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ABSTRACT  

Recent magnetic photonic assembly (MPA) designs for high-gain antennas contain arrays 

of low-loss, anisotropic dielectrics and ferrimagnetic materials.  Anisotropic dielectrics 

(AD) are fabricated from laminates, which consist of two ceramics with largely different 

permittivity and low dielectric losses at GHz frequencies.  High gain has been demon-

strated in a prototype antenna with 2 sets of 3 mutually rotated AD layers.  These layers 

were made from laminates of commercially available α-Al2O3 and Nd-doped barium ti-

tanate.  Equivalent permittivity tensors and loss tangents (tan δ~1.9×10-3) were character-

ized using a resonant cavity based approach, coupled with a finite-element method 

(FEM) full-wave solver.  To enable further minimization of dielectric loss (tan δ), dense 

high-purity α-Al2O3 and TiO2 were prepared starting from colloidally stabilizing the 

powders in aqueous HNO3 or NH3.  After colloidal filtration and sintering, α-Al2O3 with 

>97.9% density was achieved at a sintering temperature of 1300ºC, and TiO2 with 

>99.5% density was obtained at 1000ºC.  These low sintering temperatures are ascribed 

to excellent compact homogeneity.  TiO2 was obtained with tan δ of 1.4×10-4 at 6.4 GHz 

at room temperature.  This relatively low value is attributed to the homogeneous dense 

microstructure with 2.2 µm grain size.  Al3+ was doped into TiO2 using a modified infil-

tration method to compensate for the effect of Ti4+ reduction.  A homogeneous micro-

structure and doping concentration were also observed in the doped dense TiO2.  Substi-

tuted Y3Fe5O12 (YIG) garnet was chosen as the ferrimagnetic (F) component, due to its 

pronounced Faraday rotation effect and potentially low magnetic and dielectric loss.  

Phase pure garnet was prepared by using the citric-gel method.  The magnetic properties 

were studied for Ca,V,Zr-substituted YIG (CVZG) and as-prepared particle morphology.  

Compacts of CVZG submicron particles were found to possess a low loss at GHz fre-

quencies, and will be applied in future MPAs structures. 
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CHAPTER 1 

INTRODUCTION 

Metamaterials and engineered artificial media hold the promise to enhance the antenna 

performance for microwave (MW) applications.  Low loss dielectric and magnetic mate-

rials, in particular, are of great interest for wireless communication. 

1.1 Materials in MW antenna applications 

Microwaves are electromagnetic (EM) waves with frequencies (f) of 0.3-300 GHz, in 

which bands are assigned as listed in table 1.1.  Antenna applications have been explored 

to realize high-gains of MW signals and miniaturization of devices.  Dielectrics have 

been used in MW devices, such as resonators to enhance signals and filters to remove 

noise.  There are three main requirements for application of dielectrics at MW frequen-

cies [1-3] 

• high permittivity (or dielectric constant, εr) to enable device minimization, since the 

wavelength inside the structure is ∝
1
2

r( )ε
−

, 

• low dielectric loss tangent (tan δ) to minimize energy dissipation, 

• temperature stability to avoid signal drift due to operation heat. 

Magnetic materials have also been incorporated for their permeability properties and non-

reciprocal interactions with MW signals [4-6].  Here we narrow magnetic materials down 

to ferrimagnetic oxides (or ferrites [6]), because ferrites, unlike ferromagnetic metals, are 

insulators and allow total penetration of MW.  By changing chemical compositions and 

microstructures, the magnetic properties of ferrites can be tailored for specific applica-
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tions, such as circulators and phase shifters.  The general requirements for ferrites in MW 

applications include [7] 

• low magnetic and dielectric loss to ensure the quality of MW signals, 

• operation away from resonance to avoid dramatic energy loss, 

• temperature stability to avoid signal drift due to operation heat. 

Band Frequency  Wavelength Applications [8] 

UHF 0.3-1 GHz 1.0-0.3 m Military search radar, UHF broadcast TV, 
mobile radio 

L 1-2 GHz 30.0-15.0 cm Air traffic control transponder, space teleme-
try 

S 2-4 GHz 15.0-7.5 cm Troposcatter, microwave heating, airport 
search radar, microwave point-to-point relay 

C 4-8 GHz 7.50-3.75 cm Satellite communication downlink and up-
link, studio transmitter link, microwave relay 

X 8-12 GHz 3.75-2.50 cm Airborne fire control radar 

Ku 12-18 GHz 2.50-1.67 cm Telephone relay 

K 18-27 GHz 1.67-1.11 cm Future satellite communication downlink, 
police radar 

Ka 27-40 GHz 11.1-7.5 mm Future satellite communication uplink 

V 40-75 GHz 7.5-4.0 mm - 

W 75-110 GHz 4.0-2.7 mm Missile seeker radar 

mm 110-300 GHz 2.7-1.0 mm - 

Table 1.1: Microwave frequency band designations, after [9]. 

Recent investigations and simulations further explored innovative MW applications of 

dielectrics and ferrites, by combining these two components in optimized designs to 

maximize antenna gains.  Two such examples are ground plane antennas in L-S band and 



 

magnetic photonic assemblies (MPAs) in X band.  MPAs are expected to dramatically 

enhance wireless communications, from personal cellular phones to space satellites.  

They utilize the frozen propagation modes in the periodic structures, to significantly in-

crease field amplitudes within the structure [10-12].  The work described in this thesis 

has contributed to demonstrating an MPA design as shown in figure 1.1.  It is consisted 

of 10-40 unit cells, each made of two anisotropic dielectric (AD) layers and one ferri-

magnetic (F) layer [12].  This design is expected to provide a 5-fold increase of MW field 

amplitude at 10 GHz. 

 

Figure 1.1: Application example: MPAs consisting of anisotropic dielectric and ferri-
magnetic layers for high-gain antennas at GHz frequencies. 

In addition to the general requirements, AD and F materials must satisfy the following 

design parameters to ensure high gains: 

• in-plane dielectric anisotropy in AD layers >2, 

• dielectric loss tangent (tan δ) of AD layers preferably ≤10-4, 

• a relative rotation angle ϕ between AD1 and AD2 layers, depending on the actual ani-

sotropy, to maximize the antenna gain, 

• Faraday rotation (FR) [4-6] of ~10º/mm in F layers, 

• low dielectric and low magnetic losses in F layers, 

 3



 

• lateral dimensions of AD and F layers in cm-scale dimensions. 

1.2 State-of-art and approach 

1.2.1 AD layers 

 

Figure 1.2: Crystal structure of TiO2 (rutile), after [1]. 

Natural anisotropic dielectrics are available in mm or smaller dimensions, such as single 

crystal TiO2 rutile as shown in figure 1.2.  Its intrinsic anisotropy is described with rela-

tive permittivity (dielectric constant) εra = 85 and εrc = 165 at GHz frequencies [13].  

However its high cost prohibits practical use, especially in the required cm scales.  This 

large lateral dimension is required so that the antenna aperture, presented to the incoming 

wave, is sufficient.  On the other hand effective mean field AD materials can be made 

from epitaxial thin films, periodically grated substrates [14] and laminar structures 

[15,16].  Grating or epitaxial growth is not suitable because of long-time fabrication.  AD 

laminates are hence preferred, for their flexibility in permittivity and dimensions, and 

relatively efficient fabrication.  The anisotropy in AD laminates is achieved by laminat-

ing two dielectrics with largely differently relative permittivity εr, i.e. low εrl and high εrh.  

The effective permittivity is ( ) 1-1 1
rl rhε ε

−−+  parallel to the lamination direction, and 
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( )rl rh

2
ε ε+

 perpendicular to the direction.  Lamination is performed by using organic or 

inorganic, external or internal (reaction-formed) adhesives.  The thin AD layers can be 

carefully machined, parallel to the laminating direction, from the AD laminates, as illus-

trated in figure 1.3. 

 

Figure 1.3: Illustration of fabricating one AD layer from laminates.  The white and red 
colors represent two dielectrics with largely different εr. 

It is easily seen that a higher rh rl(ε ε )−  leads to a higher dielectric anisotropy.  However, 

the selection of dielectrics with εrl and εrh is limited by the GHz application frequency and 

the required low loss.  Dielectric loss (tan δ) is theoretically predicted and experimentally 

observed to increase proportionally with frequency (f) at MW frequencies.  The dielectric 

quality factor Q is equal to 1
tan δ

; and for this reason, the product of (Q·f) is used when 

comparing different dielectrics.  In general, both Q and (Q·f) decrease as εr increases, as 

indicated in figure 1.4 and 1.5.  Therefore dielectrics with high εr are expected to have a 

higher loss than dielectrics with low εr, and eventually result in an overall high loss in AD 

laminates.  To make sure that tan δ ≤ 10-4, the εrl dielectric should be at the left-upper cor-

ner of figure 1.4, and the εrh at the right-upper corner.  Al2O3 and TiO2 were selected ac-
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cordingly as the two components in AD laminates because of their favorable dielectric 

properties and simple chemical compositions.  More specifically, it is α-Al2O3 and rutile 

TiO2 that were used because they are the stable phases of these two compositions respec-

tively.  This choice has been confirmed by experimental data on polycrystalline α-Al2O3 

(εr = 10, tan δ = 2×10-5 [17]) and polycrystalline rutile TiO2 (εr = 115 * , tan δ = 6×10-5 

[18]). 

 

Figure 1.4: Relationship of εr vs Q for various dielectrics, after [19]. 

                                                 

 6
* Measured in this study. 



 

 

Figure 1.5: Frequency dependence of εr and (Q·f) for various dielectrics, after [20]. 

Dielectric properties of α-Al2O3 and TiO2 are influenced by a number of factors, such as 

crystal structures, chemical compositions, impurities and, mostly overlooked, processing 

conditions and microstructural homogeneity.  Detailed experiments were carried out in 

this study to optimize microstructures and minimize the loss.  Sufficient temperature sta-

bility of α-Al2O3 and TiO2 can be achieved by doping, which however is not of very high 

priority for the current MPAs, and hence will not be discussed here. 

1.2.2 F layers 

 7

Faraday rotation (FR) as provided by F layers is a nonreciprocal magnetic phenomenon.  

When an EM wave propagates parallel to an external static magnetic field, its polariza-
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tion direction is rotated during propagating through a diamagnetic, paramagnetic or 

ferrimagnetic (ferrite) medium.  Compared to diamagnetic and paramagnetic materials, 

ferrites have much higher FR in a small external field and are therefore proposed for the 

MPAs [21].  Three types of ferrites have been widely used in MW applications, namely 

spinels, hexaferrites and garnets [6].  The differences in their crystal structures lead to 

unique magnetic properties and therefore MW applications.  Garnets, which generally 

have the lowest loss of the ferrite family, are most likely to meet the low-loss require-

ments of the F layers.  Cation substitutions are commonly carried out to achieve the spe-

cial magnetic properties required by devices, as well as improving sintering behavior.  

However, optimized processing is rarely found in studies of substituted garnets.  Com-

monly used solid-state co-firing is generally considered less effective in realizing homo-

geneous compositions and microstructures.  As a result, poorly-defined chemical compo-

sitions and microstructural defects may offset the target improvement in properties by 

substitutions, and lead to unreliable characterization results. 

Therefore, the preparation of F layers involved the selection of appropriate substitutions 

and fabrication methods.  In the present study, multiple-substituted Ca,V,Zr-Y3Fe5O12 

garnets (CVZG) have been investigated to verify their reported low loss of tan δ ≤ 2×10-4, 

low linewidth of ΔH ≤ 1.2 KA/m (15 Oe), and a high Curie temperature (TC) around 

235ºC [22-30].  Instead of co-firing, a citric-gel (Pechini [31]) method was chosen, being 

the preferred method for producing homogeneous multicomponent oxides.  Aqueous cit-

ric acid (CA) and ethylene glycol (EG) form a gel upon evaporation of water, with a rela-

tively rigid organic network in which cations are homogeneously dispersed and stabi-

lized.  The system homogeneity leads to much lower calcination temperatures and 

smaller particle sizes, than those in solid-state co-firing.  The mechanical and electro-

magnetic properties of ferrites are largely affected by the sintering process, which de-

pends on the applied time-temperature-atmosphere program.  For example, garnets must 

be sintered in air or oxygen to ensure that all ions are in the highest oxidation state to 

avoid excessive dielectric losses at MW frequencies.  Optimization of F material also 

takes into consideration any phase segregation, composition stoichiometry, particle size 

and morphology, and compact density.  As a result, special attentions must be paid to: 
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• careful selection of precursor chemicals to avoid irremovable anions, such as Cl-, 

• possible decrease of the sintering temperature by doping, 

• development of ceramic consolidation routes that target a high compact density, a 

fine grain size, and a homogeneous microstructure, 

• fabrication of pore-free microstructures to avoid dissipation by adsorbed molecules 

like H2O. 

In summary, this study presents methods for fabrication and materials for microwave an-

tennas, using MPAs for the purpose of demonstration.  Chapter 2 briefly introduces di-

electric theory in MW applications; Chapter 3 and Chapter 4 focus on fabrication of ef-

fective anisotropic dielectric materials.  Ferrimagnetism and MW ferrite applications will 

be discussed in Chapter 5, followed by experiments on CVZG preparation and properties 

in Chapter 6.  Based on the current results, Chapter 7 discusses future work needed to ac-

commodate more advanced and complex antenna designs. 



 

CHAPTER 2 

DIELECTRIC THEORY 

In this chapter, an introduction will be given for the relation between dielectric and mate-

rials properties, considering both intrinsic and extrinsic factors. 

2.1 Dielectrics in a static field 

In an electric field, a dielectric will respond with a limited rearrangement of charges so 

that the average centers of the positive and negative charges no longer overlap.  Conse-

quently the dielectric acquires an overall dipole moment, or: becomes polarized.  The ef-

fect of polarization can be demonstrated in a parallel-plate capacitor filled with a dielec-

tric, as shown in figure 2.1. 

 

Figure 2.1: A parallel-plate capacitor filled with a dielectric. 
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In a static field of E, the electric displacement vector D and the polarization P (dipole 

moment per unit volume) in the dielectric are related as 

 0ε= +D E P  (2.1) 

where ε0 is the permittivity of free space.  For a linear dielectric material 

 e 0χ ε=P E  (2.2) 

where χe is the electric susceptibility.  Therefore, equation (2.1) can be written as 

 e 0 r 0(1 )χ ε ε ε ε= +D E = E = E

e

 (2.3) 

where the permittivity of a dielectric is defined as 

 0 (1 )ε ε χ= +  (2.4) 

and the relative permittivity, often called the dielectric constant, is 

 r
0

1εε
ε eχ= = +  (2.5) 

2.2 Dielectrics in a MW field 

Consider an alternating electric field of U = U0exp(jωt) is applied to a dielectric-filled 

capacitor as shown in figure 2.2(a).  ω is the angular frequency of the applied field.  For 

an ideal dielectric, the current in the circuit is 

  (2.6) 0j exp( j ) ji CU C ωU ωt ωCU= = =�

where  is the capacitance and C0 is the capacitance of an empty capacitor.  

