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Abstract. This study systematically investigates the structural, vibrational, and magnetic properties of Co1−xZnx

Fe2O4 (x = 0−0.5) spinel ferrites synthesized by a conventional solid-state reaction method. The properties were

investigated using a combination of X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman scat-

tering spectroscopy, X-ray photoelectron spectroscopy (XPS), and magnetic measurements. Rietveld refinement

of the XRD data confirmed that all samples were single-phase and crystallized in the cubic spinel structure with

the Fd3m space group. Raman spectroscopy and XPS analyses further revealed the redistribution of cations be-

tween the tetrahedral (A) and octahedral (B) sites, with Zn2+ preferentially occupying the A sites and promoting

the redistribution of Fe3+ ions to the B sites. Magnetic measurements revealed ferrimagnetic behavior for all com-

positions. The saturation magnetization increased with increasing Zn content up to x = 0.3; this increase can be

attributed to the enhanced net magnetic moment of the B sublattice. At higher Zn concentrations, the saturation

magnetization then decreased slightly due to the weakening of the A–B superexchange interaction. Overall, the

results show that Zn-induced cation redistribution between the A and B sites governs the ferrimagnetic response

of Co1−xZnxFe2O4, with the competition between the enhanced B-sublattice moment and the weakened A-B

superexchange interaction setting the composition dependence of the saturation magnetization.
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1 Introduction

Spinel ferrites with the general formula AFe2O4 (A = Co,Zn,Mn, etc.) have attracted con-
siderable attention because of their rich physical properties and wide range of technological
applications, including magnetic storage, sensing, catalysis, and spintronic devices (Aslam et
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al., 2014; Bashir et al., 2017; Chen & Zhang, 1998; Kefeni et al., 2017; Materón et al., 2021).
Among them, cobalt ferrite (CoFe2O4) is of particular interest owing to its high magnetocrys-
talline anisotropy, moderate saturation magnetization, excellent chemical stability, and mechan-
ical hardness (Cernea et al., 2016; Kotnala, & Shah, 2015). Bulk CoFe2O4 generally exhibits
an inverse spinel structure, in which Co2+ ions preferentially occupy the octahedral (B) sites,
while Fe3+ ions are distributed between the tetrahedral (A) and octahedral (B) sites (Jauhar
et al., 2016; Narayanaswamy et al., 2021). In spinel ferrites, the distribution of M2+ and Fe3+

ions between the A and B sublattices can vary depending on the synthesis conditions, particle
size, composition, and thermal history. Therefore, the cation distribution of a spinel ferrite can
be expressed as (M1−δFeδ)[MδFe2−δ]O4, where the parentheses and square brackets denote the
tetrahedral (A) and octahedral (B) sites, respectively, and δ represents the degree of inversion
(Thi Ngoc et al., 2024). Cation redistribution is one of the most effective approaches for tailoring
the physical properties of spinel ferrites (Kmječ et al., 2025). Changes in cation distribution can
significantly modify the magnetic exchange interactions within the A and B sublattices, namely
the A–A (JAA) and B–B (JBB) interactions, as well as the A–B (JAB) interaction between
the two sublattices (Sanchez-Marcos et al., 2018). The A–A and B–B interactions are generally
weaker than the A–B superexchange interaction. Consequently, the stronger antiferromagnetic
A–B interaction between the A and B sublattices results in a ferrimagnetic spin arrangement,
with the magnetic moments of the two sublattices oriented antiparallel to each other (Sanchez-
Marcos et al., 2018). The net magnetization of CoFe2O4 is therefore determined primarily by
the difference between the magnetic moments of the A and B sublattices. In addition, CoFe2O4

exhibits a large magnetocrystalline anisotropy, which is mainly associated with Co2+ ions occu-
pying the octahedral B sites (Peddis et al., 2011). Therefore, changes in the cation distribution
between the A and B sites can modify the balance of magnetic exchange interactions and the net
sublattice magnetization, thereby affecting the spin arrangement and overall magnetic properties
of the ferrite.

