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Abstract  

Due to their low cost, easy preparation, and outstanding electrical, dielectric, and 

magnetic properties, spinel ferrites are of enormous scientific and technological importance. 

Moreover, graphene nanoplatelets (GNPs) are an excellent supporting material for the 

construction of a wide range of composites. The sol-gel auto combustion (SGAC) route was 

used to prepare Ni0.5Co0.5Fe1.97Nd0.03O4 (NCNF) ferrite and their composites with GNPs. 

Single-phase structures were found by X-ray diffraction (XRD) analysis and the crystallite size 

increased with the insertion of GNPs into the NCNF sample. Raman spectra also confirmed 

the spinel structure of the ferrites and supported the existence of graphene in the composite. 

Micrographs indicate that agglomeration decreased in all the samples. It was found for the 

NCNF/2.5wt%GNPs composite, the energy bandgap was 1.90 eV, while the temperature 

coefficient of resistance (TCR) had a value of -4.27 K-1 and the values of the dielectric constant 

and quality (Q) factor were a maximum. Moreover, the dielectric tangent loss was minimum, 

and magnetic tangent loss was maximum for the NCNF/2.5wt%GNPs composite. A saturation 

magnetization of 108.83 emu/g and 24.06 GHz microwave frequency were observed for 

NCNF/2.5wt%GNPs composite. Therefore, the composite NCNF/2.5wt%GNPs had improved 

dielectric characteristics making them a promising material for a variety of applications, 

including microwave frequency operating devices, bolometric devices, and microwave 

absorbing materials.    

Keywords:  Sol-gel auto combustion; ferrites; graphene; temperature coefficient of resistance; 

dielectric. 

1. Introduction  

Graphene nanoplatelets (GNPs) offer a wide range of applications in condensed matter 

physics, material science, microwave absorption, and electronics due to their unique two-

dimensional (2D) structure [1-6]. Graphene nanoplatelets exhibit high surface area [7], 
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antibacterial properties [8], effective electron mobility, and excellent electrical with chemical 

properties. These properties of graphene provide support for nanoparticles in the formation of 

composites [9]. Moreover, graphene has a high dielectric property, which causes poor 

impedance and low absorption characteristics along with agglomeration. Graphene’s 

agglomeration formation problem can be overcome by the use of rare-earth (RE) ions 

substituted ferrites because REs ions act as spacers for the graphene nanosheets [10].   

Spinel, garnet, hexagonal, and ortho-ferrites are the different categories of ferrites based 

on their structure. AB2O4 is the general formula for spinel ferrites (SFs), where “A” may be 

divalent ions or a combination of different divalent ions, and “B” indicates trivalent and RE 

ions. The behaviour of these materials can be tuned by the selection of some physical conditions 

such as synthesis method, precursors, dopant metal, chemical composition, and calcination 

temperature [11-15]. Ni-Co SFs have high symmetry and low magnetocrystalline anisotropy 

[10]. It was reported that the addition of RE ions into SFs causes deformation of the structure 

and thus modifies their electrical and chemical properties [16-18]. Therefore, researchers have 

paid great attention to the preparation of RE substituted SFs to enhance their properties. Kokare 

et al., [19] used a sol-gel auto combustion process to synthesize the Ni0.5Co0.5Fe2O4 (NCF) 

sample and reported a 33.38 nm crystallite size. Farooq et al., [20] also prepared an NCF 

sample and claimed the lattice constant was 8.3490 Å. The structural and optical parameters of 

the NCF sample were reported by Pawar et al., [21]. The lattice constant was observed at 

8.3449 Å and the energy bandgap was 2.72 eV along with the crystallite size of 33.50 nm.  

Graphene (G) and its derivative materials have attracted researcher’s interest due to 

their unique properties and practical applications. Graphene may also be combined with a 

variety of inorganic and organic functional components to create composites, making it a 

multipurpose material [22]. Increasing the concentration of graphene nanoplatelets (GNPs) 

creates agglomerates, with lower dielectric losses, higher dielectric constant, and 

inhomogeneities [3]. Because of their high density, the use of SFs as microwave absorbing 

materials (MAMs) is limited and demands the combination with GNPs as light materials for 

the MAMs applications. Conduction loss contributes to semicircle distortion by causing a linear 

portion to appear in the Cole-Cole plots of semicircles in (MnNiCu)0.9−𝑥Co𝑥Zn0.1Fe2O4/G 

composites [6]. Improved absorption characteristics of MgFe2O4 (MFO)/G hybrids composites 

were the result of three factors: (1) The 2D planar conductive graphene produced a conductive 

network in the materials, resulting in a high tangent loss, (2) the composite's structural stability 

was improved by the uniform distribution of MFO nanorods on the graphene sheet, which was 

advantageous for electromagnetic wave attenuation. (3) Finally, due to the difference between 
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graphene and MFO nanorods in permittivity, interface scattering would be produced, resulting 

in more efficient absorption [3-6]. The efficient complementation of permeability and 

