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Abstract
This study explores the synthesis and characterization ofmagnesium-substituted copper ferrite
(MgxCu1-xFe2O4, 0.0�x�1.0)nanoparticles using the polymer-assisted sol–gel self-combustion
method. The effects ofmagnesium substitution on the structural, elastic, andmagnetic properties of
the ferrites were systematically investigated. X-ray diffraction (XRD) analysis confirmed the formation
of single-phase cubic spinel structures with particle sizes ranging from8–21 nm.A slight increases in
the lattice parameter was observedwith highermagnesium content, attributed to the substitution of
smaller Cu2+ ionswith slightly largerMg2+ ions. Fourier Transform Infrared (FTIR) spectroscopy
andMössbauer spectroscopy revealed the spinel structure and complexmagnetic interactions
between ferromagnetic and superparamagnetic phases. The spin cantingwas observed and found to
vary significantly across compositions, with amaximumcanting angle of 58.47°. This notable result
highlights the importantmagnetic behavior of thesematerials. The saturationmagnetization (MS)
varied across samples, with the x= 0.6 composition exhibiting optimalmagnetic performance. Cation
distribution analysis usingXRD,Mössbauer spectroscopy, andmagneticmeasurements consistently
showed the redistribution of cations between the tetrahedral (A) and octahedral (B) sites in the spinel
structure. This research demonstrates the potential ofmagnesium-substituted copper ferrites for
magnetic applications, with notable improvements inmagnetic and structural properties due to cation
substitution.

1. Introduction

Spinel ferrites have become a focal point of research due to their adjustablemagnetic, electrical, and catalytic
properties, whichmake themhighly versatile formodern technological applications. Thesematerials are
commonly utilized inmicrowave technologies, sensors, catalytic processes, electromagnetic interference (EMI)
shielding, and energy storage solutions [1]. Spinel ferrites (AB2O4) possess a unique crystal structure that can
host various cations in both tetrahedral (A) and octahedral (B) sites, enabling the tuning of theirmagnetic and
electrical properties. Among them, copper ferrite (CuFe2O4) has been the subject of extensive research due to its
unique Jahn–Teller distortion in the copper ion and its transition from a cubic to a tetragonal structure, which
directly influences itsmagnetic behavior [2].

Magnesium-substituted copper ferrites (Cu1-xMgxFe2O4) offer a promising area of investigation, as the
introduction of nonmagneticmagnesium ions significantly affects both the structural andmagnetic properties
of thematerial [3].Magnesium substitution is expected to alter the cation distribution between the tetrahedral
and octahedral sites within the spinel structure, which, in turn,modifies superexchange interactions between
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Fe2+-Fe3+ andCu2+-Fe3+ ions [4]. This alteration leads to variations inmagnetic ordering, which can either
enhance or suppress certain properties, including coercivity, remanence, and saturationmagnetization.
Additionally, the smaller ionic radius ofmagnesium compared to coppermay reduce the lattice constant,
impacting the overall crystal structure and density of thematerial [5].

Ferritematerials can be synthesized using variousmethods, each offering distinct advantages in terms of
particle size control, crystallinity, purity, andmagnetic properties. Common techniques include solid-state
reaction, co-precipitation, hydrothermal synthesis, and sol–gelmethods [6]. The solid-state reaction, often used
for bulk ferrites, typically requires high temperatures and long reaction times, resulting in larger particle sizes
and less control over cation distribution [7]. Co-precipitation is a straightforward route to nanoparticle
production at lower temperatures, but itmay lead to agglomeration and variability in particle size.
Hydrothermal synthesis, while capable of producing high-quality crystals at lower temperatures, demands
specialized equipment and extended reaction times [8].

Among these techniques, the sol–gel autocombustionmethod has gained prominence due to its ability to
produce nanocrystalline ferrites with high phase purity and controlled particle size [9]. Thismethod involves
preparing a gel frommetal precursors and a chelating agent, followed by an exothermic combustion reaction to
form the ferritematerial. The autocombustion process not only simplifies synthesis but also lowers the
calcination temperature and reduces the time required to achieve crystallization,making it an appealing choice
for large-scale production [10].

