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Abstract: This study aims to investigate the structural and optical properties of copper-doped zinc
ferrites (ZnFe;O4:Cu) by employing X-ray diffraction (XRD), UV-Vis spectroscopy, Raman
spectroscopy, and Fourier Transform Spectroscopy (FTIR) techniques. Using the solid-state reaction
technique, a series CuyxZni«xFe204 of samples with x = 0, 0.25, 0.5, 0.75, 1 were created. X-ray analysis
verified the production of a single-phase cubic spinel structure for all concentrations. The X-ray
diffraction pattern of copper ferrite showed a pure spinel structure with Jahn-Teller tetragonal distortion.
According to Rietveld refinement, the CuxZn1-xFe,O4 with all x concentrations corresponds to the usual
spinel structure. As the concentration of copper increased, the crystal size decreased except for
CuosZnosFe204, which was high compared to all the lattice parameters and the X-ray density varied.
Copper-doped zinc ferrites have band gaps increased from 1.825 eV to 2.776eV. Infrared and Raman
spectroscopy also confirmed the spinel phase formation in the samples. The deconvoluted Raman
spectra were used to compute the locations of five Raman modes as well as intensity variations. The
cationic arrangement in A and B sites was inferred using deconvoluted Raman peaks. The crystal
structure is more visible in Raman spectra than in XRD at room temperature. FT-IR analysis validated
the spinel structure, revealing absorption bands at 630-540 cm™ and 525-390 cm™ for higher and lower
frequencies, respectively. Copper doping is expected to influence zinc ferrites' crystallographic
structure and optical behavior, potentially enhancing their applications in various technological fields.
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1. Introduction

Ferrites with a spinel structure are the most intriguing magnetic materials used in
modern electrical engineering, both scientifically and practically [1]. Owing to its well-known
electrical and magnetic characteristics, zinc ferrites (ZnFe20s) are a good choice for various
applications, such as sensors, catalysts, and magnetic storage systems. One can adjust their
optical and structural characteristics by doping zinc ferrites with copper (Cu), tailoring their
performance for certain uses. Ferrospinels' functional properties are influenced by their
composition, ion valence state, magnetic properties, and distribution within their actual
structure.

AB204 is a common representation for spinels, where "A" can be any divalent cation,
such as Cu?*, Mn?*, Zn?*, Ni%*, Fe?*, etc., and "B" can be any trivalent cation, such as Fe3*,
Mn3*, etc. As a result of their attraction for different surroundings, A% and B%*cations often
occupy either the octahedral or tetrahedral sites in spinels that have a cubic symmetry with the
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Fd3m space group. A normal or direct spinel network is one in which every divalent cation is
found in the tetrahedral locations. An equal number of trivalent cations must occupy tetrahedral
sites when octahedral sites are filled by a portion or the entirety of divalent cations under certain
circumstances. The spinel structure is either totally or partly reversed in these situations [2].

The preparation technique and chemical makeup both affect this so-called cation
distribution. Zinc ferrites are a type of soft ferrite material that has low losses and high magnetic
permeability. These substances are widely employed in several applications, including
microwave devices, These materials are widely employed in many different applications,
including rod antennas, transformer cores, computer memory chips, magnetic recording media,
microwave devices, and many other areas of electrical and telecommunication engineering [3—
5]. The preparation technique, dopant type, and dopant concentration affect spinel ferrites'
structural and optical properties.

This study focuses on characterizing these modifications using X-ray diffraction (XRD)
for structural analysis, UV-Vis spectroscopy for optical properties, and Raman spectroscopy
for vibrational modes. In the present work, five different compositions of copper-doped zinc
ferrites have been prepared by the solid-state reaction method with the chemical formula
CuxZni-xFe204 (x = 0, 0.25, 0.5, 0.75, 1), and their structural and optical characteristics were
studied at room temperature.