The incorporation of non-magnetic Zn2+ ions can induce significant cation redistribution,
thereby altering the balance between the magnetic moments of the A and B sublattices and
modifying the strength of the A–B superexchange interaction Choi et al. (2017); Mameli et
al. (2016). In particular, Zn2+ ions preferentially occupy tetrahedral A sites, displacing Fe3

ions toward the octahedral B sites. This redistribution can substantially modify the magnetic
interactions and magnetocrystalline anisotropy of CoFe2O4 (Barrera et al., 2018). Aftabi et
al. (2025) reported a transition from ferrimagnetic (FIM) behavior at low Zn concentrations
(x = 0.2) to superparamagnetic behavior at higher Zn concentrations (x = 0.5), with the
highest saturation magnetization observed at x = 0.2, accompanied by a gradual decrease in
coercivity . In another study, the magnetic susceptibility of Co1−xZnxFe2O4 prepared by the
sol–gel method increased with increasing Zn concentration up to x = 0.4 and then decreased
sharply at higher Zn contents (Atif et al., 2018). The increase in magnetization was attributed
to the preferential occupation of Zn2+ ions at the A sites, which modifies the cation distribution
and enhances the net magnetic moment of the ferrite (Atif et al., 2018). However, at higher
Zn concentrations, the progressive dilution of magnetic ions at the A sites weakens the A–B
superexchange interaction, resulting in a reduction in the net magnetization (Atif et al., 2018).
These findings indicate that the magnetic properties of spinel ferrites are strongly influenced by
particle size, cation distribution, and Zn substitution level.

While Zn substitution is known to alter the structural and magnetic properties of CoFe2O4,
as summarized above, site-specific evidence linking cation redistribution to the accompanying
structural distortion - combining diffraction, vibrational, and electronic-structure probes to-
gether with a quantitative analysis of the saturation magnetization - remains less frequently
reported for solid-state-synthesized samples. It is well known that studying the surface and
crystal structures of materials makes it possible to elucidate the structural aspects of many of
their physical properties (Aliyev et al., 2026; Rutkauskas et al., 2026; Guliyeva et al., 2023;
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Amiraslanov et al., 2016). In this study, we investigate the effects of Zn substitution on the
structural, vibrational, and magnetic properties of Co1−xZnxFe2O4 (x = 0, 0.1, 0.2, 0.3, 0.4 and
0.5) by combining X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS), and magnetic measurements.

2 Experimental details

Co1−xZnxFe2O4samples with x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 were synthesized by a conventional
solid-state reaction method. High-purity ZnO, Fe2O3, and Co3O4 precursor powders were first
weighed according to the corresponding stoichiometric ratios. The precursor powders were then
thoroughly mixed and ground in methanol using an agate mortar and pestle, followed by pre-
calcination at 1000 ◦C for 12 h. The resulting powders were subsequently re-ground, pressed
into pellets, and sintered at 1200 ◦C for 24 h. After the first sintering step, the samples were
re-ground, pelletized, and sintered again at 1300 ◦C for 24 h, followed by natural cooling to
room temperature.

The crystal structures of the Co1−xZnxFe2O4 samples were characterized by XRD using
a D8 Advance ECO X-ray diffractometer (Bruker) equipped with a Cu Kα radiation source
(λ1 = 1.5406Å and λ2 = 1.5444Å, with an intensity ratio of I2/I1 = 0.48). The XRD data were
analyzed by the Rietveld refinement method using the FullProf software package (Rodŕıguez-
Carvajal, 1993). The surface morphology of the samples was examined using SEM. Raman
spectra were recorded using an XploRA PLUS Raman spectrometer (Horiba) with a 785 nm
laser excitation wavelength. XPS measurements were performed using a Thermo Fisher K-Alpha
spectrometer equipped with a monochromatic Al Kα X-ray source (1486.6 eV). The magnetic
hysteresis curves, M(H), were measured at room temperature using a conventional vibrating
sample magnetometer (VSM) under an applied magnetic field of -3.1 ≤ µ0H ≤ 3.1T . Unless
otherwise specified, all measurements were performed at room temperature.

