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A B S T R A C T   

The tenacity of the current study was to prepare Li0.2Mg0.6Fe2.17Dy0.03O4/Graphene nanoplatelet (LMFD/GNP) 
composites with different Graphene nanoplatelets (GNPs) contents, including 0 wt% GNPs, 1.25 wt% GNPs, 2.5 
wt% GNPs, 3.75 wt% GNPs, and 5 wt% GNPs using an economical chemical sol–gel auto combustion (SGAC) 
process, with a balance among the structural, and magneto-dielectric order parameters for potential applications. 
The structural study indicated all the LMFD/GNP composites have single-phase spinel matrix and maximum 
crystallite size was 53.32 nm, while Lorentz fit Raman spectra also confirmed the spinel matrix along with the 
existence of GNPs in the composites. The LMFD/GNP composites revealed a decrease in dielectric constants and 
tangent loss with increasing frequency and higher values at low frequencies, while lower values at high fre
quencies. The quality factor was maximum and tangent loss was the minimum for LMFD/GNP composite with 
GNPs doping 1.25 wt% GNPs. The LMFD/GNP composites were found to have a soft magnetic nature and the 
composite with GNPs concentration of 2.5 wt% GNPs has the highest saturation magnetization (104.59 emu/g) 
and microwave operating frequency (23.12 GHz). Moreover, the retentivity and high coercivity were 32.85 emu/ 
g and 107.99 Oe for 1.25 wt% GNPs composite. Due to a comparatively high crystallite size, large saturation 
magnetization, and microwave operating frequency along with high coercivity the LMFD/GNP composites are 
well suited for potential applications including high-frequency devices, transformer cores, and hyperthermia.   

1. Introduction 

Multifunctional composites made of magnetic materials and gra
phene nanoplatelets (GNPs) have recently attracted a lot of interest. 
Large surface areas of GNPs, a wonder material with exceptional me
chanical, electrical, and thermal properties, can be employed as a tem
plate for the improvement of the properties of magnetic materials [1–6] 
and useful for the production of composites [7]. High specific surface 
area and low aggregation GNP-based materials have strong organic 
pollutant adsorption capabilities. As a result, it’s essential to avoid ag
gregation between the layers. Magnetic graphene composites are made 
by adding magnetic particles to the adsorbent for easy separation [8]. 
Graphene-based composites have various uses across many industries, 
including optoelectronics, photoelectrochemistry, photo-catalysis, bio- 

imaging, electrochemical sensors, and photovoltaics [9,10], as well as 
suitable for controlled damping, vibrational absorption, or automotive 
bushings [11], stretchable magnetic materials [12], and soft applica
tions, such as flexible electronics [13]. 

The extraordinary properties of spinel ferrites (SFs) including their 
chemical, physical, and electrical properties make these substances one 
of the greatest subjects of interest for researchers in the fields of nano
science, nanoelectronics, and nanotechnology [14–17]. The SFs are 
chemically expressed as MFe2O4 where M is a divalent metal cation. The 
high electrical resistivity of these materials makes them particularly 
useful in high-frequency applications, as they minimize eddy current 
losses in alternating current fields. Gas sensors [18], and microwave 
communication systems [19] are some common applications of SFs. The 
SF’s dielectric, magnetic, physical, and electrical properties were 
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Fig. 1. VSM set-up and their assembly.  
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changed due to several factors including doping ions and changing 
concentration of dopant, the synthesis technique along with the condi
tions used during processing, and the type of cation used to replace 
Fe3+/Fe2+ ions in the host crystal structure [20–23]. 

Few researchers, however, have used SFs combined with GNPs, 
which may have a special enhancement in the magneto-dielectric 
properties due to the combination of graphene’s outstanding electrical 
conductivity and ferrite’s amazing magnetic characteristics. The 
recently created innovative composites could be employed in high- 
frequency devices and are estimated to significantly improve the 
dielectric properties. 