2. Materials and Methods

The chemical composition of Copper-Doped Zinc Ferrites CuxZni-xFe204 (where x
varies from 0 to 1). Using high-purity oxides of CuO, ZnO, and Fe20s, the ferrite system
CuxZnixFe204 (x = 0, 0.25, 0.5, 0.75, 1) was created using the solid-state reaction process [6,
7]. The molecular weight of the reagent powders was exactly determined by precision
weighing. The ingredients were first thoroughly mixed for 5 hours using an agate mortar. After
that, they were calcinated in a muffle furnace at 800°C for 2 h. After that, it was thoroughly
mixed for 3 hours using an agate mortar to get a fine powder for mixing atoms, and the powder
was compressed into the form of a disk. To create ferrite, the disk-shaped samples underwent
a solid-state process of pre-sintering for 2 h at 1050°C in a muffle furnace. All of the sample
surfaces were polished to eliminate any oxide layer that could have developed during the
sintering process.

XRD patterns are recorded using a diffractometer with Cu-Ka radiation. The data is
analyzed to identify phase purity and any shifts in peak positions or changes in peak intensities
that indicate lattice distortion due to Cu doping. The Scherrer equation is used to estimate
crystallite size from the peak broadening. Using CuKa radiation, a Philips Analytical X-ray
diffractometer verified the formation of ferrite. The powder diffraction patterns were scanned
using a scan step of 0.05 and a counting duration of 5 s/step, within the 26 range of 20-100°.
The structure of the crystal was ascertained using X-ray diffraction (XRD) data. Band gaps are
calculated from Ultra-Voilet Visible (UV-VIS) spectroscopy. UV-VIS spectra were recorded
at room temperature in the 200-800 nm range. Vibrational modes are observed from Raman
spectroscopy. Raman spectra were recorded in 100-800 cm™ range using a laser source
operating at 633 nm. Vibrational characteristics were obtained from Fourier transform infrared
spectroscopy (FTIR) studies. FTIR was recorded in the range 400- 4000 cm™™,
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3. Results and Discussion

3.1. XRD analysis.

XRD analysis involves 3 following stages, such as phase identification: The XRD
patterns confirm the formation of the spinel structure typical of ZnFe204. Lattice parameter
changes: shifts in peak positions and changes in lattice parameters are observed, indicating the
successful incorporation of Cu ions into the ZnFe2QOq4 lattice. The crystallite size is calculated
and compared across different doping levels to understand the impact of Cu on crystal growth.
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Figure 1. XRD Diffraction Patterns of Cux Zn;.x Fe204 (x =0, 0.25, 0.5, 0.75, 1).

In the given study, the XRD pattern for all of the Cux Zn@-x) Fe204 samples is displayed
in Figure 1, with each peak’s (h k 1) values indicated. The sample's XRD pattern, which displays
distinct, unambiguous reflections, shows that, aside from pure CuFe204, a single-phase cubic
spinel structure has formed. Ferrites must have a single-phase cubic structure in order to have
the best possible magnetic and transport capabilities. The spinel phase is indicated by the peaks
(111), (220), (311), (222), (400), (422), (511), (440), (620), (533), and (622). All diffraction
peaks are matched with JCPDS-01-089-4926. CuFe204 in pure form showed an ideal tetragonal
structure followed by the peaks (101), (200), (211), (202), (004), (220), (312), (105), (303),
(224), (400). For CuFe204, all diffraction peaks are matched with JCPDS-00-034-0425. Debye
Scherrer's formula was used to determine the average crystallite size for each sample with
respect to the high-intensity peak plane (311) for pure zinc ferrite and copper-doped zinc ferrite
(211) for copper ferrite. The John-Teller phenomenon has been used to explain the tetragonal
distortion of CuFe204, which is a deformed inverse spinel [8]. The authors have shown that
tetragonal deformation has been seen at higher Cu concentrations (x=0, 0.25, 0.5, 0.75, 1).
However, in our instance, tetragonality only manifests itself for pure copper ferrite, maybe due
to a negligible quantity of tetragonal phase with a greater Cu content concurrent with the
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previous research [9]. Phase transformation is due to cation distribution, as reported [6]. One
can express the Debye-Scherrer formula to determine the size of the crystallite.
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Figure 2 (a to e). Retvield Refinement of Cux Zn1x Fe;04 (x=0, 0.25, 0.5, 0.75, 1)