3 Results and discussion

The XRD patterns collected at room temperature are shown in Figure 1. The XRD patterns of all
Co1−xZnxFe2O4 samples exhibit the characteristic diffraction peaks of a cubic spinel structure,
indexed to the (111), (220), (311), (222), (400), (422), (511), and (440) planes. All samples
crystallize in the cubic spinel structure with the Fd3m space group, in good agreement with
the standard diffraction patterns of CoFe2O4 (JCPDS No. 22-1086) and ZnFe2O4 (JCPDS
No. 22-1012). No additional diffraction peaks associated with secondary or impurity phases
were detected, indicating that all samples were obtained as single-phase spinel ferrites within
the detection limit of the XRD technique. With increasing Zn content, the diffraction peaks
gradually shift toward lower 2θ values, indicating an expansion of the lattice. This behavior can
be attributed to the substitution of Co2+ions by the larger Zn2+ ions, whose ionic radius (0.82Å)
is larger than that of Co2+ (0.78Å) (Anantharamaiah et al., 2021; Barrera et al., 2018). Rietveld
refinement of the XRD patterns shows good agreement between the experimental data and
the calculated structural models, confirming the cubic spinel structure of the Co1−xZnxFe2O4

samples.
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Figure 1: Room-temperature XRD patterns of Co1−xZnxFe2O4 samples refined by the Rietveld
method. Symbols and solid lines represent the experimental data and calculated profiles, respectively.

Bottom ticks indicate nuclear Bragg peak positions of the Fd3m phase.

Figure 2: The dependence of βhklcos(θhkl) on 4sin(θhkl) for the Co1−xZnxFe2O4 (x =
0, 0.1, 0.2, 0.3, 0.4 and 0.5) samples.
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Figure 3: Crystallite size and microstrain of Co1−xZnxFe2O4 as a function of Zn content x. Inset:
linear correlation between ε and D−1 along with its linear fit.

The lattice parameter increases from 8.386 Å to 8.412 Å with increasing Zn content, consis-
tent with the ionic-radius mismatch noted above, and the unit-cell volume increases correspond-
ingly. The crystallite size (D) and microstrain (ε) were estimated from the broadening of the
XRD diffraction peaks using the Williamson–Hall (W–H) method (Biju et al., 2008; Mittemeijer
& Welzel, 2008). Within this framework, the peak broadening, βhkl, at the diffraction angle
2θhkl is considered to arise from the combined contributions of finite crystallite size (D) and
microstrain (ε), which can be expressed as βD = Kλ

Dcos(θhkl)
and βε = 4εtan(θhkl) respectively,

where K is the shape factor, λ is the X-ray wavelength, and θhkl is the Bragg angle (Biju et al.,
2008; Mittemeijer & Welzel, 2008). A linear fit of βhklcos(θhkl) as a function of 4sin(θhkl) allows
ε to be determined from the slope, while D is calculated from the intercept on the y-axis (Figure
2). As shown in Figures 3(a) and 3(b), D decreases significantly from approximately 579 nm
to 274 nm with increasing Zn content, whereas the microstrain increases. This behavior differs
from that reported in previous studies (Siva et al., 2022). The increase in microstrain can be
associated with the substitution of Co2+ by Zn2+ ions and the resulting redistribution of cations
between the tetrahedral (A) and octahedral (B) sites. The difference in ionic radii between Zn2+

and Co2+, together with the accompanying local structural distortion, can introduce additional
lattice strain into the spinel structure.

The surface morphology of the Co1−xZnxFe2O4 samples was examined by SEM, and the
corresponding SEM images are presented in Figure 4. The undoped sample (x = 0) exhibits
relatively well-defined polyhedral grains with smooth surfaces and distinct grain boundaries. Zn
substitution induces noticeable changes in both the grain size and surface morphology of the
Co1−xZnxFe2O4 samples. At higher Zn concentrations (x = 0.3 and 0.4), the microstructure
becomes more heterogeneous, with irregular and fragmented grains accompanied by pronounced
agglomeration. The observed reduction in grain size may reflect Zn-induced changes in grain-
growth kinetics during sintering, consistent with modification of the local crystal structure.
This behavior is consistent with the decrease in crystallite size and the increase in microstrain
determined from the XRD analysis.