Therefore, the current in an ideal capacitor leads U by 90º, resulting in a zero average 

power loss from the voltage source.  In the case of a capacitor with a lossy dielectric, rep-

resented by a resistive shortcut, a complex relative permittivity  is formu-

lated, where  and  are the real and imaginary parts of the relative permittivity respec-

tively.  For this case the current is 

0 rC C  ε=

rε′

*
r r jε ε ε′ ′= − r′

j

rε′′

  (2.7) *
r 0 r 0 r 0 loss capj ji ωε C U ωε C U ωε C U i i′′ ′= = + = +
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As shown in figure 2.2(b), iloss in phase with U, causes the energy dissipation, and icap, 

90º ahead of U, does not lead to energy loss. 

 

Figure 2.2: (a) A parallel-plate capacitor filled with a dielectric under an alternating 
electric field.  (b) Phasor diagram for a real capacitor with “loss” current iloss. 

The dissipation factor, also called the dielectric loss tangent, is defined as 

 r

r

tan εδ
ε
′′

=
′

 (2.8) 

which is the fraction of the product of icap and voltage, dissipated as heat.  Experimentally 

tan δ is determined by measuring the quality factor Q (i.e. 1
tan δ

) from a dielectric reso-

nator 

 0

Δ
fQ
f

≈  (2.9) 

where f0 is the resonant frequency and Δf is the bandwidth measured at 3 dB (about half 

of the maximum height) of the resonance peak. 
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Figure 2.3: Variation of εr′ with frequency after [1,32]. 

From microscopic point of view, the total polarization may be consisted as consisting of 

(a) electronic polarization from the displacement of electron clouds relative to a nucleus, 

(b) ionic polarization from the displacement of positively charged ions relative to nega-

tively charged ions, (c) molecular polarization from re-orientation of permanent dipolar 

molecules, (d) space charge polarization from accumulation of charge at potential barri-

ers, such as grain boundary or phase boundary [1,32].  Those polarization processes occur 

over a certain frequency range, and cease above certain frequencies where the specific 

displacement of charges can no longer follow the applied EM frequency, as shown in fig-

ure 2.3.  In the MW region of 1-100 GHz, the primary polarization mechanisms are ionic 

and electronic.  Both the electronic and ionic polarizations have inertia, which can be de-

scribed as bound to the equilibrium position by a restoring force proportional to the dis-

placement.  In a practical dielectric, where energy dissipation occurs, a damping force is 

introduced in the equation of motion [1].  In a sinusoidal field of E = E0exp(jωt), the 

equation of the electron motion is 

  (2.10) 2
e e e e e0 e 0 exp( j )m x m γ x m ω x q E ωt+ + =�� �
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where x is the displacement, γe is a damping factor, me, ωe0, qe are the mass, natural reso-

nance frequency and charge of the electron.  By solving equation (2.10), the displacement 

becomes 

 e 0
2 2

e e0 e

exp( j )( )
( j
q E ωtx t

m ω ω γ ω
=

− + )
 (2.11) 

In a dielectric having Ne effective electronic dipoles per volume, the complex polarization 

is given by 

 
2

e e 0
e e e 2 2

e e0 e

exp( j )( )
( j

N q E ωtP N q x t
m ω ω γ ω

= =
− + )

 (2.12) 

Similarly the ionic polarization is 

 
2

i i 0
i 2 2

i i0 i

exp( j )
( j

N q E ωtP
m ω ω γω

=
− + )

 (2.13) 

where Ni is effective ionic dipoles per volume, γi is the ionic damping factor, mi, ωi0, qi 

are the mass, natural resonance frequency and charge of the ion.  The electronic polariza-

tion occurs up to optical frequency of ~1015 Hz, which means this polarization process 

has a response time of ~10-15 s and hence is instantaneously stationary at MW frequen-

cies.  Therefore its contribution to the complex permittivity is constant at MW frequen-

cies, and can be expressed as 

 e
r

0

1 Pε
ε E∞ = +  (2.14) 

by combining equation (2.2), (2.5) and (2.12).  At much lower frequencies when both 

electronic and ionic polarization can be considered instantaneously stationary, the permit-

tivity is 

 ei
r0 r

0 0 0

1 PP Pε
ε E ε E ε E∞= + + = + iε  (2.15) 

At MW frequencies when the contribution from the ionic polarization is no longer con-

stant, the permittivity is given by the dielectric dispersion equation [33], 
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2
i0 r0 r

r r 2 2
i0 i

(
ω

ω ε εε ε
ω ω jγ ω

∞
∞

−
− =

− +
)  (2.16) 

The real and imaginary parts of  are respectively rωε

 
2 2 2
i0 i0 r0 r

r r 2 2 2 2 2
i0 i

( )(
( )ω

ω ω ω ε εε ε
ω ω γ ω

)∞
∞

′ ′− −′ ′= +
− +

 (2.17) 

 
2

i i0 r0 r
r 2 2 2 2

i0 i

( )
( )ω
γ ω ω ε εε
ω ω γ ω

∞
2

′ ′−′′ =
− +

 (2.18) 

Taking into account that  and  in the MW field results in i0ω ω� r0 r( ) constantε ε ∞′ ′− =

 r r r0 r( )ωε ε ε ε ε∞ ∞ r0′ ′ ′ ′ ′≈ + − =  (2.19) 

 i r0 r
r 2

i0

( )
ω

γ ω ε εε
ω

∞′ ′−′′ ω≈ ∝  (2.20) 

Here combination of (2.19) and (2.20) shows that tan δ proportionally increases with the 

applied frequency 

 tan δ ω∝  (2.21) 

and accordingly 

 1
tan

Q
δ ω

1
= ∝  (2.22) 

 1 constant
tan 2π

ωQ f
δ

⋅ = ⋅ =  (2.23) 

The relation in (2.23) is used to extrapolate dielectric losses at high frequencies from low 

frequency measurements [34]. 

2.3 Dielectric losses 

Dielectric losses are categorized into intrinsic and extrinsic losses, of which the intrinsic 

loss in a perfect dielectric defines the lower loss limit, and the extrinsic loss dominates 

the observed loss values. 
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2.3.1 Intrinsic dielectric loss 

A theoretical explanation of intrinsic loss is provided in [35] by studying interactions of 

the phonon system in dielectrics with the photons in the MW field.  A crystal, consisting 

of n atoms and N primitive cells, has 3nN degree of freedom.  There are 3N acoustic 

modes, in which all atoms in a unit cell oscillate (nearly) in phase.  In the remaining 

3N(n-1) optical modes, sublattices of anions or cations oscillate in phase but the sublat-

tices themselves are out of phase [32].  It should be mentioned that the (ordinary) dielec-

trics considered in this study have a Debye temperature Θ, much lower than T, so that 

optical modes are active.  Resonant interaction occurs when the EM field oscillates at the 

same frequency as an optical mode.  However at MW frequencies, there exist no phonons 

with a frequency and wave-vector ( 2πk
λ

= , where λ is the wavelength) that are the same 

as those of the MW field.  Therefore only anharmonic (non-resonant) interactions can 

contribute to the intrinsic MW loss.  This intrinsic loss depends on the crystal structure 

and chemical compositions, as well as its temperature and frequency dependence.  There 

are three main mechanisms for the intrinsic loss: three-quantum (phonon+photon) loss, 

four-quantum loss and quasi-Debye loss. 

The three-quantum mechanism is photon absorption process involving two phonons, 

which satisfies energy and quasi-momentum conservation laws 

 j1 1 j2 2

1 2

( ) ( ) ,

0

Ω Ω ω± =

± =

k k

k k
 (2.24) 

where Ωj(k) is a set of phonon modes with a wave-vector k, and ω is the frequency of the 

field applied to the dielectric.  The plus and minus signs correspond to decay and coales-

cence processes respectively.  Three-quantum mechanism suggests  due to these proc-

esses is proportional to T.  The four-quantum mechanism is a photon process involving 

three phonons, also satisfying energy and quasi-momentum conservation laws 

rε′′

 j1 1 j2 2 j3 3

1 2 3

( ) ( ) ( ) ,Ω Ω Ω ω± ± =

± ± =

k k k

k k k b
 (2.25) 
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where b is a reciprocal lattice vector.  Contributions from the four-quantum mechanism 

to εr″ are suggested to be of a similar extent to those from three-quantum process.  For 

crystal structures with center symmetry,  when T .  For crystal structures 

without center symmetry, the four-quantum loss can be ignored.  Quasi-Debye losses are 

caused by perturbations of the phonon spectrum by the MW field.  This contribution to 

the loss is expressed as 

2
rωε ωT′′ ∝ Θ�

 
4

p
r 2

p1 ( )ω

ωτ Tε
ωτ Θ

′′
3∝ ⋅

+
 (2.26) 

when .  τp is a characteristic phonon relaxation time of the dielectric.  This contri-

bution only occurs in crystals without center symmetry. 

T Θ�

2.3.2 Extrinsic dielectric loss 

Compared with the intrinsic losses, extrinsic dielectric losses are dominant in real dielec-

trics.  At MW frequencies, experimentally observed losses are often of 3-4 orders of 

magnitude higher than the theoretical intrinsic loss.  The ensuing dramatic increase in 

tan δ has been observed in various dielectrics, including Al2O3 and TiO2 [36].  The ex-

trinsic losses originate from imperfections in compositions, structures and microstruc-

tures. 

An example of imperfect composition (or chemical nonstoichiometry) is found in re-

duced TiO2.  The dielectric loss increases due to electron hopping between cations of the 

same type on equivalent lattice sites, such as Ti3+↔Ti4+.  The occurrence of this mecha-

nism depends on the sintering temperature, atmosphere and cooling procedures during the 

thermal treatment, as well as impurities and dopants.  Impurity ions, if they form solid 

solution in the host dielectric, may result in a variety of bond lengths in the unit cells, and 

thus enhance anharmonic dampening of phonon modes [37].  Impurities, which can not 

dissolve in the host dielectric, may form clusters or second phase that can have a high 

intrinsic loss or form scattering centers for the MW.  The presence of a second phase is 

most common in multi-component dielectrics (with two or more cations, such as BaTiO3) 

than simple dielectrics (with one cation, such as TiO2).  This can be ascribed to the possi-
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ble phases, in addition to the target phase.  Long-range site-ordering observed in complex 

oxides, like Ba(Zn1/3Ta2/3)O3, is also found to influence the dielectric loss [38,39].  There-

fore the motivation for selecting α-Al2O3 and TiO2 for the AD materials, as discussed in 

Chapter 1.2, is also based on their simple chemical composition, which results in less 

phase segregation and, because of that, better batch-to-batch consistency. 

More attentions have been paid to the influence of microstructure on the dielectric prop-

erties, for example grain size, grain boundaries, porosity, and inhomogeneity [40-42].  

Porosity is generally mentioned as a source of increased dielectric loss [40].  On the other 

hand there is still much more controversy in the literature about other factors that con-

tribute to dielectric losses.  These appear to vary for different dielectrics and even for the 

same dielectric prepared by different processing methods.  Processing details can affect 

microstructures dramatically, through variations of the compacting method, additives, 

sintering temperature and dwell time.  In order to lower dielectric loss, a homogeneous 

structure is favorable.  Such a structure is achieved by starting with a homogeneous green 

body of high density, followed by well-controlled debindering (if any), sintering, and, if 

necessary, annealing. 
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CHAPTER 3 

PHOTONIC ASSEMBLIES I: VERIFICATION OF DESIGN 

PRINCIPLE 

In order to validate the design principle discussed in Chapter 1.2, an actual ceramic lami-

nate was fabricated and measured for its dielectric anisotropy.  Initially, the two constitu-

ent materials were commercially available polycrystalline α-Al2O3 and Nd-doped barium 

titanate substrates.  Here, Nd-doped barium titanate substrates were used because dense 

TiO2 substrates are unavailable, and their dielectric properties (εr = 80, tan δ~3×10-4) ap-

proach those of TiO2.  Lamination by co-sintering is not very well possible for α-Al2O3 

and Nd-doped barium titanate substrates due to their different thermal expansion coeffi-

cients (TEC).  Therefore an additional, low temperature adhesive was applied during 

lamination.  In this chapter, we will discuss the adhesive-assisted lamination and fabrica-

tion of AD materials and thin AD layers, as well as their application in photonic assem-

blies (PAs) [43]. 

3.1 Experiment procedure 

Dense α-Al2O3 (purity 99.6%, εr = 10) and Nd-doped barium titanate (TD82, εr = 80) sub-

strates were obtained from CoorsTek Inc., with dimensions of 50 mm × 50 mm × 0.5 mm 

and both surfaces lapped.  They were diamond-machined, and alternatively piled to 8- 

and 15-layer AD stacks with dimensions of 25.0 mm × 7.5 mm × 4.0 mm as shown in 

figure 3.1.  The lamination adhesives studied included organic double-tape 3M-9942, 

plastic adhesive 3M-4475, cyanoacrylate Loctite®-401, single-component epoxy Loc-



 

tite®-3982 and two-component epoxy M-bond 610.  The adhesives were applied accord-

ing to the manufacture instructions.  To evaluate the adhesive influence on dielectric 

properties, α-Al2O3|TD82 stacks with no adhesive were also prepared by wrapping stacks 

with a 0.2 mm thin plastic thread.  In concordance with the single crystal rutile structure, 

an equivalent crystallographic “a axis” was defined parallel to the original isotropic sub-

strate surface planes, and a “c axis” perpendicular to those planes.  As a result, the 8- and 

15-layer stacks had their equivalent crystallographic axes oriented differently with re-

spect to their geometric dimensions, as shown in figure 3.1.  1 mm thin AD layers were 

machined from AD laminates of 28 α-Al2O3 layers and 28 TD82 layers, using diamond 

cutting and grinding by Louwers Glass and Ceramic Technologies, the Netherlands.  Two 

rutile crystals were obtained from MTI Corp., with 3 mm × 1.6 mm × 10 mm (x-y-z) di-

mensions.  The crystallographic c axis of the 1st and 2nd rutile sample was along the y and 

x dimension, respectively. 

