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PREFACE 

Multifunctional materials are a class of promising materials performing more 

than one function in a single system. These kinds of materials can be suitably 

engineered to realize dramatic and performance-tailorable properties. Integrating 

mutually exclusive functionalities into a single system is challenging but inevitable for 

realizing next generation electronic devices. Among different kinds of multifunctional 

materials, the present thesis is more focused on developing magnetodielectric as well as 

magnetoelectric multilayer materials.  

Magnetodielectric materials form a genre of next generation multifunctional materials 

having controlled permittivity and permeability. These materials are potential candidates in 

electronic industry as efficient electronic band gap materials and also as substrate materials 

for antenna miniaturization, thanks to the compromising values of relative permittivity and 

magnetic permeability. On the other hand, magnetoelectrics are a subclass of multiferroic 

materials that combine ferroelectricity and ferromagnetism, thereby playing an important role 

in the development of efficient memory devices, sensors etc. These are materials that possess 

mutual control over electric polarization by magnetic field and magnetization by electric 

field. Both these multifunctional materials can be single phase or composite type. The 

present thesis focuses on layered composite type magnetoelectric and magnetodielectric 

materials that can be used for electronic and communication applications.  

Electronic industry is frantically looking for novel materials with impressive energy 

efficiency and better functionality, capable of working at smaller dimensions. Scaling down 

is always a major challenge in the era of wireless communication where the biggest 
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roadblock is to reduce visual signature of antennas. Antenna miniaturization can be 

conveniently achieved by employing tailor-made magnetodielectric materials. In order to 

realize four state memory devices, magnetoelectric coupling between different ferroic 

materials should be explored. The subject matter of the thesis is to develop innovative 

magnetodielectric as well as magnetoelectric layered composites and understand the 

interesting science correlating individual properties. The present thesis has been organized 

into 6 chapters in which first two working chapters was dedicated for the development of (2-

2) magnetodielectric layered composites and last two were designed for developing (2-2) 

thick film based ceramic magnetoelectric composites. 

A general introduction to multifunctional materials with special emphasis on the 

science of magnetodielectric as well as magnetoelectric materials is presented in Chapter 1. 

This chapter also explains the theory, material requirement and applications of both classes 

of materials. Moreover, the commonly adopted techniques for realizing these multilayer 

structures are also explained in detail. 

Chapter 2 outlines a novel kind of (2-2) magnetodielectric composite realized by 

screen printing a multiferroic layer on an LTCC substrate. The LTCC ceramic-glass 

composite based on BiSmMoO6 (BSMO)-BBSZ (40Bi2O3:49B2O3:6SiO2:5ZnO) was made 

into a tape which can be sintered at 875 ˚C. Meanwhile, a screen printable ink based on phase 

pure multiferroic, BiFeO3 (BFO) was also developed in this research. The magnetodielectric 

composite was realized by screen printing BFO later on BSMO-BBSZ LTCC tape, a negative 

magnetocapacitance value of 15% was observed at 1 MHz under the application of 3 kOe 

magnetic field.  
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In another study as described in Chapter 3, an axially anisotropic magnetodielectric 

composite based on PMMA-NiFe2O4 was developed for realizing miniaturized antennas with 

wider bandwidth characteristics. The structural as well as ferromagnetic properties of 

developed NiFe2O4 were studied in detail in this chapter. Thin sheets of (0-3) composites 

were developed by adding different volume % of NFO in PMMA matrix (say 5, 10, 15, 20 

vol.%). Interestingly high magnetocapacitance values were noticed for samples with higher 

solid loading. Further, an antenna operating at 830 MHz was theoretically modeled using this 

functionally graded anisotropic composite as substrate. An impressive miniaturization of 

91% was observed for this particular antenna. 

Chapter 4 of the thesis focuses on the development of all printed multilayer 

magnetoelectric (2-2) thick film composite based on SrRuO3 (SRO) and Pr doped SrTiO3 

(Pr:STO). After exploring the structural as well as ferroic properties of the perovskite oxides, 

room temperature curable inks out of these materials were developed. Subsequently, a (2-2) 

composite was developed via screen printing one on top of other onto a platinized silicon 

substrate. Quasi-ferroelectric as well as ferromagnetic nature of the hetero structure was 

further confirmed. Magnetoelectric studies showed that the composite exhibited an unusual 

magnetoelectric coupling coefficient (MECC) value of 657 mV/cm.Oe and 655 mV/cm.Oe 

for ac and dc magnetic field respectively at room temperature. The unusual ME behavior 

associated with the present layered composite demonstrate its suitability in the fields of 

sensors, actuators, energy harvesters etc. 

In Chapter 5, a (2-2) magnetoelectric composite based on Pr doped SrTiO3 and 

CoFe2O4 was developed. fast curing inks were formulated out of the chemically derived 

nanopowders. Ink properties were tuned suitably for screen printing on hard and flexible 
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substrates. Layered magnetoelectric composites based on these materials having different 

functionalities were developed via screen printing. The magnetoelectric coupling studies 

reveal that developed (2-2) composite exhibit an enhanced MECC value of 780 mV/cm.Oe 

and 779 mV/cm.Oe for ac and dc magnetic field respectively. Ferroic and magnetoelectric 

properties of the composite was theoretically simulated using two-scale homogenization 

procedure employing finite element method that agree reasonably well with experimental 

results.  

The overall conclusions of present investigation and future directions are summarized 

in chapter 6 of the thesis.  
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1.1 Introduction 

We live in the golden age of materials, where exotic and smart materials are 

being emerged every day to quench the ever-growing demands of modern consumer 

electronics. Currently, multi-mission requirements of devices are achieved with the 

help multiple components and then integrate them into a single module. A new class of 

designer materials called multifunctional materials now take the central stage, that are 

able to perform multiple responsibilities through a judicious combination of different 

functional capabilities.1 Typical examples include, an electronic skin that can sense 

mechanical strain, a coating that can change color on demand, a memory cell that can 

be written electrically but read out magnetically, a shell that can reconfigure its shape 

to suit surroundings etc. In such material systems, the designer functions can be 

performed concurrently or sequentially. Also this type of multifunctionality can be 

organized on the same length scale or can be organized hierarchically. However, 

integrating materials with independent functionality in one system is literally a 

scientific challenge but inevitable due to scaling of modern electronic devices.  

Materials with specific properties such as electronic, magnetic, dielectric, 

thermal or other desirable characteristics can be performance-tailored suitably to 

satisfy some of the burning needs of modern electronics and communication.  

1.2  Types of Multifunctional Materials 

There are numerous kinds of multifunctional materials available in literatures. 

Some of them include:2 
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(i) Magnetoelectric materials: Materials that have mutual control over electric 

polarization under an external magnetic field or magnetization under the 

application of an external electric field.   

(ii) Magnetostrictive materials: Ferromagnetic materials that will change their 

magnetization under the application of stress when subject to an external 

magnetic field. 

(iii) Magnetocaloric materials: Class of materials that undergo reversible 

temperature change when exposed to an alternating magnetic field. 

(iv) Magnetodielectric materials: These are a special genre of materials which 

consists of magnetic as well as dielectric components.  

The present thesis envisages in development of magnetodielectric and 

magnetoelectric heterostructured materials by combining different dielectric, 

ferroelectric, ferromagnetic materials which will be detailed in following sections. 

1.3 Magnetodielectric  (MD) Materials 

With the rapid proliferation of mobile phones, scaling of electronic components 

is the all-time relevant mantra in wireless communication. Unlike the electronic circuits 

which are highly scalable, the radiating element (say, antenna) invariably defies our 

efforts of miniaturization, leaving out a visual signature.3 In fact, it is not easy to attain 

size reduction simply by structural design modification, without compromising its gain 

and bandwidth. A convenient strategy to attain size reduction is by improving material 

properties of antenna substrate.4,5 Antenna miniaturization efforts are directed in two 

different ways. Primarily, high permittivity materials were attempted since antenna’s 
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size is inversely proportional to √εr, where εr is the relative permittivity of the 

substrate.6,7 Major drawback of using such kind of materials is that, electric field 

generated in the device will remain highly concentrated (field confinement) around 

high permittivity region only. This will result in low efficiency and narrow band 

operation in antenna characteristics.8 Another shortcoming is due to low impedance for 

a high permittivity material which will affect impedance matching of antenna. In order 

to circumvent aforementioned problems, one can try using MD material as substrate.  

MD materials are class of materials that possess dielectric permittivity (εr) and 

magnetic permeability (μr) in a compromising range. In such materials, the dielectric 

properties can be tailored by the application of suitable magnetic field and have the 

ability to reduce the impact of electromagnetic (EM) field confinement in regions near 

to the substrate. This substrate material will be less capacitive when compared with an 

all dielectric substrate. Further, the characteristic impedance of a MD material is close 

to the surrounding medium so that it enables better impedance matching over a wider 

bandwidth.8 

1.3.1 Theory of Magnetodielectrics 

Consider a MD material under an alternating EM field, wherein its dielectric as 

well as magnetic losses is assumed to be very small. Now the equation for transmission 

wavelength can be written as, 

 𝜆 =
𝑐

𝑓√휀𝑟𝜇𝑟
     (1.1) 
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where 𝜆 is transmission wavelength, 𝑓 is resonant frequency of antenna , 𝑐 is speed of 

light in vacuum, 휀𝑟 is  relative permittivity and 𝜇𝑟 is relative permeability of antenna 

substrate.3 From equation (1.1), it is clear that improving the value of permeability of 

material has same effect as that of improving permittivity. This will eventually help in 

shortening the wavelength in dielectric medium and thereby reducing size of resultant 

antenna.  

The characteristic impedance of an antenna has direct dependence with 

permittivity and permeability of substrate material, as given in equation, 

𝑍 = √
𝜇0𝜇𝑟

𝜀0𝜀𝑟
  ≈ 𝜂0    (1.2) 

where 𝑍 is impedance of antenna, 𝜂0  is impedance of free space, 휀0  and 𝜇0is the 

permittivity and permeability of free space (휀0 = 8.85𝑥10−12 Fm-1 and 𝜇0 = 4𝜋𝑥10−7 

VsA-1m-1) respectively.9 For miniaturization of any electronic component, impedance 

matching is a crucial parameter since the real part of the antenna impedance actually 

represents radiated power. Follows from equation (1.2), the permittivity as well as 

permeability values of the substrate material should be nearly equal to attain 

impedance matching. This is a difficult task to achieve. 

In layered laminate composites, individual dielectric layers with specific 

permittivity stacked with similar magnetic layers with specific permeability, are 

considered. If electric field is applied parallel and magnetic field is applied 

perpendicular to lamination planes, effective permittivity value of multilayer structure 

is given by, 



Chapter 1 

 

  7 
 

휀𝑒𝑓𝑓 =
1

∑(
𝑓𝑖

휀𝑖
)
    (1.3) 

where 𝑖 is number of layers, 𝑓𝑖 = 𝑡𝑖 𝑡⁄  where 𝑡=∑ 𝑡𝑖 , while 𝑡𝑖 is the thickness of ith layer. 

Equation (1.3) can be used for finding effective permeability of the layered structure, by 

replacing 휀 with 𝜇.  

1.3.2 Material Requirements  

As discussed before, the primary requirement for a MD material is to retain its 

magnetic as well as dielectric nature simultaneously. Unfortunately, naturally occurring 

materials having these properties are few and far between. There is a class of material 

named ferrites, which has high permittivity as well as permeability components in it. 

Thus, ferrites are considered to be an ideal host for producing low loss MD 

materials.10,11 

As seen before, impedance matching is another stringent criterion for a MD 

material. Difference between values of 휀𝑟 and 𝜇𝑟 will result in impedance mismatch 

between material and system which will result in loss of signal due to reflection. If the 

criterion of impedance matching is satisfied, that will be advantageous for improving 

efficiency of scalable patch antennas.12 But in practical terms, it is very difficult to 

satisfy this condition. Still, the main efforts so far are directed towards choosing 

materials having near values for 휀𝑟 and 𝜇𝑟 . Further, their magnetic as well as dielectric 

losses should be minimum for increasing the radiation efficiency of the antenna. 
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In the present thesis, we have developed two MD laminar composites in two 

different ways, as depicted in Figure 1.1. First type consists of a dielectric layer with 

permittivity value, 휀𝑟 and a magnetic layer on top of that having permeability value, 𝜇𝑟 

as shown in Figure 1.1(a). In second type, different layers of MD materials having 휀𝑟 and 

𝜇𝑟 values are thermo-laminated together, which in turn created anisotropy in the axis 

perpendicular to lamina’s plane (Figure 1.1(b)). Each layer in this type of MD composite 

is made up of magnetic filler embedded in a dielectric (polymer) matrix as shown in 

Figure 1.1(c). So each layer will have a distinct value for 휀𝑟 and 𝜇𝑟 .  

 

Figure 1.1: Schematic of MD composite materials used in present thesis. 

1.3.3 Applications of Magnetodielectric Materials 

The viability in designing a MD material is useful in radio frequency and wireless 

communication applications. There are two specific applications namely (i) 

electromagnetic band gap structures (EBG) and (ii) miniaturization of antenna. 

EBG materials are usually 3 dimensional (3D) periodic structures that are used 

for blocking the propagation of EM waves in a specific band of frequency for all 
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polarization states. EBG structures are ample in number which always exhibit 

interesting characteristics like band gap, frequency stop band and pass band.13 But in 

real scenario, it is hard to get a complete band gap structure, only partial band gaps can 

be accomplished.  In a work done by Ho et al., a periodic structure that is capable of 

producing complete transmission band gap was developed by using dielectric material 

only.14 Later, the results derived in that investigation was compared with some new MD 

materials and discussed.8 They concluded that, one can obtain a band gap structure that 

can yield better band gap rejection levels than using an all dielectric material in EBG. 

Size reduction of microstrip patch antenna is another interesting application, as 

hinted above. The main characteristics of an antenna in mobile communication are 

wider bandwidth and high efficiency, to be realized at smaller dimensions. But the 

stronger capacitive coupling between antenna and its ground plane limits the 

performance of the device.7 In order to solve this, one can use MD materials as 

substrate for antenna having moderate values for permittivity and permeability. Here 

miniaturization can be achieved by reducing the coupling between antenna and its 

ground plane. This means that, capacitive property is decreased by introducing 

inductance effect that will eventually counteract capacitive nature with improved 

efficiency as well as band width.8  

1.4 Magnetoelectric (ME) Materials 

In the contemporary information era, the demand is huge for high performance 

next generation memory devices.15 Ferroelectric Random Access Memory (FeRAM) is a 

memory device in which information is stored by the principle of spontaneous 
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polarization (𝑃) of the ferroelectric material. This is a very promising and mature non-

volatile memory due to its low power consumption, fast reading/writing speed, high 

durability etc.16,17 Despite of having so many advantages, there exist umpteen practical 

hurdles in the working of FeRAM, mainly in its data reading mechanism. Here, reading 

is performed by applying a bias voltage to the ferroelectric capacitor and sensing the 

corresponding 𝑃 switching current. But this process is a destructive one and rewrite 

step is necessary. Besides, the employed reading method requires a minimum capacitor 

size, as the current generated will be high for sensing the circuit.18 This can be resolved 

by engineering magnetization direction using an electric field, thereby taking the 

advantage of ME effect.19-21 Hence, ME effect is suggested as a convenient way to read 

and write in future information storage systems.22   

Multiferroic materials have certain advantages in achieving efficient information 

storage.18,19,23 They are class of materials that simultaneously show ferroelectricity and 

ferromagnetism which is termed as ME materials. In other words, they show mutual 

control of electric polarization, 𝑃  over magnetic field, 𝐻  (which is called direct 

magnetoelectric effect, DME) or conversely, control magnetization, M by electric field, E 

(which is called converse magnetoelectric effect, CME). The ME effect is stemmed from 

the cross interaction between ferromagnetic (magnetostrictive) and ferroelectric 

(piezoelectric) phases in the material, which can either be in single phase or composite. 

When magnetic field is applied in ME composites, a strain is produced in the 

magnetostrictive phase which will be mechanically transferred to the peizoelectric 

phase, thereby an electric current is created. This elastic interaction mainly depends on 
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the microstructure of composite material and coupling interaction at interfaces 

between corresponding phases.24,25 

1.4.1 Theory of Magnetoelectrics 

From application perspective, the significance of ME materials lies in the 

prospect of strong ME coupling. As ME effect originates from coupling between electric 

and magnetic fields, the phenomenological description of ME coupling arise from the 

series expansion of free energy.26 

Consider free energy density,27 

𝑑𝐹 = −𝑆𝑑𝑇 − 𝑃. 𝑑𝐸0 − 𝑀𝑑𝐵0   (1.4) 

where 𝑆 is entropy, 𝑇 is temperature, 𝑃 is electric moment, 𝑀 is magnetic moment, 𝐸0 

and 𝐵0 are external electric and magnetic field. Here, 𝐵0 =  𝜇0𝐻0 

For single phase ME, free energy up to quadratic order, at constant temperature 

is given by,28,29 

−𝐹(𝐸0, 𝐵0) = 𝑃𝑆. 𝐸0 + 𝑀𝑆 . 𝐸0 +
𝜀0

2
∑ χ𝑖𝑗

𝑒 𝐸0𝑖𝐸0𝑗𝑖𝑗 +
1

2𝜇0
∑ χ𝑖𝑗

𝑚𝐵0𝑖𝐵0𝑗 +𝑖𝑗
1

𝜇0
∑ 𝛼𝑖𝑗𝐸0𝑖𝐵0𝑗 + ⋯ 𝑖𝑗

           (1.5) 

where 𝑃𝑆 and 𝑀𝑆 are electric and magnetic spontaneous polarizations, χ𝑒 and χ𝑚 are 

electric and magnetic susceptibility tensors, 𝛼 is linear ME coupling tensor and 휀0 is 

permittivity of free space. Here, 𝛼 describes the outbreak of a magnetic (electric) field 

induced electric (magnetic) polarization. Equation (1.5) implies that, for fulfilling the 

time reversal or space inversion symmetry, the ME material should be invariant under 
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inversion reflection, as indicated by term containing α in the expression.29 This will 

certify that for occurrence of linear ME effect, magnetic ordering in crystal is a stringent 

but necessary criteria.30,31  

 In case of composite ME materials, magnetic and electric terms in the expression 

for free energy (see equation (1.4)) corresponds to ferromagnetic and ferroelectric 

components. The ME term defines effectual interaction between order parameters for 

the corresponding phases. This coupling usually originates at the interface between 

respective phases. This interface breaks symmetry in materials which will further allow 

the presence of ME coupling in case of composite.32 

Comparing equations (1.4) and (1.5), electric as well as magnetic inductions can 

be expressed as,  

𝑃𝑖 =
𝜕𝐹

𝜕𝐸0𝑖
= 𝑃𝑆𝑖+ 휀0 ∑ χ𝑖𝑗

𝑒 𝐸0𝑗𝑗 +
1

𝜇0
∑ 𝛼𝑖𝑗𝐵0𝑗 + ⋯ 𝑗      (1.6) 

𝑀𝑖 =
𝜕𝐹

𝜕𝐵0𝑖
= 𝑀𝑆𝑖 +

1

𝜇0
∑ χ𝑖𝑗

𝑚𝐵0𝑗𝑗 +
1

𝜇0
∑ 𝛼𝑖𝑗𝐸0𝑗 + ⋯ 𝑗     (1.7) 

From these two equations, it is clear that, there is a component for cross polarization 

irrespective of spontaneous and induced terms.  

The linear ME effect is given by, 

𝛼𝑖𝑗 =
𝜕𝑃𝑖

𝜕𝐵0𝑗
 = 𝜇0

𝜕𝑀𝑖

𝜕𝐸0𝑗
         (1.8) 

For an isotropic material, 

 𝛼2 = 휀0𝜇0𝜒𝑒𝜒𝑚         (1.9) 

This result suggests that, large ME coupling can be observed in materials with large 

electric and magnetic susceptibility values.  
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In case of composite materials, ME response is measured in capacitor type 

device structures.  Hence, the distance between capacitor plates should be taken into 

account when ME response is studied.  

1.4.2 Material Requirements 

The selection of suitable material is the key challenge in obtaining a large ME 

response. There are two possible platforms to explore the coupling between magnetic 

and electronic orders of matter: single phase ME materials and composite ME 

materials.33 The major obstacle in using this single phase ME materials in technological 

applications is that they show ME coupling usually beneath room-temperature, that too 

with relatively low coupling coefficients.34 In contrast, composite ME material, 

consisting of separate ferroelectric and ferromagnetic phases, exhibits a higher value 

for ME coupling coefficient at room temperature. This ME property which is of many 

orders higher than the single phase ones, makes them attractive candidates in device 

applications.35 These composites can be broadly classified into ceramic based or 

polymer based.36 Among them, ceramic based ME composites show better ME coupling 

than polymer based ones.33,37 In past decades, various ceramic composites consisting of 

piezoelectric and magnetic oxide ceramics were investigated.38-40  

In general, two-phase composites can either be a particle reinforced composite 

(0-3), laminate composite (2-2), or fiber reinforced composite (1-3), where the 

classification is done using the concept of phase connectivity, as shown in Figure 1.2. 

Usually, (0-3) particulate composites consist of ferroelectric and ferromagnetic oxide 

grains, whereas (2-2) type laminate composites consist of ferroelectric and 
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ferromagnetic layers developed using a thin film technology, thick paste or ink. On the 

other hand, (1-3) type fiber/rod composite comprises of fiber/rod of one phase that is 

embedded in the matrix of another phase.41 Figure 1.3 gives an idea of the evolution of 

development of ME materials in due course of time. In 1894 first theoretical prediction 

of intrinsic ME effect was done by Pierre Curie and was experimentally observed in 

Cr2O3 single crystal in 1961.42,43 From the view point of material constituents and 

dimensionalities, evolution of ME materials happened from single to particulate, to 

laminate and now to micro/nano thin films.44 

 

Figure 1.2: Commonly used ME composites namely (a) 0-3 particle reinforced, (b) 2-2 laminate, 

(c) 1-3 fiber reinforced. 

As seen thus far, coexistence of magnetic and electric dipoles is the basic requirement 

for ME effect. The conditions for occurrence of ferroelectricity and magnetic ordering in 

a material are often accompanied by ferroelasticity. This demands the following: (a) 

presence of sufficient structural building blocks that allows ferroelectric-type ionic 

movements, (b) magnetic interaction pathways, usually of the super exchange type, and 

(c) actualization of symmetry conditions.45 In composite materials, the interfacial 

bonding between two phases has a strong influence on elastic coupling in composite 
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material and hence its ME response too. So a good mechanical bonding at interface is 

need for efficient strain transfer to happen.25 As the laminate composite preserve 

properties of both components, individual characteristics of ferroelectric as well as 

ferromagnetic parameters have to be taken into account. This means, better individual 

ferroic property may lead to better ME response for the composite.  

 

Figure 1.3: Evolution of ME materials from single phase to micro/nano thin films. 

1.4.3 Applications of Magnetoelectric Materials 

As far as bulk and film based ME composites are concerned, a variety of 

applications have been proposed that includes magnetic/electric sensors, energy 
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harvesters, ME random access memory, biomedical applications etc. ME based devices 

are promising substitute for Hall Effect sensors and giant magnetoresistive devices. 

They can replace superconducting quantum interface devices (SQUIDs) due to their 

passive nature combined with self- powered operation at room temperature. In the last 

decade, a galaxy of laminate based ME sensors have been reported in literature, that 

find various applications in medical applications as well as oil prospecting.46-50 Energy 

harvesting from ambient sources is a hot area that was set to improve life time of 

devices and thereby addressing the limitations of conventional batteries. Magneto-

mechano-electric (MME) mechanism has the potential to solve this problem, where any 

mechanical vibration in the composite will result in an electric voltage and hence can 

harvest energy.51-55 

 ME composites were also suggested to be used in biomedical field that includes 

wireless endoscopy, stimulation of living cells etc.56 They also find its applications in 

drug release as carries and for stimulating neural activities in brain.57,58 As mentioned 

earlier, there exists a mutual control over the ferromagnetic phase and ferroelectric 

phase in ME composites. Hence this coupling can be creatively exploited to combine the 

essence of FeRAM and MRAM, to create a novel type of magnetoelectric random access 

memory (MERAM) with multiple memory states. This has got the advantages of large 

memory capacity, low power consumption, improved thermal stability.19,59,60  

1.5 Commonly Adopted Methods for Making Magnetodielectric and 

Magnetoelectric Composites 
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There are umpteen ways to develop composite materials. The current section is 

devoted for explaining various methods that are widely used to make MD and ME 

composite materials for various applications. For any particle application, the 

developed composite may either be a thick film, thin film or else in bulk form.  

1.5.1 Thick Film Hybrid Technology 

Conventionally silicon monoliths were used as mechanical supporter for bearing 

active and passive components in an electronic circuit. But in applications like military, 

automotive, avionics etc., integrated circuits have to deal with stringent conditions such 

as high temperature, pressure as well as humidity. In such cases, conventionally used 

silicon based monoliths fails to deliver the desired performance. Also, silicon monoliths 

fail to board large value capacitors, crystal oscillators, metallic inductors etc. In this 

scenario, a series of ceramic substrates have been evolved. In line with scaling trends, 

there emerges the need for 3D integrated circuit that can withstand extreme conditions 

by maintaining its electrical as well as mechanical properties. Hybrid circuits or 

multilayer ceramic technology (MLC) is a concept where active components like 

transistors, diodes etc. and passive components like resistors, capacitors, inductors, 

transformers etc., are bonded into a ceramic substrate or printed circuit board (PCB). 

The main advantage of MLC technology is that, it can combine passive components like 

microstrips, antennas, filters, resonators, inductors, capacitors, phase shifters, dividers 

into a monolith and are fired in a furnace to get a single module.61 

High packing densities of any electronic circuits can be achieved by increasing 

circuit density, reducing number of interconnects and by shortening conductor lengths. 
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Here comes the concept of cofired technology. This cofired ceramic technology has an 

intense role in 3D circuit board development. Multilayer cofired technology is broadly 

classified into three categories: high temperature cofired ceramics (HTCC), low 

temperature cofired ceramics (LTCC), ultra-low temperature cofired ceramics (ULTCC). 

The basic difference between these three technologies is the choice of electrode 

materials used as well as the cofiring temperature employed. These three technologies 

are elaborated in following sections.  

1.5.1.1 High Temperature Cofired Ceramics (HTCC) 

Multilayer capacitors are the simplest form of hybrid circuits which were first 

developed in late 1940s. Ten years later, Radio Corporation of America (RCA) first 

developed multilayer ceramic technology and was named as HTCC.62 In 1961, IBM 

endorsed this technology for development of multilayer packages for microprocessor 

applications. They enabled hermitic packages containing large number of electrical 

feeds within small chip spaces.63 The important characteristics of HTCC technology are, 

(i) Excellent mechanical stability 

(ii) High temperature stability 

(iii) High thermal conductivity 

The fabrication of a typical HTCC module involves several stages of processing. 