On the other hand, Raman spectroscopy was employed to further investigate the cation
distribution between A and B sites in the Co1 − xZnxFe2O4 system. In spinel ferrites, the
Raman-active modes are generally described by five fundamental modes, namely A1g, Eg and
3T2g modes, which are associated primarily with the vibrational motions of oxygen atoms within
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the AO4 tetrahedral and BO6 octahedral structural units (D’Ippolito et al., 2015; Graves et
al., 1988). The A1g mode is particularly sensitive to the local structural environment of the
tetrahedral A sites, and changes in its position and spectral components can provide information
about the cation distribution and local bonding environment (Nekvapil et al., 2020).

As shown in Figure 5, the Raman spectra of Co1−xZnxFe2O4 exhibit more than the five
fundamental Raman-active modes expected for an ideal spinel structure, with distinct bands
located at approximately 172, 192, 228, 258, 306, 362, 476, 567, 616, and 695 cm−1, together
with an additional band near 651 cm−1 whose intensity and position vary with Zn content. The
appearance of these additional Raman components can be associated with the local structural
disorder and the coexistence of different cation–oxygen configurations resulting from the redis-
tribution of Co2+, Zn2+, and Fe3+ ions between the A and B sites. Similar spectral features have
been reported for substituted spinel ferrites (Chandramohan et al., 2011; Kim & Park, 2019).

To gain insight into the cation distribution, the Raman modes associated with the local
environments of Co, Zn, and Fe ions at the tetrahedral and octahedral sites were considered.
According to previous studies (Chandramohan et al., 2011; Kim & Park, 2019; Shafaay & Ra-
madan, 2023; Yadav et al., 2017), the three low-frequency bands located at approximately 172,
192, and 228 cm−1 can be assigned to the T2g(1) mode, which is mainly associated with transla-
tional or rotational vibrations involving the tetrahedral structural units. The bands observed at
approximately 258, 306, and 362 cm−1 can be attributed to vibrational modes involving oxygen
motion within the tetrahedral AO4 units. The T2g modes observed near 476 and 567 cm−1

are associated mainly with oxygen-related bending and stretching vibrations within the spinel
lattice and are sensitive to the local bonding environments of the tetrahedral and octahedral
sites.

Figure 4: Representative SEM images of the Co1−xZnxFe2O4 samples.
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Figure 5: (a) Raman spectra of Co1−xZnxFe2O4 compounds (x = 0-0.5). The deconvolution of
Raman spectra of the compounds with x = 0 (b), 0.3 (c) and 0.5 (d).

Figure 6: XPS spectra of (a) Co 2p, (b) Fe 2p, and (c) Zn 2p of the Co1−xZnxFe2O4 samples.

The Raman bands above 600 cm−1 are mainly associated with A1g symmetric stretching
vibrations of oxygen atoms within the AO4 tetrahedral units. The bands near 616 and 695 cm−1

assigned to the A1g modes, are consistent with reported assignments for CoFe2O4 and can be
tentatively associated with local CoO4 and FeO4 related tetrahedral environments, respectively
(Iliev et al., 2011; Ivanov et al., 2010). The additional component near 651 cm−1, denoted A1g(2),
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can be attributed to the coexistence of ZnO4 and FeO4 related tetrahedral environments. The
appearance of multiple A1g components in the Co1−xZnxFe2O4 samples therefore reflects the
increased complexity of the local structural environment at the tetrahedral A sites resulting
from the heterogeneous distribution of Co2+, Zn2+, and Fe3+ ions. In the spinel structure,
the AO4 tetrahedra and BO6 octahedra form a three-dimensional framework through shared
oxygen atoms. Consequently, changes in the local coordination environment and A–O and B–O
bond strengths can modify the vibrational frequencies and intensities of the Raman modes. The
evolution of the Raman bands with Zn substitution therefore provides complementary evidence
for changes in the local cation distribution and structural distortion.