permittivity results in excellent microwave absorption, while both magnetic and dielectric loss 

contributes to microwave absorption [23]. Ni0.5Co0.5Fe2O4/G composites with outstanding 

microwave absorption were prepared using a hydrothermal route and results showed that 

adding graphene to an appropriate range can significantly improve microwave absorbing 

performance, with magnetic loss contributing to the majority role in microwave absorption of 

composites [24]. This improved absorption performance could be attributed to interfacial 

polarization and a good impedance match resulting from the dielectric's unique pore 

configuration [25]. The grain size was reduced when CoFe2O4 blended with GNPs and the 

permittivity varies inversely with grain size, although the loss (imaginary permittivity) 

obtained is relatively less. For devices that operate in the microwave or radio frequency range, 

these properties are critical. As a result, the ferrite's substantially lower dielectric constants 

allow them to be used at high frequencies [26]. When GNPs were added in Ni0.4Zn0.6Fe2O4 

ferrite, the permittivity (real and imaginary part) and imaginary parts of complex permeability 

of composites were significantly improved, indicating that higher magnetic and dielectric loss 

tangent of composites were achieved [5]. Qamar et al., [27] reported that the lattice constant 

for Ni0.5Co0.5Ce0.2Fe1.8O4 (NCCF) ferrite and Ni0.5Co0.5Ce0.2Fe1.8O4/G composite was 8.651 Å 

and 8.846 Å, respectively. They added 20wt% graphene to the NCCF sample and observed an 

increase in the lattice constant due to the addition of graphene. The increase in lattice constant 

may be due to the incorporation of graphene [27-29].  

However, few studies were published that use SFs blended with graphene nanoplatelets, 

which may have a unique improvement in magnetic and dielectric properties due to the 

combination of ferrite's remarkable magnetic properties and graphene's excellent electrical 

conductivity. The newly synthesized novel composites are expected to have a significant 

dielectric improvement and could be used in high-frequency devices. 

Radiofrequency plasma method [30], co-precipitation method [31], reverse 

microemulsion route [32], mechanical milling [33], sol-gel auto combustion (SGAC) method 

[34], and hydrothermal method [35], and are some of the methods used to prepare graphene 

composites. Therefore, in this article, we report on Ni0.5Co0.5Fe2O4 (NCF), Ni0.5Co0.5 

Nd0.03Fe1.97O4 (NCNF), Ni0.5Co0.5Fe1.97Nd0.03O4/2.5%GNPs (NCNF/2.5wt%GNPs), and 

Ni0.5Co0.5Fe1.97Nd0.03O4/5%GNPs (NCNF/5wt%GNPs) composite synthesized via SGAC 

technique and investigate their structural, morphological, optical, electrical, dielectric, and 

magnetic properties. 
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2. Experimental Method 

2.1 Materials and samples preparation method 

The precursors Co (NO3)2. 6H2O (98.50%), Fe (NO3)3. 9H2O (99.95%), Nd (NO3)3. 

6H2O (99.99%), Ni (NO3)2.6H2O (99.99%), and graphene nanoplatelets (GNPs) were used to 

prepare the NCF, NCNF, NCNF/2.5wt%GNPs, and NCNF/5wt%GNPs composites by the 

SGAC method The citric acid was used as a combustible agent for the as-synthesized 

composites powder. Metal nitrates to citric acid molar ratio were kept at 1:1.2. The GNPs were 

taken as 2.5wt% and 5wt% with an NCNF sample to prepare composites of NCNF and GNPs. 

The solution of all nitrates was mixed and stirred for 10 minutes on a magnetic stirrer. 

GNPs solution was added to the metal nitrates solution. Furthermore, the solution of citric acid 

was added and sonicated for 30 mins to form a homogeneous solution. This solution was kept 

at a magnetic stirrer with 50 rev/min speed and ammonia was added dropwise to obtain a pH 

7. After that heat was turned on while continuously stirring. The heating and stirring were 

sustained till the formation of viscous gel at 353 K. This gel was heated at 573 K to get fluffy 

powder by auto combustion. This powder was then grounded and calcinated at 1123 K for 5 

hrs. The obtained powder was again ground and used for the different characterization 

techniques. The complete process is demonstrated in Fig. 1.  

2.2 Characterization used 

Using Cu Kα radiation with λ = 0.1542 nm, X-ray diffraction (XRD) was performed 

with Bruker D8 Advance X-ray diffractometer. The synthesized sample’s structure was also 

confirmed using Raman spectroscopy using a 532.8 nm laser excitation. The morphology of 

the synthetic materials was studied using Scanning electron microscopy (SEM, NOVA 

NANOSEM 430). The energy bandgap was estimated using UV–visible spectroscopy. In this 

study, the electrical characteristics were measured using a KEITHLEY Model 2401 

Sourcemeter, two probes I–V measurement meter. At room temperature (RT), dielectric 

measurements were obtained using the IM3530 series LCR Meter. At room temperature (RT), 

a vibrating sample magnetometer (VSM) was used to measure the sample’s magnetic 

properties. 