In traditional sol–gel synthesis, citric acid [11] is commonly used as a chelating agent to complexmetal ions,
facilitating the formation of a homogeneous gel. However, the novelty of this research lies in replacing citric acid
with polyethylene glycol (PEG)with amolecular weight of 2000 (PEG-2000). Thismodification offers several
advantages over conventionalmethods. PEG-2000, a polymeric chelating agent, acts as both a complexing agent
and a fuel source for the combustion process, affecting the formation of the ferrite nanostructure [12]. PEG-
2000’s highermolecular weight compared to citric acid provides amore flexible and robust gelmatrix,
potentially improving the uniformity of themetal ion distribution and enhancing control over particle size
during combustion [13].

2. Synthesis and characterization techniques

Nanoparticles were synthesized using high-purity chemical precursors, including iron nitrate nonahydrate
(Fe(NO3)39H2O), copper nitrate trihydrate (Cu(NO3)2·3H2O), andmagnesiumnitrate hexahydrate
(Mg(NO3)2·6H2O), all obtained fromLobaChemi, India [14]. Polyethylene glycol (PEG2000), as chelating
agent, sourced fromCarl RothGmbH,Germany, facilitating homogeneousmetal ion dispersion and
influencing nanoparticle dimensions and structure [15]. No additional chelating agents were employed. These
nanoparticles were synthesized using amodified sol–gel autocombustionmethod [16], and themetal nitrates
weremixed in a 1:1 nitrate: chelating agent ratio [17, 18] tomaintain the appropriate balance ofMg2+, Cu2+, and
Fe3+ ions for the targeted ferrite composition. The chemical precursors were dissolved in distilledwater, and this
mixturewas continuously stirred to ensure uniformity. Following thoroughmixing, the solutionwas subjected
to a drying phase to eliminatemoisture. The formatted xerogel was then placed in an oven pre-set to
temperatures ranging from250 °C to 300 °C.Within this temperature bracket, any residualmoisturewas driven
off, and the xerogel underwent spontaneous combustion. This autoignition triggered a swift exothermic
reaction, ultimately yielding a lightweight, porousmaterial that was powdered into nanoparticles [16].

For each synthesized batch, the chemical composition and crystalline structure were examined usingXRD
analyses conducted on a PANalytical X’Pert Empyrean Series Bragg− Brentano powder diffractometer (United
Kingdom) equippedwith aCuKα radiation source (λ= 1.5418Å) and operating over a 10–70° 2θ rangewith a
scan increment of 0.013 for 2 s durations. ATR-FTIR spectra, covering a spectrum from4000 to 370 cm−1, were
captured using a Bruker VERTEX70v Fourier transform infrared spectrometer (Germany)with anATR
attachment at a resolution of 4 cm−1.Magnetic properties at room temperature for all samples were quantified
using a LakeShoreModel 7407 (United States) vibrating samplemagnetometer (VSM) under an argon
atmosphere. RTMössbauer spectroscopymeasurements using a constant acceleration spectrometer with a
57Co source [19].

3. Results and discussion

3.1. X-ray diffraction studies
Figure 1 presents the x-ray diffraction patterns ofmagnesium-substituted copper nanoferrite samples
(Cu1-xMgxFe2O4 nanoparticles with 0.0� х� 1.0) synthesized using the sol–gel autocombustionmethod, with
PEG-2000 as fuel. The characteristic peaks at 2θ angles (table 1) correspond to the (220), (311), (400), (511), and
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Figure 1.X-ray diffraction patterns of Cu1-xMgxFe2O4 nanoparticles with 0.0� х� 1.0.

Table 1.Peak positions (2θ) of the reflection planes of theCu1-xMgxFe2O4.

Mg2+(x) 2θ at (220) 2θ at (311) 2θ at (400) 2θ at (511) 2θ at (440)

0.0 30.17° 35.53° 43.19° 57.19° 62.73°
0.2 30.16° 35.52° 43.17° 57.10° 62.70°
0.4 30.16° 35.52° 43.18° 57.10° 62.71°
0.6 30.14° 35.51° 43.15° 57.07° 62.67°
0.8 30.14° 35.50° 43.14° 57.06° 62.66°
1.0 30.17° 35.54° 43.19° 57.13° 62.74°
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(440) crystallographic planes, respectively. These peaks are consistent with the cubic spinel structure of the
Fd3m space group [20, 21].

The absence of additional peaks indicates that no impurity phases are present. As themagnesium content
increases, the diffraction peaks become sharper and narrower, suggesting an increase in particle size. This is
likely due to the catalytic effect ofmagnesium,which leads to a higher temperature during the synthesis
process [22].