This starts from the judicious selection of starting materials, slurry preparation, green 

tape development using tape casting technique, via punching, screen printing, 

lamination of multiple layers, cofiring followed by post firing operations like sawing, 

machining, brazing etc.61 The cofiring temperature used in HTCC technology is greater 
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than 1500  ̊C and hence the electrodes chosen are molybdenum (Mo) and tungsten (W) 

which can stand these high temperatures. But the main disadvantage of using these 

highly resistive materials is that they will contribute conductor loss in the module while 

using in high frequencies. Alumina (Al2O3) is the most frequently used HTCC substrate 

for electronic utilizations due to its excellent dielectric, thermal and mechanical 

properties.64,65 Other commonly used HTCC substrates are aluminium nitride (AlN) and 

zircon (ZrSiO4).61  

1.5.1.2 Low Temperature Cofired Ceramics (LTCC) 

Size reduction of electronic packages is the current trend followed by 

microelectronic industries. This will result in more complex packages with high 

interconnect density, smaller component sizes along with greater reliability.66 This 

continuous effort for size reduction with improved performance will lead to the usage 

of finer wiring techniques, which will eventually result in increasing electrical 

resistance that causes signal attenuation.62 At this juncture, there arises the need of 

using a high electrical conducting material as wiring interconnects in hybrid circuits. 

The well-known low resistivity materials are silver (Ag), gold (Au) and copper (Cu). But 

the major disadvantage of using them is their comparatively low melting temperature, 

i.e, <1050  ̊C. This necessitated replacing the known HTCC materials with designer 

glass-ceramic materials known as Low Temperature Cofired Ceramics (LTCC). 

Currently LTCC is the leading technology for ceramic packaging. The main 

characteristics of LTCC include: 

(i) Passive integration and 3D design  
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(ii) High circuit density 

(iii) High conductivity (low resistivity) metallization 

(iv) Low thermal conductivity 

High circuit density can be achieved by integration of numerous components 

within a single package. Figure 1.4 shows the schematic cross section of an LTCC 

module. LTCC has got a distinctive ability to integrate a large amount of passive 

components into a very compact arrangement and thereby leaving valuable circuit 

surface area for active components.67  

 

Figure 1.4: Schematic showing cross section of an LTCC multilayer module. 

The process followed in LTCC is exactly the same as that for HTCC except 

ceramics and electrode materials.  Some of the commercial suppliers of LTCC tapes are 

Dupont, Heraeus, ESL, Ferro etc.68 

1.5.1.2.1 Material Requirements 
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In order to produce an LTCC module, the material should be cofired with 

concerned electrodes; as a consequence, the sintering temperature of material should 

be lower than that of the electrode. Even though so many low resistivity materials are 

available for using as inner electrode in LTCC technology, silver (Ag) is the usual choice 

for electrode which means the sintering temperature of LTCC material should be below 

961  ̊C (melting temperature of Ag).66,69-72 Usually, materials having good dielectric 

property are having a very high sintering temperature, which limits their applications 

in LTCC. There are only handful of methods used for diminishing the sintering 

temperature like use of low melting glasses, due to its low cost and easiness in 

application.   

 Essentially, there are two different protocols adopted for using glass-ceramic 

composite preparation. First method is glass-ceramic route, in which one can start with 

a glass system with suitable composition and then it is allowed to crystallize to obtain 

maximum density after heating. Here, the physical properties of the composition are 

inhibited by the degree of crystallization which is mainly due to the addition of small 

amount of crystalline phase that acts as nucleating agent. A typical example is MgO-

Al2O3-SiO2 glass system having cordierite as the principal crystalline phase.73,74 The 

second method is glass + ceramic route, in which contain a vitreous promoting low loss 

glass and ceramic powder that can be sintered near 900  C̊. Here, liquefaction of glass 

and its viscous flow mechanism through the constituent ceramic particles occurs, which 

play key role in densification behavior of the whole system. The prerequisite for liquid 

phase sintering is that the liquid phase (glass) should wet the ceramic grains. Over the 

years, there are a lot of reports in glass + ceramic LTCC composites.75-82 But the major 
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disadvantage of using glass + ceramics is that high content of glassy phase will 

deteriorate microwave dielectric property of LTCC material. Also, the presence of 

different phases will result in some undesirable chemical reaction between the 

electrode materials, leading to the formation of secondary phases. Due to foresaid 

reasons, researchers are looking for LTCC compositions with the lowest glass content. 

Our efforts to qualify an ideal LTCC ceramic material is described in chapter 2 of this 

thesis, where the designer material is with a very low amount of glassy phase, with 

good microwave dielectric properties.   

 Multilayer ceramic substrates (hard substrates) are developed using a process 

known as ”tape casting”, which is also called doctor blade technique. This method was 

introduced for ceramic materials in 1947 by Glenn Howatt. Ever since, it has been used 

for the production of multilayer capacitors and ceramic substrates for HTCC as well as 

LTCC systems.83 The main advantage of using this technique is that it can produce 

flexible, self- supporting green ceramic sheets with a wide thickness range of 10-100 

μm.84 Suitably casted tape layers act as building blocks in many multilayer ceramic 

packages.85 The detailed description for tape casting technique is given in the following 

section. 

1.5.1.2.1.1 Tape Casting 

Tape casting is a fluid forming process in which a ceramic powder is converted 

into well stabilized slurry by the addition of different components like solvent, binder, 

plasticizers, homogenizer etc. The process flowchart of a typical tape casting procedure 

is depicted in Figure 1.5. 
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Figure 1.5: Process flowchart of tape casting. 

 The basic formula for tape casting slurry comprises of ceramic powder, solvents 

and suitable organic additives like binders, dispersants and plasticizers. These 

ingredients other than ceramic powder are added only to ease the fabrication of tape 

and to make a mechanically strong tape enough for subsequent processing. So after 

firing, solvents and organic additives will be removed and ceramic material will remain 

in a dense form.62  Usually binary solvent systems are used in tape casting process due 

to their ability to solvate different polymeric binders and functional additives. 

Additional advantages of having greater control over rheology of slurry prepared and 

faster drying speed are shown by binary solvent system. The function of each 

component used in tape casting technique is summarized in Table 1.1. 
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Table 1.1: Different components and their functions in tape casting slurry. 

Component Functions 

Part 1 

Ceramic powder Provide desirable material properties 

Solvents Dissolve different organic additives, disperse powder 

particles, provide suitable viscosity for the slurry 

Dispersant Disperse powder particles, controls degree of agglomeration 

of ceramic powder 

Part 2 

Binder Binding the ceramic particles together, provide strength for 

green tapes, guarantees laminate formation 

 

Plasticizer 

Type I Softens polymeric chains present in binder and thereby 

making the green tape more stretchable without fracture 

Type II Provides flexibility by lubricating the tape matrix 

Homogenizer Prevent skin formation, makes the powder and additives 

uniform throughout the slurry 

 

 The amount of solvents and other organic additives should be kept to a 

minimum level, because excess amount will lead to their burnout difficulties which may 

result in a damaged tape with low firing density. After slurry preparation, it is spread 

over a flexible substrate by letting them to pass through a gap kept for attaining 

accurate width and thickness, using a doctor blade. This is the deciding factor for 
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thickness of green tape. In tape casting process, the thickness of green tape is controlled 

by four parameters viz. slurry viscosity, carrier speed, blade gap and reservoir height. 

 The most important pre-requisites of a tape casting slurry include (i) well 

dispersed homogenous stable system (ii) minimum viscosity (iii) shear thinning 

behavior etc.86 

1.5.1.2.1.2 LTCC Module Fabrication 

The process flowchart of LTCC module fabrication is shown in Figure 1.6. After 

drying the casted tape in air, it is further processed to form multilayer components, as 

shown. The tape is first cut to desired size and required vias were formed using 

punching or drilling. After via filling and screen printing of conductor patterns on 

individual layers separately, they are stacked and laminated together.  The laminate is 

then cofired. Subsequently, post firing testing and validation of the fabricated LTCC 

module will be carried out.  

 

Figure 1.6: Flow chart of LTCC module fabrication process.  

The mechanical stability and flexibility ensures the manageability of the 

developed tape. Printing of patterns on top of tape surface is controlled by surface 
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smoothness.  Sinterability and good binder burnout behavior dictates the density of the 

cofired tape. In LTCC production, the process parameters have to be defined separately 

in each glass-ceramic composition and therefore they have been a proprietary secret 

for commercial materials. 

1.5.1.2.2 Applications of LTCC 

LTCC technology finds wide range of application in every aspect of our day-to-

day life which includes consumer electronics, automotive, home appliances, biomedical 

and so on. In addition to dielectric properties, LTCC materials are supposed to possess 

superior mechanical properties too, in sintered state. This will extend their applications 

in the field of sensors, actuators, microsystems that can work in extreme harsh 

conditions like humidity and temperature.69,87,88 Microwave antenna is another domain 

where LTCC technology is found to be useful, especially in Bluetooth, global positioning 

system (GPS) and wireless local area network (WLAN). With the advent of mobile 

telecommunication, LTCC based antennas gain more attention due to their 

multifunctionality and performance.89   

1.5.1.3 Ultra-Low Temperature Cofired Ceramics (ULTCC) 

The demand of dielectric materials that can be sintered at low temperatures 

(<700 ˚C), has been increased recently. The advantages of using such kind of materials 

in multilayer ceramic packaging are their cost effectiveness, less energy consumption 

and reduced processing time.90 In ULTCC technology, firing temperature can be tuned 

to temperatures below 400 ˚C (Category I ULTCC) or 700 ˚C (Category II ULTCC) which 

allows the integration of structures using nano silver or aluminum respectively. In 



Chapter 1 

 

  27 
 

2010, Valant et al. reported the first ULTCC material sillenite based Bi12Mo20-d 

compounds.91 Nowadays, there are scores of reports are available in literature, dealing 

with electroceramic that can sinter well below 600 ˚C.92-98 

1.5.2 Polymer Ceramic Composites 

Polymers play a vital role in the microelectronic industry due to their optimum 

dielectric properties at microwave frequency region, as substrates and packaging 

applications. The globe is inundated with polymers due to their low cost, large area and 

low temperature processability. But low thermal conductivity and high thermal 

expansion coefficient limits their single phase usage in electronic applications. 

Complimentarily, there are many ceramics having high processing temperature but 

excellent dielectric properties and low thermal expansivity. Modern electronic industry 

requires diverse and specific functional properties in materials which cannot be met in 

single material alone.99 Hence, individual properties of polymers and ceramics can be 

tailored together in a composite approach, in order to obtain a combination with 

excellent dielectric, thermal and mechanical properties. In recent decades, a huge 

variety of polymer-ceramic composites have been launched for applications in the field 

of telecommunication, medical and microelectronics.100 In these composites, polymer is 

termed as matrix and ceramic is categorized as filler material. The ceramic filler can be 

a dielectric, magnetic or any kind of material depending on the application. Here in one 

of the chapters (chapter 3), we plan to make a composite by adding magnetic filler into 

a polymer matrix which will result in MD composite with tailor-made properties.  
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1.5.2.1 Connectivity 

Connectivity is a key feature in the evolution of multiphase solids since the 

physical properties are greatly depending on the connection between individual 

particles.101 The concept of connectivity was first introduced by Newnham.102 The 

interspatial relationship in a multiphase composite is of great significance because this 

controls the mechanical, dielectric, magnetic and thermal fluxes between the phases. In 

a two phase composite, there are ten number of connectivity as shown in Figure 1.7. 

Here, the first digit amount to inclusions and the second one stands for host. The 

commonly studied composites among these varieties of connectivity are, (0-3), (2-2) 

and (1-3) configurations. Polymer ceramic composites with (0-3) connectivity are 

suitable for producing functional packages.103 In a typical (0-3) composite system, zero 

dimensional (0D) particulate fillers will be distributed in a 3D host polymer matrix. 

Here in principle, the filler particles should not be connected to each other, whereas the 

polymer matrix will be self-connected in all directions.104 When compared to other 

configurations, 0-3 connectivity can be achieved at relatively low cost.105 Preparation of 

(0-3) MD composite is planned in the thesis with the aim of developing miniaturized 

microstrip patch antenna. 
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Figure 1.7: Connectivity patterns in two phase composite system.102 

1.5.2.2 Material Requirements 

Polymer ceramic composites are developed for fulfilling diverse applications in 

electronic industry. As they are the combination of polymer and ceramic materials, they 

should be blessed with the advantages of both the constituents. The present thesis 

plans to develop a MD composite with (0-3) connectivity, where the magnetic part acts 

as the filler and the polymer acts as the matrix. Since the developed composites are 

intended to use in microelectronic devices, they have to fulfill certain stringent criteria 

like low dielectric as well as magnetic loss, and agreeing values for dielectric 

permittivity and magnetic permeability over the desired frequency range. The filler 
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particle size, interfacial properties, percolation level and porosity play key roles in the 

composite properties.  

Thermal properties of composites are very crucial since ceramic and polymers 

differ largely. The properties that are significant in enduring life cycle profiles of 

resultant devices include thermal conductivity and thermal expansion coefficient. High 

value for thermal conductivity is required to dissipate heat generated during operation 

of the device. Low thermal expansion is also a mandatory property for composite since 

it is related to dimensional compatibility and thermal stability when used with other 

elements in the device. Usually, low or matching thermal expansion coefficient close to 

that of silicon (~ 4 ppm/°C) chips is acceptable to curtail thermal failure. 

Mechanical properties are also important for a polymer ceramic composite since 

the developed one has to sustain flexural loading during operation. The mechanical 

properties of composites are strongly affected by size and shape of ceramic filler, matrix 

properties and interfacial adhesion between them. The mechanical properties are 

critical because during manufacturing as well as assembling stages, the composites 

have to undergo thermo mechanical stresses, shocks and vibrations. Different forms of 

composites are known to research world, where functional ink which is essentially a 

mixture of functional filler and a vehicle, is also a composite.  

1.5.3 Formulation of Functional Inks 

Printed electronics is a revolutionizing domain in next generation electronics 

which finds lot many advantages than silicon technology by means of its low 

temperature processability, low production cost, mask less as well as additive 

manufacturing process. Functional inks are usually used in printed electronics aiming 
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the development of different functionalities in a single device. There are different kinds 

of functional inks that are being used in current state of art.  Figure 1.8 gives a brief idea 

of different types of ink and the components used to make an ink. 

 

Figure 1.8: Different types of ink and components in each type of ink. 

 As shown, various kinds of inks are currently available for printed electronic 

purposes. They include dielectric, conducting, magnetic and semiconducting inks. The 

difference between these inks is their functionalities that are being offered after 

printing in for a purpose. In multilayer circuits, dielectric inks are often used for 

providing electrical insulation between the conducting layers and thereby avoiding 

short circuits.106 Magnetic, conducting as well as semiconducting inks can be used for 

printing components of specific applications. Moreover, magnetic ink finds its 

application in banking industry in clearance of cheques as magnetic ink character 

recognition (MICR) code.107   

Any ink is comprised of filler colloidally dispersed in a solvent system along with 

binder and dispersant. Different functionalities can be obtained by suitable selection of 
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filler material. More careful choice of solvent system has to be done since the filler 

should be soluble (or dispersible) in the same. A polymeric binder is used in order to 

bind the filler particles together in the printed pattern. The role of dispersant is to 

disperse filler particle in the system for obtaining a stable suspension of ink, while 

remaining soluble in the solvent.   

There are lot many methods available for transferring the ink to a substrate. 

Semiconductor industry uses printing technologies like inkjet printing, micro contact 

printing, screen printing, flexographic printing etc. Among them screen printing offers 

cost effective as well as easy technology for depositing functional inks. This method can 

be used to print large area patterns in a matter of few seconds. A schematic 

representation of screen printing process is shown in Figure 1.9. 

 

Figure 1.9: Schematic representing screen printing process. 

The essential elements in screen printing technique are screen, ink and a 

squeegee. Screen printing requires a highly viscous ink (viscosity 10 Pa.s or more), 

which is squeezed through a finely woven mesh on to a substrate using a squeegee (see 
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Figure 1.9). Screen is usually made up of porous fabric or stainless steel which is tightly 

held onto a wooden/metallic frame. The pattern to be printed is usually defined in the 

mesh through photochemically or manually. Squeegee is a flexible blade used to flow 

ink into the mesh and to wipe off excess ink from the screen.  During screen printing, 

squeegee moves against the screen and presses ink through mesh opening and register 

over the surface of substrate. The important parameter that determines the flow of ink 

through mesh is the viscosity of ink, which is a measure of inner friction of the fluid 

when subjected to mechanical pressure. Wetting behavior of ink as well as mesh 

parameters also play important role in determining the resolution of printed pattern.  

1.6 Testing of Magnetodielectric and Magnetoelectric Properties 

The developed MD and ME composites have to be measured for getting an idea 

for exploring them in practical applications. A variety of characterization techniques are 

to be used for measuring the individual as well as combined properties of materials 

synthesized and also for developing various composites discussed in the present thesis.  

Some of the popular characterization techniques used in the present study are briefly 

described below. 

1.6.1 Radio Frequency and Microwave Measurements 

The dielectric properties of the developed materials were studied in low radio 

frequency (1 Hz to 1 MHz) as well as microwave frequency (> 1 GHz) regions and are 

detailed in the following sections. 

 



Multifunctional materials 

 

  34 
 

1.6.1.1 LCR Meter 

LCR meter is a device used to measure inductance, capacitance, resistance and 

dissipation factor of a dielectric ceramic, generally in radio frequency region. Under the 

application of an ac voltage across the device, LCR meter will measure the impedance of 

the same under test.  LCR meter uses the well-known parallel plate capacitor method 

for elucidating parameters like capacitive, inductive and resistive components of the ac 

field in interaction with the dielectric, beside the dielectric dissipation factor. The 

parallel plate method comprises of sandwiching a sheet of dielectric material between 

two electrodes in the form a capacitor. Here we use silver paste as conductive electrode 

for measuring. The capacitance of parallel plate capacitor measured in vacuum is 

compared with the one measured in presence of material for which the dielectric 

property is to be measured. The permittivity of the sample is calculated from measured 

capacitance as per the equation, 

𝐶 =
𝜀𝑟𝜀𝑜𝐴

𝑑
     (1.10) 

where 𝐶 is capacitance, and 휀𝑟  and 휀𝑜 are permittivity of material and free space, 𝐴 is 

area and 𝑑 is thickness of sample. 

Here in the thesis, we used an instrument Hioki model 3532-50 (Japan) whose 

accuracy for the impedance measurement is ±0.12 % at 10 kHz. The accuracy of 

capacitance is ±0.009. 
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1.6.1.2 Microwave Characterization 

The complete knowledge about microwave dielectric properties of the material 

is required to qualify novel low loss dielectric materials for microwave applications. 

The measurement of these properties classified into two categories according to the 

methods used: resonant and non-resonant methods. Resonant method provides 

meticulous knowledge about the dielectric properties at a particular frequency or at 

discrete frequencies. In non-resonant method, the accurate knowledge of properties 

will be obtained over a frequency range.  

1.6.1.2.1 Measurement of Permittivity 

The permittivity of a material used in microwave applications is measured using 

the method developed by Hakki and Coleman and modified by Courtey.108 In this 

method, sample in the form of a cylindrical puck is end shorted between two 

conducting plates made up of copper whose surface is already coated with silver/gold. 

In this method, TE011 resonant mode is used for measurements since this mode is least 

the perturbed one in frequency domain, and is capable of propagating inside dielectric 

sample and is evanescent outside the same. Hence, a large quantity of electrical energy 

will be stored in high Q resonators.109 For easily identifying the TE011 mode from 

adjacent modes, the aspect ratio (sample diameter to height ratio) should be 

maintained to two. The permittivity of the sample is measured using the relation,110 

휀𝑟 = 1 + [
𝑐

𝜋𝐷𝑓0
]2(𝛼2 + 𝛽2)      (1.11) 
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where 𝐷  is diameter of sample, 𝑓𝑜  is resonant frequency, 𝛼  and 𝛽  are resonant 

wavelengths inside and outside the resonator.  

1.6.1.2.2 Measurement of Quality Factor 

Transmission mode cavity proposed by the Polish scientist Jersey Krupka, was 

used in the present study for measuring unloaded quality factor (𝑄𝑢) of dielectric 

material.111 Resonant cavity is a hollow metallic cylinder made of copper and inner 

sides are coated with silver in order to reduce the radiation loss. When microwave is 

fed using loop coupling, cavity excites infinite number of modes. TE01δ mode is 

identified when the cavity volume is adjusted properly. After identifying the foresaid 

mode, fine tuning has to be made for getting maximum separation between TE01δ and 

any nearby cavity modes, to attain maximum possible accuracy in quality factor 

measurement. The loaded 𝑄 factor is calculated using, 

𝑄𝐿 =
𝑓0

𝛥𝑓
     (1.12) 

where 𝑓0 is the TE01δ mode frequency and 𝛥𝑓 is the half power (3dB) bandwidth. 

Practically, the unloaded quality factor will be nearly equal to the loaded 𝑄 value 

for extremely loose coupling (for low loss samples). In microwave frequency region, the 

dielectric loss increases with increase in frequency. That means, there exist an inverse 

relationship with quality factor and frequency. So the quality factor of a dielectric 

resonator is conventionally represent in units of 𝑄𝑢x𝑓, rather than 𝑄𝑢. 
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1.6.1.2.3 Split Post Dielectric Resonator (SPDR) 

Split Post Dielectric Resonator method is a resonant technique, which is used to 

characterize thin sheet like samples. It provides accurate measurement of complex 

permittivity and dielectric loss at single frequency point.112 Here the resonator consists 

of a dielectric split into two thin equal discs inside the metal enclosure. SPDR is 

designed in such a way that, air gap will not affect measurement of dielectric properties 

of material under test. SPDR usually operates with TE01δ mode, which only has the 

component of azimuthal electric field. Hence, the electric field will remain continuous 

throughout interfaces of the dielectric. But the field distribution gets affected by the 

introduction of sample, which in effect will change resonant frequency as well as 

unloaded quality factor. The dielectric properties are thus derived from the changes in 

values of resonant frequency and 𝑄𝑢, due to perturbation happened by the insertion of 

respective sample. The permittivity is obtained as an iterative solution to the following 

equation, 

휀𝑟 = 1 +
𝑓0−𝑓𝑠

ℎ𝑓0𝐾𝜀(𝜀𝑟,ℎ)
          (1.13) 

where ℎ is thickness of the sample, where 𝑓0 and 𝑓𝑠  are resonant frequency of resonant 

fixture without and with sample, 𝐾𝜀  is a function of 휀𝑟  and ℎ will be evaluated using 

Rayleigh-Ritz technique.111 The loss tangent is calculated using the equation,    

    𝑡𝑎𝑛𝛿 =
𝑄𝑢

−1−𝑄𝐷𝑅
−1−𝑄𝐶

−1

𝜌𝑒𝑠
    (1.14)  
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where 𝑄𝑢 is a parameter dependent on the unloaded quality factor of resonant fixture, 

𝑄𝐷𝑅 is quality factor depending on the dielectric losses in dielectric resonators and 𝑄𝐶  is 

quality factor depending on the metal enclosure losses.  

The overall uncertainty associated with measurements using SPDR is about 

0.3%. The accuracy level of loss tangent that can be achieved through this method is 

2x10-5 and a 1% error for Q-factor measurements.111  

1.6.1.2.4 Transmission Waveguide Technique 

The main disadvantage of cavity resonant method is its unsuitability for 

measuring the dielectric parameters of relatively lossy samples. The resonant curves 

for lossy samples will be widened as the loss of the samples increase. Transmission 

wave guide technique is a non-resonant method which employs two port 

transmission/reflection over a wide range of frequencies. This is based on transmission 

line theory, where the properties can be determined from phase and amplitude of a 

microwave signal reflected from the sample itself. Here the real and imaginary part of 

both permittivity and permeability can be obtained over the respective band of 

frequencies. Rectangular block samples that fit in the exact dimensions of waveguides is 

used. Herein, the dominant TE01 transverse electric mode is identified which 

propagates through discontinuity created by sample under test in respective 

waveguide. This method involves the measurement of the reflected (𝑆11  or 𝑆22) and 

transmitted signals (𝑆12or 𝑆21). These scattering parameters are closely related to the 

complex permittivity and permeability of the material.113 Uncertainty in the 

measurement is greatly depends on the thickness of the samples used for measurement. 
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The average resolution for loss tangent in waveguide method is approximately 10-2 for 

the waveguide used in this investigation (Agilent, USA). 

1.6.2 Magnetic Characterization 

Magnetic measurements of the samples were studied with the aid of a Vibrating 

Sample Magnetometer (VSM) attached to a Physical Property Measurement System 

(PPMS, Quantum Design, San Diego, USA). VSM is a measurement tool that measures the 

magnetic moment of a material with very high accuracy based on Faraday’s law of 

electromagnetic induction. This law states that, an emf is induced when placed in a 

varying magnetic field and the induced emf is equal to the rate of change of flux 

associated with it. On measuring this emf, one can get information about the changing 

magnetic field. VSM measures the magnetic moment of a sample when it is being 

vibrated perpendicular to a uniform magnetic field.  

In a typical VSM testing, the sample is placed in a constant magnetic field. If the 

material is magnetic responsive, then this field will magnetize the material by aligning 

the magnetic domains or individual magnetic spins along the field direction. A stray 

magnetic field is developed around the sample due to this magnetic dipole moment. 

When the sample is vibrated in an up and down direction, this stray field will vary as a 

function of time, which is detected using a set of pickup coils. The corresponding change 

in magnetic field will induce an emf into the pickup coil, which is directly proportional 

to magnetic moment of the sample. The time dependent voltage induced in the coil is 

given by, 
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𝑉𝑐𝑜𝑖𝑙 =
𝑑𝛷

𝑑𝑡
= (

𝑑𝛷

𝑑𝑧
)(

𝑑𝑧

𝑑𝑡
)                                                   (1.15) 

where 𝛷 is magnetic flux enclosed by the pickup coil, 𝑧 is vertical position of sample 

with respect to coil and 𝑡 is time. For sinusoidally oscillating sample, the voltage is given 

by the equation, 

𝑉𝑐𝑜𝑖𝑙 = 2𝜋𝑓𝐶𝑚𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)                               (1.16) 

where 𝐶 is coupling constant, 𝑚 is DC magnetic moment of sample, 𝐴 is amplitude of 

oscillation and 𝑓 is frequency of oscillation. By measuring coefficient of sinusoidal 

voltage response, magnetic moment can be calculated.  

1.6.3 Ferroelectric Characterization 

All ferroelectric materials will have its own characteristic hysteresis loop, which 

is known as the fingerprint of that material. Remanent polarization is the signature of 

ferroelectricity (FE). The easiest and most frequently used approach is the inspection of 

Polarization (𝑃) -Electric field (𝐸) hysteresis loop. In order to characterize a 

ferroelectric material, a sinusoidal voltage is applied across the sample made in the 

MIM capacitor form and the corresponding polarization as well as displacement is 

recorded. Leakage current is another important parameter that can deteriorate the 

property of a ferroelectric material. The presence of lattice defects giving rise to space 

charges, injection of electrons into the sample due to low work function of electrode 

materials etc. are some of the factors that give rise to leakage current in a material. 

Current across the dielectric is investigated by the application of electric field that will 
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give an idea about leakage current of that material. For both hysteresis loop and leakage 

current, the samples have to be modeled like a parallel plate capacitor.  

All ferroelectric testing in the present thesis is done with the help of 

Ferroelectric Test & Measurement System (TF Analyser 3000) from Aixacct System 

GmbH, Aachen, Germany) provided with 10 KV external voltage amplifier. Here, a 

triangle waveform is applied to the FE capacitor in a Sawyer-Tower circuit. Then the 

number of charge generation is estimated across couple capacitors, and is plotted as a 

function of the applied polarization voltage. This testing set up is capable of electrical 

measurements to be performed at submicron level with high precision.  