 

Figure 3.1: (a) 8- and (b) 15-layer stacks for dielectric measurements.  The light and 
dark layers are α-Al2O3 and TD82 respectively.  The effective crystallographic “c axis” is 

indicated, and the dielectric tensors are in equation (3.1) 

  (3.1) r r

45 0 0 17.8 0 0
(a) 0 17.8 0          (b) 0 45 0

0 0 45 0 0 45
ε ε

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜= =⎜ ⎟ ⎜
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎟
⎟
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r′′

A resonant cavity measurement was used to characterize the complex dielectric constant 

( ) and dielectric loss [*
r r jε ε ε′= − 44].  The dimensions of the copper cavity 

(24 mm × 12.8 mm × 80 mm) were chosen so that specific resonant field distributions 

can be generated with most of the resonant energy concentrated within the sample.  The 

cavity dimensions, as shown in figure 3.2, were 8 times those of the rutile samples, and 

3.2 times those of the α-Al2O3|TD82 laminates.  For the modes excited within the cavity, 

two different probe locations were determined by considering the hot spots of the electric 

field at the cavity walls.  Two copper covers were manufactured, of which one cover with 

the probe (feed I) at the center, whereas the other cover having the probe (feed II) off the 

center. 

 

Figure 3.2: Sketch of the copper cavity. 

The rutile samples, with their (anisotropy) orientation equivalent to that of the laminates, 

were placed in the center of the cavity to minimize energy dissipation in the walls, hence 

the loss due to the cavity itself.  An Agilent E8362B network analyzer was used to de-



 

termine the resonance frequencies from power reflection coefficient (S11) measurements 

[45].  The setup was designed so that the first order resonant modes had electric fields 

oriented along the largest geometric dimension.  This allows for a one-dimensional 

search to characterize  (real part of the dielectric constant along the a axis) independ-

ently using the 1st rutile sample.  The measured resonance frequency was systematically 

matched to the computed one by varying raε

raε′

′  in a finite-element-method (FEM, developed 

by ElectroScience Laboratory, The Ohio State University).  Similarly, the 2nd rutile sam-

ple was used to determine rcε′  eal part of the dielectric constant along the c axis).  

Modes that did not concentrate inside the sample were excluded from this consideration.  

(rutile) = 85 and ε (rutile) = 165 were applied as initial parameters in the FEM simu-

lation.  The dielectric loss tangent was estimated using [

(r

raε′ rc′

13] 

 -1 a c s
u es a es c= tan + tan + RQ p δ p δ

G
 (3.2) 

where the unloaded Qu (ratio of stored energy to dissipated energy per cycle) of the cav-

ity system is calculated from S11 [45].  tan δa and tan δc are the loss factors along the a- 

and c- axis respectively, and Rs is the surface resistivity of the copper cavity.  The electric 

filling ratios, a
esp  and c

esp  along the a- and c- axis were computed via FEM using the cor-

rected values for  and .  The geometric factor G describes the amount of electric 

energy concentrated within the samples with respect to the overall energy inside the cav-

ity.  For the first modes in the rutile crystals, G factors were ~ 104, hence tan δ can be de-

termined with an accuracy of 3×10-7 (or 3×10-5 if the wall loss was not accounted for 

[

raε′ rcε′

46]). 

Characterization of the α-Al2O3|TD82 laminates was carried out similarly.  For these 

samples, the G factor was calculated to be ~ 103, allowing for the determination of tan δ 

with an accuracy of 1×10-4.  To validate the effective medium model and the dielectric 

anisotropy of the laminates, the field distributions simulated using the tensors in equa-

tion (3.1) were compared with those from a full wave model using (α-Al2O3) = 10 and rε′
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rε′ (TD82) = 80.  Dielectric properties of individual α-Al2O3 and TD82 substrates were 

measured using an Agilent E4991A 1 MHz-3 GHz RF Impedance/Material Analyzer. 

3.2 Dielectric properties of α-Al2O3|TD82 laminates 

 

Figure 3.3: Field distributions of the resonant mode with the 15-layer stack, simulated 
using: (a) effective medium and (b) full wave model.  Both calculations were carried out 

for a frequency of 7.64 GHz. 

The field distributions obtained from the tensors and full wave model were nearly identi-

cal, as shown in figure 3.3, for an example of the 15-layer sample in figure 3.1(b).  The 

measured resonance frequencies of the 8- and 15-layer laminates were different, in 

agreement with their anisotropic dielectric nature.  The measurement results for the 

α-Al2O3|TD82 laminates as well as the homogeneous rutile crystals are summarized in 

table 3.1.  Theoretical minimum losses in an ideal rutile structure are tan δa = 7×10-10 and 

tan δc = 4×10-10 caused by phonon scattering of the MW field [35], as discussed in Chap-

ter 2.3.  A real single crystal has higher losses due to defects in the crystal, such as impu-

rities and vacancies.  Additional energy dissipation in the commercial substrates and ad-

hesive-free α-Al2O3|TD82 stacks is ascribed to porosity, microcracks, random crystallite 

orientation [17,18,36,42], polar species adsorbed on the oxide surfaces [15], oxygen defi-

ciency in TD82, and EM wave reflections at the α-Al2O3 and TD82 contact surfaces. 
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Material tan δ 
(frequency) 

Adhesive 
thickness (μm) 

Sustainability 
to machining 

Rutile single crystal tan δa = 1.39×10-4, 
tan δc = 1.09×10-4 (9.78 GHz) 

-- -- 

α-Al2O3 substrate 2.8×10-4 (3.37 GHz) -- Yes 

TD82 substrate 3.7×10-4 (2.13 GHz) -- Yes 

Laminates w/o  
adhesive 

0.9×10-3 (7.57 GHz) -- -- 

Laminates w/  
3M-4475 

1.9×10-3 (7.61 GHz) -- No 

Laminates w/  
3M-9942 

2.6×10-3 (7.67 GHz) ~60 No 

Laminates w/  
Loctite®-401 

2.9×10-3 (7.70 GHz) ~17 Yes 

Laminates w/  
Loctite®-3982 

1.1×10-3 (7.57 GHz) ~2.6-4.5 No 

Laminates w/  
M-bond 610 

1.9×10-3 (7.59 GHz) ~5-7 Yes 

Table 3.1: Estimated tan δ in the α-Al2O3|TD82 laminates, comparing with that of 
rutile single crystal. 

The α-Al2O3|TD82 laminates with adhesives had tan δ values 1.2-3.2 times that of the 

adhesive-free laminates mainly because of energy dissipation in the additional organic 

adhesives.  The increased losses were closely related to the adhesive curing process and 

likely proportional to the overall adhesive volume.  The highest loss was observed in 

laminates prepared with Loctite®-401, which is humidity-cured and consequently may 

have trapped water causing additional losses.  On the contrary, the heat curing mecha-

nism of Loctite®-3982 epoxy may have helped the removal of residual water, resulting in 

a low tan δ.  The adhesive layers were examined using SEM as shown in figure 3.4 and 



 

their thickness is listed in table 3.1.  The laminates, prepared with fully liquid adhesives, 

i.e. 3M-4475 and Loctite®-3982, showed lower losses if superfluous adhesives were 

squeezed out during lamination.  This confirmed that adhesives should be used as little as 

possible to minimize the loss.  Loctite®-3982 with a low viscosity and Newtonian behav-

ior formed thin adhesive layers of 2.6…4.5 μm under pressure, resulting in the lowest 

losses.  The adhesive thickness is explained by <6 μm deviations of the local surface 

from the average flat substrate surface. 

 

Figure 3.4: SEM images of adhesive layers (a) Loctite®-401 (with an unfilled gap), 
(b) Loctite®-3982 and (c) M-Bond 610. 

3.3 AD layers and PAs for antenna application 

AD layers of 1 mm thickness, as required by the MPA design, were obtained by diamond 

machining the adhesive-treated α-Al2O3|TD82 laminates.  The laminates prepared with 

3M-4475, 3M-9942 or Loctite®-3982, could not be machined into large intact layers pos-

sibly because of their poor water resistance (as water is the cooling medium for standard 

diamond machining).  Considering the low-loss requirements and machinability, proto-

type AD layers were prepared from α-Al2O3|TD82 laminates with M-bond 610.  A 

photonic assembly (PA) of such 12 AD layers is shown in figure 3.5.  AD layers with 15º 

and 60º in-plane rotation respectively, defined with respect to the geometric plane sides, 

were fabricated with dimensions of 19.1 mm × 19.1 mm ×1.0 mm.  Figure 3.6 shows an-

other simplified PA of 3 unit cells, with each cell consisting of two 

28.0 mm × 29.0 mm ×1 mm layers (AD1 and AD2) and 0.25 mm air gap.  Since AD1 and 
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AD2 layers were both with 0º in-plane rotation, a relative geometric rotation, as discussed 

in Chapter 1.1, between AD1 and AD2 is needed to obtain a maximum gain.  The opti-

mum rotation angle was determined to be 55º, estimated from FEM simulated gain pat-

terns and confirmed by experimental patterns.  Figure 3.7 shows the simulated and meas-

ured far-field gain patterns of the antenna assembly when fed by a slot-coupled micro-

strip line (not shown).  These constitute the first measurements of the prototype PAs an-

tenna, based on the extraordinary propagation modes supported by degenerate band edge 

crystals [12].  Mismatches between the measured and simulated patterns can be attributed 

to the dielectric losses in the feed structure and AD layers, as well as the sample holder 

used in anechoic chamber measurements.  It should be noticed that the dielectric loss in 

AD layers is limited by that of the individual substrates: 2.8×10-4 in α-Al2O3 and 3.7×10-4 

in TD82.  Therefore, this method of fabricating AD materials from the commercial ce-

ramic substrates can be used to validate the design principles, but is not suitable for ob-

taining tan δ ≤10-4 as required for the target high-gain MPAs antennas.  The following 

chapter will address our effort in decreasing dielectric loss by advanced ceramic process-

ing. 



 

 

Figure 3.5: (a) 12-layer PA supported by vitreous silica scaffolds mounted in a dense 
α-Al2O3 substrate.  (b) Two AD layers with 15º and 60º in-plane rotations respectively.  
(c) Dense α-Al2O3 substrate with holes drilled for mounting the vitreous silica scaffolds.  

(d) Supporting vitreous silica scaffold. 
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Figure 3.6: 6-layer PA consisting of 3 repeating units: (a) top view and (b) side view.  
The transparent spacers are 1.25 mm high quartz tubes. 

 

Figure 3.7: Measured and simulated gain (dB) patterns of the prototype in figure 3.6: 
(a) x-z cut and (b) y-z cut. 
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CHAPTER 4 

PHOTONIC ASSEMBLY II: LOW-LOSS DIELECTRICS 

In the previous chapter, the fabrication was discussed of effective medial anisotropic di-

electrics from laminates of commercial α-Al2O3 and Nd-doped barium titanate.  The pro-

totype PAs assembled of such AD layers were found to have similar antenna patterns as 

predicted with FEM but with lower gains.  This was primarily because the actual dielec-

tric loss tan δ ~10-3 was higher than the required tan δ ≤ 10-4.  Therefore, we made an ef-

fort to prepare dense α-Al2O3 and TiO2 with low dielectric loss using controlled colloidal 

processing.  The original choice of polycrystalline rutile TiO2 was kept as there was no 

restriction on the sample availability if prepared from scratch.  Traditionally, α-Al2O3 or 

TiO2 is densified by pressing powders and sintering in air or oxygen atmosphere at 1300-

1500ºC for several hours [17,18,34,47,48].  The prepared samples have inhomogeneous 

microstructures and, especially for TiO2, poor strength due to substantial grain growth 

(grain size > 10μm).  High temperature sintering of TiO2 also results in oxygen defi-

ciency, and hence an increased tan δ due to resistive dissipation by mobile electronic 

charge carriers [49,50].  Acceptor dopants, such as Zn and Al, have been used to reduce 

tan δ by compensating the effect of reduction [18,50-52], but with little improvement of 

microstructures or decrease of sintering temperatures.  Homogeneous microstructures 

with fine grains and low densification temperature can be achieved by processing mono-

disperse particles prepared by controlled hydrolysis of aluminum or titanium alkoxides 

[53,54].  Although no microwave dielectric measurements have been reported for such α-

Al2O3 or TiO2 samples, their homogeneous microstructure, small grain size and a low 

sintering temperature are expected to lead to a low tan δ [40,49].  However, the high cost 
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of alkoxides and high purity required, likely inhibit large scale production of α-Al2O3 or 

TiO2 by this route. 

This chapter presents low-temperature sintering of polycrystalline α-Al2O3 and TiO2 with 

low dielectric loss at GHz frequencies, directly from commercial powders of very high 

chemical purity.  Acceptor-doping of Al of TiO2 was applied through gel-assisted infiltra-

tion [55], which led to a homogeneous doping concentration and microstructure after sin-

tering. 

4.1 Dense polycrystalline α-Al2O3 

4.1.1 Experimental procedure 

α-Al2O3 powders (AKP30, Sumitomo) were used, as received with > 99.99% purity and 

an average particle size (∅p) of 0.3 µm.  1 N HNO3 (Ricca Chemical) was diluted to 

pH = 2.0 with deionized water obtained from a Milli-Q® ultrapure water purification sys-

tem (Millipore Corp.).  A 20 vol% α-Al2O3 suspension was prepared by ultrasonically 

dispersing powders in the pH = 2.0 HNO3 solution.  The ultrasonic treatment was carried 

out using a digital sonifier (Branson Ultrasonics Corp.) at 80 watts for 8 min in a 100 ml 

double-wall beaker (for a batch of 100 g suspension) [56].  The beaker was water-cooled 

to avoid excessive heating of the suspension by ultrasonic energy dissipation.  The sus-

pension was screened to remove any big agglomerates and foreign contaminations using 

a Nylon Spectra Mesh® with (a) 5 μm aperture, 2% opening area and 100 μm thickness 

or (b) 10 μm aperture, 2% opening area and 45 μm thickness (Spectrum Laboratories, 

Inc.).  The nylon mesh was placed in a Nalgene filter holder (Nalgene reusable filter 

holders, Fisher) between the upper suspension chamber and lower receiver.  The tip of 

the ultrasonic cone was kept at least 1.5 cm away from the mesh surface to avoid possible 

damage or deformation caused by the ultrasonic energy.  Slight ultrasonification (3-

4 watts) was applied during screening, to maintain a screening speed of 1.5…2 ml/min.  

Green compacts (disks) were formed by colloidal filtration of the suspension onto a poly-

ethersulfone membrane with 0.22 μm pore size (Millipore Corp.).  After drying overnight 



 

in a PurifierTM clean bench (Labconco Corp.), α-Al2O3 green compacts were sintered at 

1300ºC for 10 hours with a 5ºC/min or 10ºC/min heating and cooling rate. 