The hydrothermal process [24], mechanical milling method [25], co- 
precipitation technique [26], sol–gel auto combustion (SGAC) route 
[27–30], reverse microemulsion method [31], and radiofrequency 
plasma method [32] are the techniques used to synthesize composites. 
Among these methods, the SGAC method was used to prepare the 
composites due to: (i) The SGAC method typically results in highly ho
mogeneous materials. It allows for precise control over the distribution 
of different elements and phases in the synthesized material. (ii) This 
method often produces fine particles and nano-scale particles, which can 
have unique properties and are useful in various applications, such as 
catalysis and nanomaterials. (iii) The SGAC process occurs at relatively 
low temperatures compared to other methods, reducing the energy input 
required for material synthesis. This is particularly advantageous for 
temperature-sensitive materials. (iv) The method allows for precise 
control over the stoichiometry of the final product, ensuring that the 
desired chemical composition is achieved. SGAC can be used to syn
thesize a wide range of materials, including oxides, ceramics, and 
composites. It can be adapted to produce materials with specific prop
erties, such as magnetic, optical, or electrical properties. (v) The method 
allows for a choice of precursors, which can influence the final proper
ties of the material. This flexibility can be used to tailor the material for 
specific applications. (vi) The method is considered environmentally 
friendly as it typically generates less waste and uses fewer hazardous 
reagents compared to other synthesis methods. 

In this work, the SGAC method was used to prepare Li0.2Mg0.6

Fe2.17Dy0.03O4/Graphene nanoplatelet [LMFD/GNP] composites by 
varying GNPs concentration including 0 wt% GNPs, 1.25 wt% GNPs, 2.5 
wt% GNPs, 3.75 wt% GNPs, and 5 wt% GNPs and studied the structural, 
and magneto-dielectric behaviour of the LMFD/GNP composites. The 
selection of GNPs, in particular, has gained significance as they exhibit 
exceptional structural, dielectric, and magnetic properties. Additionally, 
GNPs offer a high surface area and can be readily dispersed within 
matrices, making them an attractive choice for improving the 

performance of composite materials. In the pursuit of developing 
multifunctional composites, the control over the content of magnetic 
fillers like spinel ferrites, e.g., Li0.2Mg0.6Fe2.17Dy0.03O4, is essential. The 
precise composition and concentration of these magnetic fillers influ
ence the composite’s magnetic properties, thereby impacting its suit
ability for applications such as electromagnetic shielding, data storage 
devices, sensors, and microwave devices. This study aims to elucidate 
the influence of GNPs on the properties of a Li0.2Mg0.6Fe2.17Dy0.03O4/ 
GNPs composite, specifically focusing on the magnetic properties. By 
controlling the content of GNPs, we explore the correlation between the 
properties of the composite and its potential suitability for diverse ap
plications. Furthermore, we aim to understand the effect of GNPs on 
magnetic properties, their dispersion within the ferrite matrix, and the 
subsequent impact on the composite’s overall performance. Our findings 
hold promise in contributing to the development of multifunctional 
nanocomposites for various practical applications. 

2. Experimental part 

2.1. Materials and method of preparation of LMFD/GNP composites 

The SGAC process was applied to prepare Li0.2Mg0.6Fe2.17Dy0.03O4/ 
Graphene nanoplatelets (LMFD-GNPs) composites with various GNPs 
concentrations, including 0 wt% GNPs, 1.25 wt% GNPs, 2.5 wt% GNPs, 
3.75 wt% GNPs, and 5 wt% GNPs. Highly pure analytical reagent grade 
chemicals were used as preliminary ingredients including Graphene 
nanoplatelets (25 µm particle size and surface area 120–150 m2/g), 
dysprosium [Dy (NO3)3⋅6H2O] nitrate hexahydrate (99.9 %), magne
sium [Mg (NO3)2⋅6H2O] nitrate hexahydrate (99.99 %), lithium 
[LiNO3⋅6H2O] nitrate hexahydrate (99.99 %), and Iron [Fe 
(NO3)3⋅9H2O] nitrate nonahydrate (99.95 %) and purchased from 
Sigma-Aldrich. The chemicals were mixed in deionized water in a 1:1.2 
proportion with citric acid as a fuel. The solution was then subjected to 
bath sonication to form the mixed nitrates and GNPs solution. The mixed 
solution was placed on a magnetic stirrer (MSR). Moreover. the solution 
pH 7 was maintained with the addition of dropwise ammonia solution. 
The powders were obtained by heating the solution to 80 ◦C to form a gel 
on a magnetic stirrer, which was then dried by increasing the temper
ature of the “MSR” up to 300 ◦C. The gel in dry form was taken and 
crushed to get a fine powder which was then put inside a muffle furnace 
for the sintering process and subjected to a heat of 800 ◦C for 8 h. 