3. Results and their discussion     

3.1 Structural analysis 

XRD spectra of the as-prepared ferrites and composites are depicted in Fig. 2(a). The 

diffraction planes (220), (311), (222), (400), (422), and (511) indicate the spinel matrix. The 

appearance of a large peak in the diffraction plane (311) showed the presence of spinel phase 

structure in the samples. A small peak shift was observed in the (311) plane towards a greater 
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diffraction angle in the NCNF sample due to the substitution of Nd3+ into the NCF sample as 

depicted in Fig. 2(b). It was also observed from Fig. 2(c) that with the addition of 2.5wt% GNPs 

and 5wt% GNPs into the NCNF spinel matrix, the peak (311) shifts toward the smaller 

diffraction angle. Fig. 2(d) shows the XRD spectra of pure GNPs and two peaks labeled with 

planes (022) and (044) are observed. However, the composites with the addition of GNPs 

showed similar patterns to the NCNF sample (Fig. 2(a)). This may be due to the low crystalline 

matrix of GNPs [27].  

The lattice parameter values are given in Table 1. The lattice constant (a), interplanar 

distance (d), and unit cell volume (V) were determined [15, 36]. The value of interplanar 

spacing was reduced from 2.517 Å to 2.515 Å with the substitution of Nd3+ ion into the NCF 

spinel matrix. Moreover, with the doping of GNPs in the NCNF spinel lattice, the interplanar 

spacing was increased from 2.518 Å to 2.531 Å. The unit cell volume and lattice constant have 

a similar trend to interplanar spacing (as shown in Fig. 3(a)). The reduction in the lattice 

parameters was observed due to the substitution of Nd3+ (0.983 Å) with Fe3+ (0.64 Å). Another 

reason for the reduction in lattice parameters might be the higher ionic radius of Nd3+ ions, 

which causes lower degrees of lattice fringe alignment and lattice distortion [37]. However, the 

increase in the lattice parameters was due to the addition of GNPs in the NCNF spinel lattice. 

The change in structural parameters was also observed by different researchers and reported 

that the structural parameters were varied due to the incorporation of graphene in the spinel 

structure [27-29]. The Scherer formula was used to calculate crystallite size (D), lattice strain 

(𝜀), and dislocation line density (δ) were also determined [15, 38]. The full width at half 

maxima (FWHM) values were given in Table 1. The size of the crystallites in these samples 

increased from 33.49 nm to 39.55 nm. The samples versus FWHM and crystallite size were 

depicted in Fig. 3(b). The doping of Nd3+ ions increased the crystallite size of NCF samples, 

which was further enhanced by the insertion of GNPs in the NCNF sample and a similar trend 

was observed in the literature [39]. The dislocation line density was reduced with the doping 

of Nd3+ ion in the NCF sample and GNPs in the NCNF spinel lattice (trend as shown in Fig. 

3(c)). With the doping of Nd3+ ions in the NCF sample, the strain was also reduced to 0.339. 

The addition of GNPs in the NCNF spinel lattice resulted in a small decrease in lattice strain 

(0.301) and graphically depicted in Fig. 3(c). In short, it was found that adding GNPs to the 

NCNF sample changed its structure, shape, and geometry. 

3.2 Raman analysis 

Raman spectra are commonly used to explain the vibrational dynamic in terms of 

normal modes inside the two sub lattice sites i.e., tetrahedral and octahedral sites within the 
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spinel structure. The tetrahedral (A) site is a tetrahedron composed of the cation at the center 

of a cube and four oxygen atoms in the nonadjacent corners; the octahedral (B) site is an 

octahedron consisting of a cation surrounded by six oxygen atoms, two along each dimensional 

axis [40]. 

The Raman spectra of pure GNPs are depicted in Fig. 4(a), and the Raman spectra of 

all ferrites and composites are shown in Fig. 4(b). The modes are given in the relation: 𝐴1𝑔(𝑅) +𝐸𝑔 (𝑅) + 𝑇1𝑔 + 3𝑇2𝑔(𝑅) + 2𝐴2𝑢 + 2𝐸𝑢 + 5𝑇1𝑢(𝐼𝑅) + 2𝑇2𝑢 all belong to the SFs crystal structure 

with the O7h space group. Raman (R) active modes include 3T2g(R), Eg(R), and A1g(R). T1u is 

an infrared (IR) active mode, whereas 2T2u, 2Eu, 2A2u, and T1g are symmetry vibration modes. 

Table 2 summarized the natural frequencies of the Raman active modes. The Raman modes of 

the SFs, as well as two bands at 1600 cm-1 (G-band) and 1300 cm-1 (D-band), correspond to 

the free-defect and disordered regions of graphene, which is seen in the NCNF/2.5wt%GNPs 

and NCNF/5wt%GNPs composites. 

3.3 Morphological analysis 

The surface morphology of all the ferrites and composites is presented in Fig. 5(a-d). 