The apparent density of sintered α-Al2O3 was measured using a mercury pyconometer 

(Model DAB100-1, Porous Materials Inc.) at room temperature.  That is because the con-

tact angle of Hg on ceramics is > 90º, so that Hg does not wet the sample due to capillary 

force [47].  The weight of the empty calibration chamber was determined to be mc.  The 

chamber was filled with Hg up to a calibration mark, followed by determining the weight 

of mc+Hg.  The samples were added into empty chamber with a measured weight of mc+s, 

then filled with Hg to the mark and a measured weight of mc+s+Hg.  The apparent density 

was calculated as 

 c+s c
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c+Hg c c+s+Hg c+s( ) ( )
m m

Hgρ ρ
m m m m

−
= ⋅

− − −
 (4.1) 

where the density of Hg (ρHg) is 13.55 g/cm3 at 20ºC.  Once the apparent density is 

known, the relative density (ρr) and porosity (φp) are respectively 
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where ρt is the theoretical density of the material, obtained from literature or determined 

by XRD patterns.  Three samples were measured to obtain an average density, and a 95% 

confidence interval.  SEM was carried out using a Field-Emission Environmental SEM 

Philips XL30 (Eindhoven, the Netherlands) on thermally etched surfaces of sintered 

α-Al2O3 samples.  Grain size (∅g) and microstructural homogeneity are obtained more 

representative and reliable from polished and etched cross-sections than from as-formed 

surfaces.  This is because the superficial grains experience a different environment (less 

neighboring grains, atmospheric ambient) than the grains inside the bulk sample.  Before 

thermal etching, step-wise polishing was carried out to the sample cross-section until 

shiny surfaces were obtained.  Polishing of sintered α-Al2O3 with a typical 5 mm×5 mm 

surface area was done using the following sequence of media: 
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1. 800 grit (CAMI standard, average particle diameter of 12.2 μm) SiC papers at ~45 N 

force for 30-40 mins, 

2. 9 micron diamond paste at ~45 N force for 30-40 mins, 

3. 3 micron diamond paste at ~45 N force for 30-40 mins, 

4. 1 micron diamond paste at ~45 N force for 30-40 mins. 

The well-polished samples were etched at a temperature, 50ºC lower than the original 

sintering temperature, using a heating/cooling rate of 10ºC/min without dwelling.  Since 

dielectrics are good insulators, the samples were coated with Au to avoid surface charg-

ing during SEM analysis.  The average ∅g was analyzed using a linear intercept tech-

nique, interpreted for nontextured grains of tetrakaidecahedral shape [57].  At least 200 

grains were used in each sample to obtain sufficient accuracy. 

Sintered α-Al2O3 was machined by Louwers Glass and Ceramic Technologies, the Neth-

erlands, to 3.75 mm × 12.50 mm × 2.00 mm dimensions proportional to those of the cop-

per cavity in figure 3.2, for dielectric measurements.  Those dimensions were chosen 

such that the resonant electromagnetic field modes with a strong electromagnetic field 

were concentrated primarily within the sample at the center of the cavity.  The complex 

dielectric constant was measured using the method described in Chapter 2.3.  A parallel 

dielectric measurement was also performed on an Agilent E4991A 1 MHz-3 GHz RF 

Impedance/Material Analyzer. 

4.1.2 Results and discussions 

As reported previously [56], 20 vol% dispersed α-Al2O3 suspensions were screened using 

a nylon mesh with a 20 μm mesh with apertures covering 14% of the apparent opening 

area.  However it was observed that the suspension flew through the mesh without hin-

drance and very little particulate contamination was left behind on the mesh surface.  

This indicated that the 20 μm opening was too wide to effectively screen agglomerates; 

and a smaller opening size was required.  A practical guide was to have a mesh opening 

size 10 times of the primary particle size, which is 0.3 μm in the case of AKP30 α-Al2O3.  

Meshes with 5 μm and 10 μm openings were used to replace the 20 μm mesh.  As ob-

served by SEM images, and shown in figure 4.1, the 5, 10 and 20 μm meshes had effec-



 

tive apertures of 3, 9 and 20 μm respectively.  Unassisted screening with a 5 or 10 μm 

mesh halted after the first 1-2 ml of the suspension, which was attributed to a small open 

area fraction (2%) that resulted in easy block by big agglomerates.  Slight ultrasonic agi-

tation was hence introduced during screening to keep the openings free from agglomer-

ates and to enable the small particles to pass through. 

 

Figure 4.1: SEM images of nylon meshes with (a) 5 μm, (b) 10 μm and (c) 20 μm 
opening. 

Figure 4.2 shows the SEM images of dense samples prepared from 20 vol% suspensions 

screened with 5 or 10 μm nylon meshes.  Those sintered samples had similar grain mor-

phology with an average ∅g of 1.6 μm.  The 10 μm meshes were used routinely because 

screening with 5 μm meshes required a much longer time.  In order to minimize unfavor-

able grain growth, a fast heating rate is required within the capabilities of the furnace.  

5ºC/min and 10ºC/min heating rates were tested, but found to have little influence on the 

grain size or morphology of dense α-Al2O3.  A 5ºC/min heating was applied for subse-

quent experiments, as it was considered to cause less damage to the furnace than the 

10ºC/min rate.  The relative density of the sintered α-Al2O3 was measured to be 

97.9±1.1%. 
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Figure 4.2: α-Al2O3 sintered at 1300ºC for 10 hours.  The screening mesh and heating 
rate were respectively (a) 10 μm, 10ºC/min, (b) 5 μm, 10ºC/min, (c) 10 μm, 5ºC/min and 

(d) 5 μm, 5ºC/min. 

 

Figure 4.3: Image of a translucent α-Al2O3 (1300ºC sintered, 0.5 mm thick). 
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The sintered α-Al2O3 was translucent to visible light, as shown in figure 4.3.  This trans-

lucency is attributed to the homogeneous, almost-dense microstructure and the small 

grain size.  Real transparency, however, was not observed mainly because of light scatter-

ing at residual pores, grain boundaries, the unpolished bottom surface and/or due to in-

trinsic birefringence of the grains [58].  Residual pores, possibly the main reason for the 

observed translucency, may have originated from microbubbles, introduced into the 

α-Al2O3 suspensions during screening treatment.  Such bubbles can become entrapped in 

the compact, and end up as large pores that can not be removed by sintering. 

Initial measurements using the Agilent network analyzer indicated a tan δ less than 10-4 

(beyond the instrument capability).  In-cavity resonance measurement did not provide 

accurate tan δ values.  This was because the low dielectric constant of α-Al2O3 resulted in 

several and closely separated resonance peaks at 1…10 GHz that could not be matched 

accurately to simulation.  More delicate calculations are currently carried out in Electro-

Science Laboratory, targeting α-Al2O3 rectangles of larger dimensions which are ex-

pected to result in separated resonance peaks. 

4.2 Dense polycrystalline TiO2 

Like α-Al2O3, dense TiO2 was prepared using colloidal filtration and low-temperature 

sintering.  The detailed processing parameters were tuned for specific TiO2 powders, such 

as the stabilizing media, suspension solid load and sintering temperature [59]. 

4.2.1 Experimental procedure 

TiO2 powders (PT-401L, Ishihara Corp.) were used as received, and had > 99.99% purity, 

72.7 wt% rutile phase and an average ∅p of 0.15 μm, all according to the manufacturer’s 

specifications.  The powders were ultrasonically dispersed in aqueous NH3 with 

pH = 10.5 at a solid load of 14 vol%.  For a batch of 100 g TiO2 suspension, the ultrasonic 

treatment was carried out at 70 watts for 8 min in a 100 ml double-wall beaker.  The TiO2 

suspension was screened using a 5 μm aperture Nylon Spectra Mesh® and ultrasonic en-

hancement.  Like α-Al2O3 preparation, TiO2 green compacts were formed by pressure 

filtration and afterwards drying overnight.  Green compacts were then calcined for 
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10 hours at 600ºC…1300ºC, with a 5ºC/min heating and cooling rate.  These prepared 

samples are denoted as 600TiO2, 700TiO2…1300TiO2, respectively. 

Zeta (ζ)-potential measurements were performed on 1.25 vol% TiO2 aqueous suspensions 

using a Zetaprobe AnalyzerTM (Colloidal Dynamics Inc.).  The titrants included electro-

static stabilizers: 5 mol/L HNO3 and 5 mol/L tetramethyl ammonium hydroxide 

(TMAH), and an electrosteric stabilizer: 1 mol/L Aluminon solutions [56].  To further 

study the colloidal stability of TiO2 in aqueous HNO3 and NH3 solutions, 12.5 vol% TiO2 

suspensions were prepared in HNO3 solutions with pH = 2.03, 2.35, 2.65 and 3.05, and 

NH3 solutions with pH = 9.38, 10.48 and 11.10.  The pH of the HNO3, NH3 solutions, 

TiO2 suspensions and gels were measured using a pH/ISE meter (Model 710A, Orion).  

X-ray diffraction (XRD) was performed on both as-received powders and thermal-treated 

TiO2 samples.  The obtained diffraction patterns were matched with data published by the 

International Center for Diffraction Data (ICDD-JCPDS).  In this study, XRD was carried 

out using a Scintag XDS2000 diffractometer with Cu Kα radiation (λ = 1.5406 Å) in the 

range of 2θ = 20…80°.  The XRD data were analyzed using Topas Academic software to 

determine the phase compositions.  The apparent density (ρa) of green, calcined/sintered 

TiO2 compacts samples measured using an Hg pyconometer at room temperature.  Green 

compacts were dried at 300ºC for 10 hours (denoted as 300TiO2) to obtain sufficient me-

chanical strength for density measurement.  For each treatment temperature, three sam-

ples were measured to obtain an average density, and a 95% confidence interval. 

SEM was carried out on as-formed surfaces (without polishing) if thermal treatment was 

at < 900ºC, or thermally-etched cross-sections if thermal treatment was at ≥ 900ºC.  This 

distinction was made because in the more porous samples (sintered < 900ºC) polishing of 

the loosely packed grain structure easily caused debris between grains.  Since the Moh’s 

hardness of TiO2 (6-6.5) is lower than that of α-Al2O3 (9), it required fewer polishing 

steps.  TiO2 with a typical 5 mm×5 mm area, was well-polished after using 

• 9 micron diamond paste at ~25 N force for 15 mins, 

• 3 micron diamond paste at ~25 N force for 15 mins, 

• 1 micron diamond paste at ~25 N force for 15 mins. 



 

The average grain size in 900…1300TiO2 was characterized using the linear intercept 

method.  The mechanical strength of 900…1300TiO2 samples (disks) was determined 

using a biaxial flexure mode with the indented side under tension.  The load was applied 

with a flat punch and a material testing system (Model 810, MTS Systems Corp.).  For 

each temperature, three to four samples were tested and the strength was calculated using 

a thin plate stress-strain formula [60].  For microwave loss characterization, sintered TiO2 

samples were diamond-machined to dimensions of 3.75 mm × 12.50 mm × 2.00 mm by 

Louwers Glass and Ceramic Technologies, the Netherlands.  The complex dielectric con-

stant was measured following the descriptions in Chapter 2.3. 

4.2.2 Results and discussions 

 

Figure 4.4: XRD patterns of TiO2 powders and calcined samples.  Diffraction peaks 
from the anatase phase are indicated by A. 
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As-received TiO2 powders consist of rutile phase (72.7 wt% from manufacturer data) 

and, besides that, mostly anatase phase as shown in the XRD pattern in figure 4.4.  This 

impurity anatase phase is a natural result of the preparation routes for high purity pow-

ders.  These routes are based on the availability of high purity precursors, use of low 

processing temperatures, and avoiding mechanical reduction of particle size.  The aver-

age bulk density of the powders was 4.16 g/cm3, estimated from 

 3R A
Ave

R A A R

4.16 g/cm
% + %

ρ ρρ
wt ρ wt ρ

⋅
= =

⋅ ⋅
 (4.4) 

where wt%R and wt%A are the weight percentage of the rutile and anatase phase respec-

tively, and ρR = 4.25 g/cm3 and ρA = 3.89 g/cm3 are density of the rutile and anatase 

phase respectively.  300TiO2 used for green density measurement, had identical XRD 

patterns as those from as-received powders.  After treatment at >700ºC, the anatase phase 

completely transformed to rutile, confirmed by XRD.  The dominant as-received impuri-

ties include 25 ppm Fe2O3, 10 ppm Nb2O5 and 10 ppm Na2O.  This impurity concentra-

tion was at least 10 times less than the intentional doping levels of 300…1200 ppm used 

in this study, as discussed in the next section.  Therefore the commercial TiO2 powders as 

mentioned were considered suitable for a study on the dielectric properties of undoped 

and intentionally doped polycrystalline rutile TiO2. 

Figure 4.5 shows the ζ potential of 1.25 vol% TiO2 suspensions titrated with HNO3 and 

TMAH solutions respectively.  The isoelectric point (IEP) of the TiO2 powders was 

measured to be at pH = 6.2.  ζ reached a maximum of 85 mV at pH = 2.5 and -93 mV at 

pH = 12.0.  It (|ζ|) was always < 60 mV when Aluminon stabilizer was used with a con-

centration up to 0.13 wt% (with respect to the dry TiO2 powders) as shown in figure 4.6.  

Though Aluminon may show a high |ζ| in basic environment [56], stabilization by solely 

H+ or OH- was preferred to avoid another, possibly contaminating additive.  The decrease 

of ζ potential at pH < 2.3 is ascribed to dissolution of TiO2 in HNO3.  This was not ob-

served at high pH values.  Suspensions with a usable solid load of 12.5 vol% TiO2 sus-

pensions were prepared with various HNO3 solutions with pH = 2.0…2.7 and NH3 solu-

tions with pH = 9.4…11.1, to establish the practical pH range.  It was found that gelation 

occurred if the initial solutions had 2.6 < pH < 9.5, as shown in figure 4.7.  Sedimentation 
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experiments were carried out for the remaining pH ranges.  The suspensions with pH = 2.3 

and 10.0 were observed to be the most stable, and were prepared from pH = 2.0 HNO3 

and pH = 10.5 NH3 solutions respectively.  Since the acidic pH = 2.3 is close to the pH 

where TiO2 started to dissolve, pH = 10.0 TiO2 suspension was used to prepare green 

compacts. 

 

Figure 4.5: Zeta potential of 1.25 vol% TiO2 suspension using titration with 5 mol/L 
(a) HNO3 and (b) TMAH.  The IEP point is highlighted in red. 

 

Figure 4.6: Zeta potential of 1.25 vol% PT-401L suspension in the presence of 
1 mol/L Aluminon. 
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Figure 4.7: pH of the HNO3, and NH3 aqueous solutions, 12.5 vol% PT-401L suspen-
sions or gels. 

The solid load in the TiO2 suspension was optimized to achieve both high green density 

and efficient colloidal-filtration.  Starting with pH = 10.5 NH3 solution, TiO2 suspensions 

with >20 vol% solid load appeared to have a pH < 9.2, and sedimentation occurred within 

minutes.  A lower solid load generally led to a higher green density, but also required 

more suspension volume to obtain eventually dense samples with certain mass and di-

mensions.  This, in turn, required a longer filtration time, leading to gradual unwanted 

sedimentation or segregation in the supernatant.  For example, the required filtration 

times for 25 ml 10.0vol%, 20 ml 12.5 vol% and 13 ml 19 vol% TiO2 suspensions were 

> 6 hours, 4.5-5 hours and 2.5 hours, respectively.  Hence 17 ml 14 vol% TiO2 suspen-

sion with 3.5 hours’ filtration was chosen as a compromise between high green density 

and filtration efficiency (targeting sintered TiO2 samples with 2 mm thickness for in-

cavity measurements).  After filtration and drying, the green compacts remained intact 

with sufficient strength for handling and a smooth shiny surface, as shown in figure 4.8.  