The variation in the lattice constant as a function ofmagnesium content is depicted infigure 2. As the
magnesium content increases, the lattice constant also increases. This is because copper ions, with a smaller ionic
radius (0.72Å for octahedral coordination), are replaced bymagnesium ions, which have a larger ionic radius
(0.86Å for octahedral coordination), consistent withVegard’s law [23].Williamson–Hall plotmethodwas used
to determine the crystallite size and internal lattice strains [16]. The variation in the crystallite size as a function
ofmagnesium content is also shown infigure 2.

The substitution ofMg2+ leads to a systematic expansion of the lattice due to its larger ionic size, particularly
when it replaces Fe3+ (0.645Å for octahedral coordination) at the B-sites [24]. The lattice parameter (a)
increases steadily from8.3710 nm (x= 0.0) to 8.3801 nm (x= 0.8), reflecting the overall enlargement of the
spinel lattice. Correspondingly, the tetrahedral bond length dA-O increases from3.6247 nm to 3.6286 nm, and
the octahedral bond length dB-O increases from2.0927 nm to 2.0950 nm, indicating the structural adjustments
required to accommodate the largerMg2+ ions.

At lower substitution levels (x�0.4),Mg2+ preferentially occupies the A-sites, replacingCu2+ and causing a
modest increase in dA-O. The effect on dB-O isminimal in this range, as Fe3+ dominates the B-sites. However, as
Mg content increases beyond (x= 0.4), a portion ofMg2+migrates to the B-sites, competingwith Fe3+ for
occupancy. This redistribution contributes to amore significant increase in dB-O, as the octahedral environment
accommodates the largerMg2+.

Interestingly, at (x= 1.0), the lattice parameter a= 8.3729 nmand bond lengths dA-O= 3.6255 nm, dB-O
= 2.0932 nm show a slight reduction compared to (x= 0.8). This deviation from the expected trend is likely due
to increased lattice distortion and strain introduced by the full substitution of Cu2+ byMg2+, as well as amore
uniform cation distribution across A- andB-sites. The accompanying increase in lattice strain (ε= 0.011) at
(x= 1.0) supports this interpretation.

The crystallite sizeD exhibits a non-linear trendwithMg substitution, increasing significantly from8nm
(x= 0.0) to 21 nm (x= 0.6), where lattice strain (ε) isminimized (ε= 0.003). This indicates that reduced internal
stress facilitates crystal growth, resulting in larger crystallites. At higherMg contents (x= 0.8) and (x= 1.0), the
crystallite size decreases to 19 nmand 12 nm, respectively. This reduction is attributed to increased defects or
strain, as evidenced by the rise in (ε) at these higher substitution levels. The interplay between strain and
crystallite growth highlights the structural limitations imposed by excessiveMg substitution.

The bond lengths dA-O and dB-O and cation distribution directly influence the superexchange interactions
[25], which direct themagnetic behavior of spinel ferrites [26]. The observed expansion in bond lengths withMg
substitutionweakens the Fe-O-Fe superexchange pathways, potentially reducingmagnetic ordering.
Furthermore, the redistribution ofMg2+ ions betweenA- andB-sites affects the balance ofmagnetic and non-
magnetic cations, altering the overallmagnetic and electronic properties of thematerial. These structural
changes are also reflected in the vibrational frequencies observed in FTIR spectra, where the shifts in νA and νB

Figure 2.Crystallite size and lattice constant as a function ofMg content in Cu1-xMgxFe2O4 nanoparticles.
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are consistent with changes in bond lengths and cationicmasses. All determined structural parameters of
Cu1-xMgxFe2O4 nanoparticles: crystallite size (D), lattice parameter (a), lattice strain(ε), tetrahedral bond length
dA−O and octahedral bond length dB-O are summarized in table 2.

The cation distribution in theCu1-xMgxFe2O4 systems can be determined by analyzing the x-ray diffraction
patterns. This study applied the Bertautmethod [27] to calculate the cation distribution. Thismethod involves
selecting specific pairs of reflections based on the following equation:

( )=
¢ ¢ ¢ ¢ ¢ ¢

I

I

I

I
1hkl

Obs

h k l
Obs

hkl
Calc

h k l
Calc

Here, IOBS and ICALC represent the observed and calculated intensities for the (hkl) reflection, respectively. The
intensity ratios of specific peak pairs in theXRDpattern of spinel structures, such as I220/I400, I220/I422, and
I422/I400, are known to be sensitive to cation distribution [28]. The ratio of x-ray line intensities I220/I440,
I220/I400, and I400/I440 varywith the substitution ofMg ions, as shown infigure 3. As known, the spinel structure
consists of two types of sites: tetrahedral (A) sites, typically occupied by divalent cations (in this case, Cu2+ and
Mg2+), and octahedral (B) sites, typically occupied by trivalent cations (Fe3+), although someCu2+ orMg2+may
migrate to the B sites depending on the cation distribution. The ratio I220/I440 is known to be sensitive to the
distribution of divalent cations (Cu2+ andMg2+) between the tetrahedral (A) and octahedral (B) sites [29]. The
values decrease from0 to 0.4Mg content, suggesting thatMg2+ starts to replace Cu2+ on the A sites.However, as
Mg content increases further (up to 0.8), the ratio increases again, implying that someMg2+may be occupying B
sites at higher substitution levels. The slight decrease atMg= 1 suggests amore balanced distribution between
the A andB sites. The ratio I400/I440 generally reflects the occupancy of Fe

3+ on octahedral (B) sites. A decreasing
trend fromMg= 0 toMg= 1 suggests that, asmoreMg2+ replaces Cu2+ on the A sites, the Fe3+ occupancy on
the B sites remains consistent or changes only slightly. However, at higherMg content,moreMg2+ is likely
migrating to the B sites. The ratio I220/I400 provides a comparison between cations occupyingA andB sites. The
increasing trend fromMg= 0 toMg= 1 indicates progressive substitution ofMg2+ for Cu2+ on the tetrahedral
(A) sites. At higherMg content (around 0.6 to 0.8),Mg2+ starts to occupy the octahedral (B) sites as well, as
reflected by the higher values [30].

As seen infigure 3, at lowerMg substitution levels (x� 0.4),Mg2+ primarily occupies the tetrahedral (A)
sites, replacing Cu2+. As theMg content increases beyond x= 0.4, a portion ofMg2+ begins tomigrate to the
octahedral (B) sites, competingwith Fe3+ for occupancy. This explains the increase in I220/I440 and I220/I400 at
higherMg content (x= 0.6 to 0.8). AtMg= 1, the distribution appearsmore balanced, withMg2+ occupying
both tetrahedral (A) and octahedral (B) sites. This pattern suggests thatMg2+ ions prefer tetrahedral sites at
lower substitution levels but increasingly occupy octahedral sites as their concentration increases, which is
typical behavior for divalent cations in spinel ferrites [31]. The cation distribution for eachMg2+ content, along
with the site preferences of cations betweenA-sites and B-sites, indicating the fraction of Cu2+ and Fe3+ ions at
each site, is provided in table 3.

3.2. Fourier transform infrared spectroscopy (FTIR)
Figure 4 shows the results fromFourier transform infrared (FTIR) spectroscopy, which detects specific
vibrationalmodeswithin thematerial. Two clear peaks are observed at 370–393 cm−1 and 538–543 cm−1,
corresponding to the stretching vibrations of the Fe-Obonds located in tetrahedral and octahedral sites,
respectively [32]. These peaks confirm the successful formation of the spinel structure, as these vibrations are
characteristic of this phase.

The variation in the vibrational frequencies of the tetrahedral (υA) and octahedral (υB) sites withMg
substitution does not follow a simple, predictable pattern. Figures 5(a) and (b) illustrate how the changes in these
bond lengths and cationicmasses affect the vibrational frequencies. Typically, the frequencies of these
vibrational bands are influenced by twomain factors: bond lengths (RA for the tetrahedral andRB for the

Table 2. Structural parameters of Cu1-xMgxFe2O4 nanoparticles: crystallite size (D), lattice parameter (a), lattice strain(ε), tetrahedral bond
length dA−O and octahedral bond length dB-O..

Cu1-xMgxFe2O4 FWHM

Crystallite sizeD,

nm (±1)
Lattice constant a,

nm (±0.0001)
Lattice strain,

ε(±0.001)
dA−O (nm)
(±0.0001)

dB−O (nm)
(±0.0001)

х= 0.0 1.19461 7 8.3710 0.017 3.6247 2.0927

х= 0.2 0.94464 9 8.3747 0.012 3.6263 2.0936

х= 0.4 0.85110 10 8.3740 0.014 3.6260 2.0935

х= 0.6 0.35094 21 8.3789 0.003 3.6281 2.0947

х= 0.8 0.53012 19 8.3801 0.005 3.6286 2.0950

х= 1.0 1.06299 12 8.3729 0.011 3.6255 2.0932
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octahedral sites) and themasses of the cations (MAandMB) at these sites. This is because the vibrational
frequency is inversely proportional to both the bond length and the cationicmass. A longer bond or a heavier
cationwould generally result in a lower vibrational frequency. Based on this principle, whenMg2+ substitutes
for Cu2+ at theA-site (tetrahedral), onewould expect a steady decrease in υA becauseMg2+has a smaller cationic
mass compared toCu2+. However, the actual experimental data show that the decrease in υA is not consistent
with this expectation. This discrepancy suggests that changes in the bond lengthRA (the distance between the
cations and oxygen in the tetrahedral site) play a larger role in determining the vibrational frequency than the
mass of the substituting cations alone.