Clusters of particles in NCF and NCNF samples were seen in Fig. 5(a-b), respectively. The 

particles of the NCF sample were agglomerated as depicted in Fig. 5(a). In the NCNF sample, 

substitutions of Nd3+ ions in the NCF spinel matrix decreased agglomeration (Fig. 5(b)). The 

increase in the crystallite size with the doping of Nd3+ ions in the NCF spinel lattice was 

established by XRD analysis (Table 1). Therefore, the greater the crystallite size, the less will 

be the agglomeration. The micrographs of NCNF/2.5wt%GNPs and NCNF/5wt%GNPs 

composites are shown in Fig. 5(c-d). The inclusion of GNPs in the NCNF sample also 

decreased agglomeration, as seen in Fig. 5(c-d). The high tendency of graphene to form 

agglomeration was prevented by the combination with the ferrites and reduced the 

agglomeration of the graphene-based ferrites composites [10, 22].   

3.4 Energy bandgap analysis  

The Tauc plots of all the samples are depicted in Fig. 6(a-d), and the energy bandgap 

(Eg) was calculated. It is clear from Fig. 6(a-d) that the “Eg” has values of 3.01 eV, 1.97 eV, 

1.90 eV, and 2.30 eV for NCF, NCNF, NCNF/2.5wt%GNPs, and NCNF/5wt% GNPs 

composites respectively. The un-doped NCF sample has the largest energy bandgap because 

of the orbital overlap between the O2-p and Fe-3d energy states. The energy bandgap is reduced 

with Nd3+ doping in the NCF sample. As a result of the interaction between this 4f energy state 

and the valence state O2-p orbital, charge migration from Nd3+ energy levels to the NCF sample 
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conduction band occurs [41]. With the addition of GNPs in the NCNF sample, the value of 

“Eg” was 1.90 eV for 2.5wt%GNPs composite, and for 5wt%GNPs composite the “Eg” was 2.30 

eV. 

3.5 Electrical analysis  

One of the most powerful techniques for explaining the electrical behaviour of ferrite 

and its derivatives is temperature-dependent resistivity (ρ) measurement. Arrhenius plots 

(103/T versus log ρ) for the as-synthesized ferrites and composites are depicted in Fig.7. It is 

clear from Fig. 7 that all the samples have two distinct regions based on transition temperature 

called the Curie temperature (TC). The Curie temperature of the as-prepared samples is the 

temperature at which a sharp change in the magnetic properties is observed and separates the 

ferro region (magnetic moment is in order state) and para region (magnetic moment is in 

disorder state) [14]. The ferro region lies below “TC” and the para region lies above “TC”. The 

semiconducting nature was demonstrated by a reduction in resistivity with increasing 

temperature for all samples. It could be because when the temperature rises, the activated drift 

mobility of electric charge carriers increases. The electronic conduction in ferrites is dominated 

by electron hopping between the same ions with multivalence states (such as Fe3+ and Fe2+ 

ions), which is dispersed arbitrarily among lattice sites, according to Verwey's hopping 

mechanism [42]. Also, it was observed from Fig.7 that the resistivity is high, in the order of 

105 – 108 . This may be due to the poor conductivity of SFs, which conduct by the hopping 

of electrons between ferric (Fe3+) and ferrous (Fe2+) ions at B-sites. 

     Fe2+       → Fe3+ + e– 

Fe3+ + e–   → Fe2+ 

Fig.8(a-c) shows the concentration versus resistivity plots at different temperature 

ranges. Fig.8(a) represents low-temperature region concentration versus resistivity and 

observed that in this region the resistivity was maximum for NCNF/2.5wt%GNPs composite. 

Fig.8(b-c) revealed that the resistivity has the maximum value for the NCNF sample in the 

moderate and high-temperature regions.  

The slope of the plots as shown in Fig. 7 (Arrhenius plots) was used to calculate the activation 

energy (ΔE = Ep – EF) via equations: E = 2.303 × kB × 103 × slope (eV) [43, 44] where  “Ep” is 

the activation energy of the paramagnetic region,  “EF” represents activation energy of the 

ferromagnetic region, and “kB” Boltzmann constant (8.602× 10−5 eV/K). The activation energy 

is 0.7451 eV, 0.8111 eV, 0.8906 eV and 0.7935 eV for NCF, NCNF, NCNF/2.5wt%GNPs, and 

NCNF/5wt%GNPs composites, respectively (as represented in Fig. 9). 
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Temperature coefficient of resistance (TCR) percentage values were determined for all 

the samples using temperature (T) dependent resistivity (ρ) [42]. TCR% values for all samples 

in the range of 313 K to 543 K are depicted in Fig. 10(a-d). All samples showed a peak in the 

temperature dependence of the TCR curves, and the peaks were observed at 382 K in all the 

samples. The peak position of temperature versus TCR% plots was -3.79 K-1, -4.04 K-1, -4.27 

