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Abstract 
Magnetodielectric materials provide a new dimension for developing miniaturized substrates for microwave applications. 

Miniaturization in microwave planar devices depends on both the real part of complex permittivity (εr) and complex permeability 

(μr) of the substrate. Major shortfalls of using high εr substrates are lowering of radiation efficiency, pattern degradation (due to 

excitation of surface waves) and lowering of impedance bandwidth. Miniaturization can also be achieved by modifying the other 

parameter μr. Bulk ferrites, generally, have high saturation magnetization and dispersive magnetic losses and needs strong 

external dc-bias fields to alter its permeability property, making it unsuitable for compact applications. Nano sized ferrites are 

reported to have low saturation magnetizations and low eddy current losses. Composites made using nano ferrite inclusions in 

polymers can result in natural magnetodielectric materials with low magnetic losses. The current study aims to develop low loss 

flexible nano-magnetodielectric composite based substrates for use in microwave planar devices in X-band (8.2-12.4 GHz). 

Co0.65Ni0.35Fe2O4 embedded in SiO2 matrix is synthesized using a modified sol-gel method starting from tetraethylorthosilicate 

(TEOS) and metal (Fe
III

, Co
II
, Ni

II
) nitrates and ethylene glycol. Two synthesis routes are chosen (one with H2O being added 

externally and one without) and the obtained powders are annealed at different temperatures (500-1000 
0
C) and characterized 

using XRD. The powders are mixed in 1:1 ratio with silicone for obtaining a flexible structure. Microwave characterizations of 

the flexible substrates are then carried out to determine the losses in the X-band regime. 

 

--------------------------------------------------------------------***------------------------------------------------------------------ 

1. INTRODUCTION 

Integration of more communication standards in one 

microwave wireless device has created demand on 

developing compact, low-cost, and robust multi-band 

microwave components. Considering the structure of the 

microwave planar circuits or devices, the substrate is one of 

its major elements and hence it has a substantial role in 

determining the devices’ size as well as its performance. In 

real sense, the complex permittivity and complex 

permeability of the substrate material decides the geometry, 

size of the circuit and to a large extent its performance 

efficiency also. Hence, altering the complex permittivity and 

complex permeability of the substrate in use, provides us the 

scope to improve the efficiency and also to miniaturize the 

microwave devices. 

 

Miniaturization in microwave devices, denoted by factor, n, 

is given as n = 𝜀𝑟𝜇𝑟 ,where, εr is the real part of complex 

permittivity and μr the real part of complex permeability of 

the substrate [1]. Thus by increasing the real part of both εr 

and μr, the desired amount of miniaturization can be 

achieved. However, major shortfalls of using high εr 

substrates are lowering of radiation efficiency, pattern 

degradation (due to excitation of surface waves) and 

lowering of impedance bandwidth [2, 3]. Miniaturization 

can also be achieved by increasing the other parameter μr 

(such as by using ferrite based materials). But, reports 

suggests that bulk ferrites generally have high saturation 

magnetization and dispersive magnetic losses [4–6] and 

needs strong external dc-bias fields to alter its permeability 

property [7], making it unsuitable for compact applications 

requiring higher efficiency. Further, shift of operational 

frequency of resonant devices on ferrite substrates due to 

application of external bias [8, 9] causes difficulty in 

integrating it with other systems. Lately, artificial 

magnetodielectric substrates are used to overcome issues of 

high loss in ferrites. Non-magnetic materials can be 

engineered with embedded circuits to achieve magnetic 

permeability [10]. However, the process of developing 

engineered artificial magnetic materials is complex [11–13]. 

 

On the other hand, composites made using nano ferrite 

inclusion in polymers can result in natural magnetodielectric 

materials with low magnetic losses. Also, εr and μr of the 

composite can be altered by varying the amount of the 

inclusion to achieve the desired performance [14]. Moreover 

nano-sized ferrites are reported to have low saturation 

magnetizations and low eddy currentlosses as well[15, 16]. 

 

The current work reports the study of synthesis of such 

anelastic composite (Nickel substituted Cobalt ferrite in a 

Silicon Dioxide matrix mixed with silicone rubber) and its 

microwave characterization to determine its permittivity, 

permeability and its losses. 

 

2. EXPERIMENTAL WORK 

Synthesis of x% (Co0.65Ni0.35Fe2O4)/(100-x)% SiO2 (x = 

35%) ferrimagnetic nanocompositeshave been carried out by 

an improvedmodified sol–gel method [17]. The sol–gel 

process offers some advantages in making silica composite 

materials containing highly dispersed nanoparticles; the 

process facilitates a good and homogeneous dispersion of 
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the particles into the silica matrix [18]. The porous 

amorphous silica matrix provides, on one hand, nucleation 

centres for the nanoparticles and on the other hand reduces 

the aggregation phenomena, limiting the size of the formed 

oxide nanoparticles [19, 20]. 