Fig. 2. (a) XRD pattern for LMFD/GNPs composites (b) XRD pattern for graphene nanoplatelets.  
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2.2. Characterizations used 

With CuKα radiation (λ = 1.5406 Å) source, an X-ray diffractometer 
(PXRD, D8 ADVANCE, Bruker Corporation, Germany, 30 kV/35 mA) 
was employed for X-ray diffraction (XRD) investigation and the 50 mg 
sample was used for the measurements of data. The identification of 
vibrational modes was done through Raman spectroscopy (MNSTEX PRI 
100, DongWoo Optron, South Korea) using a He-Ne laser source at 
633.0 nm, while the LCR meter (Model IM3536, Japan, DC and 4 Hz to 8 
MHz measurement frequency) helped to measure the dielectric prop
erties. Vibrating-sample magnetometer (Model VSM-175, China) was 
used to measure the magnetic behaviour of LMFD/GNP composites. The 
VSM is a versatile method used to measure the magnetic moment of a 
sample as it undergoes perpendicular vibrations within a consistent 
magnetizing field. Each sample was taken in the powder form of 0.03 g 
and measured the magnetic moment in emu (electromagnetic unit) in 
the range of applied field ± 5kOe, then it was converted into magnetic 
moment per gram (emu/g). The VSM set-up with details and their as
sembly is shown in Fig. 1. 

3. Results and discussion 

3.1. Structural analysis of LMFD/GNP composites 

Fig. 2(a) displayed the XRD spectra of LMFD/GNP composites. These 
patterns indicate that all the samples have (311), (220), (440), (400), 
and (511) planes, which confirms the spinel matrix was formed [33,34]. 
Fig. 2(b) illustrated the pure GNPs XRD pattern, while it was found that 
(002) and (004) peaks in pure GNPs. However, no peaks indicating the 

presence of GNPs were observed in all the as-prepared composites. 
Moreover, it was noticed that slight (311) peak shifts towards a smaller 
angle with the addition of GNPs, which confirmed the formation of 
LMFD/GNP composites. The peak with the highest intensity (311) of 
each sample was selected to determine the lattice constant (a), and 
crystallite size (D). The crystallite size was estimated via Scherrer’s 
relation [35–38]. The crystallite size was 35.81 nm, 41.52 nm, 53.32 
nm, 34.28 nm, and 32.11 nm for 0 wt% GNPs, 1.25 wt% GNPs, 2.5 wt% 
GNPs, 3.75 wt% GNPs, and 5 wt% GNPs composites. The addition of 
GNPs may introduce competing effects. For example, while some factors 
may promote the formation of smaller crystallites including enhanced 
nucleation sites, other factors may favour larger crystallite growth such 
as improved sintering efficiency. The balance between these factors can 
result in an irregular change in crystallite size. Also, the changes in GNP 
concentration can influence phase transitions within the material, 
leading to variations in crystallite size. Different phases may exhibit 
distinct crystallite growth behaviours. The effectiveness of GNPs as 
nucleation sites for crystallization may vary across the material. Regions 
with higher GNP concentrations may exhibit more effective nucleation 
and produce smaller crystallites, while other regions may not be as 
influenced. The distribution and dispersion of GNPs within the ferrite 
matrix can be non-uniform. Local variations in GNP distribution can 
lead to variations in crystallite size within the composite material 
[39,40]. Moreover, the lattice constant was 8.26 Å, 8.34 Å, 8.30 Å, 8.33 
Å, and 8.34 Å for 0 wt% GNPs, 1.25 wt% GNPs, 2.5 wt% GNPs, 3.75 wt% 
GNPs, and 5 wt% GNPs composites. It was found that no significant 
change in lattice constant with the addition of GNPs. This may be 
ascribed to the considerable dispersion and incorporation of GNPs into 
the LMFD lattice. 