1.6.4 Magnetodielectric Measurement 

The existence of magnetocapacitance is a measure of dielectric properties of a 

material can be tailored under magnetic field. The existence of MD property has been 

attributed to the coexistence of magnetic as well as insulating grains in the same 

material. Herein MD testing, permittivity (휀𝑟) is measured as a function of magnetic 

field (H).114 Multiferroicity contributed by the coupling between electric and magnetic 

orders is a major cause of MD effect. However, there are other reasons as well. For 

example, Maxwell-Wagner (M-W) type relaxation process is observed in several MD 

systems.115,116 In magnetocapacitive materials, the applied magnetic field will decrease 

the magnetic ordering and charge ordering in a material, which in turn changes the 

magnetocapacitance.114,117,118 It is possible to calculate magnetocapacitance with the 

help of M-W equations and is defined as, 
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𝑀𝐶 (%) =
𝜀′(𝐻)−𝜀′(0) 

𝜀′(0)
𝑥 100                         (1.17) 

where 휀′(𝐻) and 휀′(0) are the permittivity values of material at magnetic field 𝐻 and 

zero magnetic field respectively.   

The magnetocapacitance (MC) measurement was performed using Wayne Kerr 

Impedance Analyzer (Model 6500B) which is used for dielectric measurements, 

together with electromagnet that can provide a maximum field upto 5 kOe at a pole gap 

of around 2 cm. 

1.6.5 Magnetoelectric Measurement 

In ME testing, the ME coupling coefficient can be conveniently estimated by 

measuring the voltage ME coefficient using a dynamic lock-in amplifier, since voltage is 

easily measurable than electric polarization. This method provides a measure of voltage 

generation as a result of magnetic field induced magnetostrictive strain. The induced 

polarization under an applied magnetic field is monitored using a Hall probe setup. The 

ac field is produced by using a set of Helmholtz coils and dc bias using a set of 

permanent magnets. Here the induced voltage is measured with the aid of lock-in 

amplifier in differential mode, in order to subtract the common mode induction 

contribution. The experiment involves the measurement of induced voltage as a 

function of variable amplitude of applied ac magnetic field at a fixed frequency which 

was produced by Helmholtz coils. According to theory, induced voltage is having a 

linear relationship with amplitude of ac applied field. Here, the ME coupling coefficient 

is given by the equation,   



Chapter 1 

 

  43 
 

𝛼 =
1

𝑡
(

𝑑𝑉

𝑑𝐻𝑎𝑐
)     (1.18) 

where 𝑉 is induced voltage, 𝐻𝑎𝑐 is amplitude of applied ac magnetic field and 𝑡 is 

thickness of the sample. 

 This measurement was performed using a Magnetoelectric coefficient 

measurement setup by Marine India. This tracer instrument was developed for 

characterizing multiferroic materials. It measures voltage in presence of ac as well as dc 

magnetic fields. Alternating magnetic field measurements are performed at 850 Hz 

sinusoidal signal. 

1.7 Scope of Present Thesis on Multilayer Multifunctional Research 

With the progressing scaling down of wireless communication systems, there is 

a critical need to reduce size and volume of antenna. It is realized that the trademark 

dimension of an antenna is mainly controlled by transmission wavelength. In this way, 

for low-frequency applications, an antenna must undergo greater miniaturization in 

terms of its dimensions. MD materials are potential candidate for this application. Two 

chapters in the present thesis are dedicated for developing MD substrates that will help 

in satisfying the demand of miniaturization of antennas. ME materials have a 

coexistence of ferroelectric and ferromagnetic parameter that could be exploited in 

developing novel types of memory. The harmony between magnetization and 

polarization can allow realization of four state logic memories in a single device. Such 

kind of ME composites were developed in the present thesis by novel, cost-effective 

method.  
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2.1 Abstract 

Thus far, magnetodielectric (MD) structures have never been realized on Low 

Temperature Cofired Ceramic (LTCC) tapes. In this chapter, an all ceramic MD substrate 

was developed for miniaturized printed antenna applications. For this, LTCC tapes 

based on BiSmMoO6 (added with 2 wt.% BBSZ glass) were developed. The tape sintered 

at 875 ˚C, possesses an ultra-low dielectric loss of the order of 9x10-4 when measured at 

5 GHz. Meanwhile, room temperature curable ink based on the well-known 

multiferroic, BiFeO3 (BFO) was developed. The ferroelectric, ferromagnetic and 

dielectric properties of the developed ink in the bulk and printed form were discussed. 

A MD composite was developed by screen printing BFO ink on top of developed LTCC 

tape. The variation of capacitance in presence of magnetic field was studied at different 

frequencies. An impressive negative magnetocapacitance variation upto 15% was 

observed under 3 kOe magnetic field at 1MHz, which can be posed as an ideal substrate 

for ceramic patch antenna miniaturization.    

2.2 Introduction 

All across the globe, hand held mobile devices have become ubiquitous, with 

India holding over 80 crore mobile phone users in 2019 and counting. In portable 

wireless mobile communication, people are always looking for thinner and lighter 

devices with multifunctionality. This in turn, prompts engineers to look for ideas that 

could help in achieving integration of several components into a single device, at 

reduced size. Antennas are the critical components in every modern mobile 

communication gadgets and different antennas are used in different applications like 

Global System for Mobile Communications (GSM), 3G, 4G ,WiFi, Bluetooth, Global 
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Positioning System (GPS) etc.1 The microstrip antennas are ideal choice in miniaturized 

devices since they can be realized on the same printed circuit board (PCB) where other 

electronic components are integrated, thereby optimizing the available compact space.  

Attaining reduced size without compromising antenna’s performance is a 

tedious task, since antenna parameters like radiation efficiency, band width and gain 

have direct dependence with antenna size.2 Using a high permittivity material will 

result in poor antenna performance like narrow bandwidth and low efficiency, which 

can be compensated only by increasing the antenna size.3 So the best known strategy 

for achieving miniaturization is possible by loading a high refractive index (n=√     ) 

material in the antenna design.4 The MD materials are widely used in electromagnetic 

band gap designs, where they can provide high band rejection levels, besides 

miniaturization. In patch antennas, the central idea is that a MD material having 

permittivity (  ) and permeability (  ) greater than unity, provide less capacitive 

coupling, and avoid the imminent field confinement around the substrate. Moreover, 

they can provide better impedance matching since the characteristic impedance 

    √
  
  ⁄  of the substrate is close to that of the surrounding medium.5,6 In all 

microwave communication applications, the impedance mismatch is an undesirable but 

critical parameter which exacerbates when difference between    and    is more where 

the loss increases due to higher reflection loss. This problem is solved best with MDs. 

In simplest terms, an ideal MD material upon the application of a magnetic field 

shows variation in the dielectric properties. In fact, intrinsic MD materials are not 

readily available in nature and have to be realized through engineered material 
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synthesis. In general, composites are being largely explored as MD materials. Several 

composite strategies such as (0-3), (1-3), (2-2) etc. are available for developing such 

heterostructures.  

In laminate (2-2) MD composites, there are loads of literature reports available, 

where a magnetic layer is in intimate contact with a dielectric layer.7-10 Usually, these 

layers are developed using tape casting technique which invariably involves a high 

temperature treatment. In the present research, the concept of ‘hybrid microcircuits’ is 

introduced to develop MD structures. An emerging protocol under hybrid microcircuits 

is the LTCC hybrid circuit technology that enables passive components to be embedded 

within the layers of multilayer ceramic substrates, and cofiring them below 900 ˚C. 

Inspired by this concept, we have chosen a pre-fired, low loss dielectric layer as an 

LTCC substrate, on top of which a magnetic layer was coated using screen printing. 

Usual post printing heating of the MD composite may eventually lead to delamination, 

owing to the difference in thermal expansion of layers and all. Since the magnetic layer 

is a ceramic ink, it need not have to be heated at all, after printing. This method of 

printing the ferromagnetic component over dielectric is advantageous than multilayer 

tape lamination pressing of LTCC heterostructures, due to its simplicity and versatility 

to make any desired shaped MD structures. Also in the present case, the magnetic layer 

will be a few microns thick which will further reduce overall thickness of the module.  

In this chapter, the dielectric layer chosen is BiSmMoO6 based LTCC composition. 

In 2009, Zhou et al. reported the microwave dielectric properties of Bi2MoO6, sinterable 

at 750 ˚C. The ceramic has got a relative permittivity value of ~31 with a Quxf value of 

~16,700.11 With the intention to develop for LTCC applications, we have attempted the 
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substitution of samarium (Sm) in one of its Bi-site, to form BiSmMoO6 (abbreviated as 

BSMO). In 2017, Li et al. reported the microwave dielectric properties of BiSmMoO6 

sintered at 1000 ˚C.12 Here in our case, though the properties got improved compared 

to the parent compound, which is detailed in the discussion section, the sintering 

temperature was 975 ˚C. For the purpose of LTCC applications that demands sintering 

temperature less than 900 ˚C, we have qualified a glass additive, 40Bi2O3: 49B2O3: 

6SiO2: 5ZnO (abbreviated as BBSZ). This glass system had a proven record of promoting 

liquid phase sintering in a lot of low firing low loss systems investigated in recent 

times.13-16 With an addition of 2 wt.% of BBSZ glass, we found that the sintering 

temperature of BSMO was reduced to 875 ˚C. So, in the first part of this chapter, we 

outline the development of the LTCC tape based on BSMO-BBSZ, its structural, 

microstructural, thermal, mechanical and dielectric properties, as a hybrid microcircuit 

component suitable for MD circuits.  

The magnetic part chosen in the present investigation is the well-known 

multiferroic material, BiFeO3 (BFO) which is described in the subsequent section. Here, 

the chosen material stands out as a unique choice since it simultaneously possesses 

ferroelectricity and magnetism at room temperature. It has got a ferroelectric Curie 

temperature of 1103 K and has a G-type antiferromagnetic Neel transition at 647 K.17 

These properties permit the usage of BFO for various applications at room temperature. 

It is very difficult to synthesis single phase BFO through solid state reactions and hence 

chemical methods are been widely employed.18-20 In the present study, a sol-gel 

technique was used for synthesizing phase pure BFO which was then further developed 
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in ink form to make a MD (2-2) layered composite. Our efforts to develop a MD 

composite inspired LTCC concept is described in the following section. 

2.3 Experimental Section 

2.3.1 Materials 

Bismuth oxide (Bi2O3, 99.9%, Sigma Aldrich), Samarium oxide(Sm2O3, 99%, 

Indian Rare Earth), Molybdenum trioxide (MoO3, 99+%, Sigma Aldrich), Boron trioxide 

(B2O3, 99%, Sigma Aldrich), Silicon dioxide (SiO2, 99.6%, Sigma Aldrich), (Zinc oxide 

(ZnO, 99.9%, Sigma Aldrich), Bismuth nitrate ((Bi(NO3)3.5H2O, Merck), Iron nitrate 

((Fe(NO3)3.9H2O), Sigma Aldrich), Xylene (Sigma–Aldrich), Ethanol (Merck), Fish oil 

(Arjuna Natural Extracts, Kerala, India), Ethylene glycol (Merck), Triton X-100 (TCI, 

Tokyo, Japan), Ethyl cellulose (Sigma Aldrich), Polyvinyl butyral (PVB, Butvar B-98, 

Sigma Aldrich), Butyl benzyl phthalate (SigmaAldrich), Polyethylene glycol 

(SigmaAldrich), Cyclohexanone (Sigma Aldrich).  

2.3.2 Sample Preparation 

2.3.2.1 BSMO-BBSZ Ceramic 

BiSmMoO6 ceramic was prepared using conventional solid state ceramic route. 

Stoichiometric amount of powders was weighed and ball milled together in water 

medium using yittria stabilized zirconia balls for 24 h. The slurry thus obtained was 

dried in a hot air oven at 100 ˚C. The resultant powder was then kept for calcination at 

900 ˚C for 4 h. The properties of BSMO ceramics were tested after they were formed 

into cylindrical pellets at 150 MPa (Carver Inc., USA) and sintered at 975 ˚C for 2 h.  
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For the preparation of BBSZ glass, stoichiometric amount of reagents were 

weighed and mixed. The resultant powder was splash quenched at 750 ˚C and then 

made into fine powder using a high energy planetary ball mill (Fritsch Pulverisette 5, 

Germany). The finely ground BSMO ceramic was then added with 2 wt.% of BBSZ glass 

and ball milled in water medium for 24 h in order to get a homogeneous mixture of 

ceramic-glass.  

2.3.2.2 BSMO-BBSZ Tape 

The tape casting process for BSMO-BBSZ was carried out using an organic 

solvent based technique. A mixture of xylene and ethanol in the ratio 50:50 was used as 

solvent for the procedure. In order to optimize the dispersant amount, ceramic slurry 

was prepared with varying amounts of dispersant. In this case, fish oil was chosen as 

dispersant and the amount was varied from 0.5–2.0 wt.% with respect to powder. The 

powder loading was fixed at a constant value of 69.96 wt.% for the dispersant 

optimization. 

2.3.2.3 BFO Ink 

Stoichiometric amount of precursor salts were weighed out and mixed in about 

12 ml acetic acid, in separate beakers respectively at 80 ˚C for 1 h under constant 

stirring. After mixing, Bi and Fe solutions were allowed to mix together for a couple of 

hours at the same temperature. About 15 ml ethylene glycol was then added and mixed 

at 120 ˚C. The sample was then allowed to dry at an elevated temperature until all the 

solvents evaporate completely.  
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For ink formulation Triton X 100 was mixed in an ultrasonicator for 30 min after 

which the filler particles, BFO was added. This was kept for mixing in a magnetic stirrer 

under vigorous stirring. After 4 h of stirring, binder was added to the mixture and was 

kept continued stirring for another 24 h at room temperature. The obtained ink was 

used for making MD sample.  

2.3.2.4 BSMO-BBSZ-BFO Magnetodielectric Structures 

MD composite was made by screen printing BFO ink, using a semiautomatic 

screen printer (XPRT 2, Ekra GmbH, Germany) over developed BSMO based LTCC tape 

sintered at 875 ˚C for 2 h.  

2.3.3 Characterization 

2.3.3.1 BSMO and its LTCC Composition 

The phase purity of as prepared BSMO and BSMO-BBSZ ceramics were 

characterized by Bruker D8 Advance diffractometer using CuKα radiation (Karlsruhe, 

Germany). The coefficient of thermal expansion (CTE) of BSMO and BSMO-BBSZ was 

analyzed using a thermo mechanical analyzer (TMA SS7300, SII Nano Technology Inc, 

Northridge, CA, USA). The thermal conductivity (TC) of sintered samples of BSMO and 

BSMO-BBSZ was directly measured by a xenon flash technique using a laser flash 

thermal properties analyzer (FlashLine2000, Anter Corporation, Pittsburgh, USA). The 

bulk density of sintered samples was measured using Archimedes method. A scanning 

electron microscope (JEOL JSM 5600LV, Tokyo, Japan) was used to study 

microstructural morphology of the green and sintered tape samples. The microwave 

dielectric properties were measured using a vector network analyzer (Model No. 
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E5071C ENA series; Agilent Technologies, Santa Clara, CA). The relative permittivity (εr) 

of the sintered BSMO samples was measured by the Hakki–Coleman method modified 

by Courtney.21 The unloaded quality factor and temperature coefficient of resonant 

frequency (τf) were measured by the resonant cavity method (QWED, Warsaw, Poland). 

Temperature variation of relative permittivity (τε) of the sample was measured using 

an LCR Meter (Hi-Tester, Hioki 3532-50) at 1 MHz, using a thin densified, properly 

electroded pellet in the form of a MIM capacitor. 

2.3.3.2 BSMO-BBSZ Tapes 

The viscosity of slurry was periodically measured by cone and plate method 

using a rheometer (Rheo plus32, Anton Paar, USA). The sedimentation analysis was 

performed out in a 10 ml graduated measuring cylinder. The packed bed density of the 

slurry was investigated from the ratio of the sediment's initial height (Ho) and sediment 

height (H) as a function of time, at regular intervals.  

Tape casting slurry was formulated in two stages; in the first stage, mixing of 

BSMO-BBSZ powder with optimized dispersant concentration in the binary solvent 

mixture was performed. In second stage, other essential vehicle components like 

binder, plasticizers and a homogenizer were added. The LTCC tapes were casted using a 

double doctor blade tape casting machine (Keko equipment, Zuzemberk, Slovenia) onto 

silicon coated Mylar® films, using the final optimized slurry. The casted tape was 

allowed to dry at room temperature. The mechanical strength of green tape was 

measured using a universal testing machine (Hounsfield, H5K-S UTM, Redhill, UK). The 

thermogravimetric analysis (TGA) of the green tape was conducted using a 

thermogravimetric analyzer (Perkin Elmer, Waltham, USA), in order to construct the 
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sintering profile. The lamination of individual green tapes was done in an isostatic 

lamination press (Keko equipment, Haikutech, Maastricht, Netherlands) by applying a 

pressure of 10 MPa and a temperature of 60 ˚C for 8 min. These tapes were sintered at 

875 ˚C for 2 h, employing constrained sintering technique, by keeping the thermo-

laminate tape in between two macroporous alumina plates that helps to avoid warping. 

The microstructure of green and sintered tapes was analyzed using scanning electron 

microscope, as described earlier. The surface roughness of the green tape was 

determined using an atomic force microscope (AFM) (Bruker Nano, Inc., USA), being 

operated at tapping mode. Passive circuits were screen printed on top of green tapes 

using Ag ink with the aid of a semi-automatic screen printer, as described before, and 

were cofired at 875 ˚C. The surface homogeneity and quality of the post-printed tape 

were characterized using optical microscopy (MRDX, Leica Microsystems, Wetzlar, 

Germany). The micro hardness of sintered tapes was measured using Vickers 

microindentation hardness test (Shimadzu HMV-2TAW, Kyoto, Japan). The microwave 

dielectric properties were measured using a split post dielectric resonator (SPDR, 

QWED, Warsaw, Poland) operating at 5 GHz with the aid of a vector network analyzer. 

2.3.3.3 BiFeO3 

Thermogravimetry/ differential thermal analysis (TG/DTA) of the BFO was 

carried out from room temperature upto 600 ˚C in air atmosphere using a 

thermogravimetric analyzer (TGA/DTA instrument, Shimadzu, Japan). Phase purity of 

the calcined powder was analyzed using X-ray diffraction (XRD) analysis with Cu Kα 

radiation (X’Pert PRO diffractometer, PANalytical, Almelo, The Netherlands). The 

particle size of ceramics prepared was performed using high-resolution transmission 
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electron microscopy (HRTEM) (FEI Tecnai G2 30S-TWIN, FEI Co., Hillsboro, OR, USA). 

Rheo plus32 rheometer was used for measured using viscosity of developed ink slurry 

(Anton Paar, Ashland, VA, USA). Screen printing of developed ink was performed under 

optimal conditions. Microstructural analysis of the printed film was identified using a 

scanning electron microscopy (SEM) using a JSM 5600LV instrument (JEOL, Tokyo, 

Japan). Atomic force microscopy (AFM) (Multimode, Bruker, Germany), in tapping 

mode is used for getting an idea regarding the surface roughness of printed sample. The 

ferroelectric property was analyzed using a ferroelectric tester (aixACCT-TF2000E, 

GmbH, Aachen, Germany). Magnetic properties were measured using an oven setup 

which can go upto 900 K attached to Physical Property Measurement System (PPMS 

Quantum Design, USA). 

2.3.3.4 Magnetodielectric Composite 

The microstructural analysis was done using scanning electron microscopy 

(SEM) using a JSM 5600LV instrument (JEOL, Tokyo, Japan). Elemental mapping was 

performed using an EDAX technique associated with SEM. The multiferroic studies 

were done using a ferroelectric tester and oven setup attached to PPMS as discussed in 

2.3.3.3. Magnetocapacitance measurement was performed using a WayneKerr 

Impedence Analyser as discussed in 1.6.4. 

2.4  Results and Discussion 

2.4.1  BiSmMoO6 based LTCC Tape 

 An earlier study has shown that, the effect of rare earth ion, Sm with strongly 

localized f shell electrons influences the dielectric loss quality of BiSmMoO6 

significantly.12 
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Figure 2.1: XRD of BSMO and BSMO-2 wt.% BBSZ ceramic sintered at 975 ˚C and 875 ˚C for 

2 h respectively (prominent peaks are indexed). 

 
The crystal structure of BiSmMoO6 ceramics was identified as monoclinic. As 

shown in Figure 2.1, the XRD pattern obtained for pure BSMO sintered at 975 ˚C and 2 

wt.% BBSZ glass added BSMO samples sintered at 875 ˚C, remains identical without any 

additional phases which confirms that the glass phase has no apparent reactivity with 

the ceramic powder, other than providing a low melting medium for vitreous sintering. 

In order to elucidate the crystal structure of BSMO ceramic, a detailed Rietveld analysis 

of the powder diffraction pattern was done using TOPAS software. The quality of 

refinement data was accessed by several parameters like Profile factor (Rp), weight 

profile factor (Rwp), expected weight profile factor (Rexp) and Goodness of fit (χ2). The 

best fitted refinement parameters along with the lattice constant values were 

represented in Table 2.1. The crystallite size of the chemically derived powder can be 

estimated using the XRD profile with the help of Debye-Scherrer equation, 
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d = 
  

     
    (2.1) 

where d is the crystallite size, K defines the shape factor (K~0.9), λ is the 

wavelength of Cu-Kα radiation used, β is the full width at half maximum. Most of the 

crystals that are oriented along (3 ̅ ̅) and (321) planes having an average crystallite 

size of around 91±3 nm. 

Table 2.1: Refinement data of BSMO. 

Material Lattice Constants (Å) Refinement Parameters 
(%) 

 
BSMO 

Structure: 
Monoclinic 

Space Group: I12/c1 

a 16.1412(2) Rp 2.63 

b 11.5214(1) Rwp 3.42 

c 5.5606(2) Rexp 2.32 

α=γ=90˚, β=91.6˚ χ2 1.47 

 

 

 Figure 2.2: (a) Refinement of XRD pattern of BSMO and (b) its schematic crystal structure in 

ball and stick model. 

Figure 2.2(a) represents the refinement pattern obtained for pure BSMO which 

clearly distinguishes the observed, calculated and difference plot along with the Bragg’s 

diffractions. Based on refinement data, the crystal structure of BSMO was elucidated 
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using Crystal Maker software as shown in Figure 2.2(b). The crystal structure is found 

to be monoclinic with I12/c1 space group.  

 

Figure 2.3: Cross sectional SEM images of (a) BSMO ceramic sintered at 975 ˚C, (b) BSMO-2 

wt.% BBSZ glass sintered at 875 ˚C, (c) thermal expansion characteristics and (d) temperature 

variation of thermal conductivity of BSMO alone and BSMO-BBSZ composite. 

 
The SEM micrographs of thermally etched BSMO ceramic sintered 975 ˚C/2h as 

well as BSMO-2 wt.% BBSZ sintered at 875 ˚C/2h were recorded. Figure 2.3(a) shows 

the cross sectional SEM image of BSMO ceramic where we can see a dense 

microstructure with minimal porosity. BSMO ceramic shows non homogenous particle 

size which were appeared to be polygonal in shape, but all the particles possess a size 

less than 2 µm.  The cross sectional SEM image of 2 wt.% BBSZ glass loaded BSMO 

ceramic was recorded and shown as Figure 2.3(b). From Figure 2.3(b), it is clear that 

the morphology of particles is similar to that of intrinsic BSMO ceramic. Some uniformly 
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distributed additional nanoparticle clusters are also observed throughout the surface. 

This is believed to be recrystallized BBSZ glassy phase in the ceramic. The average size 

of BSMO particles is less than 2 µm while size of grains corresponding to glassy phase is 

in the range of 100 nm.  

In multilayer thick film devices, thermal properties of substrate are highly 

critical because during cofiring, the thermodynamical and physicochemical interactions 

inside subsystems result in mechanical strain that would destabilize the module. Figure 

2.3(c) shows the expansion of BSMO and BSMO-BBSZ ceramic as a function of 

temperature (30 ˚C-400 ˚C). It is clear from the figure that samples show a quasi-linear 

variation of length with respect to temperature. The mean coefficient of thermal 

expansion (CTE) of the samples was computed using the equation, 

     
     

  (     )
       (2.2) 

where l1 and l2 are the changes in lengths of the samples at temperatures T1 and T2 

respectively. Usually in ceramic materials, the coefficient of linear thermal expansion is 

very low due to strong inter-atomic bonding compared to polymers and metals. During 

cofiring in hybrid circuits, the thermal delamination and cracks occur due to 

expansivity mismatch between embedded passives and substrate package. A 

convenient way to circumvent this risk is to employ a ceramic with matching CTE as 

that of the electrode, Ag. Commercial LTCC materials possess CTE values in the range 2-

5 ppm/˚C which is close to the value of silicon. But in LTCC hybrid circuits, highly 

conductive metals like Au, Ag are used which are having very high CTE values (> 10 

ppm/˚C). Literatures are scarce on such materials which are thermally matching but 

non-reactive to electrodes. In 2011, Chen et al. reported a higher CTE value of 11.7 
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ppm/˚C for an LTCC system based on quartz added with BaO-Al2O3-SiO2-B2O3 glass 

composite.22 In 2017, Arun et al. also reported LZT+LMZBS composite possess a higher 

CTE value of 11.97 ppm/˚C.23 Recently, Xiang et al. reported an ultra-low loss CaMgGeO4 

microwave ceramic for LTCC application having a CTE value of 12.4 ppm/˚C.24 Herein 

for pure BSMO ceramic, it exhibited a CTE value of 11.2 ppm/˚C while BSMO-BBSZ 

composite possess even higher CTE value of 12.3 ppm/˚C. This apparent high CTE value 

is also acceptable to LTCC substrates that can be cofired with high conductive silver, 

without any visible thermo-delamination.   

Heat is inevitably developed in all active circuits including hybrids, which has to 

be efficiently dissipated from the devices for their smooth functioning. Figure 2.3(d) 

represent the variation of thermal conductivity of BSMO-BBSZ composite, from room 

temperature to 250 ˚C, as estimated using Xe flash technique. Here, thermal 

conductivity of ceramics was computed using the relation25  

              (2.3) 

where λ is thermal diffusivity, Cp is specific heat capacity at room temperature and ρ is 

density of the sample. It is clearly seen from figure that thermal conductivity shows a 

decreasing trend with increase in temperature which is typical for a polycrystalline 

ceramic. With the addition of 2 wt.% of BBSZ glass to BSMO, the room temperature 

thermal conductivity value decreases marginally from 1.8 W/m-K to 1.54 W/m-K. 

Usually, glass addition deteriorates the thermal conductivity value, since glass is poor in 

heat conduction.26 Further, glass fluxing invites entrapped porosity which is commonly 

observed in glass-ceramic composites. Usually thermal conductivity value for most of 

the commercial LTCC materials fall in the range of 2-3 W/m-K.27 
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The microwave dielectric properties of BSMO and BSMO-2 wt.% BBSZ were 

measured. The intrinsic BSMO has a densification over 96% which is in support with 

the SEM analysis. The material has got a relative permittivity of 11.5 and Quxf value of 

44,300 (at 11 GHz). The temperature coefficient of resonant frequency measured within 

the temperature range of 25-100 ˚C, is -35.7 ppm/ ˚C. However, these values are 

different from the previous report of Li et al., who also investigated the microwave 

dielectric properties of BiSmMoO6.12 They obtained a relative permittivity value of 8.5 

with Quxf value of 43,700 and τf value of -27.1. The exact reason for this discrepancy is 

unknown, but can be attributed to the lower values of densification in the earlier report, 

purity of raw materials used, sintering and measurement conditions etc. When 2 wt.% 

BBSZ glass was added to the ceramic, the sintering temperature was brought down to 

875 ˚C. It is interesting to note that, the relative permittivity has a marginal increase to 

11.9 with a slight reduction of Quxf ( 40,600 GHz). The τf for the LTCC composition is 

calculated to be -40.2 ppm/ ˚C.  