In the case of the octahedral site (υB), the variation in the vibrational frequency can similarly be attributed to
changes in the bond lengthRB and the cationicmassMB at the B-site. At lowerMg2+ concentrations (x= 0.2 and
x= 0.4), the observed shifts in υB alignwithwhat would be expected from changes inMB, indicating that
cationicmass is the dominant factor. However, for higherMg2+ concentrations (x� 0.4), the variation in υB
cannot be fully explained by changes inMB or RB alone. This suggests that other structural factors, such as the
redistribution of cations between theA- andB-sites,may be influencing vibrational behavior. The random
distribution ofMg2+ andCu2+ between the tetrahedral and octahedral sites inCu1-xMgxFe2O4 is supported by

Figure 3.Variation of crystal plane intensities I220/I440, I220/I400, and I400/I440 versusMg content inCu1-xMgxFe2O4 nanoparticles.

Table 3.Cation distribution data fromXRDRietveldfitting for Cu1-xMgxFe2O4 systems.

Composition Cation distribution (XRD) Vibrational frequency band

νA νB

CuFe2O4 (Cu0.86Fe0.137)A[Cu0.137Fe1.863]B 370 538

Cu0.8Mg0.2Fe2O4 (Cu0.78Mg0.10Fe0.10)A [Cu0.02Mg0.1Fe1.88]B 393 540

Cu0.6Mg0.4Fe2O4 (Cu0.5Mg0.20Fe0.3)A [Cu0.05Mg0.2Fe1.75]B 392 539

Cu0.4Mg0.6Fe2O4 (Cu0.2Mg0.25Fe0.55)A [Cu0.2Mg0.35Fe1.45]B 370 536

Cu0.2Mg0.8Fe2O4 (Cu0.1Mg0.3Fe0.55)A [Cu0.1Mg0.45Fe1.45]B 374 540

MgFe2O4 (Mg0.831Fe0.169)A[Mg0.169Fe1.831]B 376 542
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the fact that both υA and υB are affected by the substitution. This indicates thatMg2+ substitution influences not
just one type of site but affects the overall cation distributionwithin the spinel structure, leading to complex
variations in vibrational frequencies [33].

The elastic constants, including the tetrahedral (KT), octahedral (KO), and average (K) force constants for the
Cu1-xMgxFe2O4 nanoparticles, were determined from the calculated vibrational frequency values [30] and are
presented in table 4. Figure 6 illustrates the variation in these force constants as a function ofMg2+ ion
concentration in theCu1-xMgxFe2O4 system [34]. Additionally, the elasticmoduli, such as the bulkmodulus (B),
Young’smodulus (Y), rigiditymodulus (G), and Poisson’s ratio (P), were also computed and are shown in
table 4.

As theMg content increases in theCu1-xMgxFe2O4 system, a general decrease is observed in both the force
constants and elasticmoduli. This trend suggests thematerial becomes progressively softer and less resistant to
mechanical deformation. The decrease in force constants, such asKT andKO, reflects theweakening of bonding
within the crystal lattice, particularly between the cations and oxygen ions. The reduced elasticmoduli further
support this conclusion, indicating that thematerial’s structural rigidity declines with higherMg2+ substitution.
The reduction in the elastic properties is accompanied by a corresponding decrease in sound velocities and the
Debye temperature [35]. This decrease suggests that thematerial’s internal bonding structureweakens asMg2+

Figure 4. FTIR spectra of Cu1-xMgxFe2O4 nanoparticles.

Figure 5.Variation of tetrahedral vibrational band υA and octahedral vibrational bandυB alongwith bond lengths (RA andRB) and
cationicmasses (MAandMB)withMg substitution.
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ions replacemoreCu2+ ions. TheDebye temperature, which is linked to lattice vibrations and the strength of
atomic interactions, provides further evidence that the substitution ofmagnesiumweakens the overall bonding
networkwithin the spinel structure [36].