Fig. 3. (a) Raman spectra for the 0.0 wt%GNPs composite (b) Raman spectra for the 1.25 wt%GNPs composite (c) Raman spectra for the 1.25 wt%GNPs composite 
(c) Raman spectra for the 2.5 wt%GNPs composite (d) Raman spectra for the 3.75 wt%GNPs composite (e) Raman spectra for the 5 wt%GNPs composite (f) Raman 
spectra pure GNPs. 
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3.2. Raman analysis of LMFD/GNP composites 

The various Raman modes observed in SFs can be influenced by the 

chemical purity, synthesis technique, composition, and grain size of the 
sample. These modes are thought to be caused by the vibrations of 
different cations within the sample [41]. The existence of D-bands in the 

Table 1 
Raman modes for all the composite.  

Samples Raman shift (cm− 1) 

T2g (1) Eg T2g (2) T2g (3) A1g D band G band 

Tetrahedral (A) Site Octahedral (B) site Tetrahedral (A) Site 

0.0 wt%GNPs 317.08 361.43 475.60 552.28 695.16 – – 
1.25 wt%GNPs 324.05 366.99 481.05 547.89 698.26 1353.55 1575.11 
2.5 wt%GNPs 318.29 359.90 474.14 548.88 694.62 1354.71 1577.58 
3.75 wt%GNPs 320.87 374.38 475.83 556.44 694.69 1320.24 1565.23 
5 wt%GNPs 315.74 356.60 473.12 549.38 693.33 1350.22 1578.63  

Fig. 4. (a) Frequency versus dielectric constant (real part) for LMFD/GNPs composite (b) Frequency versus dielectric loss (imaginary part) for LMFD/GNPs composite 
(c) Frequency versus tangent loss for LMFD/GNPs composite (d) Frequency versus quality factor for LMFD/GNPs composite (e) Frequency versus real part of 
impedance for LMFD/GNPs composite (e) Raman spectra for the 5 wt%GNPs composite (f) Frequency versus imaginary part of impedance for LMFD/GNPs composite. 
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Raman spectra for carbon-based material suggests the presence of de
fects in the carbon lattice. These defects may emerge during the prep
aration process and are commonly associated with sp3 hybridized 
carbon atoms. The defect density in carbon-based materials is commonly 
determined by measuring the intensity of the D-band. Sp2 hybridized 
carbon atoms are present in carbon-based materials due to the strong 
intensity of the G-band [42]. Lorentz fit Raman spectra having a range 
250–1800 cm− 1 for LMFD/GNP composites are displayed in Fig. 3(a–e), 
while Fig. 3(f) represented the pure GNPs spectra and exhibited that 
Raman bands around 1339 cm− 1 attributed to D-band and, around 1584 
cm− 1 indicated the G-band. All the composites spectra showed the A1g 
mode appeared in the range 693.33 cm− 1–698.26 cm− 1, which involves 
symmetrical vibrations of the oxygen atoms at A-site with respect to the 
metal ions, while T2g (3) and Eg modes appeared around 549.38 
cm− 1–556.44 cm− 1 and 356.60 cm− 1–374.38 cm− 1, respectively, are 
caused by metal–oxygen and indicated symmetrical and asymmetrical 
vibration at B- site. The T2g (2) mode, found at 473.12 cm− 1–481.05 
cm− 1 is caused by the asymmetric stretching at the B site, and the T2g (1) 
mode present around 315.74 cm− 1–324.05 cm− 1, is caused by the 
translational motion of Fe-O4 tetrahedron. The presence of these bands 
in the Raman spectra (as seen in Fig. 3) of all the composites suggested 
that LMFD/GNP contains all possible modes. The Raman band values are 
given in Table 1, although LMFD/GNP exhibited Raman peaks around 
1320.24 cm− 1–1354.71 cm− 1 and 1565.23 cm− 1–1578.63 cm− 1 corre
sponds to the D band and G band of GNPs in addition to the presence of 
Raman active modes for the LMFD sample. The D band and G band peaks 
appeared to have low intensity at small concentration of GNPs, while 
intensity was increased with greater GNPs concentration. The variation 
in the D bands and G band along the peak shift was observed in XRD 
analysis both confirmed the existence of GNPs in the LMFD/GNP com
posites. Raman signatures also showed no secondary phase (also not 
seen in XRD spectra) was developed in LMFD/GNP composites due to 
the purity of the chemicals and synthesis method. 