 

Figure 2.4: (a) Variation of relative permittivity with frequency, (b) temperature dependence of 

εr measured at 1 MHz for the BSMO-BBSZ sample sintered at 875 ˚C. 
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The variation of relative permittivity with frequency for BSMO-BBSZ was 

recorded and is shown in figure 2.4(a). The value of  relative permittivity at 1 MHz is 

observed to be 12.4. In order to estimate thermal stability of dielectric properties, the 

temperature coefficient of relative permittivity at 1 MHz of BSMO-2 wt.% BBSZ was also 

measured. Invariance of relative permittivity with temperature is a critical factor that 

determines its practical applicability, since hybrid LTCC modules are supposed to 

function at harsh conditions like high temperature and humidity. The variation of 

relative permittivity (εr) with respect to temperatures ranging from 25 ˚C-400 ˚C 

recorded at 1 MHz is plotted in Figure 2.4(b). The temperature coefficient of relative 

permittivity (τε) was calculated as 106 ppm/˚C using the relation,  

   
(     )

  (     )
    (2.4) 

where ε1 and ε2 corresponds to the relative permittivity at T1 and T2 temperatures. For 

most commercial LTCC materials,  is usually not given in the data sheets, but a lower 

values are always desirable.  

From this value of τε, one can calculate the temperature coefficient of resonant 

frequency (τf) of the tape, which otherwise could be done only in the ceramic puck 

form, using the relation, 

   
   

 
        (2.5) 

where CTE is the coefficient of thermal expansion. Given the CTE of BSMO-BBSZ as 12.3 

ppm/˚C (see Figure 2.3(c)), the value of τf was calculated from the equation (2.4) and 

obtained as -65.3 ppm/˚C. There are earlier reports available for LTCC compositions 

with large negative τf  values.28 However, being a substrate, the negative τf values of 
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LTCC tapes will not critically affect the performance of the multilayer hybrid module. 

The difference in f value of tape with its ceramic counterpart is attributed to the 

variation of densification in tapes which suffers differential shrinkage along x, y and z 

directions. Interestingly, from the Figure 2.4, one can infer that the relative permittivity 

is invariant with respect to temperature ranging from 25 ˚C - 400 ˚C.

Figure 2.5: (a) Variation of viscosity and (b) sedimentation analysis of slurry with different 

wt.% of dispersant. 

In non-aqueous tape casting, besides fast drying of the volatile organic solvents, 

the imminent hydration of ceramic particles can be conveniently avoided.29,30 An 

optimum amount of dispersant is required in the slurry for electrostatically dispersing 

ceramic particles and thereby making the suspension homogeneous throughout the 

process.31,32 The flow characteristics of slurry were optimized using rheological 

measurements which includes viscosity and sedimentation analysis. The variation of 

viscosity as a function of shear rate for different wt.% of fish oil (FO) is depicted in 

Figure 2.5(a). From the figure, it is evident that viscosity decreases with the increase in 

dispersant content up to 1.5 wt.% and thereafter increases. The decrease in viscosity 

with dispersant addition can be attributed mainly to the formation of fluid 
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interparticulate layer between the ceramic particles which tend to improve the particle 

mobility.31 Beyond this concentration of dispersant, the viscosity increases due to 

bridging flocculation.33,34 The colloidal stability of the slurry was investigated using 

sedimentation analysis. In this study the sedimentation height (H) was observed at 

regular intervals as a function of time against the initial height of the slurry (H0). In 

principle, a well deflocculated slurry should have a slow settling rate and a higher 

packed bed density than partially flocculated one.31 From the sedimentation results 

depicted in Figure 2.5(b), one can infer that the slurry with 1.5 wt.% of dispersant with 

respect to the powder loading shows a slower rate of sedimentation and higher packing 

density. Hence it can be concluded that 1.5 wt.% of fish oil with respect to the ceramic 

powder loading is the optimum amount needed to obtain a well dispersed suspension. 

Table 2.2: Final composition of tape casting slurry. 

Component Composition (wt.%) Function 

PART I 

BSMO+2 wt.% BBSZ 69.96 Filler 

Fish Oil 1.05 Dispersant 

Xylene 11.66 Solvent 

Ethanol 11.66 Solvent 

PART II 

Polyvinyl butyral 1.21 Binder 

Butyl benzyl phthalate  1.43 Plasticizer (Type I) 

Polyethylene glycol 1.80 Plasticizer (Type II) 

Cyclohexanone 0.42 Homogenizer 
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To begin with the two-stage slurry synthesis procedure, ceramic filler with 

optimized amount of dispersant was mixed and later binder, plasticizer etc. were added 

and optimized. The second stage of optimization was performed using trial and error 

method by a microscopic careful inspection of the resultant green tape. The final 

optimized composition of the ready-to-cast slurry is given in Table 2.2. From the Table 

2.2, it is clear that a maximum powder loading achieved was 69.96% with respect to the 

total composition which will indirectly dictate drying speed and packing density the 

green tape. High loading, in turn, reduces the drying stress that can be evolved in the 

green tape, which may result in a crack free microstructure of the dried tape.35-,37 The 

final viscosity plot of the ready-to-cast tape is shown in Figure 2.6.  

 

 

Figure 2.6: Rheological behaviour of the ready to cast slurry. 

 
The viscosity curve shows a typical pseudo plastic behaviour which is a pre-

requisite for an ideal tape casting slurry. This can be explained as the tendency of 

decreasing viscosity with respect to increase in shear rate which in turn favors smooth 
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flow of slurry through the doctor blade. Once casting is done, the viscosity will increase 

that will halt the undesired flow of slurry through the carrier film (Mylar® 

(polyethylene terephthalate)).30  

 

Figure 2.7: (a) Thermo-gravimetric curve of green tape with the inset showing sintered tape, 

and (b) optimized sintering profile of the BSMO-BBSZ tape. 

 
The green tape obtained after tape casting contains a lot of organic constituents 

used at the time of slurry preparation. So, a clear understanding of the thermal 

decomposition of organic matters in the green tape is essential to reduce undesirable 

defects like delamination of layers, cracks, anisotropic shrinkage etc. during sintering. 

Ideally, all the organic additives present in the green tape should be removed prior to 

sintering, failing which will adversely affect the shrinkage as well as material properties 

of the sintered ceramic. Hence, the TG analysis of the resultant green tape was carried 

out in the oxygen atmosphere up to 1000 ˚C with a heating rate of 10 ˚C/minute which 

is shown in Figure 2.7(a). The tape showed a low weight loss of around 1.75% up to 150 

˚C. This weight loss may be due to the volatilization of organic solvents used in the 

procedure. A maximum weight loss of 9.8% was noted during 150-450 ˚C which implies 

that most of the organic additives used in the tape casting process decompose in this 
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regime. A small weight loss of around 2% was happening up to 800 ˚C which may be 

due evaporation of low melting glass component present in the tape. After 800 ˚C, the 

weight loss is almost constant. Inset of the TG curve shows the sintered tape of BSMO-

BBSZ. Based on the TG curve, a sintering profile for the BSMO-BBSZ tape was 

constructed as shown in Figure 2.7(b). In order to remove all the organic additives, two 

intermediate binder burn out steps were included in the sintering profile at 300 ˚C and 

600 ˚C. The sintered tape was observed to have shrinkage of 7%, 9% and 12% in x, y 

and z axes respectively.  

 

 

Figure 2.8: (a)Optical microscopic image of the indentation produced by Vicker's indenter on 

the surface of BSMO-BBSZ tape sintered at 875 ˚C and (b) photographs of developed green 

tape showing its flexibility. 

 
As well known, glass was added to ceramic for bringing down its sintering 

temperature, but at the expense of its mechanical strength. Obviously, even little glass 

content will deteriorate its hardness which delimit the machinability like via punching, 

trimming etc.38 The micro hardness measurement is a versatile tool for getting 

mechanical strength of a densified sample by Vickers hardness test. The optical 

microscopic image of the surface of indented BSMO-BBSZ substrate sintered at 875 ˚C is 
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shown in Figure 2.8(a). The average value Vicker’s hardness number (VHN) after five 

measurements was obtained as 478.12 ± 7.67. Hence the hardness of BSMO-BBSZ glass 

sintered tape was estimated as 4.69 ± 0.07 GPa. The images shown in figure 2.8(b) are 

the photographs of the green tapes that is a testimonial of their flexibility. Mechanical 

strength of green tapes was measured by tensile measurement, using a single layer of 

green tape with a thickness of ~109 ±2 μm. The results indicate that single layer of 

unsintered tape has a tensile strength of about 0.37 MPa which is good agreement with 

the previous reports.27,30,35  

 

Figure 2.9: (a) Surface of BSMO-BBSZ green tape, (b) fractured surface of tape sintered at 875 

˚C, (c) topography of Ag printed on top of green tape, (d) surface of Ag screen printed tape 

after co-firing at 875 ˚C for 2 h and (e) cross section of stacked tape with embedded Ag pattern 

between tapes, after thermo-lamination and cofiring. 
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Surface morphological studies of BSMO-BBSZ tape is given in Figure 2.9. Figure 

2.9(a) represents a dense and homogeneous microstructure with minimum porosity for 

the green tape surface. Here one can observe that the ceramic particles with an average 

particle size less than 1 μm, are covered and bonded to each other efficiently by the 

polymeric binder. Minimal porosity in the green tape is attributed to the higher powder 

loading achieved in the first stage of slurry preparation. Figure 2.9(b) represents a 

typical fractogram of tapes sintered at 875 ˚C for 2 h. A dense and more closely packed 

microstructure is observed for the sintered tape with an average particle size comes 

around 1-3 μm. 

In LTCC technology, the key challenges facing while cofiring the ceramic with Ag 

are its diffusion into the substrate material and its partial evaporation from the 

material surface. In order to test the compatibility of prepared BSMO-BBSZ tape with 

electrode material, Ag was first screen printed on top of the prepared green tape. Figure 

2.9(c) represents the micrograph of Ag screen printed surface of BSMO-BBSZ green 

tape. One can observe a plate like microstructure throughout the surface with most of 

the silver particle possessing triangular morphology. The screen-printed surface was 

then taken for sintering at 875 ˚C for 2 h and the microstructure was recorded as given 

in Figure 2.9(d). Here, it can be inferred that Ag paste has undergone a transformation 

from triangle like morphology to a well densified polyhedral microstructure. In order to 

test the diffusion of Ag into tape matrix, Ag paste was blanket printed on top of two 

green tapes and then they were thermo-laminated together, embedding the metal 

between ceramics. The sample was then sintered at desired temperature whose cross-

sectional SEM was recorded (Figure 2.9(e)). The microstructure obtained for the cross-
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section reveals the fact that no visible diffusion of Ag was observed towards the interior 

of LTCC tape even after sintering. More importantly, there is no visible proof of 

delamination resulting from thermal stress in the heterostructure, since their CTEs are 

in good agreement. From these tests, one can summarize that the developed BSMO-

BBSZ based LTCC tape can be conveniently cofired with Ag based passive components 

in hybrid electronic devices. 

 

 

Figure 2.10: (a) 3D AFM image of the developed green tape, (b) photograph of the passive 

circuit screen printed using Ag ink on LTCC green tape and (c) optical microscopic image. 

 
Surface roughness plays an important role in printing patterns on top of LTCC 

tapes.39 For obtaining better results in pattern printing over LTCC tapes, an optimal 

roughness is necessitous since it promotes adhesion between the printing ink and tape 

surface. Figure 2.10(a) represents 3D AFM image of the developed BSMO-BBSZ green 

tape surface. Average surface roughness (Ra), Kurtosis and skewness values of the 

developed green tape were observed to be 229±5nm, 3.49 and -0.38 respectively. The 

value of kurtosis was found to be >3 which indicates that the surface has more peaks 

than valleys. Negative skewness value reveals the presence of longer tails below the 

reference plane.35,40 The foresaid values clearly indicate that the surface of the green 
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tape has finite roughness estimated within experimental error limits, which makes the 

printing of passive circuits easy. In order to confirm this, a passive circuit was printed 

on the green tape using screen printing with Ag ink. The photograph of the printed 

pattern and its optical image are shown in Figures 2.10(b) and (c) respectively. 

Table 2.3: Microwave dielectric properties of green, laminated and sintered tape. 

Material No. of 
Layers 

Thickness 
(μm) 

Density 
(g/cm3) 

5 GHz 10 GHz 

εr tanδ εr tanδ 

Green Tape 1 108 5.91 8.24 1x10-2 8.12 1x10-2 

Laminated 

tape 

6 650 6.23 8.78 3x10-3 8.51 2x10-3 

Sintered tape 6 583 6.82 9.27 9x10-4 9.03 8x10-4 

 

The microwave dielectric property of the parent material as well as the LTCC 

material was studied in bulk ceramic form. When the material was modified into an 

LTCC tape, Q factor measurements were possible only as loss tangent (tanδ) since the 

testing was done using SPDR technique. The microwave dielectric properties of the 

green, stacked and sintered tapes measured at 5 GHz and 10 GHz are given in Table 2.3. 

It is clear from the table that green tapes show low permittivity and relatively higher 

dielectric loss values. This is due to the presence of organic additives like dispersant, 

plasticizer etc. that were present in the tape. Most of the organic additives are having 

low relative permittivity and high dielectric loss due to their strong covalent bonds and 

low atomic polarizabilities.31 During thermo-lamination, polymer chains get weakened 

and bind well with ceramic particles making the composite denser and thereby a 

marginal variation in values of dielectric properties can be observed.30,41 Improvement 
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in the value of relative permittivity and decreased value of dielectric loss were observed 

after sintering of thermo-laminated tape. This can be attributed to facts that, at elevated 

temperature, the organic moieties present in the tape were burnt out, which in turn 

resulted in removal of pores. Further, at higher temperature grain growth occurs and 

thereby strong bonding between the ceramic particles happens to form which will help 

in achieving higher densification of the sample.42 The microwave dielectric properties 

of the tapes were measured both in 5 GHz as well as in 10 GHz, using SPDR technique 

and are given in Table 2.3. 

After studying properties of BiSmMoO6 tape, the properties of BiFeO3 was 

studied in detail in the section 2.4.2 

2.4.2  BiFeO3 based Ink 

 

 

Figure 2.11: TG/DTA of BFO precursor powder. 

 
The chemically derived BFO powder was dried well, prior to structural 

elucidation. In order to get clear information about the calcination temperature, TG-
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DTA analysis was carried out on BFO precursor powder. Figure 2.11 shows the 

resultant TG-DTA obtained up to 600 ˚C in oxygen atmosphere. In the first stage, the 

weight loss starts from 50 ˚C and shows a decrease up to 185 ˚C which can be attributed 

to the evaporation of planar water as well as ethylene glycol in the precursor. A sharp 

endothermic peak at 185 ˚C is observed in the DTA curve corresponding to this weight 

loss. The second stage, a major weight loss of about 23.86 % occurs in the range of 185 

˚C- 300 ˚C. Two endothermic peaks are observed at 208 ˚C and 268 ˚C that imply the 

decomposition of nitrates and carbonaceous matters present in the precursor powder. 

A small weight loss of around 8% was observed in 300 ˚C to 480 ˚C which can be 

attributed to the crystalline perovskite phase formation of BFO from the amorphous 

component. No significant weight loss was observed after 500 ˚C which confirms the 

formation of stabilized perovskite type BFO powder. From the TG-DTA plot the 

calcination temperature was optimized to be at 500 ˚C/ 4h. 

 

 

Figure 2.12: XRD pattern of BFO powder calcined at 500 ˚C/ 4 h.  
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A key parameter to be controlled in BFO’s powder processing is its phase purity, 

since satellite phases like Bi2Fe4O9 are very likely to form. In this regard, XRD pattern 

was recorded for the BFO sample that was meticulously calcined at 500 ˚C/ 4h which is 

shown in Figure 2.12. All the peaks corresponding to XRD results were indexed using a 

standard JCPDS card no. 086-1518 for BiFeO3 with a rhombohedral crystal structure 

having R3c (161) space group. According to Debye-Scherrer, most of the crystals that 

are oriented along (104) and (110) planes having an average crystallite size of around 

68±2 nm.  

 

Figure 2.13: (a), (b) HRTEM images of BFO and (c) FFT pattern of BFO. 

 
In ink formulation, particle size plays a crucial role along with rheology and 

microstructure of the printed thick film, since bigger particles rattle the ink’s colloidal 

stability and result in settling. Smaller particle size have an additional advantage of 

better dispersion contributed by organic dispersant, improved flow characteristics, and 

higher printability.43 In screen printing technique, a combination of smaller size with 

uniform size is more desirable. This will provide homogeneous microstructure and 

accuracy to the printed film. For obtaining similar sized particles, the calcined particles 
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were again re-milled for 4 h to avoid flocculation. The particle size of the ball milled 

BFO powder was determined from TEM analysis.  Figure 2.13(a) represents the 

morphology as well as particle size of the calcined BFO powder. It is clear from the TEM 

image that structure obtained are more like cuboid with an average size of 115nm. This 

particle size is understandable since the powder is already calcined at 500 ˚C. In figure 

2.13(b), the lattice fringes of the crystal are visible which indicates the high crystallinity 

of the BFO powder. The d-spacing value of two adjacent fringes was measured to be 3.9 

Å which corresponds to (012) plane. The Fast Fourier Transform (FFT) pattern (Figure 

2.13(c)) specifies the reflections from the (012) crystal plane.  

BiFeO3 is a well-known room temperature multiferroic material.44 Here, the 

magnetic properties have been investigated by the field dependent magnetization (M-

H) measurements and also the zero-field-cooled (ZFC), field-cooled (FC) temperature 

dependent magnetization measurements. Figure 2.14(a) shows the room temperature 

magnetic hysteresis loop for BiFeO3. The enlarged portion of the hysteresis loop is 

shown in the inset of figure 2.14(a). From the figure it is clear that BFO exhibits a 

remnant magnetization (Mr) value of 0.195 emu/g with a coercive field (Hc) of 263 Oe. 

This confirms the weak ferromagnetic behavior of BFO at room temperature. BiFeO3 is 

well known for its G type anti-ferromagnetic ordering where spin pinning at the domain 

boundaries between antiferromagnetic and ferromagnetic domains is very likely. This 

is because, each Fe3+ spin is surrounded by six antiparallel spins of nearest Fe 

neighbours. Since these spins are not perfectly antiparallel, there exist a weak canting 

moment. That is, it has got a residual magnetic moment originated from the weak 

ferromagnetic nature.45,46 
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Figure 2.14: (a) Room temperature M-H curve of BFO, (b) M-H plot of BFO at different 

temperatures, (c) M-T plot of BFO at a magnetic field of 50 Oe and (d) dM/dT plot to 

determine TN. 

 
Figure 2.14(b) shows the M-H loops at 400 K, 600 K and 800 K. It is clear from 

the graph that as temperature increases, the Mr value as well as Hc decrease. Usually in 

ferromagnetic materials, magnetization tends to align along its crystallographic easy 

axis due to magnetocrystalline anisotropy. The anisotropic constant K is greatly 

temperature dependent. For K>0, as the temperature increases, Mr as well as Hc value 

will decrease and the material will shift from ferromagnetic state to paramagnetic 

state.47 The FC and ZFC temperature dependent magnetization was taken at 50 Oe and 

is shown in figure 2.14(c). One can observe a bifurcation between the FC and ZFC 
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curves in the figure. This bifurcation shows randomness which usually decreases by the 

application of external magnetic field. When the applied magnetic field is greater, the 

magnetic moments associated with the particles will get aligned in the direction of the 

field and hence the bifurcation reduces.48 Here, the field applied is 50 Oe which resulted 

in large bifurcation between FC and ZFC curves. From the M-T plot obtained here only 

gives an idea about the antiferromagnetic Neel transition of BFO. From the dM/dT plot 

(figure 2.14(d)), we could obtain TN value as 653 ˚C, which is exactly equal to what is 

reported in literature.49 

 

Figure 2.15: (a) Variation of relative permittivity with frequency for BFO and (b) room 

temperature P-E loop of BFO. 
 

Figure 2.15(a) represents the variation of relative permittivity with respect to 

frequency of BiFeO3. It is clear from the graph that relative permittivity decrease with 

increase in frequency. The relative permittivity obtained at 1 MHz (corresponding to 

log10(f) = 6, as marked in the graph) is 130. This value is small compared with some 

typical perovskite ferroelectric materials such as BaTiO3. This εr is not unreasonable for 

BiFeO3, since its ferroelectric Curie temperature is relatively higher and has a long 
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range magnetic order, in sharp contrast to BaTiO3. The dielectric loss obtained for BFO 

at 1 MHz is 0.25. 

Figure 2.15(b) shows the room temperature variation of polarization (P) with 

respect to electric field (E). The P-E hysteresis loop of BFO indicates their ferroelectric 

nature but with signature of a lossy dielectric. The sample was able to bear an electric 

field up to 50 kV/cm without any break down, but it was observed that even with the 

application of such a high electric field, the P-E loop obtained is not saturated. The 

remnant polarization (Pr) and coercive field (Ec) obtained are 1.03 μC/cm2 and 39.8 

kV/cm respectively. Beyond 50 kV/cm the sample undergoes break down. The high 

value of coercive field may be responsible for unsaturated P-E loop and low value of 

polarization.50,51  

Multiferroic properties of chemically derived BFO powder were studied in detail. 

Ongoing efforts are to transcend the above said properties into a practical application, 

either in thin or thick film form. For realizing thick film devices, the popular coating 

methods are screen printing or dip coating. In screen printing, the prepared 

nanomaterial has to be formulated into a stable printable ink suspension. Preferably, 

screen printable inks require greater control over their rheological properties for 

facilitating smooth printing and efficient functioning of the end devices.40 The quality 

and quantity of different organic additives needed for ink formulation such as solvents, 

dispersant and binder must be chosen judiciously, in order to control the rheology of 

ready-to-print ink within the printable range (> 1.0 Pa.s). 
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Figure 2.16: Viscosity curve of ready-to-print BFO ink. 

 

The rheological behavior of the formulated BFO ink is shown in figure 2.16. An 

ideal screen printing ink should exhibit pseudoplastic behaviour. From figure, it is clear 

that as shear stress increases, viscosity decreases (pseudoplastic) which will eventually 

help in bringing out high resolution of printed patterns without smudging.52,53 This is 

due to the fact that, when shear rate by the squeegee increases, ink becomes thinner 

that will help the ink to flow freely. Usually in conventional screen printing process, ink 

is pushed through the mesh opening with the aid of rubber squeegee, where the latter 

can handle considerable pressure and less prone to wear and tear.54 The shear stress 

curve in figure also shows a pseudoplastic behaviour which helps in preventing the ink 

to flow beyond the assigned boundaries after printing.  
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Figure 2.17: (a) Surface SEM micrograph of BFO printed on Mylar® substrate and (b) cross 

sectional SEM of printed pattern. 
 

The surface SEM was recorded for double stroke printed BFO ink on Mylar® 

substrate and is shown in figure 2.17(a). A uniform distribution of BFO powder was 

observed with minimum porosity was observed. This minor amount of porosity arises 

due to the obvious volatilization of solvents which were used in ink formulation. The 

cross sectional SEM micrograph of BFO ink printed over Mylar® substrate is shown in 

figure 2.17(b). The printed pattern is clearly distinguishable from the Mylar® in the 

figure. A more or less uniform thickness of around 18 ±0.03 μm is observed for printed 

pattern throughout the SEM image. 

Surface roughness is tested here as an important parameter in post print 

analysis, which mainly depends on the particle size of the filler, porosity evolved due to 

the volatilization of organic constituents as well as leveling nature of ink during 

printing.40   
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Figure 2.18: (a) 2D and (b) 3D AFM images of screen printed BFO. 

The 2D and 3 D AFM images are shown in figure 2.18(a) and (b) respectively. 

The average surface roughness (Ra) of BFO film is around 112±5 nm and root mean 

square deviation of surface roughness (Rq) is around 156±5 nm respectively. In printed 

patterns, skewness is a measure of asymmetry of the surface and was obtained to be -

0.28. The negative value of skewness indicates that the surface distribution has a 

greater number of longer tails at the measurement areas when compared to the 

reference plane. This means that an uneven surface distribution of BFO particles is 

observed with a greater amount of porosity on the Mylar® substrate. Kurtosis is a 

measure of unevenness of the printed film. If the kurtosis value is less than 3, it is 

usually called “platykurtoic”. Here the value obtained for kurtosis is around 2.67, which 

means that the surface has relatively few high mountains and low valleys.55 These 

bumbs and valleys arises due to the volatilization of organic solvents present in the ink, 

as discussed before. But this has no direct effect on the quality of printed pattern due to 

the comparatively lower surface roughness value obtained. Nonetheless, the observed 

surface parameters are good enough for screen printing applications.  
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Figure 2.19(a) shows the M-H curve for printed BFO ink. One can clearly notice a 

visible decrease in Mr value in this case, when compared to bulk. This is due to the 

presence of extra organic components present in the ink formulation. Vehicle of inks 

typically contain solvents, binder and dispersant whose evaporation transforms the 

printed surface into a porous one. 

 

Figure 2.19: (a) M-H curve for BFO in ink form and (b) variation of relative permittivity (εr) as 

a function of frequency for screen printed BFO. 

 

G.F. Dionne, in 1969 itself proved that nonmagnetic inclusion like porosity, and 

grain boundaries can detrimentally affect the magnetic hysteresis of polycrystalline 

materials.56 According to this assumption, 90˚ spike domains or closure domains will 

appear on opposite sides of the pores. When the material is saturated, the spike 

domains would nucleate about pores and grow. As a consequence, the remanence ratio 

(ratio of remanence to saturation magnetization) diminishes considerably, by closure 

domains.56 This diminishing can be seen on comparing figure 2.14(a) with 2.19(a). The 

variation of relative permittivity with frequency for screen printed ink pattern is shown 

in figure 2.19(b). For the bulk BFO, εr at 1 MHz was measured to be 130 (see figure 
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2.15(a)). But for BFO ink the value of εr is found to be 64 (see figure 2.18(b)). The main 

reason for the decrease in value of εr can also be attributed to the porosity, that 

decreases relative permittivity since εr of air is 1.0.  

Since the properties of BFO ink was studied in detail, it can be qualified as the 

printable magnetic component in a MD layered composite. Here a 2-2 layered 

composite of BiSmMoO6 and BiFeO3 was developed by screen printing BFO ink over the 

LTCC dielectric layer. The schematic of composite is shown in figure 2.20(a). The 

developed composite is shown in figure 2.20(b). 

 

Figure 2.20: (a) Schematic of MD composite and (b) photograph of developed MD composite. 

 

2.4.3  BiSmMoO6-BiFeO3 Magnetodielectric Composite 

As per the schematic shown in figure 2.20, a MD composite was developed by 

flatbed screen printing BFO on glass doped, pre-fired BSMO tapes. The cross sectional 

SEM image of the composite was taken and is shown in figure 2.21. Here, one can see a 

thick layer of BSMO which has thickness of several hundred microns. The screen 

printed BFO layer on top of BSMO tape has a thickness of around 64±0.03 μm.  



Chapter 2 

 

 93 
 

 

Figure 2.21: Cross sectional SEM image of MD composite developed. 

 

Figure 2.22: Elemental mapping of sectional image of BSMO-BFO composite films. 