Because the cation distribution and valence states of Co and Fe ions are closely related to the
magnetic properties of Co1−xZnxFe2O4, with XPS measurements performed on selected samples
to further investigate their chemical states and local electronic environments (Figure 6). The
XPS survey spectra show the characteristic signals of Fe, Co, Zn, and O, together with a weak C
1s signal arising from adventitious carbon contamination. The C 1s peak was used as a reference
for binding-energy calibration to compensate for surface charging effects.

The high-resolution Co 2p spectra exhibit two spin–orbit components corresponding to
Co2p3/2 and Co 2p1/2, located at approximately 780.3 and 795.9 eV, respectively, together with
their corresponding shake-up satellite features at approximately 785.8 and 802.7 eV (Dhivya
Bharathi & Rajan Babu, 2025; Kmječ et al., 2025; Sanchez-Lievanos et al., 2021; Šutka et al.,
2013). The binding energies and satellite structure are consistent with the presence of Co2+

ions in the studied samples. Thus, the XPS results indicate that Co predominantly exists in the
+2 oxidation state in the Co1−xZnxFe2O4samples. As shown in Figure 6(a), the high-resolution
Co 2p spectrum can be deconvoluted into the Co 2p3/2 and Co 2p1/2 spin–orbit components
together with their corresponding shake-up satellite features. The Co 2p3/2 component can be
further fitted with two contributions associated with Co2+ ions in different local coordination
environments, corresponding to A and B sites Dhivya Bharathi & Rajan Babu (2025); Kmječ
et al. (2025); Sanchez-Lievanos et al. (2021); Šutka et al. (2013). As shown in Figure 6(b), the
high-resolution Fe 2p spectra of the Co1−xZnxFe2O4samples exhibit similar spectral features,
with two main spin–orbit components centered at approximately 710.3 and 723.9 eV, corre-
sponding to Fe 2p3/2 and Fe 2p1/2, respectively. A weaker feature at approximately 719.2 eV
can be assigned to the shake-up satellite associated with the Fe 2p3/2 component. The binding
energies and spectral features are consistent with Fe predominantly existing in the +3 oxida-
tion state in all Co1−xZnxFe2O4 samples (Dhivya Bharathi & Rajan Babu, 2025; Kmječ et al.,
2025; Sanchez-Lievanos et al., 2021; Šutka et al., 2013). The asymmetric line shape of the Fe
2p3/2 component can be related to the coexistence of Fe3+ ions in different local coordination
environments, including the tetrahedral A and octahedral B sites. Accordingly, the Fe 2p3/2

component was deconvoluted into two contributions associated with Fe3+ ions at the A and
B sites, respectively. For x > 0, the high-resolution Zn 2p spectrum exhibits two spin–orbit
components centered at approximately 1021.1 and 1044.2 eV, corresponding to Zn 2p3/2 and
Zn 2p1/2, respectively, as shown in Figure 6(c). These binding energies are characteristic of
Zn2+ ions in the spinel ferrite structure. The Zn 2p3/2 component can also be deconvoluted into
contributions associated with Zn2+ ions occupying different local coordination environments,
which may be related to the tetrahedral A and octahedral B sites (Sarkar et al., 2020; Šutka
et al., 2013). Furthermore, the distribution of Co2+, Fe3+, and Zn2+ions between A and B
sites was qualitatively assessed from the relative integrated areas of the corresponding 2p3/2

components. The results indicate that Co2+ions occupy both A and B sites, while Zn2+ ions are
distributed between the two sites upon substitution into CoFe2O4, with a preferential tendency
toward the A sites. Among the selected compositions, the Co2+ concentration decreases more
markedly at the A sites than at the B sites, whereas Fe3+ions preferentially occupy the B sites in
the Co1−xZnxFe2O4 system. These results are consistent with the cation redistribution inferred
from the Raman analysis.
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TheM(H) curves measured at room temperature confirm FIM character of all Co1−xZnxFe2O4