3.3. Dielectric properties 

Dielectric measurement helps determine the dielectric parameters of 
the materials, particularly at high frequencies, which are necessary for 
many applications. These assessments provide valuable insights and are 
widely used in various industries including communication, material 
science, and microwave circuit design among others [43–45]. The log f 
versus real (ε′) and imaginary (ε˝) components of permittivity for LMFD/ 
GNP composites at room temperature (RT) were plotted and displayed in 
Fig. 4(a) and Fig. 4(b), respectively. As frequency was increased, both ε′ 

and ε˝ were decreased, as depicted in Fig. 4(a) and Fig. 4(b), respec
tively. In all dielectric materials, it was found that both ε′ and ε˝ behave 
inversely with respect to frequency. According to Koop’s theory, this is 
explained in terms of interfacial polarisation based on the Maxwell- 
Wagner type. There are oxygen vacancies in the material, which give 
rise to space charges when an external electric field (EEF) is applied, and 
are thought to be the cause of the free charges that form as a result of 
these defects. When the frequency is low, the charges have more time to 
travel farther into the material, producing a significant amount of 
electronic polarization and, consequently, a larger dielectric constant 
[46]. Fig. 4(c) illustrated frequency-dependant dielectric tangent loss 
(tan δ) plots. While more energy is needed for electron hopping between 
ferrous and ferric ions at low frequencies, it is clear that this causes 
higher dielectric at low frequencies. Due to the activation of highly 
conducting grains, which makes it easier for electrons to hop at low 
frequency, “tan δ” considerably drops as frequency rises, but further 
increases in frequency have little effect on the “tan δ” values. The “tan δ” 
had minimum value for composite graphene 1.25 wt% GNPs, as was 
seen in Fig. 4(c), and had a maximum value for 2.5 wt% GNPs composite 
at high frequency. The chemical composition, sintering temperature, 
crystallite size, frequency fluctuations, porosity, and reaction 

circumstances are only a few of the variables that affect the tangent loss 
[47,48]. The predictive capacity of the quality (Q) factor for diverse 
electrical devices and components arises from its ability to establish a 
link between the rate of energy dissipation and the stored energy, 
making it a valuable indicator of efficiency [49]. The quality (Q) factor is 
the reciprocal of the tangent loss [50] and the log f versus Q factor 
behaviour is illustrated in Fig. 4(d). It was noted that higher frequency 
ranges above 108 Hz have the highest value of Q factor and the com
posite with GNPs content 1.25 wt% GNPs had maximum value, while Q 
factor was minimum for a composite having GNPs concentration 2.5 wt 
% GNPs at high frequency. Hence, these composites can be used in 
resonance and high-frequency multilayer circuits. 

Impedance investigation is the best method for assessing the bulk 
(grain) and grain-boundary contributions to the net conductivity and 
provides a comprehensive understanding of the electrical behaviour of 
SFs [50]. Fig. 4(e) and (f) showed all frequency-dependent real 
component of impedance (Z′) and imaginary component (Z″) for all the 
compositions, respectively. As the frequency rises, the both Z′ and Z″ was 
rapidly reduced. Moreover, with the addition of GNPs in LMFD sample, 

the both Z′ and Z″ were reduced for all the composites. There is no 

Fig. 5. Cole-Cole plots for LMFD/GNPs composites.  