K-1, and -4.40 K-1 for NCF, NCNF, NCNF/2.5wt%GNPs, and NCNF/5wt%GNPs composites, 

respectively. Time and sintering temperature influence the peak value of TCR% [42]. Due to 

the high value of TCR, this research suggests that as-prepared ferrites and composites may be 

useful for bolometric device applications. Fig.11(a) represents low-temperature region (313 K 

– 343 K) samples versus TCR%. It was observed that in this region the TCR% was maximum 

for the NCF sample and minimum value for composite NCNF/5wt%GNPs. It was found that 

the samples have positive values of TCR% at low temperatures (as seen in Fig.10 and also in 

Fig.11(a)). Fig.11(b) indicates the negative values of TCR% for moderate temperature regions 

(353 K – 433 K) for the as-prepared ferrites and composites. In the high-temperature region 

(523 K – 543 K), the negative TCR% was maximum for the NCF sample and minimum value 

for composite NCNF/5wt%GNPs.  

3.6 Dielectric analysis 

The frequency versus dielectric constant (𝜀′) plots are shown in Fig. 12(a) and it was 

observed that as the frequency increased, the charge carriers accumulated at the boundaries 

could not continue to follow the field variation. Therefore, the dielectric constant remains 

constant at a higher frequency. A greater dielectric constant of the composites was observed as 

compared to the pure NCF sample, as illustrated in Fig. 12 (a). The variation in the dielectric 

constant with frequency shows the dispersion caused by Maxwell-Wagner type interfacial 

polarization, which is in accordance with Koop's phenomenological theory [45]. At low 

frequency, the large value of the dielectric constant revealed that all types of polarization exist 

including atomic, electronic, interfacial, and dipolar polarization. The mechanism of 

polarization in ferrites is the same as that of conduction, i.e., charge carriers hopping between 

multivalence ions of the same element while because graphene improved conductivity, the 

dielectric constant was also increased. Overall, graphene enhances the dielectric constant 

values. Fig. 12 (b) depicts the log of frequency versus dielectric loss (𝜀′′). In an applied 

electrical field dipole orientation of dielectric material can be caused by the absorption of 

energy, this loss of energy is well-defined by dielectric loss. The pure NCF sample has a high 

dielectric loss while the NCNF/2.5wt%GNPs composite has a low dielectric loss (as shown in 
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Fig. 12 (b)). The loss of tangent (tan 𝛿𝑒) for all of the as-prepared samples is shown in Fig. 12 

(c). The dielectric loss tangent is the dissipated energy in a dielectric material due to different 

phenomena including electrical conduction, dielectric relaxation, and domain wall dielectric 

resonance [29, 46, 47]. Due to Maxwell–Wagner polarization, the loss tangent decreased with 

enhancing frequency and at a high-frequency tangent, the loss remains constant. The loss 

tangent has high values at low frequency, but as the frequency rises, the tangent is substantially 

reduced. The loss tangent for the pure NCF sample is higher than the NCNF sample while by 

adding the GNPs in the NCNF sample the tangent loss was reduced for 2.5wt%GNPs and for 

5wt%GNPs the tangent loss increased as compared to the pure NCF and Nd3+ ion-doped NCF 

sample. The composite has a relatively low loss tangent that's because the real permittivity has 

always been high [48]. It could be owing to graphene's high electrical conductivity [49]. The 

tangent loss values are affected by sintering temperature, structural uniformity, and iron ion 

concentration [29]. 

The variation of frequency versus ac conductivity (σac) is similar for all the samples and 

exhibits semiconducting behaviour well known for ferrites (as shown in Fig. 12 (d)). It was 

clear from Fig. 12 (d) that adding GNPs reduced the “σac” at the low percentage of graphene 

(2.5wt%GR) while for the high percentage of graphene (5wt%GNPs) the “σac” values were 

increased as compared to pure NCF and Nd3+ ions doped NCF samples. Furthermore, Koop's 

theory [42] that defined the ferrite's heterogeneous structure consisting of conducting grain 

regions separated by poorly conducting grain boundary regions explains the observed ac 

conductivity frequency dependence. The ac conduction is done through a charge carrier 

hopping mechanism [42] between cations with various valences present at the same site. 

Charge carriers will accumulate at the grain boundary due to the differential in conductivity 

between the two regions, resulting in interfacial polarization. Furthermore, at lower 

frequencies, the resistant grain boundaries are thought to be the most important functional 

components of conduction, whereas, at higher frequencies, the more conductive grains are the 

key contributors to conduction [50]. 

The relation between the rate of dissipated energy and the stored energy is valuable to 

predict the efficiency of different electrical components as well as devices. This rate of both 

energies defines the Quality (Q) factor of that device. The Q factor of as-prepared samples is 

shown in Fig. 13. The value of the Q factor is maximum for NCNF/2.5wt%GNPs composite 

and minimum for NCNF/5wt%GNPs composite. 