3.3.Mossbauer studies
Figure 7 displays the room-temperatureMössbauer spectrumof the spinel systemCu1-xMgxFe2O4 for 0.0� x�
1.0, using the 57Fe isotope. TheMössbauer spectrumprovides valuable information about the hyperfine
interactionswithin thematerial, including themagnetic environment of the Fe ions in both the tetrahedral (A-
site) and octahedral (B-site) positions. ThemainMössbauer parameters, such as the isomer shift (IS),
quadrupole splitting (QS), and hyperfinemagnetic field (H), are summarized in table 5. These parameters help
characterize the electronic andmagnetic states of the iron ions. The isomer shift indicates the oxidation state of
the iron, while the quadrupole splitting reflects the symmetry of the local electric field around the iron nuclei.
The hyperfinemagnetic field provides insight into themagnetic ordering of the system. As theMg2+

concentration increases (0.0� x� 1.0), changes in theseMössbauer parameters are observed, reflecting the
influence ofMg2+ substitution on the local environment of the Fe ions and the overallmagnetic properties of the
spinel system.

EachMössbauer spectrum infigure 7 showsmultiplemagnetically ordered sextets coexistingwith a
paramagnetic doublet, whose intensity varies with themagnesium concentration. The paramagnetic doublet
arises due to superparamagnetic relaxation, which is influenced by the small particle size and the effect of
temperature. This leads to background distortion and the appearance of the doublet. In interpreting the
Mössbauer spectra, it’s important to consider the superexchange interaction between Fe ionsmediated by
oxygen. This interactionweakens as the distance betweenmagnetic ions increases and the Fe–O–Fe bond angle
narrows from180° to 90°. In CuFe2O4, the antiferromagnetic interaction between Fe ions at the A andB sites (Fe
(A)–O–Fe(B)) is stronger than the ferromagnetic interactionswithin theA–A andB–B sites. Since each iron ion
at the A site is surrounded by 12 octahedral ions, substitutingMg2+ at the B site does not significantly alter the
overall interaction, resulting in little change to the hyperfinefield (H) at theA site. However, at the B site, iron
ions are connected to only six A-site neighbors. Replacing Fe3+ at the A site withCu2+ orMg2+ ions alters the

Figure 6. Force constant as a function ofMg ions concentrationCu1-xMgxFe2O4 system.

Table 4. Force constants and elastic constants of Cu1-xMgxFe2O4 samples.

Cu1-xMgxFe2O4 x KT KO B Y G P

N/m (±1) GPa (±0.01)

0.0 138 82 82.64 111.58 43.76 0.307

0.2 128 89 79.78 109.79 43.20 0.297

0.4 118 86 73.59 103.09 40.70 0.287

06 108 74 64.25 91.71 36.33 0.277

0.8 99 72 58.89 85.56 34.01 0.267

1 66 80 49.61 73.02 29.10 0.260
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superexchange interaction, broadening the subspectral lines of Fe(B) ions due to the varying environments in
the A sublattice. This leads tomore resonance lines and broader subspectral features in theMössbauer
spectrum [37].

As in table 5,more than two subspectra were identified—one for A-site Fe ions and several for B-site Fe ions.
In addition, the nanoscale samples showpartial paramagnetism, indicated by a central quadrupole doublet
resulting from superparamagnetic relaxation. This doublet, superimposed onmagnetically split sextets, reflects
the coexistence of superparamagnetic and ferromagnetic particles. The broad linewidth (FWHM) and reduced
internalmagnetic field in nanosamples suggest a shift from typicalmagnetic behavior caused by the small
particle size. Lower isomer shift values at theA sites, compared to the B sites, are due to stronger Fe3+–O2−

bonding at the A site, leading to greater orbital overlap and higher covalency [38].
In nanoscalematerials, superparamagnetism occurs when thermal energy causesmagneticmoments to

fluctuate rapidly, preventing the observation of fixedmagnetization. This relaxation behavior results in the
absence of Zeeman splitting in smaller particles. In systems like Cu–Mg ferrite, randomdistribution ofMg2+

ions in the A-site coordination sphere leads to variations in Fe3+ configurations at B sites, creating differences in
the hyperfinefield, known as super transferred hyperfine interaction [39]. These differences contribute to the
broadening of theMössbauer spectral lines. The appearance of a second doublet in the sample with
x= 0.6x= 0.6x= 0.6 is due to nonmagnetic substitution, as indicated byXRD analysis, which shows larger
crystallites. In this case, iron ions are surrounded bymore nonmagnetic neighbors, leading to a paramagnetic
doublet (Doublet_2). Surface effects, particle size, and cation distribution significantly influence theMössbauer
parameters in theCu1-xMgxFe2O4 system.