092
Bcos 6

Dnm =

1)

Where Dnn is the crystallite size (nm), A is the incident X-ray wavelength (nm), 6 is the

Bragg's angle (degree), and  is the breadth of the primary peak at FWHM (radian).

The crystal size is different using different experimental methods [10]. In our study, the

crystal size is maximum at CuosZnosFe20s4, and the remaining crystals decrease while
increasing doping concentration.
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As shown in Figure 2, continuous XRD refinement was used until convergence was
achieved, and the goodness factor was extremely near to 1. The values Ry, anticipated values
(Rexp), discrepancy factor (Rwp) with the goodness of fit index (x?), lattice parameters a, b, c,
and volume, and density are presented in Table 1.

Table 1. The discrepancy factors and expected values, lattice parameters, volume, density, crystal size.

Density(p) Crystal size

Sample R Rwp Rep x> a(A%  b(A%) c(A®) c/a  volume
g/cm3 (Dnm)
ZnFe;04 40 14.9 9.42 247 8.426 8.426 8.426 1 598.395 5.166 38.78
Cuo.25ZnFe;04 415 145 1026 199 8431 8431 8431 1 599.379 5.760 35.19
Cuo5Zng5Fe204 44 177 956 343 8368 8.368 8.368 1 586.072 5.204 42.39
Cug.75ZNng 25F€204 425 146 10.3 198 8413 8413 8.413 1 595.631 5.040 39.09
CuFe;04 65.4 29.3 12.5 5.47 5.9 5.9 8478 143  295.192 6.111 38.91

The goodness of fit index y2= (Rwp/Rexp)?.

3.2. UV-VIS studies.

The CuxZna-x)Fe204 Samples UV-VIS spectra were recorded at room temperature in
the 200-800 nm range. According to the absorbance result, pure zinc ferrite exhibited a notable
absorption in the UV and visible regions between 300 and 495 nm. Still, Cu-doped zinc ferrite
revealed the UV region's highest absorption in the 300-500 nm range shown in Figure 3. The
sample's optical band gap was calculated using the Tauc connection.
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Figure 3. UV-visible absorption spectra of Cux Znu-xFe204 (x =0, 0.25, 0.5, 0.75, 1).

Eg =1240/A (2)
(xhv)=A(hw—Eg)%  (3)
where a is the absorption coefficient, hv is the photon energy, A is absorbance, and Eqg
is the energy band gap.
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Figure 4 (a to ). Tauc plot Cux Zna.xFe204 (x=0,0.25,0.5,0.75,1).
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Figure 4 displays the (ahv)*>vs hv plot.
CuosZnosFe204, Cuo.7sZnosFe204, and CuFe204 the obtained band gap values are 1.825 eV,
1.960 eV, 2.059 eV, 2.686eV, and 2.776 eV respectively. While the wavelength of absorption
shifts to a shorter wavelength and exhibits a blue shift, it is observed that the optical band gap
increases with an increase in Cu concentration in the zinc ferrite system. This may be due to
the decrease in crystal size, also reported [11]. The band gap decreased when crystal size
increased in zinc-doped copper ferrite, which is related to the quantum confinement effect [12].
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This may be due to the additional sub-bandgap energy levels caused by the combined surface
and contact imperfections.