Elemental composition of the developed composite has been reviewed with the 

help of elemental mapping associated with SEM and EDAX technique as shown in figure 
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2.22. Bi and O are observed throughout the sample, obviously. Fe, Sm and Mo 

concentrations can be observed at the areas were their compositional dominant layers 

are present (see figure 2.22).  

The magnetic as well as ferroelectric nature of the MD composite (containing a 

multiferroic component) was studied and is shown in figure 2.23. Figure 2.23(a) shows 

the room temperature M-H curve for the developed composite. The composite shows a 

ferromagnetic nature with even feebler hysteresis characteristics, than figure 2.19(a). 

The suppression of magnetic properties can be attributed to the presence of a relatively 

thick layer of BSMO which will restrict the spins in BFO layer to align in the field 

direction.  

 

Figure 2.23: (a) M-H curve and (b) P-E curve of MD composite measured at room temperature. 
 

The P-E curve for the MD composite was measured at 99 V and 100 Hz (see 

figure 2.23(b)). A seemingly leaky dielectric response was observed for the composite 

with a very low value of Pr (0.05 μC/cm2). The inherent porosity associated with the 

evaporation of solvents from BFO layer will be the main reason for the decreased Pr 
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value. However, the samples were able to bear a voltage of 20 kV/cm, without any 

break down.  

 

Figure 2.24: (a) Variation of capacitance and (b) variation of relative permittivity as a function 

of frequency, with and without the application of magnetic field. 

In order to study the MD property of developed composite, the variation of 

capacitance with and without magnetic field is studied which is shown in figure 2.24(a). 

Evidently, the capacitance shows a decrease in value when an external magnetic field is 

applied. When the intensity of magnetic field increases, capacitance further decreases 

which is clearly seen from the enlarged image in the inset of 2.24(a). Since relative 

permittivity has direct dependence with capacitance (C ∝ εr), this variation will reflect 

in its values too. The variation of relative permittivity with frequency is represented in 

figure 2.24(b). At low frequencies, relative permittivity shows high values which 

decreases as a function of frequency. The high value of εr at low frequencies can be 

attributed to the net effect of four types of polarizations namely, interfacial, dipolar, 

ionic and electronic, where interfacial polarization dominates. But as frequency 
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increases, other polarization will separate out sequentially, leaving out ionic and 

electronic polarization at frequencies above conventional radio frequency range. Here 

in this range, the rapid fall in εr is unseen, which assumes steady values, even though 

decreasing. Enlarged portion from 600 kHz to 1 MHz is shown at the inset of figure 

2.24(b). From the graph, it is clear that when no magnetic field is applied, the relative 

permittivity of composite comes around 45, which decreases when the magnetic field is 

increased. This shows that magnetic field has a strong dependence on the dielectric 

counterpart in the composite which will eventually give rise to MD coupling. Usually 

MD coupling is expressed in terms of magnetocapacitance and is described in equation 

1.17.  

 

Figure 2.25: Variation of magnetocapacitance with frequency at 3 kOe magnetic field. 

In the present case, the variation of magnetocapacitance is noted at 3 kOe 

magnetic field and is shown in figure 2.25. The variation of magnetocapacitance shows 

a similar decreasing trend with respect to frequency. One can observe a negative value 

for magnetocapacitance as the relative permittivity decreases under the application of 
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magnetic field. At 1 MHz, the magnetocapacitance is observed as -15%. The observance 

of MD property in BiFeO3 screen printed on BiSmMoO6 based LTCC substrate at room 

temperature is a promising result towards the generation antenna miniaturization, 

where the (2-2) laminar composite can serve as the substrate with higher bandwidth, 

more impedance matching and ease of miniaturization. Further, these kind of structures 

are also useful in creating electromagnetic band gap structure (EBG), which is supposed 

to exhibit efficient band rejection at lower frequencies.6 

2.5  Conclusions 

This chapter deals with developing a novel kind of MD substrate, assimilating 

the concepts of LTCC technology. The core idea is to make a tape castable–printable 

layered (2-2) composite, whose dielectric properties vary under magnetic field. For 

that, an ultra-low loss dielectric material was qualified and we reduced its sintering 

temperature by adding a little amount of BBSZ glass, aimed to broaden its applicability 

to LTCC. The glass-ceramic based on BiSmMoO6-2 wt.% BBSZ was sintered at 875 ˚C. 

The developed substrate has got good thermal and mechanical properties. The 

microwave dielectric properties showed that the LTCC composition posses an ultra-low 

loss of the order of 9x10-4 at 5 GHz. The magnetic component chosen was a well known 

single phase multiferroic, BiFeO3. After exploring its structural, microstructural, 

ferrroelectric and magnetic characteristics, we tried making a room temperature 

curable ink out of the developed BFO nanopowder. The printed BFO ink shown a 

relative permittivity value of 64 where as for bulk, the value is 130, at 1 MHz. This BFO 

ink was later screen printed on the LTCC substrate, to form a laminate type composite. 
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Under the applicationof 3 kOe magnetic field, we could observe a negative 

magnetocapacitance value upto 15%. The developed composite possesses 

multiferroicity along with magnetoelectric coupling which can be utilized in the field of 

antenna miniaturization and electronic bandgap applications. 
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3.1 Abstract 

Miniaturization of electronic devices is the need of present hour, owing to the 

increasing demand of portable devices in the fields of telecommunication, consumer 

electronics etc. In wireless communication, one of the biggest hurdles for scaling is size 

reduction of antennas, since that can eventually result in direct reduction in the 

efficiency and bandwidth of antenna. Tailor made magnetodielectric materials can be 

used for the purpose of scaling in microstrip patch antennas. Polymer-ceramic 

composite, especially (0-3) type is suitable for this purpose, where polymer is chosen as 

matrix and a magnetic component as filler. Here, in the present chapter, an axially 

anisotropic magnetodielectric (MD) composite based on polymethyl methacrylate 

(PMMA)-NiFe2O4 (NFO) was developed for realizing miniaturized antennas. The 

structural as well as ferromagnetic properties of developed NiFe2O4 via polymer 

pyrolysis method were studied in detail. Thin sheets of (0-3) composites were 

developed by adding different volume % of NFO (say 5, 10, 15, 20 vol.%) in PMMA 

matrix. Structural, dielectric, magnetic as well as magnetocapacitance measurements 

were done on individual composites. A micro strip patch antenna operating at 830 MHz 

was theoretically modelled by stacking differently loaded MD wafers to form 

functionally graded anisotropic composite, used as the substrate. An impressive 

miniaturization of 91% was observed for this MD antenna when compared to normal 

dielectric substrates with permittivity and permeability value equals unity. 
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3.2 Introduction 

Over the past few decades, researchers in the domain of condensed matter 

physics actively pursue on multifunctional materials at nanoscale, aimed to 

miniaturize electronic devices. One visible effort towards miniaturization is seen in 

wireless communication systems where antenna size reduction can be successfully 

achieved by choosing a high permittivity material as antenna substrate. However, 

strong capacitive coupling between high permittivity substrate and base plane will 

diminish radiation performance of the antenna. The best alternative is to choose a 

magnetodielectric (MD) substrate material with moderate values of relative 

permittivity (  ) and permeability (  ). As seen in chapter 2, magnetodielectric 

materials are defined as a class of multifunctional materials which are mainly 

composite dielectrics with magnetic particles as the filler. So under the application of 

magnetic field, the dielectric properties will vary, thereby enabling simultaneous ease 

of impedance matching and miniaturization in patch antennas. Here, high 

miniaturization factor (n=√       can be reached while diminishing the strong 

capacitive coupling between the antenna and ground plane. In this way, the capacitive 

nature of the resonant patch antenna is mitigated by inductance that can further 

counteract the former, and thereby improving both the bandwidth and efficiency of 

microstrip patch antenna.1  

Tuning of dielectric properties of a material under the application of magnetic 

field has been both scientifically admissible and technologically demanding.2 Two main 

strategies to magnetically control the dielectric or capacitive property of a material 

are, (a) controlling interface physics in multilayer systems and (b) amplifying MD 
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effect in ferromagnetic materials near its ferromagnetic transitions.3,4 Usually single 

phase MD materials possess weak magnetodielectric effect (MDE) at room 

temperature due to materials symmetry restrictions which will further restrict their 

implementation in technological applications.5 Developing composites composed of 

dielectric and magnetic materials is a promising approach to generate large MDE near 

room temperature.6,7 Two main mechanisms that leads to large MDE in composite 

materials are,8,9 

(i) combination of magnetoresistance (MR) and Maxwell-Wagner effects. 

(ii) magnetic field induced strain transfer through interface coupling. 

In the first case, selection of materials for MR related MDE is broad.10 But in the 

latter case, a magnetic and dielectric material coexists in the system. When magnetic 

field is applied, a strain will be induced in the magnetostrictive phase of composite. This 

generated stress at interface can induce dielectric polarization in respective component 

of composite system, which will eventually result in strong MDE response.11,12  

 Generally, ceramic based materials were used for developing MD composites, 

but they possess several disadvantages. Primarily, ceramic MDs require high 

temperature processing. On top of this, poor machinability of ceramics causes difficulty 

in designing components of desired shape. These problems can be circumvented by 

using polymer based composites by filling dielectric polymers with magnetic 

components. They possess advantages of low temperature processing, wide range of 

versatility, low cost, high dielectric break down field etc.13 Following this, efforts have 

been made by researchers to develop polymer nanocomposites because of their 
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synergic and tunable properties. This chapter deals with developing a polymer 

nanocomposite based MD substrate for antenna miniaturization.  

Here, PMMA was used as the dielectric component, which is one among the 

major functional polymers having low dielectric loss over wide frequency range, at 

room temperature.14-16 Soft spinel ferrites  based on M2+Fe3+2O4 (M=Co, Ni, Zn, Mn etc.) 

exhibit high saturation magnetization, low eddy current loss and high electrical 

conductivity.17 Among them, NiFe2O4 has inverse spinel structure with Fd ̅m space 

group. It shows ferrimagnetism that originates from magnetic moment of anti-parallel 

spins between Fe3+ ions at tetrahedral sites and Ni2+ ions at octahedral sites, formed by 

cubic close packing of oxygen (O2-) ions.18 The present work focuses on developing (0-

3) composite based on PMMA–NiFe2O4 with varying magnetic filler loading. An axially 

anisotropic substrate was developed by stacking the developed (0-3) composite, aimed 

to make MD substrates, ideal for antenna miniaturization application. 

3.3 Experimental Section 

3.3.1 Materials 

 Nickel nitrate (Ni(NO3)2.6H2O, Sigma Aldrich), Iron nitrate (Fe(NO3)3.9H2O, 

Sigma Aldrich), Ammonium persulfate ((NH4)2S2O8, Sigma Aldrich), Acrylic acid (Sigma 

Aldrich), PMMA, N,N-dimethylformamide (DMF, HPLC)   

3.3.2 Synthesis of NFO 

Polymer pyrolysis method was employed to synthesis NFO nanoparticles. This 

method possesses so many advantages when compared to other wet chemical synthesis 
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procedures, including easy operation, scaling up in the form of batch and production of 

highly homogeneous nanocrystalline spinel ferrites. NiFe2O4 with well-defined 

structure was prepared by pyrolysis of Ni-Fe polyacrylate precursors, via in situ 

polymerization. 

Chemical reagents like Ni(NO3)2.6H2O, Fe(NO3)3.9H2O, (NH4)2S2O8 and acrylic 

acid were used without further purification. Initially, ferric nitrate and nickel salt were 

dissolved in 10 g of acrylic acid aqueous solution where acrylic acid:H2O=70:30 wt.%, 

under constant stirring. Then, 0.5 g of initiator ((NH4)2S2O8) was added to the mixed 

solution in order to promote polymerization. The mixed solution was kept at 70 ˚C 

under constant stirring to form well distributed polyacrylate salt. The so obtained 

polyacrylate was dried in an oven at 100 ˚C. After drying, it was taken to calcination at 

different temperatures in a furnace, in O2 atmosphere. 

3.3.3 Synthesis of PMMA-NFO Composites  

The polymer nanocomposites were synthesized through an in-situ method. First, 

PMMA was dissolved in DMF under continuous sonication. At the same time, required 

amount of NFO was also dissolved in DMF. After complete dissolution, both the filler 

and matrix were mixed together and sonicated for many hours. Finally, the composite 

was precipitated out from DMF by filtration and dried in a hot air oven. A series of 

composites were developed using this technique, namely NFO5 (5 vol.% NFO/0.05Vf 

NFO), NFO10 (10 vol.% NFO/0.1Vf NFO), NFO15 (15 vol.% NFO/0.15Vf NFO) and 

NFO20 (20 vol.% NFO/0.2Vf NFO). Various characterizations were performed using 

samples developed through hot pressing technique. 
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3.3.4 Characterization  

Thermogravimetry/ differential thermal analysis (TG/DTA) of Ni-Fe precursor 

powder was carried out from room temperature upto 600 ˚C in air atmosphere using a 

thermogravimetric analyzer (TGA/DTA instrument, Shimadzu, Japan) at a rate of 10 

˚C/min. Phase purity of the calcined powders at different temperatures were analyzed 

using X-ray diffraction (XRD) analysis with Cu Kα radiation (X’Pert PRO diffractometer, 

PANalytical, Almelo, The Netherlands). The particle size of calcined NFO was 

characterized using high-resolution transmission electron microscopy (HRTEM) (FEI 

Tecnai G2 30S-TWIN, FEI Co., Hillsboro, OR, USA) by drop casting it in ethanol medium. 

Magnetic properties of NFO as well as composites developed were measured using a 

oven measurement attached to Physical Property Measurement System (PPMS 

Quantum Design, USA). Wide angle XRD (WAXD) was used for characterizing the phase 

formation of PMMA and NFO loaded samples using a Genix micro source from Xenocs 

operated at 50 kV and 0.6 mA. Similar to XRD analysis, here also Cu Kα radiation (λ = 

1.54 Å) was used. To understand the thermal stability of PMMA and its composites, TG 

analysis was performed using thermogravimetric analyzer TA Q50 under N2 

atmosphere, at a heating rate of 10 ˚C/min. Thermal conductivity of samples were 

measured using a laser flash thermal property analyzer, Flash Line 2000 (Anter 

corporation, Pittsburgh). Thermomechanical analyzer (TMA/SS7300, SII 

NanoTechnology Inc.Tokyo, Japan) was used for characterizing the coefficient of 

thermal expansion for all the samples from room temperature to 80 ˚C under the 

application of 0.1 N force. Microstructural analysis was performed for the fractured 

surface of composites using an EDS coupled SEM, Zeiss EVO 18 Cryo SEM, Germany. The 
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magnetocapacitance (MC) measurement was performed using Wayne Kerr Impedance 

Analyzer (Model 6500B) which is mentioned in section 1.6.4. The theoretical simulation 

of proposed antenna was done using Ansys High Frequency Structure Simulator (HFSS) 

software. 

3.4 Results and Discussion 

 

Figure 3.1: (a) TG/DTA of prepared NFO precursor powder and (b) XRD pattern of NFO 

calcined at different temperatures for 4 h. 

Figure 3.1(a) represents TG/DTA curve of co-polymeric Ni-Fe precursors. A 

small weight loss of 6% is happening up to 100 ˚C, which corresponds to the removal of 

planar water from the powder. A minor endothermic peak is observed at 283 ˚C 

corresponding to a weight loss of 25% between 100 ˚C-300 ˚C, which is due to the 

elimination of residual solvents in the precursor. A major weight loss of around 53% is 

observed between the temperature range of 300 ˚C to 420 ˚C and the sharp 

endothermic peak at 389 ˚C corresponds to the same. This can be attributed to the 

thermal decomposition of polymer chains and nitrates to form oxides.19 Figure 3.1(b) 

represents the XRD of NFO calcined at various temperatures ranging from 350 ˚C-550 ˚C 



Magnetodielectric composite using PMMA-Ni2FeO4 

 

  112 

 

for 4 h. The peak intensity increases with increase in calcination temperature. The 

diffraction pattern obtained at 550 ˚C matches well with JCPDS file number 86-2267. 

Calcining at temperature  550 ˚C shows the sign of single phase spinel ferrite 

formation, without any impurity phase.  

 

Figure 3.2: (a) TEM micrograph of NFO calcined at 550 ˚C, (b) M-H curves for NFO taken at 

different temperatures, (c) ZFC and FC curves taken at 50 Oe and (d) dM/dT plot showing the 

curie transition temperature (Tc) of developed NFO powder.  

The microstructure of developed powder was characterized using TEM and is 

shown in figure 3.2(a). It is found that particles are possessing nanometric scale 

morphology ranging from 20-50 nm. In order to elucidate the magnetic behavior of 

synthesized NFO in an accurate manner, the variation of magnetization with respect to 
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magnetic field was studied at various temperatures ranging from 300 K to 900 K. The 

result is presented in figure 3.2(b). The M-H curve at 300 K shows negligible value for 

remanence and coercivity that suggests the paramagnetic behavior of developed 

nanocrystalline NFO particles, at temperature above Tc. The saturation magnetization 

(Ms) at 300 K is around 48 emu/g which is lower when compared to that of bulk 

NFO.20,21 As temperature increases from 300 K to 900 K, the saturation magnetization 

decreases and at 900 K, it eventually became zero (paramagnetic). The magnetization 

vs temperature (M-T) plot gives an insight into the ferromagnetic curie temperature of 

a material. The M-T plot of NFO at 50 Oe is presented in figure 3.2(c). When the applied 

field is less, all the spins may not align in the direction of applied field, which will result 

in bifurcation in zero field cooled (ZFC) and field cooled (FC) curves. The point in which 

ZFC meets FC is called Curie temperature (Tc). For accurately determining the Tc value, 

dM/dT is plotted against temperature for ZFC curve, as shown in figure 3.2(d). The 

transition from ferromagnetic to paramagnetic nature is indicated by the sharp 

decrease in magnetization in this figure. The Curie temperature of NFO is found to be 

840 K, which is in good agreement with the previously reported values.22   

After studying the structural, thermal and magnetic properties of pristine NFO 

powder, its composites with PMMA were developed. Four composites namely, NFO5, 

NFO10, NFO15 and NFO20 were used for determining their suitability for application in 

the field of antenna miniaturization. The structural, thermal magnetic properties were 

studied in detail for all composites, which is discussed below. 
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Figure 3.3: (a) WAXD of pristine PMMA along with the developed composites, (b) TG profile 

of PMMA and composites. 

Figure 3.3(a) represents the WAXD of pristine PMMA and its composites. While 

scanning through the image, it is seen that PMMA is amorphous in nature. When NFO 

content in the composite is increased from 5 vol.% to 20 vol.%, intensity of PMMA is 

diminishing and a peak at 31.5˚ starts appearing. This peak corresponds to the (220) 

plane of NFO. Figure 3.3(b) shows the TGA thermograms for the samples. The TGA plot 

reveals the enhancement in thermal stability of developed composites when compared 

to the pure polymer. This plot clearly indicates that the decomposition temperature of 

composites have been progressively improved as a function of NFO content. At 50% 

weight loss temperature, there is an enhancement of 35 ˚C in the decomposition 

temperature of NFO20 when compared to pristine PMMA. This is due to the presence of 

high thermal conducting material NFO which results in the formation of carbonaceous 

char that will further act as a barrier for mass transport and delays decomposition 

process in composites.23 
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Figure 3.4: (a) M-H curves for the developed composites compared with that of pristine NFO 

powder, (b) normalized plot showing the increase in M/Ms value with increase in NFO content. 

Figure 3.4(a) represents the magnetic characterization of PMMA-NFO 

composites. The M-H curve indicates that when NFO content increases, the saturation 

magnetization (Ms) also increases due to obvious reasons. From figure 3.4(b), it is clear 

that the value of M/Ms is increasing as NFO concentration (5 wt.%-20 wt.%). 

Table 3.1: Remanent magnetization (Mr) and saturation magnetization (Ms) values obtained for 

different composites developed. 

Composition Mr (emu/g) Ms (emu/g) 

NFO5 0.5 3.9 

NFO10 0.8 4.7 

NFO15 1.3 8.8 

NFO20 2.7 14.1 

NFO 6 48 
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Table 3.1 shows the values of Ms and remanent magnetization (Mr) of 

composites and pure NFO. When compared to pure NFO, the Ms value of composites is 

less which is due to the presence of polymeric chains that restrict the NFO spins to align 

when magnetic field is applied externally. Also the content of NFO is less in the case of 

composites. However, the ferromagnetic nature is retained in all composites due to 

magnetic inclusion (see figure 3.4).  

In order to identify the practical application of any polymer ceramic composite 

in electronic industry, its thermal properties plays a crucial role. For polymers, 

generally thermal conductivity (TC) will be less and coefficient of thermal expansion 

(CTE) is likely to be very high. However, to dissipate away the heat generated in 

electronic devices, the materials should be of high thermal conductivity. Hence 

researchers are looking forward to improve thermal conductivity of polymers. Here, 

thermal conductivity of PMMA-NFO composites was measured and shown in figure 3.5.  

 

Figure 3.5: Variation in thermal conductivity with respect to filler loading. 
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Pure PMMA possesses a TC value of 0.36 W/m.K at room temperature, which is 

common in amorphous polymers. The TC starts increasing as a function of increase in 

NFO content and with 20 vol.%, the value obtained is 0.48 W/m.K. Usually, thermal 

conductivity of a material can be elevated by suppressing the phonon scattering 

through strong interfacial interactions.24 For pure NFO, the reported thermal 

conductivity is 10 W/m.K.25 The underlying mechanism for the enhanced thermal 

conductivity can be attributed to the ability of NFO particles to create 

pathways/continuity for conducting energy through the polymers and thereby reducing 

the thermal resistance.26  

Large CTE of polymers is one of their handicaps for electronic applications. 

Usually polymer ceramic composites find a suitable substitute for polymers and can be 

used without compromising the merits of polymers. Here the CTE of PMMA, NFO and 

their composites were measured and values are tabulated in table 3.2.  

Table 3.2: Coefficient of thermal expansion (CTE) values of samples developed.  

Composition CTE (ppm/˚C) 

PMMA 87.3 

NFO5 84.5 

NFO10 72.1 

NFO15 68.1 

NFO20 65.6 

NFO 13.4 
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The thermal expansion coefficient of PMMA is reduced from 87.3 ppm/˚C to 65.6 

ppm/˚C, with the addition of 20 vol.% NFO. The pure filler has got a CTE value of 13.4 

ppm/˚C which is concurrent with the previous reports.25 Interestingly, this relatively 

low CTE filler will restrict the growth of polymer chains which will eventually lead to 

low CTE value for higher filler loaded composites. As the filler content is increased, they 

will arrest the polymer chains to expand, when they get enough thermal energy.27,28 

This will eventually reduce the CTE value of composites with higher filler loading.  

Figure 3.6: SEM micrographs of (a) NFO5, (b) NFO10, (c) NFO15 and (d) NFO20. 

The SEM fractograms of all the composites are shown in figure 3.6. When the 

volume fraction (vf) of NFO is increased from 0.05 to 0.2, the connectivity between the 

ceramic particles seemingly increases as evidenced from the figure. Higher filler loading 
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will lead to agglomeration in the composite. This will eventually increase the 

connectivity which will in turn improve the properties of composite.27  

After studying the chemico-physical properties, the MD coupling of composites 

was studied. As the composite contains magnetic filler evenly dispersed in a dielectric 

matrix, there will be variation in relative permittivity under the application of an 

external magnetic field. Variation of relative permittivity as a function of frequency 

under zero field (without magnetic field) is shown in figure 3.7.   

 

Figure 3.7: Variation of relative permittivity of developed samples with respect to frequency.  

From the figure, it is clear that relative permittivity decreases with increase in 

frequency. Usually in low frequency region, the net polarization will be contributed by 

interfacial, dipolar, ionic and electronic polarizations whereas interfacial one being the 

dominant. But when frequency increases, the contribution from different polarization 

mechanisms separates out. Due to this, net polarization will decrease as a function of 
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frequency which in turn decreases the relative permittivity of material. The values of 

relative permittivity measured at 1 MHz are given in table 3.3.   

For normal intrinsic dielectrics, the dielectric properties are unaltered even if a 

magnetic field is applied, whereas for MDs, they do. Look at the variation of dielectric 

permittivity with the application of 3 kOe magnetic field in figure 3.8. Here, one can 

observe a decrease in the values of relative permittivity for all the composites 

developed when a magnetic field of 3 kOe is applied. This confirms the existence of 

magnetocapacitance in the developed composites, which can occur due to several 

reasons like chemical inhomogeneity and electrical heterogeneity.  

 

Figure 3.8: Variation of relative permittivity of developed PMMA-NFO composites under the 

application of 3 kOe magnetic field. 

The coupling between magnetic and electric polarization is to be understood 

more profoundly, which is usually estimated qualitatively by measuring the variation in 

relative permittivity under the application of an external magnetic field. This change in 
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relative permittivity with magnetic field is termed as MD coupling which is defined as in 

equation 1.17. 

PMMA is a known diamagnetic material, and hence it will not show any variation 

of relative permittivity with magnetic field. Here, all composites show a variation in 

relative permittivity when magnetic field is applied, which is summarized in table 3.3. 

As shown, the samples show a decrease in relative permittivity under field and hence 

result in negative value for MD coupling coefficient. It should be noted that the 

composite samples exhibit high level of MD coupling which can happen due to the 

magnetostrictive strain produced by multiferroic spinel, NFO. This strain in turn induce 

variations in the dipolar order within the polymer, giving rise to different dipolar 

mobility when a magnetic field is applied.13 Thus the permittivity of NFO-PMMA system 

decreases with the application of a strong magnetic field.   

Table 3.3: MD properties of PMMA-NFO composites developed. 

Composition Relative permittivity at 1 MHz -MC (%) 

at 1 MHz 
without field with 3 kOe field 

PMMA 6.0 __ __ 

NFO5 16.5 9.2 44.2 

NFO10 18.1 9.6 46.7 

NFO15 21.4 10.1 52.8 

NFO20 28.0 10.4 62.7 

NFO 35.0 __ __ 
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In case of non-ferroelectric MD systems, usually second derivative of Ginzburg–

Landau free energy is taken with respect to polarization and is proportional to   , 

where   is the magnetization.29,30 It is clear that the magnetization value increases with 

increase in filler loading, as per table 3.1. Hence, MD coupling increases as the volume 

fraction of NFO is increased from 0.05 to 0.2 in PMMA matrix.  

Figure 3.9 represents the variation of magnetocapacitance as a function of 

applied magnetic field at 1 MHz. Here, the magnetocapacitance shows an increasing 

trend as magnetic field is increased. However, no signature of the existence of an 

electromechanical resonance frequency is visible anywhere in the frequency range we 

examined.  

 

Figure 3.9: Variation of magnetocapacitance with the application of different magnetic fields in 

the PMMA-NFO composites 

As the MD properties show promising results, they can be further used for the 

benefit of antenna miniaturization. Our idea is to explore whether the developed 
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composites can be used as substrates for antenna miniaturization, as they have 

agreeing values for both relative permittivity and magnetic permeability. This will in 

turn reduce the resonant wave length of half wave patch antennas and hence 

miniaturize them. For achieving this, the dielectric and magnetic properties of the 

material has to be tuned carefully without compromising the low loss behaviour. 