These observations are in agreement with a high measured relative density of 

ρr = 57.5±0.7%. 
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Figure 4.8: TiO2 green compact after drying overnight. 

 

Figure 4.9: ρr of TiO2 versus sintering temperature. 

As the sintering temperature increased, the relative density of TiO2 increased and reached 

99.5±1.1% at 1000ºC, as shown in figure 4.9.  This densification temperature is, to our 
 41



 

knowledge, the lowest for commercial undoped TiO2 powders.  It was achieved primarily 

because of the optimized homogeneity of the TiO2 green compact.  A higher temperature, 

however, resulted in a small but significant decrease in ρr.  This is attributed to desinter-

ing by anomalous grain growth and/or expansion by oxygen released from TiO2 reduction 

[61].  It is worth noting that the coring effect (a dark core region in the center of the sam-

ple), though reported elsewhere [18], was not observed in our study for all the calcining 

and sintering temperatures. 

The SEM images in figure 4.10 and  4.11 show as-received TiO2 powders and cal-

cined/sintered samples.  The faceted pores in 900TiO2 were due to break-out of grains 

during polishing of the relatively porous samples.  The average TiO2 grain size (∅g) grew 

exponentially with temperature from 0.5 μm, 1.1 μm, 2.2 μm, 4.0 μm to 14.4 μm in 

800TiO2 to 1300TiO2, as shown in figure 4.12. 

 

Figure 4.10: SEM of as-received TiO2 powders. 
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Figure 4.11: SEM images of undoped (a) 700TiO2, (b) 800TiO2, (c) 900TiO2, (d) 
1000TiO2, (e) 1100TiO2 and (f) 1300TiO2. 
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Figure 4.12: Grain growth in 800TiO2…1300TiO2. 

 

Figure 4.13: Flexural strength of sintered TiO2.  Individual measurement results are 
represented as dots, and the averages are connected by the line. 

The flexural strength of sintered TiO2 is shown in figure 4.13.  900TiO2 had a high aver-

age strength of 360 MPa, ascribed to its small grain size of 1.1 μm and the presence of 

crack-growth inhibition from residual pores (φp = 3.7%).  A maximum strength of 
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400 MPa was observed for 1000TiO2, higher than the 300MPa previously reported [62].  

This high strength was attributed to a high relative density of 99.5±1.1%, a smaller grain 

size of 2.2 μm, and homogeneous microstructure.  As the sintering temperature increased 

from 1000ºC to 1300ºC, the flexural strength decreased by 100 MPa as a result of an in-

creasing average grain size from 2.2 μm to 14.4 μm, as well as an increased porosity from 

0.5% to 1.7%. 

T (ºC) ρr (%) ′rε  tan δ (×10-4) 

900±10 96.3±1.2 110±1 1.852±0.002 

950±10 98.2±1.2 113±1 1.678±0.002 

1000±10 99.5±1.1 115±1 1.408±0.002 

1100±10 98.6±2.0 115±1 1.384±0.002 

1300±10 98.3±2.0 115±2 1.287±0.002 

Table 4.1: Measured dielectric properties of sintered TiO2 samples. 
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In-cavity measurements at 6.3…6.4 GHz for 900TiO2…1300TiO2, revealed a dielectric 

constant increasing from 110 to 115, and a tan δ decreasing from 1.8×10-4 to 1.3×10-4, as 

shown in table 4.1.  A tan δ of 1.3×10-4 is 8 times lower than the value reported for un-

doped TiO2 prepared by sintering of pressed pellets [18] (after the difference in meas-

urement frequencies was corrected using equation (2.23)).  Some other reported tan δ 

data, for example in [34,63], were not taken into comparison because non-cavity meas-

urement was used with less accuracy.  A dielectric constant of 115 is, to our best under-

standing, the highest ever reported for polycrystalline TiO2 ceramics, which can be as-

cribed to the near-theoretical density.  The measurement frequency of 6.4 GHz was 

higher than that used to obtain the values reported earlier [18,34], and losses tend to in-

crease proportionally with microwave frequencies [64].  Compared with 1000TiO2 and 

1100TiO2, 1300TiO2 was found to have a slightly lower tan δ.  However, this was offset 

by its much larger grain size and lower mechanical strength.  The dielectric properties of 



 

sintered TiO2 with ρr < 96% were not measured because their relatively large porosity 

resulted in a lower permittivity, and a higher tan δ due to energy dissipation by polar spe-

cies or contamination absorbed on the pore surface.  The dielectric losses found in this 

study can be ascribed to defects and impurities on the grain boundaries, random-

orientation of larger grains and residual pores. 

In summary, the optimum structure for MW applications is the dense TiO2, compacted as 

described and sintered at 1000ºC.  It has a homogeneous microstructure, a small grain 

size of 2.2 μm, a high flexural strength of 400 MPa and a low dielectric loss of 1.4×10-4 

at 6.4 GHz.  Both the sintering temperature and room temperature dielectric loss are the 

lowest among all the reported values for commercial undoped TiO2 samples.  The homo-

geneous microstructure of the porous 700TiO2 was utilized to prepare homogeneous 

cation doping in TiO2 by gel-assisted infiltration, which will be discussed in the follow-

ing section. 

4.3 Al doped polycrystalline TiO2 

4.3.1 Introduction 

Cation doping has been widely used in TiO2 (both rutile and anatase) to tailor its defect 

chemistry and hence electric and photo-catalytic properties [18,65-69].  For example, di-

electric losses were in polycrystalline TiO2 rutile decreased by Al3+ or Zn2+ doping [18].  

The possible defects in TiO2 include O vacancies, Ti interstitials and vacancies, extrinsic 

defects (due to dopants), electrons and holes.  Ti interstitials dominate in extremely re-

duced atmosphere in which the oxygen partial pressure .  Ti vacancies form at 

temperatures above 1300ºC, and long time dwelling [

2O 1 Pap �

2O 0.1 MPap ∼ 70,71].  Under 

common sintering conditions, such as those described in Chapter 4.2.1, the dominant in-

trinsic defect is O vacancy.  For simplicity, only double-charged O vacancy is considered. 

 

2

O 2 O

1
22

r O O

1O O (g) V
2

( ) [V ][ ']

e

K p e

× + +

=

ii

ii

U 2 '
 (4.5) 

 46



 

As a result, undoped TiO2 generally behaves as a n-type semiconductor [19,70-73].  De-

crease in dielectric losses by Al3+ doping can be explained by examining the defect chem-

istry.  If the Al dopant substitutes for a normal Ti position 
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Al O 2Al +3O +V

[Al ] [V ]K

×′

′=

ii

ii

ZZZZXYZZZZ  (4.6) 

The variation of  can be ignored in Kd at equilibrium.  The charge neutrality condi-

tion is: 

O[O ]×

  (4.7) Ti O[Al ] [ ] 2[V ]e′ ′+ = ii

The doping concentrations in this study were considered to be high enough so that equa-

tion (4.7) is simplified to 

  (4.8) Ti O[Al ] 2[V ]′ = ii

Combine equation (4.5) and (4.8) 
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− −
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Assume all Al occupies Ti sites, therefore  and Ti[Al ] [Al]′ =

 
1
2[ ] [Al]e

−
′ ∝  (4.10) 

at a fixed temperature and oxygen pressure.  As a result, the “free” electron concentration 

and dielectric loss can be reduced by acceptor-doping of Al3+.  Other acceptor-dopants, 

such as Cr3+, were found to result in a n-p transition regime in TiO2, where the conductiv-

ity contributions from electrons and holes were similar and the lowest conductivity was 

observed [70,74].  On the contrary, donor-doping in TiO2, such as Nb5+, always leads to 

increased n-type semi-conductivity [68,73,75]. 
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Popular doping methods include solid-state cofiring of dopant oxides and TiO2 powders 

[18,65], impregnation of dopant solutions in TiO2 powders [18,66], infiltration of dopant 

solutions into a porous TiO2 matrix [76], coprecipitation, hydrothermal and sol-gel syn-

thesis of dopant salts/alkoxides together with titanium salts/alkoxides [67-69].  Such 
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doped TiO2 has been reported to possess improved material properties, but with little dis-

cussion on the homogeneity of doping concentration or microstructure.  Inhomogeneous 

doping would introduce microstructural variations, and possibly affect the actual overall 

material properties.  In addition, despite their popularity, the above methods have draw-

backs such as the requirement of high sintering temperatures in solid-state cofiring, pos-

sible change in the colloidal properties of TiO2 powders by impregnation, the need of a 

very homogeneous microstructure for infiltration, and a requirement of similar precipita-

tion/hydrolysis conditions for the dopant and titanium precursors (coprecipitation, hydro-

thermal and sol-gel synthesis).  Here the infiltration method is considered to be the most 

suitable since homogeneous porous TiO2 compacts are already available [59], which are 

expected to result in homogeneous distribution of dopants.  Porous TiO2 compacts were 

prepared from filtration of colloidally-stabilized TiO2 suspensions, followed by low tem-

perature calcination, as discussed in Chapter 4.2.1.  The processing behavior of the infil-

tration solution plays an important role in the distribution of cation dopants.  During sol-

vent removal, the infiltration solution will experience a higher capillary force at smaller 

pores than bigger pores.  Therefore simple precursor solutions would be continuously 

drained from bigger pores and concentrated in smaller pores [47].  To resolve this prob-

lem, we prepared dopant cation solutions with citric acid (CA) and ethylene glycol (EG), 

which form stable gel at a low temperature and hence immobilize dopant cations (Pechini 

method [31]) during solvent removal and subsequent debindering [55].  This gel-assisted 

infiltration method as described was used for homogeneous Al-doping in TiO2. 

4.3.2 Experimental Procedure 

Infiltrating solution 

Al(NO3)3·9H2O (99.997%), and citric acid (CA, ≥99.5%) were obtained from Sigma-

Aldrich, and ethylene glycol (EG, >99%) was obtained from Alfa Aesar.  Solutions of 

CA and EG were first prepared to determine a proper concentration for infiltration.  

Three concentrations were studied: an aqueous solution of 1.0 mol/L CA and 1.4 mol/L 

EG (CAEG1), an aqueous solution of 3.5 mol/L CA and 5.0 mol/L EG (CAEG3), and a 

mixture of 5.0 mol/L CA and 7.5 mol/L EG (CAEG5).  This led to a choice for CAEG3 



 

as the infiltrating medium for Al(NO3)3.  The concentration of Al3+ ( ) in the infiltrat-

ing solution was calculated from the porosity (φp) in 700TiO2 and the targeted doping 

concentration [Al] (x ppm).  In a perfect doping procedure, the total amount of Al3+ in the 

infiltrated solution equals to that of the eventual Al present in TiO2 after sintering.  

Therefore  in mol/L is 

3+Al
c

3+Al
c

 2
3+

2

TiO p 3
Al

TiO p

1
10

ρ
c

M
x

φ
φ

−−
= ⋅ ⋅ ⋅  (4.11) 

where the molecular weight of TiO2 ( ) is 79.87 g/mol, and the density of TiO2 

rutile is 4.25 g/cm3.  Three doping concentrations of around 300, 600 and 1200 ppm were 

studied; the corresponding  were calculated and prepared to be 0.03, 0.06 and 

0.12 mol/L respectively in CAEG3.  For comparison of the doping quality using an Al3+-

CAEG3, a 0.12 mol/L Al(NO3)3 aqueous solution (Al3+-H2O) was prepared, targeting a 

1200 ppm doping concentration. 

2TiOM

3+Al
c

Infiltration procedure 

The weight of the 700TiO2 compact was used to obtain the pore volume and expected 

weight gain after a thorough infiltration of the Al3+ solution.  Al3+-CAEG3 or Al3+-H2O 

solution infiltrated from one side of 700TiO2 at room temperature (r.t.) until the actual 

weight gain of the infiltrated 700TiO2 matched the expected value.  The compact was 

covered for 2 hours to avoid water evaporation while the solution was penetrating into 

700TiO2.  After confirming that no solution was visible on either compact surface, the 

Al3+-infiltrated 700TiO2 was heated at 120ºC overnight (~12 hours).  A step-wise thermal 

treatment was thereafter carried out for organics removal and sintering: 0.2ºC/min heat-

ing to 450ºC, 5ºC/min heating to 900ºC…1300ºC and dwelling for 10 hours, followed by 

5ºC/min cooling to r.t.  An oxygen restore was carried out in air for pure and Al-doped 

1000TiO2 and 1300TiO2 at 900 and 1100ºC respectively for 50 hours. 

The average pore size of 700TiO2 was measured using gas adsorption/desorption iso-

therms with a Micromeritics ASAP 2020 Surface Area and Porosimetry analyzer [47].  

During adsorption, physical gas adsorption first occurs onto the external surface as well 
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as the pores; as the gas pressure increases, the gas starts to condense within the pores.  In 

desorption the reverse process takes place.  The two mechanisms should be both consid-

ered during the pore size calculation: (a) physical adsorption on the pore walls and (b) 

capillary condensation in the inner capillary volume.  It is assumed that the porous mate-

rial has cylindrical pores with an average radius of pr , and that the adsorption layer thick-

ness is adt .  Hence the actual radius of the inner cylinder is c p ar r t d= − , which can be cal-

culated from the Kelvin equation 

 LV L
0

c

2 cosln
R
γ V θp

p Tr
−

=  (4.12) 

where p0 is the saturation gas pressure of the liquid having a plane surface, γLV is the sur-

face tension of the liquid-vapor interface, VL is the molar volume of the liquid, θ is the 

contact angle between the liquid and the pore wall, R is the gas constant, and T is the ab-

solute temperature.  For liquid nitrogen which is exclusively used for gas adsorption 

measurement, equation (4.12) is written as 

 c 0
4.05 A

log( )
r

p
p

=
D

 (4.13) 

A simplified Barrett-Joyner-Halenda (BJH) correction is applied, which assumes that the 

ratio of the inner radius to pore radius ( p ad

p

r t
r
−

) is a constant [77].  In this study, desorp-

tion isotherms were obtained for p0 to 0.6p0 with the simplified BJH correction to obtain 

the accumulated data. 
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The density of the CAEG3 solution was calculated from its weight and volume.  The vis-

cosity of the CAEG3 solution was measured using a simple Falling Ball Viscometer (316 

Stainless Steel ball with glass tube #2, Gilmont Instrument).  The contact angle of 

CAEG3 on a dense TiO2 surface was measured using an EasyDrop Contact Angle Meas-

uring Instrument (Krüss).  The actual Al concentration in sintered TiO2 was characterized 

by Laser Microprobe Analysis (LMA), using a New WaveTM UP193 193 nm Laser Abla-

tion System sampling into a Thermo Finnigan Element 2 HR-ICP-MS.  SEM was carried 



 

out on as-formed 700TiO2 surface or on thermally etched cross-sections of sintered TiO2 

with Al doping.  EDAX in a Philips XL30 ESEM was used to detect any Al-rich clusters 

on the surface of sintered TiO2 prepared by infiltrating Al3+-CAEG3 and Al3+-H2O solu-

tions respectively. 