 

A series with two basic ferrites were chosen to develop 

nanosized inclusions. C0
2+

 ferrite offers low electrical 

conductivity and is also reported to have fast relaxing 

property due to its degenerate energy state [21]. However, 

C0
2+

 ferrite is a hard magnet and it is difficult to change the 

spin orientation rapidly with variation in external magnetic 

field. Fast magnetic switching can be obtained by including 

Ni
2+

 stoichiometrically in cobalt ferrite. This switiching 

property is useful, if the resonant frequency of the 

microwave devices needs to be tuned at a later stage. Ni
2+

 

ferrite is a soft ferrite and can be easily tuned with 

application of magnetic field [22]. In addition, Ni
2+

 ferrite 

has high Curie temperature (~525 DC) making other 

magnetic properties independent of temperature. The 

stoichiometric ratio of Co and Ni considered in the current 

study, has been chosen from a previous study [23] 

conducted in the author’s lab, which had exhibited the 

minimum value of magnetic losses in the frequency range of 

8.2 GHz to 12.4 GHz. Also, the value of x has been chosen 

to be 35 %, so as to avoid the phenomenon of 

agglomerization of the ferrite nano particles. [17] 

 

In the synthesis process,TetraEthyl-OrthoSilicate 

(TEOS)(Merck, 98%), metal nitrates (MN) (Merck 

(p.a.)):Fe(NO3)3.9H2O, Co(NO3)2.6H2O, Ni(NO3)2.6H2O, 

ethyleneglycol (EG), ethanol and H2O have been used.In the 

current study, two process routes have been followed. In one 

process, H2O have been added externally in the molar ratio 

of 1:7 with TEOS (1 part of TEOS with 7 parts of H20) [17] 

and in the other the process, no H2O was added externally. 

This was primarily carried out to study the effect of H20 in 

the process of ferrite formation through this modified sol-gel 

route [17] and its implication in the microwave properties of 

the composite. 

 

Two solutions were prepared; in one solution 

tetraethylortosilicate (TEOS)–metal nitrates (MN)–

ethyleneglycol (EG) along with ethanol and externally 

added H2O were homogenously mixed in well determined 

composition [17],in order to obtain the desired x% 

(Co0.65Ni0.35Fe2O4)/(100-x)% SiO2nanocomposites, where x 

= 35%.  The second solution was same, except that the 

solution was prepared without adding any amount of H2O 

externally. The two separate solutions were vigorously 

stirred and then left to gel at room temperature for around 72 

hours. 

 

The resultedgels were dried at 313 K for 3 h, than grinded 

and heated at403 K. At this temperature the redox reaction 

ethyleneglycol—metal nitrates takes place with formation of 

thecorresponding carboxylate type precursor of ferrite 

nanoparticles [17].These precursors were decomposed by 

thermaltreatment at 573 K for 3 h in order to allow there-

oxidation of Fe
2+

 to Fe
3+

 at low temperature. Theobtained 

powders were then separated into 6 batches and annealedfor 

3 h at different temperatures 773 K, 873 K, 973 K, 1073 K, 

1173 K and 1273 K in order to obtain x% 

(Co0.65Ni0.35Fe2O4)/(100-x)% SiO2 (x = 35%)nanocomposite. 

 

The obtained nanocomposites were characterizedby X-ray 

diffraction (XRD), to determine the phase composition of 

the powders and to understand the effect of annealing 

temperature in the formation of ferrite. XRD was carried out 

using a Rigaku X-Ray Diffractometer, model: MINIFLEX 

using Cu-K line of wavelength λ=1.541841 Ǻ.The average 

crystallite size was calculated based on the XRD patterns 

using the Scherrer’s, DXRD = 0.9k/bcosh, where DXRD is 

the mean crystallite size, k is the radiation wavelength of 

Cu–K (1.541841 Ǻ), b is the full width at half of the 

maximum (FWHM) (in radians) and h is the Bragg angle. 

 

 
Fig 1: XRD of the nano composites annealed at different temperature prepared (a) with H2O (b) without H2O 
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Fig. 1(a) is of the samples prepared by adding H2O 

externally and then obtained gels dried and annealed at 

different temperatures to form ferrites as shown in the 

figure. While Fig. 1(b) is of samples prepared without 

adding H2O externally. The figures quite clearly show the 

peak (3 1 1) which is the ferrite peak, becomes prominent 

only at 1000 
0
C for both the cases, hence confirming the 

formation of ferrite phase. Considering the full width and 

half maxima of the (3 1 1) peak obtained at 1000 
0
C, the 

crystalline size is found to be 7 nm for the one with H2O 

being added externally and 5 nm for the one without. 