Fig.14(a-d) depicted Cole-Cole plots showing the variation of complex permittivity for 

all the ferrites and composites. At lower frequencies, a linear behaviour was observed, and the 
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linear response slowly turns to a semi-circle arc at higher frequencies, indicating that the as-

synthesized ferrites and composites are semi-conductive at higher frequencies and insulating 

at lower frequencies. Grains are electrically less resistive than the grains boundaries due to 

crystalline characteristics i.e., grains having low resistance and grain boundaries having high 

resistance. Koop's theory was confirmed by Maxwell–Wagner, who stated that greater 

resistance regions have interfacial polarization because of charge accumulation at grain 

boundaries.  

Two parallel components are coupled in series in an electrical circuit model and can 

thus be used to understand the existence of high and low impedance semi-circular arcs. The 

combined effect of grain boundary and grain resistance will be the circuit's overall impedance. 

As a result, the low impedance semicircular arcs are attributed to grain boundary resistance, 

and the high-frequency semicircular arcs are attributed to bulk impedance [51]. With the 

increased radius of the semi-circle with increasing dopant concentration, the material's ac 

conductivity has increased. Fig. 15(a) represents the log of frequency versus the real part of 

impedance (Z′) of as-prepared samples. It is revealed from Fig. 15 (a) that impedance decreases 

with increasing frequency then becomes constant at a higher frequency, and has high values at 

low frequency. This indicates that the as-prepared ferrites and composites are used as 

dielectrics in low-frequency devices. The impedance has no significant value after about 105 

Hz, indicating that the conduction mechanism has become dominating in the as-prepared 

materials due to electron hopping at high frequencies. Space charge polarization and low 

conductivity in the material results in high impedance values in all samples at low frequencies. 

As the frequency rises, the transmission in the material increases, leaving only space charge 

polarization in the higher frequency regions [52, 53]. Fig. 15(b) shows the plots of the log of 

frequency against the imaginary part of impedance (Z′′). It was found that when frequency 

increases, the imaginary part of impedance decreases. In all samples, the constant values of the 

imaginary part of impedance at the higher frequency domain are because of space charge 

polarization, just as they were in the real part of the impedance. In the high-frequency domain, 

this continuous behaviour demonstrates that the real and imaginary impedances behave 

independently of frequency. 

The Nyquist plot is a graph that shows the change in real versus imaginary parts of 

impedance as shown in Fig. 16 for all the ferrites and composites. A Nyquist plot is formed of 

one or more semicircles. Semicircles, on the other hand, may not always be completed. At low 

frequencies, the semicircle can be attributed to the grain boundary, whereas at high frequencies, 
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the second semicircle can be assigned to grain contribution. Because both semicircles are 

present, the dielectric process is dependent on two relaxation processes.  

The toroid-shaped sample was wound with four rounds of enameled copper wire, and 

the inductance (LS) was determined at RT. The real part of initial permeability was calculated 

using [54]; 𝜇′ = LS/Lo, where Lo = 𝜇𝑜ℎ𝑁2 2𝜋⁄  In 𝑟𝑜 𝑟𝑖⁄  is coil inductance without sample core, 

while h, N, 𝑟𝑜, and 𝑟𝑖 represent the thickness, number of turns of the coil, outer and inner radius 

of the toroid-shaped sample, respectively. The frequency-dependent real part of initial 

permeability (𝜇′) spectra is shown in Fig. 17(a).  It was observed from Fig. 17(a) that the real 

part of initial permeability remained constant at low frequency and was reduced sharply with 

an increase in the frequency at high frequency. As shown in Fig. 17(b), the spectra of the 

imaginary part of complex permeability (𝜇′′= 𝜇′ × tan 𝛿𝑚) [54] with respect to the log of 

frequency. For all the samples, we have some oscillating response at a lower frequency, which 

becomes stationary at higher frequencies. The as-prepared ferrites and composites had a sharp 

decrease until becoming independent of higher frequencies. The as-synthesized ferrites and 

composites response is dominated at higher frequencies. The magnetic tangent loss (tan 𝛿𝑚) 

[55] of as-prepared ferrites and composites will be significantly improved in the low-frequency 

domain with a graphene content, as shown in Fig. 18. It was noted that the magnetic tangent 

loss was decreased with frequency and had a maximum value for composite with GNPs 

concentration of 2.5wt%. The major determinants of absorption capabilities are dielectric and 

magnetic tangent losses. The dielectric tangent loss is proportional to the dielectric loss and 

describes how energy from an external electric field is dissipated as heat and motion. The 

magnetic tangent loss is a measure of the energy loss inside a magnetic material due to the 

phase delay between the applied and induced magnetic fields; it is also known as the magnetic 

loss factor [56]. Furthermore, the dielectric tangent loss was minimum, and magnetic tangent 

loss was maximum for the composite with 2.5w% GNPs content, while the magnetic tangent 

loss of the composites is significantly higher than the dielectric tangent loss, indicating that, 

both contribute to the microwave absorption of the composites. 

Fig. 19(a) clearly showed that the dielectric constant and quality factor has maximum 

values, while Fig. 19(b) the ac conductivity, and dielectric tangent loss has minimum values, 

while magnetic loss has maximum value for NCNF/2.5wt%GNPs composite at 15 kHz. 