4.3.3 Results and discussions 

700TiO2 had a porosity of 34.0% as shown in figure 4.9 and an average pore diameter of 

~45 nm from BET measurement shown in figure 4.14.  The SEM image in figure 4.15 

shows that 700TiO2 has a porous and homogeneous microstructure. 

 

Figure 4.14: Pore size distribution in 700TiO2 from BET measurement. 
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Figure 4.15: SEM image of 700TiO2 surface. 

CAEG and Al(NO3)3 solutions 

The gelling temperature of CAEG1, CAEG3 and CAEG5 solutions increased from 

~110ºC, ~120ºC to ~160ºC.  This was attributed to the present protons (i.e. H3O+) that 

catalyzed the gelation and had a higher concentration in the most diluted CAEG solution.  

Most of water in the initial solution evaporated just before gelation, possibly leaving the 

pores in the TiO2 compact partially filled with CAEG gel.  Therefore a concentrated 

CAEG solution was preferred to provide a stable gel, and an effective immobilization of 

Al3+ inside the pores.  After gelation, CAEG1, CAEG3 and CAEG5 had a volume shrink-

age of ~70%, ~20% and <5% respectively.  The nonaqueous CAEG5 solution showed 

little volume shrinkage after gelation, but was nonetheless not suitable for subsequent 

organics removal.  In that case, the as-formed gel would block porous channels, inhibit 

H2O and COx releasing during organics removal, and result in unwanted extrusion of pre-

cursor materials to the surface.  CAEG3 was therefore selected as the carrier for 

Al(NO3)3.  The density of Al3+-CAEG3 was 1.31 g/ml, which was used to calculate the 

expected weight gain for fully infiltrated 700TiO2. 

The propagation rate of liquid penetrating into a cylindrical channel is [78] 

 52



 

 

2LV
A L p p

p

2( cos )(

8

γP g 4 )ρ h θ r sr
rdX

dt ηX

+ + +
=  (4.14) 

where X is the penetration distance, PA is unbalanced atmospheric pressure, ρL is the liq-

uid density, h is the vertical distance between liquid fronts at two times, γLV is the surface 

tension of the liquid-vapor interface, θ is the contact angle between the liquid and the 

pore wall, s is the slip coefficient, rp is the channel radius, and η is the dynamic viscosity 

of the liquid.  Since the CAEG3 solution wets the TiO2 surface, s ~ 0.  In the case of cap-

illary penetration, LV
A L

p

2γ cosP gρ h θ
r

+ � .  All this implies that (4.14) is therefore sim-

plified to 

 LV p cos
4

γ r θdX
dt ηX

=  (4.15) 

Integrating both sides of (4.15) results in the penetration time (t) 

 
2

LV p

2
cos

X ηt
γ r θ

=  (4.16) 

X was estimated from multiplying the thickness of porous 700TiO2 compact by a typical 

tortuosity of 3 [47].  rp was ~23 nm from figure 4.14.  The CAEG3 solution had η of 

39.9±2.0 mPa·s at room temperature, γLV of 57.1±0.4 mN/m and θ of 38.9±4.6º on dense 

TiO2 compacts.  Substitution of these values into (4.16) gave an estimated period of 

0.8 hour for Al3+-CAEG3 to completely infiltrate a 2 mm thick 700TiO2 compact from 

one side.  For the case of Al3+-H2O infiltration, the solution viscosity at r.t. was 

~1.00 mPa·s, and the estimated infiltration time was 0.02 hour.  The actual infiltration 

time was chosen as 2 hours to ensure a complete penetration for both Al3+-CAEG3 and 

Al3+-H2O.  When using the calculated amount of infiltration liquid, no solution was visi-

ble on either 700TiO2 surface after 2 hours. 
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Sintered TiO2 with Al-doping 

 

Figure 4.16: Al-rich clusters on the surface of sintered 1100TiO2, prepared by Al3+-
H2O infiltration. 

Al-doped TiO2, prepared by Al3+-H2O infiltration, was found to have with small clusters 

on the TiO2 surface, as shown in figure 4.16.  The actual Al concentration in these clus-

ters was as high as ~30 at% from EDAX analysis.  On the contrary, Al-rich clusters were 

not observed on Al-doped TiO2 prepared with Al3+-CAEG3 infiltration.  The actual [Al] 

in dense TiO2 (sintered at 1100ºC) was close to the targeted values, as indicated by the 

LMA results in table 4.2.  LMA also showed a homogeneous doping level of ~1220 ppm 

across the sample thickness of 1200 ppm Al doped TiO2.  The homogenous doping pro-

file, obtained after Al3+-CAEG3 infiltration, is attributed to a very efficient immobiliza-

tion of Al3+ by the CAEG gel within TiO2 compacts.  The slow rate of 0.2ºC/min between 

120ºC to 450ºC was used to gradually remove H2O and COx without corrupting CAEG 

gel or 700TiO2 compact.  In a regular Pechini synthesis, self-combustion often occurs 

above 100ºC in the presence of concentrated metal nitrates.  However, no visible combus-

tion occurred in Al(NO3)3-infiltrated TiO2, mainly because of the very low concentration 
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of NO3
-.  During gelling and organics removal, there was no color change, or other visi-

ble changes in the TiO2 compacts. 

Target [Al] [Al] at the upper (infiltrating) side [Al] at the bottom side 

300 ppm 350 ppm 350 ppm 

600 ppm 650 ppm 620 ppm 

1200 ppm 1270 ppm 1200 ppm 

Table 4.2: LMA results of Al doped TiO2, prepared with Al3+-CAEG3 infiltration. 

 

Figure 4.17: 1100TiO2 with (a) no dopant, (b) 300 ppm Al, (c) 600 ppm Al, (d) 
1200 ppm Al.  All samples were polished and thermal etched. 
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The SEM images of dense Al-doped TiO2 are shown in figure 4.17 and 4.18.  The aver-

age grain size was found to be independent of Al concentration.  The homogeneous dense 

microstructure was attributed to both a uniform doping, and a homogeneous microstruc-

ture of the starting porous TiO2.  For 1300TiO2, the undoped sample appeared to be more 

porous than doped samples and showed less grooving. 

 

Figure 4.18: 1300TiO2 with (a) no dopant, (b) 300 ppm Al, (c) 600 ppm Al, (d) 
1200 ppm Al.  All samples were polished and thermal etched. 
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Figure 4.19: Measured dielectric loss of (a) undoped and Al doped TiO2 before O re-
store, (b) undoped and Al doped 1300TiO2 after O restore. 

Figure 4.19(a) shows the measured dielectric properties of undoped and Al doped TiO2 

sintered at different temperatures.  Although Al was reported to decrease tan δ by >70 

times with respect to the undoped TiO2 [18], our results showed the Al dopant did not 

significantly decrease the already very low tan δ values.  In addition, the highest doping 

concentration of 1200 ppm resulted systematically in higher tan δ, for all the sintering 

temperatures.  It was observed after oxygen restore, tan δ did not change for pure or Al-

doped 1000TiO2, but slightly decreased by ~4% in both pure and Al-doped 1300TiO2 as 

shown in figure 4.19(b).  It is concluded that O-restore and Al doping did not effectively 

reduce tan δ possibly because of an already small O reduction to be compensated.  It 

should be noted that in [18] the use of a solid-state co-sintering at 1500ºC led to inhomo-

geneous microstructures and substantial grain growth.  In our study, good homogeneity 

was maintained starting from the TiO2 green body to the sintered TiO2 structure, also 

with Al-doping.  The observed loss at 6.4 GHz was equivalent to the reported best value 

if equation (2.23) was taken into account.  Moreover, the measured εr′ of 115 was higher 

than the 100-105 found mostly in the literature.  This gel-assisted infiltration method is 
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considered to be of generic use for cation doping systems where chemical and micro-

structural homogeneity is critical. 

4.4 Laminates of home-made α-Al2O3 and TiO2 

The relative high loss in the AD laminates discussed in Chapter 3 was also due to the 

presence of the external organic adhesive used for lamination.  Here we explored lamina-

tion of α-Al2O3 and TiO2 by a reactive bonding.  Individual α-Al2O3 and TiO2 sheets 

were fabricated from tape-casting as described in Appendix A.  The α-Al2O3|TiO2 lami-

nates were fabricated from the two sheets, with α-Al2O3 as outer surfaces.  This is be-

cause α-Al2O3 has a TEC, 1…2 ppm/K (depending on the actual temperature) smaller 

than that of TiO2, and will be under compression during cooling [49,79].  The formation 

of an Al2TiO5 intermediate layer was observed when α-Al2O3 and TiO2 were co-sintered 

at 1300ºC for 3 hours with a slight pressure of 0.25 MPa applied.  This layer, as shown in 

figure 4.20, can be used as an intrinsic (reactive) adhesive, to replace the more lossy ex-

ternal adhesive.  Microstructure of α-Al2O3 and TiO2 was observed of less homogeneity 

than that in the samples prepared from colloidal processing.  This can be ascribed to a 

low compacting capability of tape-casting process, due to the use of a relatively high 

amount of binders and additives. 
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Figure 4.20: (a) cross-section of homemade α-Al2O3|TiO2 laminates, sintered at 1300ºC 
for 3 hours.  (b) Microstructure at the α-Al2O3 and TiO2 interface. 

Small laminates of cm dimensions were obtained intact and sustained diamond-

machining; whereas larger parts tended to crack during machining.  Cracking and de-

lamination were a result of the dissimilar TECs of α-Al2O3 and TiO2, and residual ther-

mal stress in the laminates.  They may initiate during cutting at the free edges of the 

bonding surface, where a highly localized stress was observed and predicted normal to 

the sheet plane [80-82].  Therefore, a hot-press technique should be applied to the lami-

nates to lower the reaction temperature, reduce the residual stress and the thickness of 

Al2TiO5.  An externally applied compression stress and thinner layers of α-Al2O3 and 

TiO2 may also be favorable to avoid crack formation. 
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CHAPTER 5 

MAGNETIC MATERIALS FOR MICROWAVE 

FREQUENCIES 

Ferrimagnetic iron oxides (ferrites [6]) are the most promising for applications at MW 

frequencies, because they combine the properties of a magnetic material with that of an 

electrical insulator [7].  Ferrites have a much higher electrical resistivity than metallic 

ferromagnetic materials, resulting in minimization of eddy current losses, and total pene-

tration of the EM field.  Furthermore, the widespread use of ferrites rests upon a remark-

able flexibility in tailoring the magnetic properties, ease of preparation, and a favorable 

cost price.  Hence ferrites are frequently applied as circuit elements, magnetic storage 

media like read/write heads, non-reciprocal and non-linear devices, such as phase shifters 

and Faraday rotators.  The electromagnetic properties of ferrites are affected by operating 

conditions such as field strength, temperature and frequency.  Generally, ferrites have 

relatively low Curie temperatures (TC), at which ferrimagnetic materials become para-

magnetic.  Also due to their magneto-crystalline anisotropy, the frequency range of some 

ferrites is limited by the occurrence of transverse ferrimagnetic resonance (FMR), the so 

called Snoek’s limitation [83].  Therefore, magnetic losses and thermal stability in ferrites 

need particular attention. 

Ferrites include a wide range of materials with various crystal structures, compositions 

and applications.  In this chapter, a short literature survey is presented about specific 

types of ferrites, which can be applied at the MW range with low losses.  First of all, the 



 

crystal structures and basic ferrimagnetisms were reviewed.  Then, the fundamental mag-

netic behaviors and limitations are discussed, as well as possible technical solutions.  

This is followed by a summary of preparation methods for bulk, film and granular ferrites 

with a few typical examples of the latest developments.  Ca,V,Zr-substituted yttrium-iron 

garnets, as an example of low-loss ferrites, will be discussed since they are considered for 

the ferrimagnetic component for MPAs antennas as discussed in Chapter 1.1 [12].  Re-

duction of both magnetic and dielectric losses is expected to be attainable by careful con-

trol of chemical compositions and ceramic fabrication routes. 

5.1 Intrinsic properties of ferrites 

Commonly used ferrites are classified into three types: spinels, hexagonal ferrites and 

garnets, according to their primary crystal lattice.  Generally, ferrimagnetism arises from 

the antiparallel alignment of the magnetic moments on transition metal ions, present on 

different magnetic sublattices.  The origin of the antiparallel coupling can be explained 

by super-exchange of valence electrons between the filled p-orbitals of O2- and unfilled 

d-orbitals of the transition metal cations.  In ferrites, the oppositely directed magnetic 

moments do not exactly cancel, thus a net magnetic moment results [5,6,84]. 

5.1.1 Spinels 

Spinels have the general formula MeO·Fe2O3, where Me represents a divalent transition 

ion or a combination of ions having an average valence of two [6].  In spinel ferrites, the 

relatively large oxygen anions form a cubic close packing with ½ of the octahedral and ⅛ 

of the tetrahedral interstitial sites occupied by metal ions.  Figure 5.1 shows a cubic unit 

cell containing eight formula units, in which tetrahedral and octahedral sites are labeled 

as A and B respectively.  The distribution of cations over A- and B-sites is determined by 

their ionic radius, electronic configurations and electrostatic energy in the spinel lattice 

[6].  Cations like Zn2+ and Cd2+, show a marked preference for the A sites, thus their 

spinels are obtained with a formula Me2+[ 3
2Fe + ]O4, where the Fe3+ ions between brackets 

are on the B-sites.  When cations have a stronger B-site preference than Fe3+, as is the 
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case for Mn2+, Ni2+ and Co2+, Fe3+ can occupy A-sites to form inverse spinels, denoted as 

Fe3+[Me2+Fe3+]O4. 

 

Figure 5.1: Two octants of a spinel unit cell.  A and B represent tetrahedrally and oc-
tahedrally coordinated sites respectively [85]. 