 

From the XRD graphs, it is seen that the ferrite phase peak 

prominence arises at around 1000 
0
C, and therefore the 

powder samples that were annealed at 1000 
0
C were 

considered for moulding so as to attain a magnetodielectric 

substrate. For moulding and binding the powders, 

commercially available silicone rubber (Wacker, Germany) 

was used. Silicone rubber is very elastic, thus providing 

aflexible substrate structure. Flexible substrates can provide 

an advantage over rigid substrates in mounting over non 

planar bodies and conformal spaces. Silicone rubber can 

also handle temperatures as high as 250 
0
C and hence can 

prove to be a good candidate for microwave applications. 

 

For moulding, the annealed powders (of both the cases i.e 

with H2O added and without H2O being added) were mixed 

in 1:1 ratio by weight with silicone rubber and mixed 

vigorously. The mixture was then poured into a mould of 

fixed dimension (22.86 X 10.16 mm), which is the standard 

dimension required for complex permittivity and complex 

permeability measurements in the frequency range of 8.2 

GHz to 12.4 GHz (also known as X-band). The thicknesses 

of the samples werearbitrarily kept as 4 mm, as the complex 

permittivity and complex permeability does not depend on 

the thickness of the sample. The mixture was then kept in 

the mould for around 48 hours to be allowed to get cured. 

The obtained samples were very flexible in nature as shown 

in the figure below. 

 

 
Fig 2: Developed magnetodielectric flexible substrate for 

the sample with H2O in (a) relaxed and (b) bended position 

 

Complex permittivity and complex permeability of the two 

samples over the X-band (8.2-12.4 GHz)weremeasured 

using the transmission/reflection method, using Agilent 

WR-90 11644A rectangular waveguide line compatible with 

Agilent E8362C vector network analyzer [24]. The graphs 

below show the obtained results. 

 

 
Fig 3: (a) Real part of permittivity of both samples (b) Imaginary part of permittivity of both samples (c) Real part of permeability 

of both samples (d) Imaginary part of permeability of both samples. 
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3. DISCUSSIONS 

From the evolution of the diffraction peaks, it is obvious that 

the degree of crystallization increases with annealing 

temperature, with the peaks appearing from about 800 
0
C for 

both the cases.The small value of the crystalline size (5 nm 

and 7 nm) may be attributed to the fact that the pores of the 

SiO2 matrix limit the ability of the ferrite nano particles to 

increase their size. Also the plot for the sample prepared 

using H2O showed lesser number of peaks as compared to 

the sample prepared without H2O. This indicates that the 

number of secondary phases formed in the former case is 

higher than that of the latter. The (1 1 1) peak present in the 

case of the samples prepared without H2O, signify the 

presence of the Fe2SiO4 phase, which is undesirable and 

may lead to unwanted losses in the final substrate. This peak 

is however not present in the case of the samples prepared 

with H2O and hence this process may be considered as the 

favourable process in the current scenario. 

 

Considering the permittivity curves, the real part of the 

samples prepared with H2O (sample 1) show lower values 

than that of the one without (sample 2). The imaginary part 

of the permittivity which represent dielectric losses, do not 

provide us with a conclusive picture, although within the 

mid frequency ranges sample 2 show higher losses, towards 

the higher frequencies sample 1 show higher losses. 

 

However, the imaginary part of the permeability curves 

clearly illustrate, that the sample 2 (i.e. without H2O) have 

higher magnetic losses as compared to sample 1 (i.e. with 

H2O). Butler et al[25], showed that with lower value of 

water content, a matrix with amore open structure is 

produced due toincomplete hydrolysis and, 

consequently,less cross linking in the sol-gel material. A low 

water content or high dilution with alcohols (solvents) can 

lead to a high content of oligomers (soluble or volatile) and 

adecrease in the yield of SiO2. The presence of partially 

hydrolysed monomers and those different types of oligomers 

can affect the composition and the homogeneity of the final 

material [26, 27]. This effect in the homogeneity may be the 

cause for the observed inconsistency in the magnetic losses 

exhibited by the samples. 

 

4. CONCLUSION 

The paper presents a modified sol gel route to synthesize x% 

(Co0.65Ni0.35Fe2O4)/(100-x)% SiO2 (x = 35%) 

nanocomposites. The synthesized nanocomposite powders 

were mixed with silicone rubber to obtain a flexible 

structure. The obtained substrates were characterized for 

their permittivity and permeability. The real part of 

permittivity showed values around 3.2-3.4 and permeability 

values above 1, which indicate that the substrate is 

magnetodielectric in nature. This can lead to a certain degree 

of miniaturization, although it has some further scope of 

improvement. Also the imaginary part of permittivity and 

permeability which exemplify the dielectric and magnetic 

loss of the substrate respectively were found to be well 

below 1, and hence the substrates synthesized can be termed 

to be low loss substrates. 

Moreover , the XRD curves and the magnetic losses 

signifies that the nano composite sample prepared by adding 

H2O externally and mixed with silicone rubber is more 

favourable to be considered as a low loss magnetodielectric 

substrate in the frequency range of 8.2 to 12.4 GHz (X-

band). 
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