Therefore, these results indicate the NCNF/2.5wt%GNPs composite for microwave absorbing 

materials.  
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3.7 Hysteresis loop analysis 

The magnetic hysteresis (M-H) loops of all the ferrites and composites were recorded 

at RT and are shown in Fig. 20 and applied field versus microwave frequency as shown in Fig. 

21. The magnetic properties are affected by the synthesis method, sintering temperature, and 

cation replacement. Table 3 summarized the magnetic parameters. The samples versus changes 

in saturation magnetization (MS), remanence (Mr), coercivity (HC), and squareness ratio 

(Mr/Ms) plots were depicted in Fig. 22(a-b). The value of “MS” was decreased from 117.73 

emu/g to 114.05 emu/g with the addition of Nd3+ ions in NCF samples. The value of “MS” was 

108.83 emu/g for NCNF/2.5wt%GNPs composite and NCNF/5wt%GNPs composite has an 

“MS” value of 93.97 emu/g (Fig. 22(a)). The remanence decreased for the ferrite samples as 

well as for composite with graphene nanoplatelets content of 2.5wt%GNPs and the increase 

for 5wt%GNPs composite as compared to the pure NCF sample (Fig. 22(a)). The coercivity of 

spinel ferrites depends on crystal structure, particle size, morphology, anisotropy, and strain 

[46]. The coercivity has a minimum value for the NCNF sample, while it increased from 250.61 

Oe to 397.41 Oe as the GNPs concentration increased from 2.5wt% to 5wt% and the squareness 

ratio has a smaller value for the NCNF/5wt%GNPs composite compared to 

NCNF/2.5wt%GNPs composite (Fig. 22(b)). The magnetocrystalline anisotropic constant (K 

= 𝐻𝑐× 𝑀s0.96 ), and initial permeability (µ i = 𝑀𝑠2×𝐷K ) were determined [46] and graphically represented 

in Fig. 22(c). The minimum anisotropy constant and maximum initial permeability were 

observed for the NCNF sample. The doping of Nd3+ ions in NCF samples decreased the 

saturation magnetization and other magnetic properties. It may be due to the replacement of 

Nd3+ (3μB) ions with Fe3+ (5μB) ions [19] and graphene's non-magnetic nature and the low 

crystallinity are responsible for the ferrite/graphene composite's smaller value of magnetization 

[27, 49].  The high-frequency response of all the samples was determined using magnetic data. 

The response of the generated ferrites and composites will be useful in predicting their 

microwave device and applications. The saturation magnetization for each sample was used to 

determine the microwave frequency (𝜔𝑚) using the relation: 𝜔𝑚 = 8𝛾𝜋2𝑀𝑠 where, γ = 

gyromagnetic fraction = 2.8 MHz/Oe. The microwave operating frequency is given in Table 3 

and graphically represented in Fig. 22(d). The dimensions of the devices were found to be 

dependent on the material properties and frequency range used. Furthermore, the as-prepared 

ferrites and composite will be suitable for applications in the GHz range. 

The Switching field distribution (SFD) curves [57] are plotted using the dM/dH and 

applied field (H) in Fig. 23. The SFD of the as-synthesized ferrites and composites is 
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determined by the first derivative of the demagnetization data. The cation interactions in the 

samples are depicted by the exhibited curves. The smooth lines in the dM/dH data demonstrate 

the cation's strong magnetic interactions at higher reverse fields. The dM/dH data revealed an 

abrupt increasing behaviour at the low field (as seen in Fig. 23). At low fields, this indicates 

the SFD behaviour of the synthesized ferrites. However, the NCNF/2.5wt%GNPs composite 

has smaller values than the NCNF/5wt%GNPs composite. The lower coercivity and higher 

magnetization miniaturization of devices are designed for a variety of applications including 

miniaturized components of high-frequency devices [58]. 

Conclusions  

The SGAC route was used to prepare the NCF, NCNF, NCNF/2.5wt%GNPs, and 

NCNF/5wt%GNPs ferrites and their composites with graphene. Due to the inclusion of Nd3+ 

and GNPs, the structural analysis revealed decreased values of crystalline size and a spinel 

phase structure of as-prepared ferrites and composite. Raman analysis also confirmed the 

substitution of Nd3+ and GNPs. The morphological analysis revealed a reduction in the 

agglomeration in all the samples. The minimum energy bandgap was observed for 

NCNF/2.5wt%GNPs composite as compared to other prepared ferrites and composite. The 

resistivity decreased in the para region and increased in the ferro region with increasing the 

temperature. The resistivity and activation energy were maximum for the NCNF/2.5wt%GNPs 

composite. The TCR% plots peaks were observed at 382 K and a negative value of TCR% was 

found at high temperatures. Moreover, for the NCNF/2.5wt%GNPs composite, the dielectric 

constant has a maximum value and ac conductivity was a minimum. The magnetic tangent loss 

was maximum and dielectric tangent loss was minimum for the NCNF/2.5wt%GNPs 

composite. The magnetization and microwave operating frequency was 108.83 emu/g and 