The spinel crystal structure can be considered in terms of A-site and B-site magnetic 

sublattices.  In the Néel model of ferrimagnetism, there are three super-exchange interac-

tions: A-A, B-B and A-B, which are all antiferrimagnetic.  The A-B interaction has the 

greatest exchange energy, primarily due to the small cation-O2- bond length and the fa-

vorable cation-O2--cation bonding angle [6].  The dominance of the A-B interaction re-

sults in antiparallel alignment between the magnetic moments in the two types of sublat-

tices, and also parallel alignment of the cations within each sublattice, despite the A-A or 

B-B antiferrimagnetic interaction.  Therefore in the ideal inverse spinel structure, the spin 

moments of Fe3+ on B-sites cancel out with those of Fe3+ on A-sites.  The net magnetiza-

tion of the solid is ascribed to the uncompensated magnetic moments from all the divalent 

ions at B-sites. 
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The best magnetic properties are obtained with mixed spinels, which contain more than 

one divalent cation, such as NiZn and MnZn spinels.  The substitutions influence the de-

gree of the inversion, the strength of the super-exchange, the magnetic moment, and TC.  

For examples: 

• the saturation magnetization (4πMs) of MgMn spinel can be varied from 95 to 

223 KA/m (1200 to 2800 G), depending on the degree of inversion, in turn depending 

on the sintering conditions [7], 

• addition of Zn2+ at A-sites increases Ms, but reduces TC [6], 

• small amounts of Co2+ reduce the crystal anisotropy, because the anisotropy of Co 

partly compensates that of Fe [5,6]. 

5.1.2 Hexagonal ferrites 

 

Figure 5.2: Composition diagram of ferrites, indicating hexagonal ferrite phases: M, 
W, Y, and Z, and spinel S, after [6]. 

The group of ferrites possessing hexagonal crystal structures is referred as hexagonal fer-

rites or hexaferrites.  Four types of hexagonal ferrites are distinguished and indicated as 
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M, W, Y and Z as shown in the composition diagram in figure 5.2.  They correspond to 

(BaO+MeO)/Fe2O3 ratios of 1:6, 3:8, 4:6 and 5:12 respectively.  Me can be a transition 

metal cation or a combination of cations as it would occur in spinels.  The crystal and 

magnetic structure of the different types of hexagonal ferrites are remarkably complex, as 

shown for the most important M-type BaFe12O19 in figure 5.3.  The M-type unit cell con-

tains 10 oxygen layers, sequentially constructed from 4 blocks, S (spinel), R (hexagonal), 

S* and R*.  S* and R* have equivalent atomic arrangements as S and R, but are rotated 

180° about the c axis with respect to S and R.  An S or S* block consists of two O2- lay-

ers; while an R or R* block contains three O2- layers, with one oxygen position in the 

middle layer replaced by a Ba2+ ion [86]. 

 

Figure 5.3: Structure of M type BaFe12O19 [86]. 
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Each block in the M-type hexagonal ferrite has 6 interstitial Fe3+ ions in 3 different types 

of lattice sites, having parallel or opposite spin directions, as listed in table 5.1.  In the R 

or R* block, the super-exchange interactions force Fe3+(I) to be aligned antiparallel with 

Fe3+(II) and Fe3+(III), whereas the latter two are parallel to each other, as shown in fig-

ure 5.3.  These strongly preferred alignments are imposed on the adjacent S and S* 

blocks, and account for the uniaxial magnetization anisotropy of the crystal along the c 

axis [5].  The entire unit cell has a net magnetic moment of 20 μB, in which the Bohr 

magneton μB is the magnetic moment produced by one unpaired electron. 

Sub-block Tetragonal Octahedral 

S and S* ↓↓ ↑↑↑↑ 

R and R* - ↑↑↑↓↓ 

Table 5.1: Types of lattice sites and spin directions of interstitial Fe3+ ions in S, S* R 
and R* blocks [86]. 

5.1.3 Garnets 
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The general formula for garnets is Re3Fe5O12, where Re is one of the rare earth metal 

ions, including Y, La and Gd.  The cubic unit cell contains 8 formula units or 160 atoms, 

which can be described as a spatial arrangement of 96 O2- with interstitial cations.  A 

well-known garnet, yttrium iron garnet Y3Fe5O12 (YIG) is shown in figure 5.4.  The co-

ordination of the garnet cations is considerably more complex than that in spinels, with 

24 Y3+ in dodecahedral (12-coordinated) sites, 24 Fe3+ ions in tetrahedral sites and the 

remaining 16 Fe3+ in octahedral sites.  Like in spinels and hexagonal ferrites, a wide 

range of transition metal cations can substitute Y3+ or Fe3+; especially rare earth ions may 

replace the ions on octahedral and dodecahedral sites.  The cation site distribution in gar-

nets is normally represented by grouping between { }, [ ], ( ) for dodeca-, octa- and tetra-

hedral sites respectively, and hence YIG can be written as .  A substi-

tuted YIG can be written as {Y , in which Mel+, Mem+ 

and Men+ are different substitution cations.  Chemical stoichiometry leads to the relation 

3 2 3{Y }[Fe ](Fe )O

+
12)On

z

12

+ +
3- 2- 3-}[Fe ](Fel m

x x y y zMe Me Me



 

of 3( )x y z xl ym zn+ + = + + .  The substitution is not fully random, as each type of lat-

tice site will accept specific metal ions with a suitable size: 0.9…1.05 Å at dodecahedral 

sites, 0.65…0.8 Å at octahedral sites and 0.4…0.64 Å at tetrahedral sites [29].  For ex-

ample, pentavalent ions such as V5+ and As5+ occupy tetrahedral sites, while Ca2+ substi-

tutes on dodecahedral sites [87]. 

 

Figure 5.4: Unit cell structure of YIG, showing cation coordination structure [84]: 
Fe3+(: ) on tetragonal sites, Fe3+(●) in octahedral sites and Y3+(○) on dodecahedral sites. 

In YIG, Y3+ with no 4f electrons does not have a magnetic moment; three Fe3+ ions on 

tetrahedral sites align antiparallel with two Fe3+ on octahedral sites.  The dominant anti-

ferromagnetic exchange between these two types of Fe3+ results in a net magnetic mo-

ment of 5 µB per formula unit.  In case Re3+ has a permanent magnetic moment, the Re3+ 

ions form a third magnetic sublattice.  At low temperatures, the overall magnetization is 

parallel to that of Re3+; whereas at increased temperatures, Re3+ behaves paramagnetically 
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in the exchange field produced by the strong Fe3+ coupling [87].  Therefore, a compensa-

tion temperature will be observed in the magnetization curve, when the sign of the spon-

taneous magnetization reverses.  The magnetic properties of YIG can be tailored over a 

very wide range, as all three different crystallographic sites are available for substitutions 

by different metal cations with various valence states.  For instance, Sc substitutions at 

octahedral sites raise 4πMs up to 151 KA/m (1900 G); whereas Al or Ga substitutions at 

tetragonal sites can lower 4πMs to 24 KA/m (300 G). 

5.2 Relevant theory of magnetism 

MW applications of ferrites are based on the unique interactions of MW radiation with 

ferrites.  These high frequency properties depend on the motion of magnetic dipoles in 

the presence of a constant magnetic field and a superimposed MW magnetic field.  Here 

we discuss the magnetic behavior of ferrites in a static field, and followed by a discussion 

of MW field response. 

5.2.1 Ferrites in a static field 

If a magnetic material is in a static magnetic field H, the magnetic induction inside the 

ferrite B is calculated by (in SI unit) 
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) 0 (μ= +B H M  (5.1) 

where μ0 is the permeability of free space and M is the magnetization inside the ferrite.  

The magnetization depends on the external field and materials properties, with the latter 

determined by both individual magnetic moments of the constituent particles and the in-

teractions between each other.  The magnetization is related to the field by 

 mχ=M H  (5.2) 

where χm is the magnetic susceptibility, which represents that extent of material response 

to an applied magnetic field.  From equation (5.1) and (5.2), the permeability is defined 

as 

 0 m 0(1 ) rμ μ χ μ= = + =
B
H

μ  (5.3) 



 

where μr is the relative permeability.  The magnetization curve, i.e. a plot of M vs H, is 

often used to represent the magnetic behavior of ferrites in a static field.  As shown in 

figure 5.5, the curve (from 0→Ms) can be sub-divided into three major regions: (0→a) 

the initial susceptibility region where reversible domain wall movements and rotation oc-

cur, (a→b) where irreversible domain wall motion occurs, and (b→Ms) where the irre-

versible magnetization rotation occurs.  M is effectively constant above saturation, and 

the entire M vs H curve forms a hysteresis loop. 

 

Figure 5.5: A typical hysteresis loop of a ferrite.  Mr, Ms, and Hc are the remanence, 
saturation magnetization, and coercivity respectively. 
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5.2.2 Wave propagation in ferrites 

 

Figure 5.6: Electron precession under the influence of a static magnetic field H0, after 
[88]. 

The magnetization of the ferrites is primarily due to uncompensated spin moments of the 

electrons [6].  In a bias static magnetic field H0, the magnetic moment M precesses 

around the direction of H0 as shown in figure 5.6.  The classical equation of magnetiza-

tion motion, without damping, is 

 g (d γ
dt

)= ×
M M H  (5.4) 

where H is the sum of all the magnetic fields experienced by the spinning electrons.  The 

gyromagnetic ratio γg, is the ratio of magnetic moment to the angular momentum, and 

given by e

e

35.2 Km/(A s) (SI) 2.8 MHz/G (cgs)
2 c
gq
m

= ⋅ =  for free electrons.  Here qe is 

the absolute value of the electronic charge, me is the mass of the electron, c is the velocity 
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of light and the Landé g-factor equals 2 for pure spin moments.  To describe the effect of 

MW field, it is assumed that a MW field hexp(jωt) is superimposed on and propagates 

parallel to H0 along the z-axis, with an amplitude much smaller than that of H0.  The 

overall magnetic fields can be expressed as 

 i exp( j )ωt= +H H h  (5.5) 

where ω represents the frequency of the MW field and Hi is the sum of the static fields 

within the ferrites.  In addition to the external H0, Hi includes the internal bias field from 

the magnetocrystalline anisotropy and the demagnetizing field counteracting H0.  For an 

infinite medium without anisotropy, magnetostriction or imperfections, only H0 contrib-

utes to Hi.  Therefore the spinning electrons experience a large static magnetic field along 

z-direction, and a small alternating component perpendicular to the z-axis.  The magneti-

zation is 

 0 exp( j )ωt= +M M m  (5.6) 

where M0 is equal to Ms at a given temperature if the ferrite is saturated under H0, m is 

the magnetization caused by the MW field.  Since it is assumed that , the preces-

sion remains very small and .  Substitution of 

0H � h

0

0M m� (5.5) and (5.6) into (5.4) results in 

a singularity of m when 

 0 gω γ H=  (5.7) 

This is defined as the gyromagnetic resonance condition (in an infinite medium), at which 

the torque from the MW field on spinning electrons is in phase with their precessional 

motion in the static field.  As a result, the precession amplitude increases; and energy of 

the MW field transfers to the spin system.  The permeability tensor is formulated as 

  (5.8) 
r r

0 r r

0
0

0 0 1

μ jκ
μ jκ μ

−⎛ ⎞
⎜= −⎜
⎜ ⎟
⎝ ⎠

μ ⎟
⎟

in which 
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0

1 ω ωμ
ω ω

= +
− 2  (5.9) 

 m
r 2

0

ωωκ
ω ω

=
− 2

s

 (5.10) 

The resonance frequency m g 4πω γ M=  if the ferrite is magnetically saturated.  When a 

plane MW wave propagates parallel to the bias field, the ferrite is considered as an insu-

lating medium with a permittivity ε and a magnetic tensor shown in (5.8).  Solving Max-

well equations applied to the MW field leads to a plane wave solution in the form of 

h = h0exp(-Γ), in which Γ is the propagation constant.  Two propagation constants are 

obtained 

 

1
+ 2

r r

1
2

r r

j ( )
c
j ( )
c

ωΓ ε μ

ωΓ ε μ

+

− −

= ⋅

= ⋅

 (5.11) 

in which the effective permeability is 

 r r

r r

+
r

r

μ μ κ

μ μ κ−

= +

= −
 (5.12) 

The positive and negative signs correspond to the two oppositely circularly-polarized 

waves resolved from the linearly polarized plane MW wave.  Since , r 0κ ≠ r rμ μ+ −≠  and 

Γ Γ+ ≠ − .  In particular, μr
+ goes into resonance, whereas μr

– is weakly influenced.  

Therefore one hand of polarization wave travels faster and rotates more than the opposite 

hand over a fixed length.  When these two circular polarized waves are recombined to a 

plane wave, the polarization direction is rotated with respect to that in the incident wave.  

This is known as the Faraday rotation (FR) of MW in ferrites. 

In reality, magnetic relaxation occurs, as the energy of the uniformly processing spin sys-

tem transfers into lattice vibrations and finally dissipates as heat.  The energy loss can be 

expressed as the imaginary components in (5.9) and (5.10) 
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r r r
*μ μ jμ′ ′′= −  (5.13) 

 r r
*κ κ jκr′ ′′= −  (5.14) 

 r r r r r

r r r r r

+ * *

* *

μ μ κ μ jμ

μ μ κ μ jμ

+ +

− − −

′ ′′= + = −

′ ′′= − = −
 (5.15) 

in which μr′, μr″, κr′, κr″, μr′± and μr″± are functions of γg, ω, M0, H0 and the relaxation 

processes.  The complex propagation constants are now 

 

1
+ 2

r r

1
2

r r

j ( )
c
j ( )
c

ωΓ ε μ α jβ

ωΓ ε μ α jβ

+ + +

− − −

= ⋅ = +

= ⋅ = + −

 (5.16) 

in which α is the attenuation constant of amplitude, and β is the phase constant.  The rela-

tion of α±, β±, μr′± and μr″± with the magnitude of the applied H0 at a fix MW frequency is 

shown by an example in figure 5.7. 

 

Figure 5.7: Variation of (a) the propagation constants in (5.16) and (b) the effective 
permeability in (5.15) with the external field H0, after [5].  In this example, the resonance 

line width ΔH = 40 KA/m (500 Oe), the saturation magnetization 4πMs = 160 KA/m 
(2000 G), and the MW frequency is fixed at 9 GHz. 



 

Faraday rotation 

Faraday rotation (FR) was named after M. Faraday, who discovered that the polarization 

plane of a linearly polarized light rotated as the light propagated through a paramagnetic 

liquid under an applied magnetic field.  At MW frequencies, FR is also observed and the 

net rotation angle per unit length is expressed by the phase constants in equation (5.16), 

assuming no attenuation in the amplitude of both circularly polarized propagations [5]. 
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 (5.17) 

in which θF is the specific FR angle (radian/m).  It would be seen from figure 5.7(a) 

|| β β− +−

0ω ω�

 is large over a broad region below resonance, which suggests that FR-utilized 

devices should be operated below resonance and close to the region of the negative effec-

tive permeability, as shown in figure 5.7(b).  At a small field below resonance with 

 and  mω>ω

 

1
2

m r
F 2c

ω εθ ≈  (5.18) 

which indicates that θF is determined by the saturation magnetization of the ferrites.  It is 

noteworthy that the FR direction depends on the direction of the bias field but not the 

propagating direction of the MW.  This non-reciprocal effect has made ferrites critical 

components in modulators, circulators, and isolators at MW frequencies. 