3.3. Raman spectroscopy.

Raman spectroscopy is used to measure the vibrational modes of CuxZna-x)Fe204 (X =
0, 0.25, 0.5, 0.75, 1). Since the crystal structure is more visible in Raman spectra compared to
XRD, room-temperature Raman spectra spaced between 100 and 800 cm™ were obtained to
determine the structural alterations resulting from Cu substitution in zinc ferrites Figure 5. In
the current work, the cubic phase of copper-doped zinc ferrite converts into a tetragonal phase
as the doping concentration increases. However, Cu substitution results in structural transitions
from cubic (Fd-3m) to tetragonal (141/amd) symmetry due to the weakening of the John-Teller
distortion.

Intensity (a.u)

x =0.75
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Figure 5. Raman spectra of CuxZni.xFe,04(x=0, 0.25, 0.5, 0.75, 1) at room temperature.

According to group theory, AB204 spinel ferrite in Raman spectroscopy exhibits 16
optical phonon modes with a cubic and Fd-3m space group. The five Raman modes (Eg+
3T2g+A1g) out of sixteen in the 200-800 cm* range confirm the cubic spinel phase. Below 600
cm are the Raman modes linked to octahedral (BOs) sub-lattice vibrations, whereas above
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600 cm™ are those related to tetrahedral (AO4) sublattice vibrations. Eq denotes symmetric
oxygen bending with respect to iron ions, Tzg denotes asymmetries in the stretching of Fe, and
Auig denotes symmetric stretching of oxygen atoms along Fe-O links. One-dimensional modes
are represented by the notations A, T, and E, which stand for two and three-dimensional Raman
modes, respectively.

Furthermore, the subscript g indicates the symmetry with respect to the center of
inversion [13]. Ten Raman active modes confirm the tetragonal spinel phase, the 141/amd space
group, for perfect Aig +3B1g +B2g +4E4[14]. Generally, the entire symmetric mode Azg is found
between 570 and 780 cm™, while the T2g (3) and T2zg (2) are found between 350 and 400 cm'?
and 450 and 500 cm™, respectively. The other two low-frequency modes, Eg and F2q (1), have
less than 300 cm* frequencies and can occasionally be visible.

Table 2. Raman active modes of Cuy Zn;.xFe;04 (x=0.25,0.5,0.75,1).

Sample Names Agg(1) Ag(2) By Tog(1) Eq Tog(2) Toy(3)
Zn Fey04 643.8 681.99 141.19 319.04 352.99 483.89
Cuo.25ZNo.75 F&204 649.94 102.21 165.85 249.59 328.99 494.55
CuosZngs Fe204 640.67 696.36 122.44 248.22 294.55 342.99 500.41
CuUo.75Zng 25 Fe;04 620.47 121.34 291.71 341.85 75.01 525.05
Cu Fe;04 115.49 295.35 343.76 390.59 76.74 631.24 691.80
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Figure 6 (a to e). Deconvoluted Lorentz Raman peaks of CuxZnixFe,04(x=0, 0.25, 0.5, 0.75,1).
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According to classical group theory, the following modes with cubic spinel structure
correspond to the space group Fd3m, as per the earlier studies [15, 16] A1g(R) + Eg(R) + F1g+
3F2(R) =T is equal to Aou + 2Eu + 4F1u (IR) + 2F2u. In this case, Aig, Eg, and 3Tz are first
order [17]. In Raman spectra, the modes of vibration around 490 cm™ are characterized by the
T2g (3) mode (asymmetric bending of oxygen), the modes at 340 are initiated by the T2g (2)
mode (asymmetric stretching of the (Fe/Cu/Zn)-O bond), and the modes reported by [18] are
prompted by the Aig mode (symmetric breathing mode of the AO4 unit with spinel lattice). The
related modes are shown in Table 2.