Fig. 6. Nyquist plots for LMFD/GNPs composites (with inside equiva
lent circuits). 
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significant change in the impedance after around 106 Hz. A Cole-Cole 
plot is a valuable tool for characterizing the electrical behaviour of 
materials, particularly for dielectric properties. In this study, the Cole- 
Cole plot provides insights into the complex electrical response of the 
composite material. The deviations from a simple, idealized response 
can be indicative of various microstructural and electrical phenomena 
within the material [51]. Fig. 5 depicted Cole-Cole plots illustrating the 
variation of ε′ and ε″ for LMFD/GNP composites. At low frequency, a 
linear behaviour is noticeable, and at high frequency, the linear response 
completely shifted to a semi-circle plot, indicating that the composites 
under investigation are insulating at low frequency and semi-conductive 
at high frequency. Grain boundaries seem to be electrically more resis
tive than the grains themselves due to their sound crystalline features. 
They are both thought to be two layers, with grain boundaries having 
large resistance and grains having small resistance. For instance, it may 
offer insights into the material’s suitability for applications like sensors, 
where the dielectric properties are crucial. It can also inform the design 
of materials for electromagnetic interference (EMI) shielding or energy 
storage, where a tailored electrical response is vital [30]. Fig. 6 dis
played the Nyquist plots of LMFD composites at room temperature in 
which the real (Z′) and imaginary (Z″) components plotted along the x- 
and y-axes, respectively. On a Z′ versus Z″ plots, a single semicircle at a 
high frequency indicates the existence of the grain impact, a second 
semicircle at a lower frequency shows the existence of the grain 
boundary influence, and a third semicircular arc is caused by the elec
trode effect [52]. All the LMFD/GNP composites exhibit two semi
circular arcs, one at a higher frequency for the influence of the grain 
interior, and the other at a smaller frequency for the impact of the grain 
boundary. The random alignment of grains inside the two-dimensional 
conductivity gives rise to the grain boundary impedance. The parallel 
combination of grain boundary resistance and capacitance contributes 

to the impacts of the material’s sample grain boundary. The disconti
nuities in Figs. 5 and 6 for spinel ferrites result from the presence of 
multiple relaxation processes in the material. Each discontinuity corre
sponds to a distinct relaxation phenomenon with its characteristic time 
constant, offering insights into the material’s complex electrical and 
magnetic behaviour. These discontinuities can be attributed to the 
interplay of factors like microstructure, defect distribution, magnetic 
domains, and other material properties [53]. 

3.4. Magnetic properties 

Fig. 7(a) illustrates the applied filed versus magnetization loops for 
LMFD/GNP composites. Table 2 exhibited the calculated magnetic pa
rameters. The saturation magnetization (MS) was maximum (104.59 
emu/g) for 2.5 wt% GNPs composite. The maximum value of saturation 

Fig. 7. (a) Applied field versus magnetization plots for LMFD/GNPs composites (b) Applied field versus microwave operating frequency plots for LMFD/GNPs 
composites (c) Applied field versus switching field distribution plots for LMFD/GNPs composites. 

Table 2 
Magnetic parameters of LMFD/GNPs composites.  

Samples HC 

(Oe) 
Mr 

(emu/ 
g) 

Ms 

(emu/g) 
SQ K (erg/ 

cm3) 
ωm 

(GHz) 