Tailoring the properties of such a single layer MD substrate is inappropriate for a wide 

spectrum of operational frequencies and the size reduction also quenches the 

bandwidth, S11, directivity of the antennas compared with a dielectric substrate due to 

field confinement.31 Graded composites are recently evolving as a solution to this 

problem and they can effectively improve the antenna charecteristics.32 Additional 

miniaturization is also reported for uniaxially graded composites as the top to down 

reduction in functionality imparts a blue shift in the resonant wavelength.33  

 

Figure 3.10: Schematic showing (a) developed functionally graded MD substrate and (b) single 

layer of composite that contain magnetic filler in the PMMA matrix. 

Hence we developed a functionally graded anisotropic substrate in which the 

properties like εr and μr varies in the z plane (figure 3.10(a)), through polymer hot 

pressing technique. This can be conveniently realized by stacking the four developed 

composites together with single layer consisting of NFO fillers embedded in PMMA 
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matrix (figure 3.10(b)). The composite having minimum filler loading is kept near 

ground plane and then arranging the rest with increase in filler loading to the patch will 

result in a functionally graded substrate as shown in figure 3.10(a).  

For understanding the values of εr and μr, in composites with different volume 

fraction of NFO (0.05Vf, 0.1Vf, 0.15Vf, 0.2Vf), waveguide measurements in X band using 

Nicolson-Ross-Weir method34 were taken, which are shown in figure 3.11. 

 

Figure 3.11: Variation of (a) relative permittivity, (b) relative permeability, (c) dielectric loss 

tangent and (d) magnetic loss tangent as a function of frequency in X band. 
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The variation of real part of relative permittivity and relative permeability with 

respect to frequency is shown in figure 3.11(a) and (b) respectively. The real part in 

dielectric and magnetic property is attributed to the ability of dipoles and spins to store 

electric and magnetic energy, respectively.35 The relative permittivity of the composite 

increases with increase in filler content. This is due to the incorporation of higher 

amount of NFO which is having a higher relative permittivity (due to higher 

polarizability) than PMMA matrix. Marginal variation is seen for the values of relative 

permittivity with respect to frequency. In case of relative permeability, the value 

increases with increase in filler content and is obviously due to the higher amount of 

magnetic component in the composite. The dielectric loss tangent and magnetic loss 

tangent are shown in figure 3.11(c) and (d) respectively. The ratio of imaginary to real 

part of relative permittivity and relative permeability is given by dielectric as well as 

magnetic loss tangents. The loss values are in the order of 10-1 for all composites and 

show a marginal dispersion which is only within the error limits of the waveguide 

measurement setup. The applicability of the developed functionally graded composite 

as an antenna substrate is challenging here, due to its slightly lossy dielectric behavior. 

Rather, this developed composite can be used as a loading in low loss substrate, 

beneath the patch, so as to reduce the antenna dimensions effectively without 

compromising the antenna performance.36,37 One has to carefully choose the geometry 

of such a loading, as it is reported to control the characteristics of the radiation pattern.    

Herein, microstrip patch antenna (MPA) on a low loss Arlon substrate loaded 

with the functionally graded composite beneath the patch was theoretically designed 

and modeled to operate at 830 MHz. If one could fabricate an MPA operating at this 
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frequency employing a dielectric substrate (   =    = 1), the dimensions of its patch will 

be 175.01 mm in length and 180.72 mm in width which gives an area of 31627. 8 mm2 

for the patch. But when we use a MD material as a loading in the antenna substrate the 

dimensions of patch were reduced to 38.67mm in length and 73.32mm in width. 

Interestingly, this modification will eventually reduce the area of patch to 2835.38 mm2. 

For identifying the impact of the developed substrates in the field of antenna size 

miniaturization we have to find the miniaturization factor. Miniaturization factor is 

defined by the expression, 

  √                    (3.1) 

where       and        represents the effective relative permittivity and effective 

relative permeability of the developed material respectively. The miniaturization factor 

obtained for the present antenna is 4.96. 

The percentage miniaturization attained for a MD antenna is calculated by the 

equation 3.2.  

                          

={
             

          
              

          

             
          

} x 100 %   (3.2) 

For the current MD antenna, percentage miniaturization was calculated to be 

91.03%. In next generation communication devices aiming for huge antenna 

miniaturization, the figures obtained in the present research is significant. Hence we 

can conclude that the newly developed MD functionally graded composite with PMMA-
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NiFe2O4 is a potential candidate in the field of antenna miniaturization. Figure 3.12 is a 

schematic representation that shows a normal dielectric substrate antenna that can be 

replaced by a functionally graded anisotropic antenna with 91% size reduction.   

 

Figure 3.12: Schematic showing the reduction in size of antenna using the MD substrate 

developed from a dielectric only substrate. 

3.5 Conclusions 

In comparison to dielectric only substrates, the employing of MD materials as 

substrates for antenna miniaturization offers many advantages in addition to 

impedance matching and reduced capacitive coupling. In the present study, polymer 

composites consisting of NiFe2O4 as magnetic phase and PMMA as dielectric phase were 

used for fabricating MD substrate. NFO was synthesized via polymer pyrolysis method. 

The structural as well as the magnetic studies were performed for the developed NFO. 

Composites based on PMMA and NFO were synthesized using solution blending 

technique, using DMF as the solvent. The structural, microstructural and magnetic 

characterizations were performed over various volume fractions NFO loaded samples 

(0.05 Vf, 0.1 Vf, 0.15 Vf and 0.2 Vf). The MD measurements showed that maximum filler 
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loaded sample has got an impressive magnetocapacitance value of -62.7%. A 

functionally graded anisotropic composite was made by horizontally stacking the 

different filler loaded samples together in functionally gradient way, since such a design 

can bring about a blue shift in the resonant wavelength. An antenna was theoretically 

designed to operate at 830 MHz using the properties of developed anisotropic 

composite as loading in the substrate. It was observed that a whopping 91% size 

reduction can be attained using the present functionally graded composite when 

compared to a substrate material having (   =    = 1). Hence, the developed composite is 

a potential candidate for its application in the field of antenna miniaturization. 
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4.1 Abstract 

Magnetoelectric materials (ME) always draw attention of researchers since it find 

numerous applications in the field of magnetic/ferroelectric storage media, non-volatile 

memory devices, sensors etc. Among various kinds of ME composites, (2-2) connectivity 

is an area of key interest because of its large interfacial area between the phases, which 

will further result in an enhanced ME coefficient when compared to other connectivity 

schemes. In line with them, a novel screen printable ME ceramic based composite was 

investigated in detail in this paper. A magnetoelectric composite with Pr doped SrTiO3 

(STO) as ferroelectric component and SrRuO3 (SRO) as ferromagnetic component was 

successfully developed via screen printing technique. The all printed ME composite 

exhibited a maximum ME voltage coefficient of 655 mV/cm.Oe at room temperature for 

dc magnetic field. All properties of STO and SRO both in bulk as well as in ink form were 

studied in detail. The ferroelectric, ferromagnetic nature together with ME behaviour 

associated with the present composite demonstrate its suitability in the fields of 

sensors, actuators, energy harvesters etc. 

4.2 Introduction: 

Ferroic materials with multiple memory states and heterogeneous read/write capacity 

has always fascinated scientific world for decades.1,2,3,4 Existing technologies for 

memory applications include magnetic random access memory (MRAM) and 

ferroelectric random access memory (FeRAM). MRAM usually utilize ferromagnetic 

materials for data writing, but it holds slow writing speed. Also overheat is produced in 

device due to high current that generates the magnetic field and thereby it consumes 
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high energy for its operation.5 FeRAM is a candidate for memory applications which can 

overcome the drawbacks of MRAM by offering faster writing speed via switching the 

electrical polarization states.6 This has got a disadvantage of slower reading rates which 

is linked to destructive read operations.7,8 Hence, the greatest challenge is to develop 

novel smart magnetoelectric (ME) devices that possess of advantages of both FeRAM 

and MRAM.9,10,11 

Single phase ME materials are scare in nature due to rules pertaining to crystal 

symmetry and electronic configuration that restrict simultaneous occurrence of 

ferroelectricity and ferromagnetism in same system.12,13 Besides, such systems usually 

show low magnetoelectric response.14 In comparison with single phase materials, 

composite ME materials exhibit a magnetoelectric coupling which is 3-5 orders higher 

than single phase multiferroics, at ambient temperatures.15,16 In heterogeneous ME 

composites, the magnetoelectric coupling arises as a result of strain transfer happening 

at phase boundaries.17 Therefore, larger interfacial area will give a maximum strain 

transfer which in turn gives rise to better magnetoelectric response in the composite.10 

Exploring innovative pathways to develop ME composites is more significant due to 

their ability to synchronize with  the IoT (Internet of Things) concept.18 They will help 

in engineering the devices that can develop sustainable as well as wireless 

interconnected smarter devices19 having long battery life20, communication devices 

with miniaturized ME antennas21, smart energy harvesters22 etc.   

Usually ME composites are labelled by the dimensionality of components present in the 

system. Of all the composite connectivity schemes proposed by Newnham23, (2-2) 

configuration has got the advantages of providing more flexibility for material design 
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aspect, control over composition of layers in the composite and lower leakage 

currents.11 Interfacial area will be larger in case of (2-2) composite which will facilitate 

better strain transfer between the two phases. Layered composites in miniaturized size 

find its application in the field of ultra-sensitive room temperature magnetic field 

sensors.24 Moreover, layered (2-2) laminates yielded the highest ever magnetoelectric 

coupling in comparison to (1-3) and (0-3) composites.25 Tape casting is the widely used 

technique for making miniaturised devices like capacitors, FeRAM etc.26  There are 

numerous literatures available in which ME composites were fabricated using tape 

casting technique.27,28,29,30,31 Another method of production for a (2-2) laminate type 

composite is screen printing of one layer over another. Printing of smart materials is 

more environmentally friendly and it offers several advantages like high speed, low cost 

and large scale production.32 Even though there are so many advantages involved in 

printing of smart devices there are only two reports are available in literatures 

regarding the printing of ME composites.18,33 But both these reports are concentrated 

on the development of polymer based ME composites via printing technique. This 

chapter reports an all printed ceramic ME composite. Among the various printing 

techniques available, we focus on screen printing technique which the most widely used 

one for the development of smart materials production.34,35  

Strontium ruthenate (SrRuO3) is a popular conductive perovskite ferromagnetic oxide, 

which has been traditionally used as an itinerant ferromagnetic and also as a buffer 

layer for thin film ferroelectrics. In such itinerant magnets, since the number of 

electrons in a unit cell can be uncertain at high temperatures where their magnetic 

moment is not well-defined.36 However, a slight structural distortion of the corner-
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sharing RuO6 in SrRuO3, could drastically change the electric and magnetic transport 

properties of this strongly correlated system. For example magnetic moment of SrRuO3 

films are predicted to increase under tensile strain37 and so is its Curie temperature.38   

However, not many investigations were reported on observance of such effects in thick 

films.  

On the other hand, SrTiO3 is an incipient ferroelectric perovskite that shows saturation 

of dielectric constant below Curie temperature, in contrast to well-known ferroelectrics 

whose dielectric constant just peaks at transition. Interestingly, the ferroelectricity of 

SrTiO3 can be tailored by tensile and compressive strains in thin films.39 Besides strain, 

presence of intrinsic defects and extrinsic dopants may lead to alterations in their 

electronic structure. It was shown that low concentration of aliovalent dopants can 

bring about lattice instability that can induce ferroelectricity.40 In 2005, Duran et al. 

observed that a small amount of Pr doping at Sr site leads to mixed Pr3+/Pr4+ valence at 

A site, resulting in strain induced ferroelectric transition at about 238 °C.41 Other 

researchers also observed giant dielectric tenability and peculiar dielectric relaxation 

with high polarization response to applied electric field in Pr doped SrTiO3.42,43In fact, 

the paraelectric to relaxor ferroelectric phase transition in Sr1-xPrxTiO3 is believed to be 

a phenomenon driven by random polarizability instability.44 Later,  it was revealed that 

the charge compensation in Pr doped SrTiO3 should have originated from Sr defects and 

not from the reduction of Ti3+ ions.45 Ever since, the dielectric anomaly in the doped 

SrTiO3 and unprecedented occurrence of ferroelectricity has been an active area of 

research. 
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Our attempt is to explore whether extrinsic SrTiO3 as a ferroelectric can contribute 

towards magnetoelectric coupling when is in close contact with an incipient 

ferromagnet. Thus, the present paper presents the first fully printed ceramic based 

magnetoelectric composite with doped SrTiO3 as the ferroelectric component and 

SrRuO3 as ferromagnetic component. The inks of both these materials were developed 

which was screen printed on top of another in order to obtain a (2-2) laminate type ME 

composite.   

4.3 Experimental Section 

4.3.1 Materials  

Titanium isopropoxide (C12H28O4Ti, >99%, Sigma Aldrich), praseodymium nitrate 

hexahydrate (Pr(NO3)3·6H2O), acetyl acetone (C5H8O2, 99%, Sigma Aldrich), ethylene 

glycol (C2H6O2, >99%, Sigma Aldrich), strontium acetate (C4H6O4Sr, >99.5%, Sigma 

Aldrich), Ruthenium(III) nitrosyl nitrate (Ru(NO)(NO3)3, 99%, Alfa Aesar), 2-

Methoxyethanol, C3H8O2 (99%, Sigma Aldrich) 

4.3.2 Pr:STO synthesis 

The Pr doped strontium titanate is synthesized using a sol-gel synthesis route. For this, 

titanium itanium isopropoxide, C12H28O4Ti was added to acetyl acetone, C5H8O2      

                                                                                     

ethylene glycol, C2H6O2 was added to the solution. At the same time, in another RB, 

sufficient quantity of strontium acetate, C4H6O4Sr and praseodymium nitrate 

hexahydrate Pr(NO3)3·6H2O (Sr:Pr= 0.925:0.075) were dissolved in ethylene glycol, 

C2H6O2, and were                     under constant stirring. After 1 h of mixing,      
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h of mixing 3ml deionized water was added to the above mixture to form the stable 

solution of SrTiO3. This solution                                                        

solvents evaporate. So obtained powder was ground well calcined and qualified for ink 

preparation. 

4.3.3 SRO synthesis 

A 0.2 M strontium ruthanate solution was made by separately dissolving Ru(NO)(NO3)3 

in 10ml 2-Methoxyethanol and C4H6O4Sr in 10 ml acetic acid at room temperature. 

T                                                                      ˚              

uniform brown solution. The obtained solution was dried in an oven which was then 

ground well and calcined at an elevated temperature. 

4.3.4 Ink formulation and magnetoelectric composite preparation 

 A screen printable ink usually consists of filler, solvent, binder as well as dispersant. 

Here, the fillers are SrTiO3 and SrRuO3. A binary solvent system is used in the present 

ink formulation. Equal volumes of xylene and ethanol were chosen as solvents in order 

to provide fast curing for the proposed inks.  

(i) In the first step, Triton X-100 (TCI, Tokyo, Japan), the dispersant, was 

dissolved in solvent mixture for 30 min in an ultrasonic bath.  

(ii) Respective fillers (SrTiO3/SrRuO3) was added to the solution and stirred 

continuously for 4 h in a magnetic stirrer. 

(iii) Ethyl cellulose (binder) was added and stirred for another 24 h to get a 

homogenous ink with desired viscosity. 
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For the production of hybrid ME composites, these inks were screen printed on desired 

                                                ˚                       

4.3.5 Characterizations 

Thermogravimetry/ differential thermal analysis (TG/DTA) of the powders were 

                                            ˚                            

thermogravimetric analyser (TGA/DTA instrument, Shimadzu, Japan). Phase purity of 

the calcined powder was analysed using X-ray diffraction (XRD) analysis wi      Kα 

          (X’P    PRO               , P N  y     ,       , T   N          )  T   

particle size of ceramics prepared was characterized using high-resolution 

transmission electron microscopy (HRTEM) (FEI Tecnai G2 30S-TWIN, FEI Co., 

Hillsboro, OR, USA). Viscosity of inks developed was measured using a Rheo plus32 

rheometer (Anton Paar, Ashland, VA, USA). Screenprinting of prepared ink was done 

using an XPRT2 semiautomatic screen-printer (EKRA, Germany). Microstructural 

analysis of the printed film was done by scanning electron microscopy (SEM) using a 

JSM 5600LV instrument (JEOL, Tokyo, Japan). The adhesion strength of the printed ink 

on the substrate was carried out by tape test analysis based on modified ASTM standard 

D3359-09 and were analysed using optical microscopy (MRDX, Leica Microsystems, 

Wetzlar, Germany). The surface roughness of printed thick films was estimated using 

atomic force microscopy (AFM) (Multimode, Bruker, Germany), in tapping mode. The 

ferroelectric properties of bulk as well as printed inks were analysed using a 

ferroelectric tester (aixACCT-TF2000E, GmbH, Aachen, Germany). Magnetic properties 

were measured using a Vibration Sample Magnetometer (VSM) attached to Physical 

Property Measurement System (PPMS Quantum Design, USA). Magnetoelectric 
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measurements were carried out in ac as well as dc magnetic fields. The ac magnetic 

field was applied with the help of a pair of Helmholtz coils and dc field dependence of 

magnetoelectric coupling was studied using a setup consisting of dc electromagnet 

having bipolar power supply with GPIB integrated gauss meter.  Both these fields were 

applied along the direction of thickness of the printed heterostructure. The data 

acquisition was performed using LabVIEW software. 

4.4 Results and Discussion 

 

Figure 4.1: TG/DTA analysis of (a) STO, (b) SRO. 

As hinted before, the present research was organized into studies pertaining to 

individual FE and FM components at first and then the properties of their 2-2 

composite. In order to understand the thermal evolution history of the precursor 

powder of Pr doped SrTiO3 (Pr:STO) and SrRuO3 (SRO), a combined thermogravimetric 

(TGA)/differential thermal (DTA) analysis was performed, whose results in terms of 

weight loss and heat flow as a function of temperature is shown in figure 4.1(a) and (b). 

T   TG                            STO             y                    5 ˚ /    

               y         ˚ -     ˚                              ( )                y     
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TG curve, thermal decomposition profile of STO can be divided into four stages. In the 

           ,                                ˚                                       ˚  

indicating a total weight loss is around 6.66%. This can be attributed to the removal of 

planar water and ethylene glycol present in the respective powder. In DTA curve, an 

                                    56 ˚ ,                                            

I                     ,        y                      5   %                    6  ˚     

sharp weight loss of around 24% is observed        6  ˚         ˚   T      y           

the removal of most of the organic residues present in the powder sample. The sharp 

                            6 ˚                                                       

which were added as reagents during the reaction process. A TG weight loss of about 

8  %                  55  ˚     75  ˚                                                

observed. The loss of weight in this particular region is implied to the burn out of 

surface hydroxyls and carbon residues. An exo                    57  ˚                

to this weight loss. Based on this TG-DTA result, the prepared powder was calcined 

                              5   ˚     9   ˚   

TG                              SRO         y                    9   ˚              a 

                5 ˚ /                                                               

loss to form the resultant powder (Figure 4.1(b)). An initial weight loss of about 10% 

                     ˚         ˚                                                   

                                                56 ˚                             

          j                           %                                           ˚  

       ˚   T                                              S      R          

hydroxides. Th                                5 ˚ ,  57 ˚          ˚                  
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             N                                             6   ˚   H                   

                         6   ˚   

 

Figure 4.2: XRD patterns of (a) STO, (b) SRO. 

X-ray was used in the present study as a primary tool to check the phase purity of 

ferroic materials since the presence of any inorganic impurity or additional phase in the 

compound may drastically affect their performance. The XRD pattern of SrTiO3 was 

recorded, as shown              ( )  T                                      5   ˚     

9   ˚                               T             XRD                                  

                    6   ˚                     9   ˚                         XRD         

can be indexed using the standard JCPDS file 89-4934. The crystal structure belongs to 

I4/mcm space group with tetragonal symmetry. The sharpness of the diffraction peaks 

indicates the better homogeneity and crystallisation of samples.  On the other hand, the 

XRD pattern of SrRuO3                                  65  ˚      7   ˚             

plotted in figure 4.2(b). From the XRD pattern, it is clear that the phase formation of 

S R O                 7   ˚                                             J PDS      89-
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5713. The crystal structure of SrRuO3 belongs to Pnma space group with orthorhombic 

symmetry. 

 

Figure 4.3: (a) and (b) HRTEM images of STO, (c) and(d) HRTEM images of SRO. 

The nanocrystalline nature of STO as well as SRO was tested using TEM analysis. Figure 

4.3(a) represent the morphology as well as particle size of calcined STO. It is evident 

from the figure that STO has an average particle size ranging from 30 nm to 60 nm. The 

crystalline nature of prepared powder is clear from the lattice image shown in figure 

4.3(b). The value of d-spacing between adjacent fringes is measured to be 1.94 Å, 2.25 Å 

and 2.76 Å which corresponds to [200], [111] and [110] planes respectively. Similarly, 

TEM was recorded for SRO samples that were calcined at a higher temperature 

( 9     )  T                            SRO                 - 300 nm (figure 4.3(c)) 

than STO nanoparticles. The higher particle size can be attributed to the grain growth 
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occurred at elevated temperature. As shown in the lattice fringe image in figure 4.3(d), 

SRO appears to be highly crystalline. Here, the d spacing value between two fringes is 

calculated to be 2.82Å which represents [110] plane of SRO crystal. Since our ultimate 

objective is making thick film heterostructures using ferroic inks, the individual particle 

size plays crucial role, which controls the ink viscosity. The results obtained from TEM 

analysis indicates that the resultant powders will go well with developing inks out of it.  

The doping of trivalent rare earth ion can happen in different ways. The first possibility 

is a partial substitution of Ti4+ by trivalent Pr3+ maintains charge neutrality by excluding 

the formation of Sr vacancies. Alternatively, planar faults of the host are compensated 

by the trivalent impurity, through radiative recombination.45 Figure 4.4(a) shows the 

room temperature variation of polarization (P) with respect to electric field (E) of STO 

thick films which were printed on platinized silicon substrates. It can be shown that the 

switched charge (Q) of a real dielectric is given by, 

                 (4.1) 

where Pr                             ,                               , σ                   

           y                       , E                fi                                 .46 
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Figure 4.4: (a) Room temperature P-E hysteresis curve of STO, (b) M-H plot of SRO at 

different temperatures, (c) M-T plot of SRO at a magnetic field of 50 Oe, (d) dM/dT plot to 

determine Tc. 

In the case of a quasi linear dielectric,  

           (4.2) 

                                                  y,       σ                               

     (   δ)  H                          y                         xygen vacancies, that 

may likely to form by the partial substitution of Ti4+ by Pr3+. The P-E hysteresis loop in 

the present case indicates that it not a perfect ferroelectric, but more like a quasi-

ferroelectric or lossy dielectric, even though there were earlier reports indicating the 
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room temperature ferroelectricity in Pr doped SrTiO3.41 The sample was able to bear an 

electric field up to 20 kV/cm without any break down, but it was observed that even 

with the application of such a high electric field, the P-E loop obtained was not fully 

saturated, typical of quasi ferroelectrics. The remanent polarization (Pr) and coercive 

field (Ec)                6  μ /  2 and 10.3 kV/cm respectively. Beyond 20 kV/cm the 

sample undergoes break down.  

M-H hysteresis measured at 2 K, 100 K and 200 K for powder SRO is shown in figure 

4.4(b). The magnetic moment of the sample was measured for magnetic field ranging 

from -90 kOe to +90 kOe. Here, hysteresis loop looks like ferromagnetic in nature. But 

even after the application of 90 kOe, the loops are not saturated. This is due to the 

presence of antiferromagnetic interaction along with the ferromagnetic interaction in 

respective material.47 The remanance (Mr) and coercivity (Hc) decreases as 

temperature is increased from 2 K to 100 K. Finally, the M-H curve shows a linear 

behaviour which represents the paramagnetic nature of SRO at 200 K. In paramagnetic 

state the Hc and Mr shows zero value. Figure 4.4(c) shows the magnetization versus 

temperature (M-T) curve recorded using zero field cooled (ZFC) and field cooled (FC) 

modes at 50 Oe. There is a bifurcation in ZFC and FC curves which arises mainly due to 

the magnetocrystalline anisotropy of SRO in the measurement techniques used.  Under 

ZFC condition, SRO sample was cooled from room temperature (300 K) down to 2 K, 

without the application of an external magnetic field while the actual measurement was 

recorded during warming up of the sample from 2 K to 300 K where the magnetic field 

was 50 Oe. On the other hand, FC measurement was recorded on cooling the sample 

from 300 K to 2 K under the external magnetic field. Usually the response of spins to the 
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applied magnetic field depends on the competition between the externally applied 

magnetic field strength and magnetocrystalline anisotropic energy in the material. If the 

applied field is small, then all the spins may not orient in the direction of field. When the 

applied magnetic field overcomes anisotropy field, the spins will be forced to align in 

the direction of external magnetic field. So when the applied field is high, then 

bifurcation between ZFC and FC curves will be less.48 While analysing figure 4.4(c), one 

can see that, ZFC and FC plots meet at Curie temperature Tc, beyond which they show a 

paramagnetic nature. Curie temperature can be accurately determined from dM/dT 

versus T plot which is given in figure 4.4(d). The ferromagnetic transition is indicated 

by the sharp decrease of magnetization in ZFC data at 50 Oe and was measured to be 

161 K, which is in agreement with previously report.49  
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Figure 4.5: Variation of viscosity and shear stress with shear rate of (a) STO, (b) SRO 

(c) surface SEM of STO ink, (d) surface SEM of SRO ink printed on top of mylar® substrate. 

 

Since we are employing screen printing technique to make thick film out of the qualified 

STO and SRO powders, the flow characteristics of the constituent inks have to be 

studied. In order to make a smooth and uniform printing, the ink slurry composition 

should be optimized to get minimum viscosity. Here, the quantity as well as quality of 

organic components that are needed for formulating the ink should be chosen 

judiciously, so as to facilitate room temperature evaporation curing after printing. As 

briefed in the Experimental section, xylene-ethanol mixture was used as the solvent, 

Triton X-100 as the dispersant while ethyl cellulose served as the binder in the ink 

synthesis. Figures 4.5(a) and (b) represent the rheological behaviour of the ready-to-

print slurry of STO and SRO respectively. In both the cases one can observe a decrease 

in viscosity with the increase in shear rate. This is normally known as shear thinning 

behaviour, which is the essential criterion for a screen printing ink. As the shear rate 

increases the ink becomes thinner which in turn facilitate the free flow of ink through 

the screen mesh. Viscosity value of 1-20 Pa.s at lower shear rates are considered to be 

the ideal value for screen printing. For STO, the viscosity has gone below 3 Pa.s while 

for SRO, the value is less than 2 Pa.s which indicates that the developed inks qualify for 

screen printing. Further in figures 4.5(a) and (b) are the shear stress curves in both STO 

and SRO rheology profile, that further attest nature of pseudoplasticity in the inks. 

Usually pseudoplasticity is required to prevent bleeding of ink to flow beyond the print 

boundaries. Figures 4.5(c) and (d) represents the scanning electron microscopic images 

recorded from the surface of STO and SRO printed film respectively. A uniform 
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distribution of particles is seen throughout the microstructure with minimum porosity. 

This porosity is unavoidable factor in these cases because of fast volatilization of 

organic solvents present in the ink formulation, and the fact that we do not employ a 

post printing sintering. Thus the printed films are likely to contain a trace volume of the 

binder, ethyl cellulose, while other organic matter evaporates during post printing 

drying at ambient conditions.  

Surface morphology of the printed patterns as viewed using AFM, is shown in figure 4.6. 

Surface smoothness plays an important role in determining the quality and adhesion of 

the printed pattern. As the solvents in used in ink formulation escapes at room 

temperature, there includes some porosity in the dried printed patterns we developed. 