Figure 7.RTMössbauer spectra of 57Fe in Cu1-xMgxFe2O4 system.
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Figure 8.Hysteresis loops of Cu1-xMgxFe2O4 system.

Table 5.RTMössbauer Spectra Parameters of 57Fe inCu1-xMgxFe2O4 system.

Sample Cu1-xMgxFe2O4 Component Is,mm/s Qs,mm/s H, kOe S,% G,mm/s Chi2

Sextet_1 0.3876 0.0105 487.62 16.87 0.4629

Sextet_2 0.3188 0.0694 461.41 29.54 0.6109

0.0 Sextet_3 0.3331 0.0040 422.28 22.35 0.6717 1.462

Sextet_4 0.3676 0.0600 380.86 6.89 0.4155

Doublet_1 0.3143 0.8367 — 22.34 0.7982

Sextet_1 0.4303 0.0420 551.27 6.75 0.3458

Sextet_2 0.3812 0.0487 531.35 14.24 0.4235

0.2 Sextet_3 0.3560 0.0422 510.91 22.21 0.5158 1.417

Sextet_4 0.3396 0.0617 487.48 17.54 0.5701

Sextet_5 0.3581 0.0621 453.79 11.50 0.4553

Sextet_6 0.3518 0.0467 408.17 9.71 0.7981

Doublet_1 0.3545 0.8393 — 18.05 0.7215

Sextet_1 0.3989 0.0474 495.19 8.46 0.3205

Sextet_2 0.3520 0.0411 478.12 12.87 0.3539

0.4 Sextet_3 0.3294 0.0427 459.89 19.69 0.4566 1.432

Sextet_4 0.3152 0.0685 438.05 16.30 0.4732

Sextet_5 0.3832 −0.0270 402.50 13.56 0.7740

Doublet_1 0.3317 0.7799 — 29.12 0.6325

Sextet_1 0.3836 0.0262 499.52 25.70 0.5600

Sextet_2 0.2995 0.0540 485.82 11.04 0.3941

0.6 Sextet_3 0.4134 0.0603 467.44 17.60 0.5551 3.104

Sextet_4 0.4924 0.0505 438.98 12.47 0.6318

Sextet_5 0.4418 0.1362 398.38 4.77 0.6116

Doublet_1D 0.9710 0.8843 — 5.22 0.4244

oublet_2 0.3516 0.7486 — 23.21 0.6662

Sextet_1 0.3738 0.0414 501.28 14.87 0.3928

Sextet_2 0.3232 0.0651 481.88 21.16 0.4425

0.8 Sextet_3 0.3248 0.0544 458.92 15.36 0.4768 1.483

Sextet_4 0.3381 0.0861 429.66 9.37 0.4473

Sextet_5 0.3629 0.0970 397.12 4.97 0.3560

Doublet_1 0.3143 0.6989 — 34.27 0.6387

Sextet_1 0.3918 0.0858 497.95 8.21 0.3681

Sextet_2 0.3513 0.0963 474.87 12.89 0.4157

1.0 Sextet_3 0.3698 0.0478 440.73 14.13 0.5383 1.077

Doublet_1 0.3200 0.7173 — 64.76 0.6322
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3.4.Magnetic studies
Figure 8 presents the room temperature hysteresis curves of Cu1-xMgxFe2O4 samples synthesized by the
modified combustionmethod. In these ferrites, the overallmagnetization results from the interplay between the
tetrahedral and octahedral sublattices [40]. Themagnetization is primarily influenced by the redistribution of
iron ions between these sublattices, as shown in the cation distribution in table 3.