0.0 wt% 
GNPs 

65.07 40.10 86.86 0.4616 5887.47 19.20 

1.25 wt% 
GNPs 

107.99 32.85 78.01 0.4211 8775.31 17.24 

2.5 wt% 
GNPs 

43.18 30.65 104.59 0.2930 4704.37 23.12 

3.75 wt% 
GNPs 

67.17 21.94 74.52 0.2944 5214.07 16.47 

5 wt% 
GNPs 

41.77 29.47 99.15 0.2972 4314.05 21.92  
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magnetization corresponds to the larger crystallite size of composite 2.5 
wt% GNPs (as seen in XRD analysis). The enhancements in magnetic 
parameters with the addition of GNPs can be affected by different 
intrinsic and extrinsic parameters [8]. The relative distribution of cat
ions at the A- and B- sites is one example of an intrinsic parameter. 
However, the A- and B- sites distribution of the cations is increased by 
the addition of GNPs in the LMFD lattice. Moreover, it alters the surface 
morphology and crystal strains. The extrinsic parameters are based on 
the density of the particles, morphology, and crystallite size. Further, 
Because of the addition of non-magnetic GNPs, the increase in MS of the 
composite is probably caused by the effect of crystallite size and the 
number of magnetic particles present. In terms of crystallite size impact, 
a greater crystallite size tends to have larger MS because of smaller 
magneto crystalline anisotropy and surface distortions of the particles 
[54]. The number of magnetic LMFD particles was fixed in the current 
study of LMFD/GNP composites, but the maximum saturation magne
tization was observed for maximum crystallite size at 2.5 wt% GNPs. 
Table 2 shows that coercivity (HC) was maximum (107.99 Oe) for 
composite has 1.25 wt% GNPs, while the value of 43.18 Oe for com
posite has 2.5 wt% GNPs. Moreover, the retentivity (Mr) decreased from 
40.10 emu/g to 21.94 emu/g with an increase of GNPs from 0 wt% GNPs 
to 3.75 wt% GNPs and then increased up to 29.47 emu/g for 5 wt% GNPs 
composite. The anisotropy constant (K = HC × MS/0.96) and squareness 
ratio (SQ =Mr/MS) was calculated and reported in Table 2. The 
anisotropy constant showed anomalous behaviour and LMFD/GNP 
composites are single-domain nanoparticles with uniaxial anisotropy, as 
indicated by the SQ ratio being less than 0.5. The magnetic materials 
used for transformer cores and hyperthermia have minimal retentivity 
and coercivity [55]. The applied magnetic field versus microwave 
operating frequency (ωm = 8π2Msγ where gyromagnetic ratio = γ = 2.8 
MHz/Oe) plots illustrated in Fig. 7(b). The maximum value of “ωm” for 
composite having GNPs concentration 2.5 wt% GNPs composite is due to 
higher saturation magnetization. In Fig. 7(c), the dM/dH versus applied 
field (switching field distribution curves) was plotted and the dM/dH 
data showed a sharp increase in the small field (as displayed in Fig. 7(c)). 
It represents the distribution of magnetic switching fields within the 
material, reflecting the range of magnetic interactions and energies 
associated with the domains in the sample. The analysis of the switching 
field distribution (SDF) offers valuable insights into the domain behav
iour and magnetic properties of the material. The SFD curves of the as- 
prepared composites are derived from the first derivative of the 
demagnetization data. Notably, the low-field switching response in
dicates weak magnetic interactions, while stronger magnetic in
teractions become evident at higher fields. The smooth and horizontal 
lines in the curves are indicative of strong magnetic interactions among 
the ions [56]. 

4. Conclusions 

The technique of SGAC was employed to prepare LMFD/GNP com
posites having GNP concentrations 0 wt% GNPs, 1.25 wt% GNPs, 2.5 wt 
% GNPs, 3.75 wt% GNPs, and 5 wt% GNPs. XRD confirmed the creation 
of the spinel matrix attributed to single-phase. It was found that the “D” 
was maximum (53.32 nm) for 2.25 wt% GNPs composite. Lorentz fit 
Raman spectra also established the substitution of GNPs in the LMFD 
lattice. When the frequency was increasing, it was noted that there an 
exponential decay in the dielectric constant and tangent loss. The 
tangent loss and Q factor showed minimum and maximum values for 
composite have GNPs contents 1.25 wt% GNPs. Moreover, from VSM 
analysis the higher microwave operating frequency and saturation 
magnetization were observed for composite 2.5 wt% GNPs and the 
saturation magnetization has good agreement with crystallite size. 
Finally, it was concluded that based on the improved magneto-dielectric 
properties the LMFD/GNP composites are the best candidate for high- 
frequency application, transformer cores, and hyperthermia. 
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