24.06 GHz, respectively for NCNF/2.5wt%GNPs composite. Based on these properties it was 

concluded that NCNF/2.5wt%GNPs composite makes them a good candidate for microwave 

frequency operating devices, bolometric devices, and microwave absorbing materials.    
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Tables 

 

Table 1: Structural parameters of as-prepared composites  

Samples 
d 

(Å) 
a 

(Å) 
V 

(Å3) 

β 

(degree) 

D 

(nm) 

δ × 10-4 

(nm-2) 
ε (%) 

NCF 2.517 8.348 581.88 0.26 33.49 8.91 0.353 
NCNF 2.515 8.341 580.45 0.25 34.83 8.24 0.339 
NCNF/2.5wt% GNPs 2.518 8.353 582.82 0.23 37.85 6.97 0.312 
NCNF/5wt% GNPs 2.531 8.396 591.95 0.22 39.55 6.38 0.301 

 

Table 2 Raman modes for all the samples 

Samples 

Raman shift (cm-1) 

T2g (1) Eg T2g (2) T2g (3) A1g 

D G Tetrahedral (A) 
Site 

Octahedral (B) 
site 

Tetrahedral (A) 
Site 

NCF 316.72 375.08 486.38 608.16 689.65 ---- ---- 
NCNF 316.56 383.96 463.29 556.04 692.03 ---- ---- 
NCNF/2.5wt% GNPs 286.99 402.61 487.40 607.06 695.89 1315.11 1596.28 
NCNF/5wt% GNPs 313.76 389.03 461.71 556.77 685.61 1316.56 1590.41 

 

Table 3 Magnetic parameters for all the as-prepared samples 

Samples 
HC 

(Oe) 

Mr 

(emu/g) 

Ms 

(emu/g) 
SQ 

K 

(erg/cm3) 

ωm 

(GHz) 
μi 

NCF 495.46 62.02 117.73 0.5268 60760.94 26.02 7.63 
NCNF 122.71 37.58 114.05 0.3295 14578.20 25.21 31.07 
NCNF/2.5wt%GNPs 250.61 47.05 108.83 0.4323 28410.29 24.06 15.77 
NCNF/5wt% GNPs 397.41 39.55 93.97 0.4208 38900.64 20.77 8.97 
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Figures 

 

 

Fig. 1 Graphic representation of the synthesis of all the samples 
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Fig. 2 (a) XRD spectra for NCF, NCNF, NCNF/2.5wt%GNPs, and NCNF/5wt%GNPs 

composites (b) Peak shift in (311) plane in all the as-prepared samples (c) XRD spectra of 
graphene nanoplatelets 
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Fig. 4 (a) Raman spectra of graphene nanoplatelets (b) Raman spectra for NCF, NCNF, 

NCNF/2.5wt%GNPs, and NCNF/5wt%GNPs composites 
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Fig. 5(a) Micrograph for NCF sample (b) Micrograph for NCNF sample (c) Micrograph for 
NCNF/2.5wt%GNPs composite (d) Micrograph for NCNF/5wt%GNPs composite 
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Fig. 7 Plots of 103/T versus the log of resistivity of all the samples 
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Fig. 8 Samples versus (a) resistivity at low temperature (b) resistivity at moderate 
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Fig. 9 Samples versus activation energy for all the samples 
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Fig. 10 Temperature versus temperature coefficient of resistance percentage for all the 
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Fig. 11 Samples versus (a) TCR% at low temperature (b) TCR% at moderate temperature 

and (c) TCR% at high temperature 
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Fig. 12 log of frequency versus (a) dielectric constant (b) dielectric loss (c) tangent loss  
(d) ac conductivity for all the samples 
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Fig. 13 log of frequency versus Q factors for all the samples 
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Fig. 15 log of frequency versus (a) real part of impedance (b) imaginary part of impedance 
for NCF, NCNF, NCNF/2.5wt%GNPs, and NCNF/5wt%GNPs composites 
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Fig. 16 Nyquist plots for NCF, NCNF, NCNF/2.5wt%GNPs, and NCNF/5wt%GNPs 
composites 
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Fig. 17 log of frequency versus (a) real part of complex initial permeability (b) imaginary 
part of complex initial permeability for all the samples 
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Fig. 19 Samples versus (a) dielectric constant, and quality factor (b) ac conductivity, 
dielectric, and magnetic tangent losses at 15 kHz  
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Fig. 20 M-H loop for as-prepared ferrites and composites 
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Fig. 21 Applied field versus microwave frequency for all the ferrites and composites  
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Fig. 22 Samples versus (a) saturation magnetization and remanence (b) coercivity (HC), and 
squareness ratio (c) anisotropic constant and initial permeability (d) microwave frequency 
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Fig. 23 Switching field distribution curves for all the ferrites and composites  
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