The spectra of all the samples under examination were acquired with a laser source
operating at 633 nm. The deconvoluted Lorentz peaks from which the Raman peaks were are
displayed in Figure 6 (a to e). According to [16], phase transition, cation distribution [19, 20],
and distortion are all connected to the observed variations in Raman peaks. Lower wavenumber
modes in the 460-660 cm™ region are brought on by (Moct—O) vibration at the octahedral
sites, while higher wave number Raman modes in spinel ferrites above 600-720 cm™ are
ascribed to (Mtet—O) vibration at the tetrahedral sites [21]. At the annealed temperature,
tetragonal copper ferrite systems [22] exhibited Raman modes, which were observed. In the
current study, we found that zinc ferrite changed from cubic to tetragonal shape when the
doping concentration of copper increased.

3.4. FTIR studies.

Employing FTIR, we investigated the vibrational characteristics of CuxZni-xFe204 in
the given study. This compound may be in the IR-active spectral bands v4 (300-200 cm™), v1
(630-540 cm™), v2 (525-390 cm?) and vs (380-335 cm™). The v1 band is ascribed to the intrinsic
stretching vibration of metal cations at the tetrahedral site, and the vz band is associated with
metal cations in the octahedral site. The bands vs and vs, which are commonly detected in the
far infrared region, are linked to complex vibrations involving 42 octahedral and tetrahedral
sites [23].
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Figure 7. FTIR spectra of CuxZni.xFe204(x=0,0.25,0.5,0.75,1).
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Figure 7 shows how the vi absorption bands spread and move towards higher
frequencies with increasing copper content. These findings complement previous studies [24]
that demonstrated that the bands shift toward a higher frequency range, and these bands are
broader in copper ferrite [21]. The v1, v2, and other bands have cleared Figure. 8 (a to €), and
additional bands are visible in Table 3. According to [25, 26] reports, zinc-doped copper ferrite
was unannealed and annealed at 500°C and 600°C, respectively. Copper-doped Mg-Zn ferrite
minimum and maximum bands with frequencies from 436-459 cm™ and 617-555 cm™ [27].
The stretching mode of vibrations in CuFe204 also identified organic groups in ZnFe204 [28,
29].
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Figure 8. (ato e) FTIR spectra of CuxZni.xFe204(x=0,0.25,0.5,0.75,1).
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Table 3. IR bands of CuxZni«xFe,04(x=0, 0.25, 0.5, 0.75, 1).
Sample Peaks of as prepared samples (cm™)

ZnFe204 491.33, 542.90, 756.41, 1121.91, 2044.20, 2131.56, 2209.63
Cuo.25Zno.7sFe204  424.97, 542.90, 747.63, 1008.70, 1766.06, 2022.48
CuosZno.sFe20s  423.84, 560.04, 760.56, 1008.70, 1134.48, 1930.93, 2261.84
Cuo.75Zn0.2sFe204  410.65, 569.74, 734.70, 1126.05, 1961.48, 2035.41, 2544.63
CuFe204 410.32, 571.94, 1123.38, 2037.13, 2236.60, 2352.40

4. Conclusions

Copper doping in zinc ferrites leads to significant modifications in both structural and
optical properties. XRD Rietveld refinement studies reveal changes in lattice parameters,
density, volume, and crystallite sizes, for CuosZnosFe20a4crystal size was more compared to
all. At the same time, UV-Vis spectroscopy showed the highest optical absorption in the 300-
500 nm and band gap energies from 1.825 eV to 2.776 eV. In XRD, we found that zinc ferrite
changed from cubic to tetragonal shape when the doping concentration of copper increased,
and it was confirmed in Raman's studies. The cation distribution was determined by integrating
the intensities of deconvoluted Raman peaks. FTIR confirmed the tetrahedral site and
octahedral site present in spinel ferrite. These findings enhance our understanding of the
material's properties and could pave the way for optimizing copper-doped zinc ferrites for
specific technological applications. Further studies could explore the magnetic properties and
potential applications in photocatalysis or spintronics of copper-doped zinc ferrites, building
on the insights gained from the structural and optical analysis.
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