As the level ofmagnesium substitution increases (table 6), the saturationmagnetization (Ms) exhibits a non-
monotonic trend, reaching amaximumvalue of 26.21 emu g−1 at x= 0.6 before decreasing. This behavior aligns
with previously reportedfindings. Notably, Akter et al [41] observed anMs value of 27 emu g−1 for a
Cu0.5Mg0.5Fe2O4 sample, while ChandraDevsharma et al [42] reportedMs values of 22 emu g−1 for CuFe2O4

and 20 emu g−1 forMgFe2O4. This behavior reflects complex cation interactions and structural changes
affecting Fe3+ ions, the primary source ofmagnetization. The spin canting angle (θc) varies significantly with
magnesium content. A reduction in crystallite size, coupledwith an increase in the spin canting angle, results in a
decline in saturationmagnetization (Ms) [43, 44]. For pureCuFe2O4, θc is about 53.65°, indicating notable spin
misalignment due to structural distortions [45]. AsMg content rises to x= 0.6, θc decreases sharply to 32.28°,
suggesting better spin alignment and strongermagnetic interactions, as evidenced by the increasedMs.
However, at x= 0.8, the canting angle increases to 58.48°, reflecting higher spin disorder, likely due to
nonmagneticMg2+weakeningmagnetic interactions [46]. The spin-canting analysis reveals thatMg
substitution profoundly affectsmagnetic properties. LowerMg content (x= 0.2) slightly improves spin
alignment, while higher levels (x= 0.4, x= 0.8) increase spin disorder. The composition x= 0.6 stands out for
its reduced canting angle and higher saturationmagnetization, suggesting this is the optimal composition for
magnetic performance in the series. However, further increases inMg content diminish thesemagnetic
properties due toweakened interactions.

4. Conclusions

In this study, a systemofmagnesium-substituted copper ferrites was developed using the sol–gel
autocombustionmethodwith polyethylene glycol-2000 (PEG-2000) as fuel. The investigation focused on the
effect of replacing the chelating agent on the structural, elastic, andmagnetic properties of thematerial. All
synthesized systemswere identified as single-phase cubic spinel with the space group Fd3m,with no impurity
phases detected. It was demonstrated that using PEG-2000 as both fuel and chelating agent led to a significant
reduction in particle size to 8–21 nm.With an increase inmagnesium ion content, the lattice constant increased
due to substituting smaller ionswith larger ones. FTIR studies confirmed the formation of a single-phase spinel,
as evidenced by characteristic spinel peaks, with no additional peaks indicating impurity phases. As the
magnesium ion content increased, the elastic constants gradually rose. The observed increase inDebye
temperaturewith highermagnesium concentration suggests a strengthening of thematerial’s structure upon
substitution.

TheMössbauer spectroscopy studies ofmagnesium-substituted copper spinel reveal important insights into
thematerial’smagnetic and structural properties. The presence ofmultiplemagnetically ordered sextets and a
paramagnetic doublet indicates a complex interaction between ferromagnetic and superparamagnetic phases as
Mg2+ concentration varies. Keyfindings include changes in isomer shift, quadrupole splitting, and hyperfine
magnetic fields, reflecting the local environment of iron ions influenced byMg2+ substitution. The broadening
of spectral lines suggests that particle size and cation distribution lead to super-transferred hyperfine
interactions. Overall,Mössbauer’s studies highlight the significant role of cation distribution and superexchange
interactions in determining themagnetic behavior of the Cu1-xMgxFe2O4 spinel system, contributing to its
potential applications.

Themagnetic properties of samples exhibit notable trends. The saturationmagnetizationMS generally
decreases with increasingmagnesium content, except for the (x= 0.6) sample, which shows the highestMS value
of 26.21 emu g−1. The spin canting angle θC varies significantly, with the highest canting observed in the

Table 6.Magnetic properties of parameters of Cu1-xMgxFe2O4 system.

x MS (emu/g) MR (emu/g) HC (Oe) T(K) MR/MS t (nm) t′ (nm) θC(degree)

0.0 23.71 2.03 94.6 713 0.0856 0.452 0.516 53.64

0.2 23.14 1.73 99.3 670 0.0747 0.479 0.541 51.28

0.4 20.22 1.13 67.3 686 0.0558 0.613 0.709 53.50

0.6 26.21 1.56 99.2 631 0.0595 0.540 0.571 32.27

0.8 23.27 1.36 119 780 0.0584 1.621 2.020 58.47

1 14.64 0.69 89.7 640 0.0471 0.395 0.424 21.44
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(x= 0.8) sample (58.47°), suggestingmore significant spinmisalignment in this system. The smallest canting
angle is found in the (x= 1.0) sample (21.44°), indicating better alignment ofmagneticmoments. This variation
in spin canting andmagnetic properties can be attributed to the structural changes induced bymagnesium
substitution. The composition x= 0.6 stands out for its reduced canting angle and higher saturation
magnetization, suggesting this is the optimal composition formagnetic performance in the series.
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