samples, as shown in Figure 7. The magnetization increases rapidly at low magnetic fields but
does not reach complete saturation even at µ0H ≈ 3T (inset), suggesting contributions from
magnetic anisotropy, cation disorder, and/or magnetic inhomogeneity in the samples (Limaye
et al., 2009; Siva et al., 2022). Furthermore, the Raman and XPS results suggest that CoFe2O4

does not exhibit a perfectly inverse spinel cation distribution, but rather a partial degree of
inversion, with a fraction of Fe3+ ions occupying the A site. Such a cation distribution allows
strong A–B superexchange interactions mediated by Fe–O–Co and Fe–O–Fe pathways, thereby
contributing to the ferrimagnetic ordering at room temperature Limaye et al. (2009); Siva et al.
(2022).

Figure 7: Room-temperature M(H) curves of the Co1−xZnxFe2O4 samples. Lower inset: An
enlarged view of the M(H) curve of the undoped sample. Upper inset: The variation of the saturation

magnetization as a function of the Zn content x.

Upon Zn substitution, the magnetization increases significantly, reaching a maximum at x =
0.3. Because the magnetization curves remain unsaturated even at fields as high as µ0H = 3T ,
the saturation magnetization (MS) was estimated using the law of approach to saturation (LAS)
Aftabi et al. (2025); Islam et al. (2024):

M = Ms

(
1 − a

H
− b

H2

)
+ χH (1)

where a and b are the inhomogeneity-related and anisotropy-related coefficients, respectively,
and χ is the high-field susceptibility. The saturation magnetization, MS , estimated from the
high-field region, increases from approximately 3.37µB/f.u. for x = 0to4.13µB/f.u. for x = 0.3,
as shown in the inset of Figure 7. This increase can be attributed primarily to the preferential
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occupation of the tetrahedral A sites by non-magnetic Zn2+ ions (0 µB), which promotes the
redistribution of Fe3+ ions (5 µB) from the A sites toward the B sites. Consequently, the
magnetic moment of the B sublattice increases, leading to an increase in the net ferrimagnetic
moment. At higher Zn concentrations (x = 0.4 and 0.5), however, Ms shows a slight decrease.
This behavior reflects the competition between two effects: the increase in the B-sublattice
magnetic moment caused by cation redistribution and the progressive weakening of the A–B
superexchange interaction resulting from magnetic dilution of the A sublattice by non-magnetic
Zn2+ ions. At sufficiently high Zn concentrations, the weakening of the A–B exchange interaction
becomes dominant, leading to a reduction in the net magnetization.

4 Conclusions

In summary, Co1−xZnxFe2O4 spinel ferrites were successfully synthesized by a conventional
solid-state reaction method, and their structural, vibrational, and magnetic properties were sys-
tematically investigated. XRD analysis confirmed the formation of a single-phase cubic spinel
structure with the Fd3m space group for all compositions. The systematic increase in the lat-
tice parameter with increasing Zn content was attributed to the substitution of Co2+ by the
larger Zn2+ ions. Raman and XPS analyses revealed significant cation redistribution, with Zn2+

ions preferentially occupying the A-site and promoting the redistribution of Fe3+ ions toward
the B-site. The microstructural analysis showed a decrease in the XRD-derived crystallite size,
a corresponding refinement of the SEM-observed grain morphology, and an increase in lattice
microstrain with increasing Zn content, indicating enhanced structural disorder. Magnetic mea-
surements confirmed ferrimagnetic behavior for all samples at room temperature. The saturation
magnetization increased with Zn substitution up to x = 0.3, mainly due to the enhanced net
magnetic moment of the B sublattice resulting from cation redistribution, and then decreased
slightly at higher Zn concentrations because of the progressive weakening of the A–B superex-
change interaction and magnetic dilution of the A sublattice by non-magnetic Zn2+ ions. Overall,
these results demonstrate the important role of Zn substitution in tailoring the interplay among
crystal structure, cation distribution, lattice strain, and magnetic properties in CoFe2O4-based
spinel ferrites, providing useful insights into the design of spinel ferrites with tunable structural
and magnetic properties.
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