hc (Oe) Mr / Ms 

x = 0.00 18.62 9.57 1318.88 0.51 

x = 0.03 21.30 9.79 392.98 0.45 

x = 0.06 30.14 11.90 257.49 0.39 

x = 0.09 29.30 11.11 174.26 0.37 

x = 0.12 29.73 5.33 41.4 0.17 

x = 0.15 33.95 5.96 35.86 0.17 

Two primary factors contribute to these observed 

changes in magnetic properties: enhanced particle size and 

modified cation redistribution within the spinel lattice. The 

increase in particle size resulting from Zn/Mn co-

substitution can directly impact the magnetic properties, as 

larger particles can exhibit higher Ms values due to stronger 

magnetic interactions among the particles. Additionally, 

the redistribution of cations within the crystal lattice 

induced by Zn/Mn co-substitution plays a crucial role in 

altering the magnetic interactions between the cations. 

This redistribution leads to stronger magnetic interactions 

and, consequently, increased Ms and decreased coercivity 

in the co-substituted samples. The modified cation 

distribution within the spinel lattice is believed to influence 

the magnetic ordering and alignment of the magnetic 

moments, leading to the observed magnetic property 

changes. As the particle size of Cu1-3xZn2xMnxFe2O4 samples 

increases, the microstructure becomes more ordered, 

resulting in fewer grain boundaries and defects. This 

reduced number of potential hindrances to magnetic 

domain alignment leads to improved saturation 

magnetization. The Néel model explains the total Ms of 

spinel ferrites, governed by the magnetization of both the 

A-site (MA) and B-site (MB) as following relation [39]: 

𝑀 = 𝑀𝐵 −𝑀𝐴 (4) 

An interesting observation was made regarding the 

magnetic properties of Zn/Mn co-substituted CuFe2O4 

nanoparticles: as the level of Zn/Mn co-substitution 

increased, a significant decrease in magnetic anisotropy 

(MA) occurred. This phenomenon is attributed to the 

presence of non-magnetic Zn2+ and Mn2+ ions occupying the 

tetrahedral sites within the spinel structure. As a result of 

this occupation, magnetic Fe3+ ions migrate to the 

octahedral sites, leading to a decrease in MA. 

Simultaneously, the relocation of Fe3+ ions to the 

octahedral sites and the reduction of Cu2+ ions at these sites 

contribute to a substantial increase in magnetic moment 

(MB).  

Consequently, the overall effect of Zn/Mn co-

substitution is an enhancement in the total saturation 

magnetization of the samples, which aligns with 

predictions derived from the Néel model [40]. These 

findings emphasize the importance of cation distribution in 

determining the magnetic properties of spinel ferrites 

[41,42]. The redistribution of magnetic moments, in 

conjunction with the transition from hard to soft magnetic 

phases, demonstrates the potential of co-substitution as an 

effective method for fine-tuning the magnetic properties of 

these materials. This ability to modify magnetic 

characteristics opens up possibilities for tailoring spinel 

ferrites to meet specific application requirements [43-45], 

such as in magnetic storage devices, sensors, and energy 

conversion technologies. Zn/Mn co-substitution in 

CuFe₂O₄ nanoparticles leads to a decrease in magnetic 

anisotropy due to non-magnetic Zn²⁺/Mn²⁺ ions occupying 

tetrahedral sites. This causes Fe³⁺ ions to migrate to 

octahedral sites, enhancing magnetic moment. The 

reduction of Cu²⁺ at these sites further increases saturation 

magnetization, consistent with the Néel model. Cation 

redistribution also promotes a transition from hard to soft 

magnetic behavior. These findings demonstrate the 

effectiveness of co-substitution in tuning the magnetic 

properties of spinel ferrites. In conclusion, the effects of 

Zn/Mn co-substitution on the magnetic properties of 

CuFe2O4 nanoparticles provide valuable insights into the 

underlying mechanisms governing their behavior. By 

manipulating the distribution of magnetic moments and 

controlling the transition between magnetic phases, 

researchers can harness the potential of these materials for 

various technological innovations, making co-substituted 

spinel ferrites a promising candidate for future 

applications in diverse fields. 

4. Conclusions 

A comprehensive study was conducted on a series of 

Cu1-3xZn2xMnxFe2O4 samples synthesized using the citrate-

nitrate method. The primary focus was to analyze the 

physical characteristics of these samples as a function of 

Zn/Mn co-substitution. XRD patterns obtained for the 

studied ferrites revealed an intriguing phase transition 

from tetragonal (space group I41/amd) to cubic (space 

group Fd3̅m) as the level of Zn/Mn co-substitution 

increased. This observation was further corroborated by 

FTIR analysis, highlighting the role of co-substitution in 

modifying the crystal structure of CuFe2O4 spinel ferrites. 

Another notable finding was the decrease in the band gap 

of the Cu1-3xZn2xMxFe2O4 samples, ranging from 1.98 eV 
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value for sample x=0.03 to 1.68 eV value for sample x=0.15, 

as the co-substitution level increased. This reduction in the 

band gap energy can be attributed to the alterations in the 

electronic structure and bonding characteristics of the 

nanoparticles, which could have implications for their 

optical and electronic properties. Magnetic measurements 

unveiled a transition from hard to soft magnetism with the 

Zn/Mn co-substitution. A significant decrease in Hc was 

observed for samples with higher co-substitution levels, 

indicating a lower energy barrier for magnetization 

reversal and an easier magnetization switching process. In 

contrast, the Ms of the studied samples displayed an 

upward trend, implying that the redistribution of 

Cu/Zn/Mn cations within the spinel lattice could enhance 

the exchange interactions between Fe³⁺ ions. The outcomes 

of this study underscore the role of the Zn/Mn co-doping in 

tailoring the properties of CuFe2O4 spinel ferrites. By 

manipulating the chemical composition and cation 

distribution, it is possible to fine-tune the physical 

properties of the studied ferrites, making them promising 

candidates for various applications such as magnetic 

materials, electronic devices, and energy storage systems. 
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