AFM micrographs were recorded from the surface of double stroke printed samples. 

Figures 4.6(a) and (b) represents 2D and 3D images of STO samples respectively. The 

average surface roughness (Ra) and root mean square roughness (Rq) of STO samples 

were analysed to be 91.7±5 nm and 117±5 nm respectively, which is comparable with 

previously reported values for printed films. Two important parameters obtained from 

AFM images are kurtosis topography and skewness. In the present case for STO, 

kurtosis value is observed to be 2.72. Usually kurtosis value < 3 indicates that the 

distribution curve is platykurtoic, which means that scan surface consists of relatively 

few high peaks and low values. In case of printed films, skewness is a measure of 

variation of surface. Here, for STO skewness is measured to be -0.443. The negative 

value for skewness generally indicates that surface distribution has a longer lower 

valley at the measurement areas when compared to reference plane. 
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Figure 4.6: (a) 2D, (b)3D AFM images of printed STO film and (c) 2D, (d)3D AFM images of 

printed SRO film. 

The 2D and 3D AFM images of SRO is shown in figure 4.6(c) and (d) respectively. The 

average surface roughness was measured to be 117±5 nm and root mean square 

roughness was identified to be 145±5 nm. In fact, these values are greater than that for 

STO, but still lower when compared to earlier reports on room temperature curable 

inks.50,51  

Figure 4.7(a) and (b) represents the P-E hysteresis loop of STO thick film and M-H 

hysteresis of SRO counterpart respectively. The P-E loops show that they were not 

saturated even after the application of 10 kV/cm. The remanent polarization (Pr) and 

coercive field (Ec) were decreased from the case of STO bulk when comes to printed 
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thick films. This deviation from ferroelectric hysteresis may be due to the presence of 

organic vehicles present in the ink composition. The effect of substrate clamping in the 

case of printed pattern is unavoidable owing to the mismatch in thermal expansion 

between STO film and platinized silicon substrate. The electric dipoles in STO will be 

unable to align in same degree as in case of bulk STO which in turn restrict the 

polarization to happen by the substrate. This can be another reason for the decrease in 

Pr value of STO ink.  

 

Figure 4.7:  (a) Room temperature P-E curve for printed STO film, (b) M-H curve for printed 

SRO film at 100 K. 

The M-H hysteresis curve of SRO ink shows that there is a considerable decrease in Mr 

value when compared to SRO bulk. At 100 K, bulk SRO had a Mr value of 4.409 emu/g 

which was reduced to 0.4273 emu/g in SRO thick films. The reason for this decrease in 

Mr can be attributed to the presence of external components in the ink formulation as 

well as substrate clamping effect. But interestingly, the ferromagnetic nature of SRO 

was retained even in printed form too, when measured below Curie temperature. This 

confirms that the printing process has no adverse effect on ferromagnetic property of 

SRO. Once the properties of individual SrTiO3 and SrRuO3 inks were optimized 
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independently, we proceeded to develop heterostructural (2-2) magnetoelectric 

composites using these ferroic inks. For that, we screen printed STO ink on top of a 

Si(100)/SiO2/TiO2/P           ,             6          5                           

printed SRO ink on top of annealed STO to form (2-2) bilayer magnetoelectric 

composite.  

 

Figure 4.8: Cross sectional SEM image of STO-SRO printed 2-2 composite. 

The cross-sectional SEM image of screen printed composite is shown in figure 4.8. From 

                                   STO     SRO                       5    μ      

   78 μ  respectively. No microstructural defects like delamination or cracks can be 

observed here. This confirms the compatibility of STO and SRO layers with each other 

and also with the substrate. A dense microstructure can be observed for both ceramic 

thick films in this figure.  

Room temperature ferroelectric hysteresis curve for composite multilayer STO-SRO is 

shown in figure 4.9(a). 
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Figure 4.9: (a) P-E curve of printed STO-SRO bilayer at 300 K, (b) M-H curve of printed STO-

SRO bilayer at 100 K. 

This measurement was carried out at a voltage of 99 V and frequency of 100 Hz.  A 

visible decrease in the value of Pr is evident, which may due to the presence of 

ferromagnetic layer, SRO.  Here we may notice that the multiferroic bilayers are rigidly 

clamped each other and also with the substrate, which will limit the intensity of poling 

field to a diminished polarization. Earlier reports suggest that clamped films are likely 

to suffer inferior magnetoelectric coupling.52 There occurred a marginal drop in the 

VSM magnetic moment measurement as well (figure 4.9(b)) at 100 K, which is 

attributed to the spin-charge interaction at the magnetoelectric interface. Anyhow, 

ferromagnetic nature is retained even in the bilayer composite but Mr value diminished 

from screen printed SRO alone.   

The magnetoelectric coupling in layered FE-FM heterostrctures occurs mainly due to 

strain mediation between the hetero phases. That is, the magnetostrictive strain of the 

ferromagnetic layer is transferred to the ferroelectric layer across the film interface, 

giving rise to an electric polarization. The second possibility is through charge 
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screening effect, where charge accumulates at the FE-FM interface that modulates the 

interface magnetization through spin-dependent screening.53  

 

Figure 4.10. The variation of ME coupling coefficient under the application of (a) ac, (b) dc 

magnetic field for STO-SRO bilayer screen printed sample. 

 

In the present case, the magnetoelectric coupling coefficient for both ac and dc magnetic 

field were measured. When the layered composite is placed in a magnetic field, the field 

will mechanically induce an alteration in electric polarization and strain, which will 

further induce a magnetoelectric voltage in the composite. Here, for the MECC 

             5 μ                         F   ac magnetoelectric measurement, the 

voltage across the sample increases with respect to magnetic field as shown in figure 

4.10(a). The MECC for this measurement is calculated from equation (1.18) and was 

obtained to be 657 mV/cm.Oe. Figure 4.10(b) depicts the dc measurement taken for the 

composite at an ac field of 40 Oe with a frequency of 850 Hz. Here one can see that, the 

MECC value increases up to a particular d.c magnetic field and decreases thereafter. The 

maximum MECC value obtained for STO-SRO bilayer composite is 655 mV/cm.Oe.  The 

ME effect in the current bilayer screen printed composite originated from the elastic 
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interaction between the two phases present in the system. As there are two separate 

layers for ferroelectric and ferromagnetic materials, there occurs an interface that 

separates them. When a magnetic field is applied to the composite system, the strain 

developed in the magnetic phase will be effectively transferred to attached ferroelectric 

layer which is in contact with. This will cause an invariable electric polarization at the 

output. Since this is a layer by layer structure with thickness in the range    μ ,     

domain walls under the application of external magnetic field will progress much easily 

when compared to other tape casted laminates. It should be noted that the ME 

measurements were done at ambient temperatures where SrTiO3 showing 

piezomagnetic properties is unusual, which can be due to effects of lattice strain 

induced by the ferroelectric phase. However, more studies are required to assess the 

underlying reasons resulting in the piezomagnetic effect in ferroelectrically coupled 

incipient ferromagnets while remaining in the paramagnetic state.  

4.5 Conclusions 

The Pr:SrTiO3 and SrRuO3 powders were synthesized using wet chemical methods. 

Phase purity and particle size of the developed ceramics were confirmed using XRD and 

TEM analysis. The ferroelectric properties of STO and ferromagnetic properties of SRO 

were investigated in detail. Room temperature curable inks based on these materials 

were developed using binary solvent system (Xylene: ethanol), ethyl cellulose as binder 

and Triton X-100 as dispersant. Microstructure, surface roughness, ferroelectric 

property and ferromagnetic property of the developed inks were studied. After 

exploring individual properties, a (2-2) composite was developed via screen printing 

one ink over another on to a substrate. The cross sectional SEM micrograph revealed a 
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crack free microstructure for the composite. Ferroelectric as well as ferromagnetic 

nature of the hetero structure was confirmed. Magnetoelectric studies showed that the 

composite exhibited a MECC value of 657 mV/cm.Oe for ac magnetic field and 655 

mV/cm. Oe for dc magnetic field. These promising results confirm its suitability in the 

fields of sensors, actuators and energy harvesters etc. Still, further studies are needed to 

confirm the magnetoelectric performance of this bilayer system in which SrRuO3 stays 

in paramagnetic state at ambient temperatures.  
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5.1 Abstract 

Thick film multiferroics continue to enthuse researchers due to their wide range 

of applications in fields of memory, sensing and transduction. With an aim of improving 

the magnetoelectric property, in the current chapter, we developed another ME 

composite using CoFe2O4 (CFO), with Pr doped SrTiO3 (Pr:STO) and tried to correlate its 

ME properties through a theoretical model. As widely known, CFO is a well-known 

magnetostrictive material. Nanoceramics based on both the materials were developed. 

These inks were screen printed one on top of other, yielding a (2-2) layered 

magnetoelectric heterostructure. The all printed ME composite exhibited a better 

magnetoelectric response under the application of dc magnetic field with MECC value, 

α=779 mV/cm.Oe. Relevant properties of individual ferroic layers as well as the 

composite form were studied in detail. The ferroic properties along with 

magnetoelectric coupling were simulated using finite element methods, and are in 

reasonably good agreement with experimental results. Apparent properties of thick 

film composites indicate their suitability in next generation sensors and energy 

harvesters. 

5.2 Introduction 

The increasing need of multimedia storage has always fascinated researchers 

and therefore constant efforts are done world over, to develop techniques for higher 

writing/reading speed and storage density. Multiferroic based memory can store more 

than two states, which in turn improve storage density, that can revolutionize next 
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generation storage techniques.1,2 In multiferroics, this is achieved by the cross coupling 

of electric and magnetic orders, through magnetoelectric (ME) coupling.3  

As elaborated in chapter 4, ME effect is the induction of electric polarization  , 

under the application of an external magnetic field  , and vice versa.4 The past century 

has witnessed an evolution of ME materials from single phase to particulate composite 

to laminate composite from the perspective of material dimensions and constituents.5 

Single phase ME materials needs long range ordering and doesn’t possess high inherent 

ME coupling near room temperature.6 This difficulty can be circumvented by 

developing ME multiphase composites. Here, ferroic orders are electromagnetically 

coupled to each other via stress mediation resulting in enhanced ME coupling.7,8 

Massive attempts have been devoted to develop composites with various phase 

connectivity schemes like (0-3), (1-3), (3-3) etc. Later by 2001, researchers developed 

ME laminate composites with (2-2) connectivity where layer-by-layer architecture 

comprising of alternate ferromagnetic (FM) and piezoelectric phases.9,10 These thick 

film laminates are advantageous due to minimal interfacial damping and low leakage 

currents, resulting in enhanced ME coupling11.   

In fact the phase connectivity has got significant influence on the ME response in 

a composite material. In laminated composites, the ME coupling is dictated by three 

factors such as;  

(i) material parameters of constituent phases like dielectric permittivity, 

magnetic permeability, elastic constants, piezoelectric as well as 

piezomagnetic coupling coefficients,12,13 
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(ii) volume-to-thickness ratio of layers associated,14 and 

(iii) orientation of constituent phases and applied magnetic field.15 

An important parameter that determines the ME response in laminate type 

composites is the interfacial coupling. Strain transfer happening at phase boundary is 

the key factor that determines the ME coupling. Still, there lacks a clarity on the theory 

of ME coupling in bulk laminates, which will be attempted in this chapter. Larger the 

interfacial area, maximum will be the strain transfer which in turn results in an 

enhanced value of ME coupling coefficient for laminate type (2-2), when compared to 

ME particulate type (0-3).  

A bilayer composite with ferroelectric (FE)/piezoelectric layer and 

ferromagnetic/magnetostrictive layer having a free boundary is the simplest (2-2) 

composite. They are usually prepared by cofiring the corresponding layers together at 

high temperatures. Tape casting technique is widely employed for making individual 

layers has got some disadvantages. In multilayer tape casted heterostructures, the 

principal challenges are differential shrinkage caused by the mismatch in thermal 

expansion of individual layers and inter-diffusion and chemical reaction happening 

between the layers. In order to avoid these issues, hot-pressing technique has been 

employed instead of high temperature treatment.16 Since the latter being cumbersome 

and expensive, researchers have been looking for a facile technique to generate high 

coupling ME composites.  

Screen printing is a convenient method, where a magnetostrictive layer is 

printed over a FE layer at ambient conditions, thereby avoids post printing heat 
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treatment. Further, since the printed structures being porous and flexible, they can be 

realized on flexible substrates as well, say conductive tapes (or fabrics). Printing is 

performed using inks formulated out of constituent phases which should be cured at 

ambient temperature and pressure. Printing also possesses an additional advantage of 

less quantity of material requirement too. Hence, the present chapter focuses on 

developing a ceramic based ME composite via screen printing technique, similar to 

chapter 4 and tries to correlate the experimental properties with theory.  

The ME effect in laminate composites depends on the microstructure and 

coupling interaction across the FE-FM interface.17 The average or macroscopic field 

applied to a ME composite would permeate the material microstructure and would 

spread unequally into different points owing to heterogeneity of the material. The 

anisotropy due to the underlying crystalline nature of constituent phases contributes to 

this phenomenon. The local or microscopic fields are composed of external applied 

fields (which are designated as "average fields") and local variables and are related by 

governing equations. This chapter also focuses on analyzing the distribution of local 

fields in a (2-2) laminate ME composite. A homogenization method is developed in this 

chapter for composites of lowest crystallographic symmetry through a two-scale 

asymptotic analysis. The unit cells are so chosen that they can encompass the 

heterogeneity of composite comprehensively. 

The ME material chosen in the present chapter is Pr doped SrTiO3 (Pr:STO, 

where Sr:Pr=0.925:0.075) as in chapter 4. On the other hand, the FM material chosen is 

CoFe2O4 (CFO) which is a well-known magnetostrictive material. This material also 
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possesses high piezomagnetic coupling coefficient.18 Hence a better ME coupling 

coefficient is expected at room temperature for Pr:STO-CFO bilayer ME (2-2) 

composites screen printed on conductive substrates, which is thoroughly investigated 

experimentally and theoretically, in the following sections.   

5.3 Experimental Section 

5.3.1  Materials  

Cobalt acetate (Co(CH3CO2)2.4H2O, Sigma Aldrich), Iron nitrate (Fe(NO3)3.9H2O, 

Sigma Aldrich), Titanium isopropoxide (C12H28O4Ti, Sigma Aldrich), Praseodymium 

nitrate hexahydrate (Pr(NO3)3·6H2O), Acetyl acetone (C5H8O2, Sigma Aldrich), Ethylene 

glycol (C2H6O2, Sigma Aldrich), Strontium acetate (C4H6O4Sr, Sigma Aldrich), 2-Methoxy 

ethanol (2-MOE, Sigma Aldrich) and Diethanolamine (DEA, Sigma Aldrich) were used as 

the starting materials.  

5.3.2  Synthesis of CFO 

About 0.02 mol of (Co(CH3CO2)2.4H2O and 0.01 mol of (Fe(NO3)3.9H2O were 

mixed in 2-MOE and DEA in a round bottomed flask, using an ultra sonicator. Vigorous 

sonication was performed for 2 h till a uniform mixture of precursor was obtained. This 

solution was kept in an oil bath at 70 ˚C and continued heating for 12 h under constant 

stirring with refluxing in order to avoid evaporation of the solvents. After 12 h, the 

solution was allowed to dry. The dried powder was then taken for further 

characterizations. Pr doped STO (Sr:Pr=0.925:0.075) was synthesized using the same 

procedure as mentioned in section 4.3.2 
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5.3.3  Ink Formulation 

After the phase formation of Pr:STO and CFO were confirmed and powders were 

qualified, our next aim was to develop a viscous ink out of the developed powder. As 

discussed in chapter 4, the solvents chosen here is binary solvent system consisting of 

xylene and ethanol, Triton X-100 as dispersant and ethyl cellulose as binder. The ink 

formulation steps are elaborated well in chapter 4. 

5.3.4  Characterization 

TG/DTA was performed using a thermo gravimetric analyzer from room 

temperature upto 1000 ˚C in oxygen atmosphere (TGA/DTA instruments, Shimadzu, 

Japan). Phase purity of calcined powder was confirmed using X-ray diffraction 

technique with Cu Kα radiation (X’Pert PRO diffractometer, PANalytical, Almelo, The 

Netherlands). High resolution TEM was used for analyzing the particle size of 

developed CFO powder (FEI Tecnai G2 30S-TWIN, FEI Co., Hillsboro, OR, USA). The 

rheological behavior of the ink was done using Rheo plus32 rheometer (Anton Paar, 

Ashland, VA, USA). The screen printing of ink on different substrates were performed 

using XPRT2 semiautomatic screen-printer (EKRA, Germany). Scanning electron 

microscopy was used for the microstructural analysis of printed films using JSM 

5600LV model (JEOL, Tokyo, Japan). Surface roughness of thick film was estimated with 

the help of atomic force microscopy (AFM) in tapping mode (Multimode, Bruker, 

Germany). Magnetic measurements were performed using an oven setup attached to 

the physical property measurement system (PPMS, Quantum Design, USA). ME 

measurements were carried out in ac as well as dc magnetic fields. The ac magnetic 
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field was applied with the help of a pair of Helmholtz coils using which, a suitable 

magnetic field was applied across the sample and the ME output voltage was estimated 

by recording the induced polarization ( ). The working principle is that the electric 

dipoles inside the sample align themselves with the ac magnetic field, resulting a drop 

in ac voltage across the sample which is measured via Faraday Effect. Thus it is clear 

that the apparent output voltage is purely due to the ME coupling effect. For measuring 

the dc field dependence of ME coupling, a setup consisting of dc electromagnet having 

bipolar power supply with GPIB integrated gauss meter. Both these fields were applied 

along the direction of thickness of the printed heterostructure. The data acquisition was 

performed using LabVIEW software. 

5.4  Results and Discussion 

The characteristic features of the Pr:STO powder is explained in detail, in 

chapter 4 and hence is not repeated here.  

 

Figure 5.1: TG/DTA profile of as synthesized CFO powder. 
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The thermal decomposition of prepared CFO powder was investigated using 

TG/DTA analysis, as shown in figure 5.1. Two apparent weight losses are observed in 

the TG profile, one minor and the other major. First one is a weight loss of around 5.4%, 

observed upto 100 ˚C. The prominent weight loss of around 51% is observed between 

150 ˚C and 350 ˚C for which a sharp exothermic peak at 313 ˚C in the DTA curve. This 

may be the signature of decomposition of acetates and nitrates to oxides. It should be 

noted that the weight loss is negligible after the decomposition temperature which 

indicates that the decomposed products are now formed into ferrites.  

 

Figure 5.2: XRD pattern obtained for CFO powder calcined at 900 ˚C for 4 h. 

The XRD pattern of post heat treated CFO at 900 ˚C is shown in figure 5.2. All the 

peaks in the pattern can be indexed to single phase spinel cobalt ferrite structure 

[JCPSD File Card No. 22-1086]. No intermediate or additional peaks can be observed in 

the obtained pattern within the sensitivity of experimental technique.  
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Figure 5.3: (a) TEM micrograph of CFO powder and (b) HRTEM showing the lattice plane. 

The TEM micrograph of temperature treated CFO and its high resolution image 

is shown in figures 5.3(a) and (b) respectively. Most of the particles show a distorted 

spherical morphology as shown in figure 5.3(a). The particles are highly agglomerated 

since the CFO particles show room temperature magnetic property. These particles act 

like tiny magnets, attract together to form cluster which is clearly visible in the TEM 

micrograph. The average particle size is around 20 nm. The high resolution image 

shows crystal lattice with d spacing value 2.9 Å which corresponds to (220) plane.  

The M-H loop of CFO at different temperatures are recorded and shown in figure 

5.4(a). This reveals that the sample show ferromagnetism at 300 K, 500 K, 700 K while 

exhibit a paramagnetic behavior at 800 K. So at some temperature between 700 K and 

800 K, the material changes its nature from ferromagnetic to paramagnetic behavior 

and hence Curie temperature lies in between these two temperatures. Also, one can 

observe a decrease in saturation magnetization (  ) when temperature is increased 

from 300 K to 700 K. This is possibly due to the rearrangement of cation distribution, 

i.e., there will be a degree of inversion in CFO wherein an exchange of Co2+ and Fe3+ 
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from octahedral to tetrahedral sites and vice versa can happen when temperature is 

increased. 19,20 

Figure 5.4: (a) M-H curves of CFO at different temperatures and (b) M-T curve at 50 Oe. 

At room temperature,    value is around 40 emu/g which is lower than the 

reported value for bulk CFO (74 emu/g).21 This deviation can be attributed to the super 

paramagnetic nature of the magnetic nanoparticles. Here, the density of magnetization 

will be less in the case of magnetic nanoparticles when compared to bulk materials 

which depend upon surface defects as well as morphology of the particles.22 The surface 

defects in nanoparticles occur as a result of finite scaling of nanocrystallites which will 

induce a non- collinearity in the magnetic moments on the surface of magnetic particles. 

These effects are prominent in the magnetic nanoparticles having FM nature.23 The 

measured M-T curve is shown in figure 5.4(b). A sudden drop in the curve is observed 

with increase in temperature, which indicates the magnetic transition from FM state to 

paramagnetic state. In case of CFO, the transition temperature is found to be 713 K in 

the present study. 
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After studying the material properties of CFO, a viscous ink that facilitates screen 

printing was developed, using finely ground powders. The study of flow characteristic 

of the ink is mandatory while developing a screen printable ink because minimum 

viscosity should be the optimum condition chosen for obtaining a smooth as well as 

uniform printed pattern. In order to facilitate room temperature curing, the solvent 

vehicle system has to be selected judiciously. Ethanol-xylene mixture has proven as one 

of the best solvent system that allow fast curing of ink.24,25,26  

Figure 5.5: (a) Variation of viscosity and shear stress of CFO ink with shear rate and (b) SEM 

micrograph of printed CFO surface. 

The rheological behavior of CFO ink is shown in figure 5.5(a). The viscosity curve 

shows a shear thinning nature. i.e., as shear rate increases, viscosity decreases and 

reaches a minimum value. Here the minimum value obtained is less than 3 Pa.s, which is 

feasible for screen printing of an ink. This optimal viscosity is needed for the free flow 

of ink through the mesh opening of the screen, at higher shear rates. The shear stress 

curve was also plotted and one can observe a pseudoplastic nature for developed ink. 

This nature helps in preventing the bleeding of ink beyond the boundaries after 

printing. This effect usually arises due to the aggregation of suspended particles. 
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Aggregation in a colloidal ink is usually caused by the attractive force like van der Waals 

and imbalanced repulsive force due to the steric and electrostatic effect of particles in 

the suspension. This will eventually help in preventing the particles in ink from 

approaching each other and create a weak bond between them. When a force is applied, 

these bonds will break and thereby  reduces the viscosity.27,28,29 The optimized ink was 

screen printed on cleaned platinized silicon [Pt/Ti/SiO2/Si(100)]. The surface SEM was 

recorded for the printed film and is shown in figure 5.5(b).  Some particles appear to be 

joined end to end may be due to the binding by ethyl cellulose. A uniform distribution of 

filler particle (CFO) is observed with a minimum amount of porosity. Porosity is an 

unavoidable in case of printed thick films as it arises from the volatilization of solvent 

system present in the ink formulation. 

 

Figure 5.6: (a) 3D AFM image of double stroke screen printed CFO and (b) M-H curve taken 

for printed pattern at 100 K 

Surface roughness of printed layer is an important parameter since the 

fabrication of printed electronic device involves various steps. Hence the surface 

roughness of screen printed CFO ink was studied using AFM working in tapping mode. 
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Surface smoothness depends greatly on the particle size distribution of filler, post 

printing leveling as well as the porosity created due to the evaporation of organic 

solvents, constituting the ink. The 3D AFM image of the printed pattern after double 

stroke printing is shown in figure 5.6(a). The average surface roughness (Ra) is 

obtained as 139±5 nm. The printed film shows a root mean square roughness (Rq) value 

of 183±5 nm. These values are lower than the values reported for screen printed inks 

used for printed electronic applications.25,26 It shows that the developed ink can yield 

good quality printed patterns. Kurtosis value that indicates the unevenness of printed 

pattern was also calculated from the obtained 3D pattern and the value is obtained as 

2.49. Any value less than 3 for kurtosis indicates that the surface has relatively few 

mountains and low valleys and this is termed as platykurtoic. These mountains and 

valleys arise due to the evaporation driven porosity. Skewness is a measure of 

asymmetry of the surface. Skewness for the present pattern was found to be -0.979. 

Usually negative value for skewness indicates that the surface distribution possess long 

tails than valleys at the measurement area.24  

Figure 5.6(b) shows the M-H curve of CFO printed pattern at 300 K. There is a 

decrease in    value when compared to the synthesized CFO which is 40 emu/g. This 

can be attributed to the external components like binder as well as dispersant present 

in the ink formulations. These can arrest the spins at least on the surface, to align in the 

direction of magnetic field, which in turn reduces the magnetic property in case of thick 

films. Still, the FM property is retained in thick film state too which is important to 

expect a ME nature in composite, at room temperature. 
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On the other hand, a complete set of characterization was done Pr doped SrTiO3 

nanopowder and its quasi-ferroelectric printed pattern, which is described in chapter 4. 

In order to get an idea regarding the ME property of the composite developed with Pr 

doped STO and CFO, first screen printed one over another on top of a platinized silicon 

wafer. The cross sectional SEM was taken for the composite and is shown in figure 5.7.  

 

Figure 5.7: Cross sectional SEM image of Pr:STO and CFO (2-2) composite. 

The SEM image reveals compatibility between the Pr:STO and CFO layers since 

no visible delamination and cracks between these two layers is observed. The average 

thickness for the Pr:STO layer is found to be 25.52±0.03 μm and for CFO layer it is 

25.06±0.03 μm. Seemingly dense microstructure is also observed in both the layers. 

The P-E curve of Pr:STO-CFO bilayer composite at room temperature is shown in 

figure 5.8(a). A leaky dielectric behavior is observed which shows a lower value of 

remanence (  ) when compared to Pr:STO printed thick film alone. This is due to the 

presence of CFO layer in between the electrodes which is attached to Pr:STO layer. The 

CFO is clamped with the Pr:STO layer which in turn delimits the electric field to polarize 
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the dipoles close to it. This will result in a lower polarization value as reflected in the FE 

curve. 

 

Figure 5.8: (a) P-E loop and (b) M-H loop of Pr:STO-CFO bilayer composite at 300 K. 

The M-H hysteresis curve at room temperature of bilayer composite is shown in 

figure 5.8(b). Even though the FM nature is retained in the composite,    value 

decreased considerably. This can be attributed to the interaction of Pr:STO with CFO. 

The dipoles in Pr:STO due to the influence of ME coupling at the interface (or due to 

demagnetization field), will restrict the spins to align in the applied magnetic field 

which will result in a lower value of   . The quasi-FE and FM nature present in the 

composite shows the presence of a spin-charge interaction in the composite that may 

give rise to ME coupling in the composite.  

Now let us examine the peculiar ME coupling of the bilayer laminates. The 

coupling in ME heterostructures arises due to the strain transfer between the phases. 

The interface that separates two layers are well defined in this case, which is clear from 

the cross sectional SEM (Figure 5.7). 
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Figure 5.9: Variation of ME coupling coefficient under the application of (a) DC field and (b) 

AC field for the Pr:STO-CFO bilayer composite at room temperature. 

When a magnetic field is applied against the bilayer heterostructure, a strain will 

be generated in the magnetostrictive phase which will further transferred to the 

attached FE layer at the interface. So at the output, there will be an electric polarization 

generated from the FE layer. Hence, the ME coupling in these kinds of layered 

heterostructures occurs from the elastic interaction between the FE-FM phases.  

The ME coupling in the Pr:STO-CFO composite was studied for both ac and dc 

magnetic fields. The strain induced ME voltage at the output is given by equation (1.18). 

Here, for the MECC measurement was taken for 30 μm thick sample. When ac magnetic 

field was applied, voltage increases linearly as shown in figure 5.9(a). The MECC for this 

ac response was calculated from equation (1.18) and was obtained to be very 

impressive at 780 mV/cm.Oe. The dc response was also recorded for the composite 

(figure 5.9(b)). The MECC value increases up to a maximum value at a dc magnetic field 

and decreases thereafter. The maximum MECC value obtained for dc response in the 

Pr:STO-CFO bilayer composite is 779 mV/cm.Oe. Since this is a layer-by-layer structure 
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with thickness in the range of microns, the domain walls under the application of 

external magnetic field will progress much easily when compared to other tape casted 

laminates.  

A theoretical analysis will throw more light into the microscopic phenomena 

occurring in layered multiferroics, when a magnetic field is applied. Hereafter, we try to 

model the average polarization and magnetization in a magnetoelectric thick film 

against magnetic and electric fields respectively, and understand the electric-to-

magnetic energy conversion occur in them through the transmission of an electric field 

induced elastic stress from the FE to FM phase.  

5.4.1 Theoretical Modelling 

High magnetoelectric coupling between the Pr:STO and CFO layers can occur in 

response to an applied magnetic field and also by the confluence of magnetostrictive 

effects and piezoelectricity to give rise to an electrical response This has been analyzed 

through homogenization method utilizing the separation of scales and combining 

variational formulation. Herein, we model the distribution of local fields in the Pr:STO 

and CFO based ME composite of (2–2) connectivity, due to the application of external 

magnetic and electric fields. We developed a homogenization method for multiferroics 

through a two-scale asymptotic analysis of the microscopic electric, magnetic and force 

fields to profile the impact on each of them, by an external field at microscopic scale.  

5.4.1.1 Constitutive Equations and Homogenization 

The ME effect is described by a term in the thermodynamic potential     that is 

linear both in the magnetic ( ) and electric ( ) field, such that, 
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              (5.1) 
 

where the ME coupling coefficient     is an unsymmetrical tensor.30 When   = 0, the 

electric field generates a magnetization, 

 
          

 
(5.2) 

and when   = 0, the magnetic field generates an electrical polarization, 

 
          

 
(5.3) 

A two-scale asymptotic homogenization analysis combined with a variational 

formulation is developed for determination of the equivalent material properties of a 

periodic multiferroic ME composite. Local and average (global) electrical, magnetic, and 

mechanical constitutive behaviour are computed. The model takes into account the FE, 

FM, and the composite ME phases by treating the constitutive behaviour. For a linear 

magneto- electro-elastic solid, constitutive equations are governed by the electrical, 

mechanical and magnetic fields. The model quantifies the local electrical and magnetic 

potential, displacements, electrical and magnetic fields, stress and strain fields, 

magnetization (through magnetic flux density) and polarization (through electric 

displacement) and von-Mises stress, besides the effective magneto-electro-mechanical 

properties. 

 The general homogenization method applied to multiferroics has no limitations 

regarding volume fraction or shape of the constituents involved and is based upon 

assumptions of periodicity of the microstructure and the separation of the 

microstructure scale through a proper asymptotic expansion.31 The mathematical 
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theory of homogenization accommodates the phase interaction in characterizing both 

the macro- and micro-mechanical behaviours of the composite material. i.e., the method 

permits the introduction of different field equations in a microscopic scale to each 

constituent of a composite while following the representative volume element (RVE) 

notion. This study considers multiferroic materials that respond linearly to changes in 

the electric field, electric displacement, mechanical stress, strain as well as magnetic 

field. Let   be a fixed domain in   space. We consider an auxiliary   space divided into 

parallelepiped periods  . For a linear anisotropic ME material, generated through the 

periodic repetition of a unit cell representing the smallest sample of heterogeneity of 

the material domain  , the governing equations are given below;  

force equilibrium equation, 

 
            ̈  

 
(5.4) 

strain-mechanical displacement relation, 

 

    
 

 
              

 

(5.5) 

electrical (magnetic) field-electrical (magnetic) potential relations, 

 
         
         

 

(5.6) 

and the quasistatic steady-state Maxwell’s equations for electromagnetic phenomena, 

 
        
        

 

(5.7) 
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In a multiferroic solid, the mechanical, electrical and magnetic variables are 

related by constitutive relations. For small deformations, the linear constitutive laws of 

multiferroics in the absence of heat flux are given by, 

 
          

                 
    

 

(5.8) 

 

               
           

 

(5.9) 

 

        
              

     

 

(5.10) 

Here  ,  ,  ,  ,  ,  ,   are stress, strain, displacement, body force, mass density, electric 

displacement vector, and magnetic flux density respectively.   ,  ,   ,     and     are 

stiffness, strain to (electric, magnetic) field coupling constants (or piezo-electric and -

magnetic coefficients), permittivity (dielectric) and (magnetic) permeability 

respectively (It should be noted that the notation used for dielectric permittivity in the 

theory     is equivalent to the term εr used elsewhere in the thesis).  

Considering the standard homogenization procedure, the material functions 

   ,  ,   ,     and     are considered to be  -periodic functions in the unit cell domain 

defined as, 

  = [0, Y1]×[0, Y2]×[0, Y3].31 

If     ⁄  where   is the asymptotic scale factor representing the 

microstructure scale, the displacement ( ), electric potential ( ) and magnetic potential 

( ) are expanded asymptotically up to the first-order variation terms, giving, 

 

 



Chapter 5 

 

 185 
 

 
                       

 
                       

 
                       

 

 (5.11) 

where        ,         and         are functions to be determined which are   

periodic in  . Here the two scales   and   are spatial variables where   is a macroscopic 

quantity and   is a microscopic one.32 The functions involved in this expansion are 

assumed to be dependent on these two variables, where one (i.e.,  ) describing the 

"global" or average response of the structure and the other (i.e.,  ) describing the 

"local" or microstructural behaviour. Here, the two variables   and   ⁄  take into 

account the two scales of the homogenization; the   variable is the macroscopic 

variable, whereas the   ⁄  variable takes into account the microscopic geometry. 

 Applying calculus of variations, passing through the limit ε 0 and advance using 

asymptotic analysis one obtains the effective magneto-electro-elastic moduli, viz., the 

homogenized elastic stiffnesses  ̃    
  , piezoelectric coefficients  ̃   , piezomagnetic 

coefficients  ̃   
 , dielectric permittivities  ̃  

  , magnetic permeabilities  ̃  
   and the ME 

coupling coefficients  ̃   of the ME multiferroic. In other words one could get a good 

approximation of the macroscopic behaviour of such a heterogeneous material by 

letting the parameter ε which describes the fineness of the microscopic structure, tend 

to zero (ε 0) in the equations describing phenomena. And for a homogeneous material, 

the physical properties do not depend on x. The detailed theoretical analysis is given 

elsewhere.31 (In all the expressions of this chapter, it may be noticed to discern the 

difference in notations of asymptotic scale factor ε and the mechanical strain  . All the 

 

, y=x/ε, 
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microscopic quantities will carry the notation of ε to identify their local character, 

which should not be mistaken for εr which is used to describe dielectric permittivity, 

elsewhere in the thesis). 

5.4.2 Homogenization of ME Composite 

 A general homogenization method was applied to ME composites based on 

several assumptions that includes periodic boundary conditions on microstructure as 

well as separation of microstructure scale through asymptotic expansion. The product 

property of homogenized ME coupling based on the asymptotic analysis of an ME 

material is given by,31,33 

 

 ̃   
 

| |
  

 
         

   
 

   
    

       
   

   
             

 
   

   
        

   

   
    

 

(5.12) 

Here,   and  , are characteristic electric and magnetic displacements.   and   are the 

characteristic coupled functions satisfying a set of microscopic equations. Due to the 

microstructure inhomogeneity, these characteristic functions will appear in the 

microscopic displacement, electric and magnetic perturbations namely,        , 

        and         respectively. Their macroscopic spatial derivatives namely, 

       ,         and         will bridge the macroscale as well as microscale through 

characteristic function as shown in 5.12. The piezoelectric coefficient is indicated 

by      and dielectric permittivity is shown by    
   at constant strain and magnetic field 

( ).                 are the 3-cordinate indices and     is Kronecker delta.  
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 Here in the present case, ME composite is a heterogeneous body which is 

assumed to be obtained by the translation of microstructure of size,  . For a 

homogenized laminate type ME composite, its physical properties have no effect on the 

global frame of reference,  . But here the composite is heterogeneous and hence the 

magneto-electro-mechanical properties has a dependence on  . The material properties 

like         etc. and  ,  ,   and   are   periodic functions that depends on the 

microscopic coordinates  . The efficiency of voltage controlled magnetization state is 

measured by effective  ̃ value. So the key objective in ME composite research lies in the 

maximization of its value by which they can be sought in potential applications.34  

5.4.2.1 Microscopic and Average Fields 

The microscopic fields (or local fields) pertaining to the electrical, magnetic, and 

spatial degrees of freedom and their coupling interactions at an arbitrary point in the 

unit cell can be obtained by the asymptotic analysis.35 The microscopic fields at an 

arbitrary point of the unit cell can be determined using the equations Eq. 5.6 and 5.11. 

The displacement field      , the electric potential field       and the magnetic 

potential field       involving details of the microstructure are given 

                
           (     )    

      
      

   

   
      

      

   
 

 

(5.13) 

                          (     )         
      

   

        
      

   
 

 

(5.14) 
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                          (     )         
      

   

        
      

   
 

 

(5.15) 

Here,  ,   and   are microscopic characteristics material, electric and magnetic 

displacements.          ,   are characteristic coupled functions.    is a constant with 

respect to   and have dependence only on  . This is valid for fields like    and   .32  

For the complete knowledge about that state of electrical as well as magnetic 

field impacts within the body (state of stress), one must have an idea regarding stress 

and other fields at every point in the body. The microscopic stress,     
     , electrical 

displacement    
      and magnetic flux densities    

      at each point of the domain 

can be computed using equations 5.8-5.10 as well as field equations 5.5 and 5.6. The 

flux normally represents the product of average normal component of field and the 

surface area. Here also, same definition is applicable for flux density,  . The electrical 

displacement,   is a measure of polarization   to the applied electric field,  . The 

equivalence of average stress and homogenized stress can be expressed by applying 

average operator 〈 〉 denoting (
 

| |
  

 
   ), where  is the domain size.  

Average fields can be computed by the following equations, 

〈    〉   ̃    
  (

   
    

   
)   ̃   (

      

   
)   ̃   

 (
      

   
) 

 

(5.16) 

〈  〉   ̃   (
   

    

   
)   ̃  

  (
      

   
)   ̃  (

      

   
) 

 

(5.17) 
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〈  〉   ̃   
 (

   
    

   
)   ̃  (

      

   
)   ̃  

  (
      

   
) 

 

(5.18) 

These are macroscopic equations because they does not contains  . These can be 

computed using the homogenized solutions for   ,   ,    and that of corresponding 

fields namely, (
   

    

   
)  (

      

   
)  (

      

   
) are prescribed. This postulate is applicable in 

the case of microscopic fields, microscopic stress, electrical displacements and flux 

densities.  

5.4.3 Numerical Implementation 

The methodology used to obtain the average and local fields is based on the 

software POSTMAT (material post processing) developed by Guedes and Kikuchi.35 It is 

to be noticed that the homogenized coefficients only depend on the local (microscopic) 

structure of the medium, and is obtained by the numerical solution of the boundary 

value problem, where the boundary conditions being of the periodic type. The 

homogenization method gives relevant information on the local and global behaviours 

in contrast to majority of problems in mechanics where the micro- and macro-

processes are of very different nature.32 Microscopic cell problems are solved prior to 

the macroscopic homogenized ones, and the finite element approximations related to 

the microscopic problem are defined to evaluate the homogenized coefficients 

subjected to periodic boundary conditions. Details of numerical implementation of 

homogenization ME composite are briefed below. Once the homogenized solutions for 

  ,    and    are known, then one can compute, the local displacement, potentials, 
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fields, strains, stresses, and equivalent von-Mises stresses for each element and at each 

integration point. (The equivalent von-Mises stress at the nodes is an average of the 

values at the Gauss points of the surrounding elements with same material properties.) 

ME multiferroic composite, in general, can be considered as an aggregate of 

several single crystalline crystallites/grains and hence the system altogether would be 

polycrystalline nature. The unit cell or the representative volume element (RVE) 

conceived in this work is a volume containing a sufficiently large number of crystallites 

or grains that its properties can be considered as equivalent to that of the macroscopic 

sample. The electric polarization  as well as the magnetization   interspersed inside 

the crystallites could be mapped using some coordinate system. In a sense the 

underlying crystal orientation can encompass the orientations of   or  . Thus we 

introduce the Euler angles (  ,  ,θ) to quantify the crystal orientations of a 

multiferroic polycrystal, as the crystallites in an as-grown sample are randomly 

oriented in the lattice space and hence require three angles to describe its orientation 

with reference to a fixed coordinate system. Here we use the so called x-convention, 

where the first and third rotation is through the   axis and the second rotation is 

through intermediate   axis. Thus all physical quantities like         
      expressed in a 

crystallographic coordinate system   will be coordinate transformed to local coordinate 

system   according to the following scheme: 

 

                         ̃
          

 

(5.19) 

before it is introduced for homogenization. (i.e., the FE and FM materials’ 

electromechanical property data entered into the homogenization program are 
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obtained with respect to the crystallographic coordinates.) Here     are the Euler 

transformation matrices.36  

In the finite element (FEM) simulation of the homogenization, a multiferroic 

crystallite is represented by a finite element in the unit cell. Thus we have a 

polycrystalline unite cell having as much number of crystallites as the number of finite 

elements by which it is discretized. As-grown FE (or for that matter FM) polycrystal 

(here printed film), often ends up in a near complete compensation of polarization (or 

magnetization) and the material consequently exhibit very small, if any, electric (or 

magnetic) effect until they are poled by the application of an electric (magnetic) field. 

The orientation distribution of the crystallites (grains) in such a polycrystalline 

material would be uniform with a standard deviation σ   before poling (application 

of electric/magnetic field) and that after poling would best be represented by a 

distribution function with σ  . Thus, any pragmatic configuration of orientation 

distribution of grains in multiferroic material would fit in a Gaussian distribution 

defined by the probability distribution function 

 

   |     
 

( √  )
    *

      

   
+ 

 

(5.20) 

where  and   are the mean and standard deviation of angle α, which corresponds to 

Euler angle. The convergence of ME properties with unit cell size allows us to determine 

the simulation-space independent, equivalent ME properties of the composite. 

Convergence analyses on ME composite reveal the accuracy one derives from 

discretizing the unit cell (sampling of unit cells with more or less number of grains) is 

minimal above 1000 elements/grains.37 Consequently, in this study, we kept unit cell 
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sizes greater than 1000 finite elements. In order to solve the microscopic system of 

equations resulting from homogenization, FEM formulation was developed and its 

details are given elsewhere.31 A three dimensional (3D) multiferroic FEM is conceived 

with five degrees of freedom (DOF), three DOF for spatial displacement and one each 

for electric and magnetic potentials. Eight-noded isoparametric elements with 2×2×2 

Gauss-point integration are used obtain solutions. Altogether there were nine 

microscopic equations that should be solved for as much number of unknowns namely 

the characteristic functions   
  ,     ,     ,     

 ,  ,  ,   and   
 , where the 

indices  ,  =1,2,3.31 The problem is reduced to standard variational FEM, after the 

usual approximations of finite element formulation and can be expressed concisely as, 

 
     

 
(5.21) 

where   is the global stiffness matrix,   is the vector of unknown functions and   is the 

load vector. 

5.4.4 Numerical results 

5.4.4.1 Homogenized values 

Here we model a system of (2-2) ME composite consisting of layer of FE material 

(Pr:STO, where Sr:Pr=0.925:0.075) glued into a laminate with a layer of FM material 

(CFO). Both the constituents of composite are of equal volume. We use, single 

crystalline data for tetragonal STO38 (which resembles Pr doped STO) and 

polycrystalline data for CFO39 the resulting system would be a single-crystal FE–

polycrystal (or ceramic) FM composite. First we have run the homogenization to 

evaluate the equilibrium effective properties of the composite to discern the ME 

coupling. We introduced an orientation distribution for the Pr:STO layer of the laminate 
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to render it polycrystalline nature with a texture. The grains constituting the 

polycrystal are assumed to be single crystalline and each of them are assigned with an 

orientation picked up randomly from a normal distribution. The results are 

summarized in Table 5.1 along with the experimental results of Pr:STO–CFO. Since the 

individual phases of the composite being devoid of any multiferroic property, they lack 

the property of ME coupling as such. Since we do not have experimental 

characterization of full FE data, we have used computational data for STO from Erba et 

al., where they used ab initio theoretical simulation.38 However, the deviation of 

computational value of ME voltage coupling ( ̃   ) is expected mainly due to the 

paucity of Pr:STO data to be used for simulation. Since the computational model does 

not take the porosity of the composite thick film sample into account, its influence can 

affect the ME coupling data and can contribute to the deviation. Notwithstanding this, 

the effective values given in Table 5.1 for ME composite would provide a guide to the 

comprehensive experimental characterization of Pr:STO–CFO composite. 

Table 5.1: Values of the homogenized piezoelectric stress coefficients  ̃  (in C/m
2
), 

piezomagnetic coefficients  ̃  
 (in N/Am) dielectric permittivity  ̃  

   (in κ0) and ME voltage 

coefficient (absolute value) | ̃   |(in mV/cm.Oe) of ME composite. 

Method  ̃    ̃    ̃    ̃  
   ̃  

   ̃  
   ̃  

    ̃  
    ̃     ̃    

Simul. 0.02 0.18 0.80 23.8 36.3 397.9 127.2 20.3 3418.6 96 

Expt. __ __ __ __ __ __ __ __ __ 779 

 

5.4.4.2 Application of Electric and Magnetic Field on Printed ME Thick Film 

Here we model the above system of (2-2) ME composite consisting of 

polycrystalline FE material (Pr:STO) and FM layer of CFO upon applying an external 
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electric field  . It is interesting to notice the distribution of microscopic fields computed 

at every nodal points of the FEM mesh constructing the microstructure. The 

distribution of some of the significant local physical quantities across the microscopic 

material upon applying a global external electric field  , large enough to saturate the 

electric response, is as shown in figure 5.10. Here the volume fraction of the FE 

(Pr:STO) component in the ME composite is kept at vf = 50% (or equivalently vf of CFO 

is 50%) conforming the experiment. The lower layers in the subplots shown in Fig. 5.10 

refers to the Pr:STO layer and the top layer is CFO. The spread of local fields provide an 

indication of the response of the material microstructure to the applied electric field. 

The magnetic scalar potential    exhibits the emergence of magnetism consequent to 

the application of electric field, obviously due to the ME coupling appearing in the 

composite. It is a vital parameter that the    and its distribution can provide 

information regarding the magnetic field (equation 5.6) and its distribution across the 

composite. The electric potential    as well as magnetic potential    show a 

concentration near and across the interface. Since the ME coupling resulting from   in 

ME composites is facilitated through stress/strain transfer due to piezoelectric effect in 

the FE phase and the consequent straining of the FM layer. This would result in the 

generation of a magnetic potential and hence the magnetization of the composite. 

The microscopic stress profile σ  
 shown in figure 5.10 exhibits the distribution of 

this stress and its values provide a measure of the strength of the coupling. It is seen 

that the components σ  
  and σ  

  characterizing the distribution along the    plane of 

the composite show stress contraction along the magnetic layer (-ve values). The shear 

components (   
  and    

 ) show nearly uniform distribution. Similar is the spread of 



Chapter 5 

 

 195 
 

longitudinal stress component    
  along z axis of the composite. Expansive strain along 

the z-axis across the FE layer    
  results in an overall negative magnetic field   

  in that 

direction. This is in accordance with equation 5.6. 

Table 5.2: Values of average polarization and magnetization of ME composite. 

Method  
 

Pr (μC/cm2) Mr 
(emu/g) 

Simulated 
 

0.2164 1.72 

Experimental 
 

0.1767 4.69 

 

We have computed the average polarization (〈  〉) and magnetization (〈  〉) of 

the composite. The values are found to be 〈  〉=0.2164 μC/cm2 and 〈  〉=1.72 emu/g, 

which are in the same order as that of experimental values (table 5.2). The slight 

deviation can be explained based on the non-ideal inclusion of porosity and presence of 

polymeric binder that wraps the grains in the printed ME films. Here the polarization 

and magnetization components are along z axis which is equivalent to y3 axis of the 

microstructure. 
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Figure 5.10: Map of local fields (computed at the nodal points of the FEM) of ME composite 

(Pr:STO-CFO) namely, magnetic scalar potential   (in A), electric potential   (in V), stress    
  

(in N/m
2
) strain    

 , magnetic field   
  (in A/m) upon applying global electric field   on 

microstructure. 
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5.5  Conclusions 

This chapter tried to understand the phenomena of magnetoelectric coupling in 

printed layered laminates with the help of a suitable theoretical model. The magnetic 

component, CoFe2O4 nanopowder was synthesized using sol-gel technique with the 

objective to make a bilayer ME composite with Pr-doped SrTiO3. The phase purity of the 

former was confirmed with XRD analysis and particle size was measured to be in the 

range of 20 nm. The FM nature of CFO was confirmed from magnetic characterizations. 

A room temperature curable ink based on CFO was developed inorder to make a ME 

composite with Pr doped STO (whose properties were studied in detail in chapter 4). 

Ink properties of CFO ink were studied using various characterization techniques and 

noticed that even after the addition of external components like solvents, binder and 

dispersant, the FM nature was well retained. After exploring the properties of ink, a ME 

composite was developed by screen printing CFO over Pr:STO ink on 

Pt/Ti/SiO2/Si(100) substrates. The FE as well as FM nature of composites was 

confirmed in the bilayer laminates. ME studies revealed that a maximum value of 779 

mV/cm.Oe was obtained under the application of dc magnetic field and 780 mV/cm.Oe 

under ac magnetic field at room temperature. A homogenization method for laminar 

multiferroics through a two-scale asymptotic analysis of the microscopic electric, 

magnetic and force fields, was developed and implemented numerically using finite 

element analysis. The experimental ferroic properties are in reasonably good 

agreement with theoretical model. These results show that the developed composite 

finds promising application in the field of next generation memories, sensors and 

energy harvesters. 
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6.1  Thesis Conclusions 

Smart materials are class of materials in which a variety of researches are going 

on in the current era inorder to facilitate new dimensions in electronic devices. The 

field of wireless communication system is growing rapidly and the microelectronic 

industry is constantly looking for pathways in finding exemplary technologies that can 

facilitate circuit miniaturization. Despite of its faster and high performance, the current 

generation electronic industry is looking for miniaturized devices. Also, improving the 

memory states is a hurdle facing in electronic industry for the better functionality of 

devices. Integrating multiple components in a single module can make tremendous 

changes in the current scenario for circuit miniaturization and increasing the memory 

states of devices. Thus, multifunctional materials are a promising aspect for exploring 

better functionality over devices in our day to day life. 

Against this background, the present thesis entitled as “Multilayer composites 

for magnetodielectric and magnetoelectric applications” is an authentic record on 

developing several multifunctional materials for practical applications. The thesis is 

focused on developing magnetodielectric and magnetoelectric materials. The main 

objective of this thesis was to develop (2-2) layered composites out of several kinds of 

materials developed for better functionalities, through energy efficient techniques. A 

systematic study on developing multilayer composites realized through LTCC 

technology, hot pressing of polymer ceramic composites and screen printing has been 

explored. The major scientific outcome of present thesis is summarized below. 
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A novel approach of realizing screen printed magnetic layer on an LTCC 

substrate was introduced. The LTCC substrate was developed using typical glass 

ceramic composite based on BiSmMoO6-2 wt.% BBSZ, sinterable at 875 ˚C. Through all 

the possible characterization techniques available, we concluded that the developed 

tape composition has got potential impact in the field of LTCC technology. Single phase 

BiFeO3 was developed using wet chemical method and developed a screen printable ink 

out of it. Magnetodielectric composite was realized through screen printing BiFeO3 ink 

on the developed LTCC tape. This composite marked a promising negative 

magnetocapacitance value upto 15% under the application of 3 kOe magnetic field at 

room temperature which shows its suitability in the field of antenna miniaturization as 

well as electronic band gap structures.  

Polymer composites based on PMMA-NiFe2O4 were developed by varying the 

filler content (5, 10, 15 and 20 vol.%) . Each composite individually marked good values 

of magnetocapacitance. The composites were stacked together by employing hot 

pressing technique to make anisotropy along the z direction. The permittivity as well as 

permeability values will vary in that direction since the filler content is varying in all 

layers. Inorder to validate its applicability in the field of antenna miniaturization, a 

theoretical antenna was designed for operating at 830 MHz. An impressive 91% size 

reduction was achieved using this anisotropic layered structure which marks its 

identity as magnetodielectric substrate material.  

Another remarkable emphasis of present thesis was given for developing 

magnetoelectric composites via screen printing technique. Screen printable inks of Pr 
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doped SrTiO3 as well as SrRuO3 were used for making a (2-2) composite. Despite of 

using conventional tape casting technique, this method finds enormous advantages like 

room temperature processing, cost effectiveness etc. The developed ceramic ink 

compositions were screen printed one over another for making a bilayer 

heterostructure that could yield a magnetoelectric coupling coefficient of 655 

mV/cm.Oe when a dc magnetic field is applied. This room temperature coupling 

between the chosen FE-FM interactions is quite unusual. Yet, promising value of MECC 

is offering its practical applications in the field of sensors, actuators, memory devices 

etc.  

To give a new direction for ME composites, effort was taken for improving the 

MECC value in present thesis. For that, CoFe2O4 was used as FM component with Pr 

doped SrTiO3. Room temperature curable inks based on both ceramics were developed. 

A bilayer composite was developed using screen printing technique. The composite 

showed a maximum dc MECC of 780 mV/cm.Oe which is the highest ever in literatures 

based on printed ME composites. This composite can be a promising candidate for next 

generation memory applications. 

6.2  Future Perspectives 

The studies carried out and results obtained in the present thesis provide an 

excellent scope for interesting future studies as mentioned below. 

 As the present thesis only cover upto magnetocapacitance study based on LTCC 

composition, a more detailed study on the permeability and permittivity factors 
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can be incorporated. This will give an insight to the practical realization of a 

miniaturized antenna over the developed substrate. 

 Fabrication of antenna on the anisotropic polymer ceramic substrate can be 

practically made possible. More efforts have to be taken care to minimize the 

loss tangents in the composite for better gain and efficiency values. 

 Though the room temperature magnetoelectric coupling of Pr doped STO and 

SRO bilayer heterostructure has been studied and there needs more studies to 

explain the unusual behavior of SRO which is in paramagnetic state at room 

temperature. Cryogenic studies are needed to confirm the ferroelectricity in Pr 

doped STO too. These studies will help in explaining more science behind the 

unusual coupling observed in the present bilayer composite. Also, theoretical 

studies can be performed in composite for substantiating the results obtained. 

 The Pr:STO-CFO composite was realized in bilayer form only. This study can be 

extended by incorporating more layers and study its effect in the MECC value.  
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