5.2.3 Magnetic losses and relaxation 

Magnetic relaxation and losses are closely related to both intrinsic and extrinsic factors, 

including the crystal structure, impurities, microstructure, porosity, geometric dimen-

sions, as well as the operating temperature, frequency and power of the MW field.  In a 

static or low frequency magnetic field, the magnetic losses are mostly ascribed as hys-

teresis losses.  The loss magnitude increases with a high magnetic anisotropy and magne-

tostriction, and can be visualized as the area within the hysteresis loop as shown in fig-

ure 5.5.  The hysteresis effect indicates the energy required for domain wall movement 
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under a magnetic field.  At high frequencies, the domain movement is not able to catch 

up with the alternating magnetic field, and consequently dampens.  Instead, other loss 

mechanisms arise, including eddy current loss, domain resonance and ferrimagnetic reso-

nance.  Eddy current loss is observed especially in more conductive ferrites, such as 

spinels.  In those materials, the conduction mechanism is primarily ascribed to electron 

hopping between cations, for example Fe2+↔Fe3+ and Mn2+↔Mn3+.  With modern prepa-

ration technique, the eddy current loss can be minimized, by careful control of the chemi-

cal composition of ferrites.  For instance, improvements were made by increasing the 

grain boundary resistivity through appropriate doping.  Dopants reported in literature, 

that have this effect, include the glass forming dopant SiO2, and segregating Nb2O5, ZrO2 

and Ta2O5 [89-92].  For ferrites with high resistivity, domain wall resonance and ferri-

magnetic resonance became dominant at high frequencies.  Domain wall resonance is 

closely related to the grain size and defect concentration.  A small grain size favors fewer 

domain walls and thus less associated resonance, as a result of the balance between the 

magnetostatic energy and domain wall energy.  The magnetostatic energy decreases with 

the volume of the grains (∝∅g
3), whereas domain wall energy increases proportionally to 

the wall area, which can be assumed ∝∅g
2.  Therefore below a critical grain size, single-

domain grains form favorably without domain walls or related domain wall resonance.  

The ferrimagnetic resonance is partly controlled by chemical composition and resultant 

magnetocrystalline anisotropy.  This resonance, in principle the same as the gyromag-

netic resonance, occurs in unsaturated ferrites, which experience primarily an anisotropic 

magnetic field provided by the crystal structure.  The domain wall resonance is usually 

observed at lower MHz, while ferrimagnetic resonance occurs at the high MHz or even 

GHz range depending on the actual structure and chemistry of the ferrites. 

In the MW frequency range, spin waves may be excited and coupled with the incoming 

MW waves.  The two major relaxation processes are [5,6,84,93,94], 

• spin-spin relaxation, during which the uniform precession of magnetic moments cou-

ple into degenerate spin wave modes having the same frequency, 
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• spin-lattice relaxation, during which energy is transferred from the uniform mode into 

lattice vibrations through various channels, such as impurities which couple to both 

the magnetic spin system and the crystal lattice. 

A good measure for the relaxation energy is the experimentally observed resonance 

linewidth ∆H, which is related to the damping rate.  Relaxation with a faster damping rate 

leads to a broader ∆H.  Spin-spin relaxation may be promoted by imperfections or inho-

mogeneities in ferrites, such as impurities, porosity, surface pits and anisotropy of ran-

dom-oriented grains.  For example, single-crystal YIG has the narrowest linewidth 

ΔH = 8.0 A/m (0.1 Oe) at 10 GHz; whereas polycrystalline YIG has a broader ΔH on the 

order of 800…8000 A/m (10…100 Oe) [95].  The ΔH broadening is associated with the 

effective magnetic field in each crystallite, which is the sum of macroscopic, demagnetiz-

ing and anisotropic field.  Because of the random orientation of the crystallites, there is a 

distribution of effective magnetic field, and in turn, a distribution of resonance frequen-

cies.  Inhomogeneities, such as inclusions, pores and surface roughness, can also disturb 

the local effective fields and lead to ΔH broadening.  In addition, the MW field with a 

high power may introduce instability of the spin motion, resulting in an early decrease of 

permeability before resonance.  The power threshold can be increased by reducing the 

average grain size. 

5.2.4 Ferrites in MW applications 

Spinels can be adapted for 3-30 GHz applications by selecting the proper chemical com-

position [96-99].  For instance, Li spinel is frequently used in microwave devices owing 

to its square hysteresis loop and a high TC [6]; Ni spinels are preferred for high power 

applications because of their stable magnetic properties for frequency and temperature 

variations.  However, spinel ferrites exhibit the well known Snoek’s limitation [83], i.e. 

spinel ferrite of a high permeability has a low natural ferrimagnetic resonance frequency, 

due to the small cubic magnetocrystalline anisotropy.  Contrary to spinels, garnets are 

rather weakly ferrimagnetic, due to their large formula unit.  Garnets contain only triva-

lent ions; therefore no electron hopping on cation sites can occur, leading to an extremely 

high resistivity and a low magnetic loss even at high frequencies.  Its saturation magneti-
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zation, temperature sensitivity and magnetocrystalline anisotropy can also be tuned by 

changing the compositions [5,86].  Hexagonal ferrites have been developed, for example 

as permanent magnets, for 1…100 GHz range because of their intrinsic uniaxial anisot-

ropy.  This makes their permeability values surpass the Snoek’s limitation [98], however 

also attributes to a high magnetic loss. 

In MW signal processing, such as the F layer in MPA structures, the required ferrite must 

have a low loss at GHz frequencies.  Neither spinels nor hexaferrites have favorable 

properties for MW FR applications, because of their relatively high eddy current loss 

and/or magnetic loss.  Therefore, the only choice will be garnet, which has the lowest 

current loss and narrowest resonance linewidth (indicating low magnetic losses) among 

ferrites.  Detailed studies on garnet properties and application conditions should be car-

ried out considering 

• chemical substitutions to lower losses and tune FR angles, 

• microstructural homogeneity, which is essential for eliminating imperfections as en-

ergy scattering centers, 

• porosity, which should be minimized to avoid “diluting” FR effect or increasing mag-

netic loss, 

• external static field, which should be sufficient to saturate the garnet below reso-

nance, 

• actual magnetic losses, which also depend on demagnetizing fields from microstruc-

tures and geometric dimensions, and the amplitude of the external static field, 

• power of MW waves, which should be smaller than the instability power threshold. 

5.3 Synthesis of polycrystalline ferrites 

Low-cost and reliable polycrystalline ferrites are used in industrial applications, although 

they may have less favorable magnetic properties than single crystal ferrites.  For MW 

applications, polycrystalline ferrites are required to have high density, fine grains, and 

homogeneous microstructures to avoid possible losses. 

Most of the bulk ferrites are prepared by a standard ceramic co-firing route [6,87].  In that 

route, raw material oxides/chlorides/carbonates are first stoichiometrically mixed using 
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dry, or more commonly, wet milling, followed by solvent removal by heating.  During 

calcination or pre-sintering, the raw materials are then reacted to form the ferrite phase.  

Typically the reaction temperature for spinels is 900…1200ºC, while it may be as high as 

1500ºC for hexagonal ferrites and garnets [87], because of their complex structures.  Af-

ter calcination, the heavily agglomerated lumps formed must be milled again to homoge-

nize/adjust their compositions and to obtain a more uniform and small particle size.  At 

the end of the milling cycle, organic binders are added to facilitate the particle packing 

during shape forming.  The ferrites are finally fired to dense materials, possibly at con-

trolled and programmed oxygen partial pressure, to obtain cations in the right valence.  

Tape casting, roll compaction, cold isostatic pressing (CIP) and hot pressing (HP) are 

also applied during compaction for shaping ferrite powders and achieving a high density.  

The major advantage of co-firing processing is its low-cost and fabrication convenience, 

which however is offset by inhomogeneous microstructures and imperfections leading to 

high losses in the prepared polycrystalline ferrite. 

Over the recent years, nanotechnology has also been extended to ferrites.  Various 

chemical synthesis techniques for ferrite nanoparticles have been proposed and devel-

oped.  Usually, the techniques start from the precursor preparation, in which the ions are 

well mixed on a molecular scale.  Solid precursor compositions are then formed by co-

precipitation [101,102], hydrothermal treatment [103,104], sol-gel methods [105] and 

spray roasting.  The solid precursors may be amorphous or crystalline single phases with 

a homogeneous or inhomogeneous composition or physical mixtures of such phases.  The 

precursors are heated to cause decomposition and chemical reaction to produce the de-

sired ferrite phase.  The new methods allow the calcining temperature to be lowered by 

400-600ºC compared to the conventional co-firing.  As a result, the primary particle size 

can be controlled in the nanometer scale range, and possibly with a large variation of el-

lipsoidal dimensions, such as in needles or ellipsoids.  However, these methods have been 

limited to relatively simple ferrites, such as pure YIG or two-component spinels, as mul-

tiple substitutions make it difficult to achieve a common condition for all the cations to 

hydrolysize/precipitate/gel.  Therefore, another group of synthetic techniques has been 

introduced to form a single, amorphous solid intermediate that is homogeneous on atomic 
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scale, directly from the liquid precursor solutions.  For example, in the Pechini processes, 

an intermediate amorphous solid complex forms, which is subsequently decomposed and 

thermally reacted to yield multi-component oxide phases.  Recently, several variants of 

self-sustaining combustion synthesis are also developed [106,107].  These combustion 

processes are rapid and may realize direct conversion from the molecular mixture of the 

precursor solution to the final oxide product, avoiding the formation of crystalline inter-

mediate phases that require inter-crystallite diffusion for completion of the reaction.  The 

phase forming temperature resulted in the Pechini or self-combustion methods can be 

hundreds of degree lower than co-firing methods.  In addition, they are more favorable to 

form uniform particle morphology, more specific, spherical particle morphology.  How-

ever, special precautions must be taken regarding release of gases, mainly of COx and 

NOx during combustion.  Magnetic nancomposites [108-111] have been studied which 

consist of nanoparticles embedded in a non-magnetic matrix, either inorganic or organic.  

These materials are believed to be promising because the matrices retard motion of the 

particles, resulting in individually dispersed particles with limited agglomeration and nar-

row particle size distribution. 

Planar magnetic elements have been required and used for compatibility with strip line 

and microstrip systems.  The typical thickness of these planar components is 0.1-0.2 mm, 

depending on the operation frequency.  The preparation methods of ferrite films include 

spin and dip coating [112,113], pulsed laser deposition (PLD) [114-116], and jet vapor 

deposition.  The PLD technique is most studied and applied to a variety of ferrites, result-

ing in good magnetic and dielectric properties.  For instance, PLD has been successfully 

applied to prepare high quality hexaferrite BaFe12O19 [115] and spinel Li-Zn films [108].  

Ferrite thin films have also been fabricated from coating of ferrite nanoparticles.  In addi-

tion, despite these successful preparations, problems with the microstructures of the fer-

rite films have been reported.  Ferrites are brittle materials; so internal and external 

stresses should be avoided to prevent cracking and peeling of the film.  The compositions 

need to be adjusted to reduce magnetostriction (change of the ferrite crystal dimensions 

upon magnetization).  And, of course, low-loss homogeneous microstructures must be 

maintained. 
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CHAPTER 6 

CA,V,ZR-SUBSTITUTED YIG 

6.1 Introduction 

As discussed in Chapter 5.2.4, the magnetic properties of ferrites can be tailored for spe-

cific applications by substitutions and microstructure-control.  Here we study for example 

the ferrite component (F layer) in MPA structures mentioned in Chapter 1.  As discussed, 

the requirements are FR of ~10 /mm and extremely low losses.  The actual F layer will be 

in a planar geometry with a thickness about 0.25 mm, which in practice will be deter-

mined by the actually realized FR angle θF.  MW devices, that utilize the FR effect, are 

usually operated below resonance to avoid significant energy absorption of the MW field 

by the spin system in ferrites.  Therefore equation (5.18) can be used to estimate a desired 

saturation magnetization in ferrites from the required the FR angle.  Actual losses are not 

easily predicted by mathematical equations, but generally decrease with reduced anisot-

ropy and porosity, and increased microstructural homogeneity. 

YIG was selected as the starting composition and structure, for its low loss and capability 

to host a wide range of substitutions.  It has been reported that at octahedral (d) site sub-

stitution, for example In3+, Sc3+ and Zr4+ [23,24], leads to an increased saturated magneti-

zation, and a reduced magnetocrystalline anisotropy.  Significant reduction of the half 

resonance linewidth (ΔH) was observed in those substituted garnets.  However, octahe-

dral substitutions decrease the Curie temperature (TC) substantially and hence the tem-

perature stability of the garnet.  Substitution on tetrahedral Fe3+ (a) sites generally results 

in a lower saturated magnetization, and decreased magnetocrystalline anisotropy [25].  
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V5+ is a common substitution in (a) sites, which can also provide enhancement in TC to 

compensate the unfavorable reduction by octahedral substitution [30].  This was ex-

plained by V5+ replacing the Fe3+-O2--Fe3+ super-exchange through its partially filled 3d 

states.  Dodecahedral sites are substituted, often by Ca2+, for charge compensation of 

cation substitutions with deviating valency on the two other sites.  Bi3+ dodecahedral sub-

stitution was reported to increase the light transmission and thus increase the effective FR 

of YIG in the optical regime [21,29].  In addition, both Bi3+ and V5+ have been reported 

to lower the sintering temperature of YIG by 200-300ºC [105]. 

For MPA applications at MW frequencies, a composition of Ca,V,Zr -substituted YIG 

(CVZG) was selected.  The functions of the multiple substitutions are: Ca2+ for charge 

compensation; Zr4+ for reducing magnetocrystalline anisotropy and increasing the satura-

tion magnetization (4πMs); and V5+ for maintaining a high TC.  Zr4+ is used instead of the 

more common In3+ because the ionic radius of Zr4+ (0.72 Å) is closer to that of Fe3+ 

(0.65 Å) than In3+ (0.80 Å) on octahedral sites.  The fabrication methods for this complex 

composition have been limited to conventionally co-firing and the Pechini method, as 

discussed in the previous chapter.  The Pechini gel method was used, because it favors (a) 

a homogeneous chemical composition, and (b) spherical particles in the eventual pow-

ders.  Preliminary experimental results were presented, followed by discussion on mag-

netic properties related to microstructures. 

6.2 Experiment procedure 

The starting chemicals were Ca(NO3)2·4H2O (ACS, Fisher), Fe(NO3)3·9H2O (ACS, 

ACROS), Y(NO3)3·6H2O (99.9%, Sigma-Aldrich), V2O5 (99.9%, Alfa-Aesar), 

ZrOCl2·8H2O (>99.5%, Ridel-deHaën) and citric acid (CA, >99.5%, Sigma-Aldrich), eth-

ylene glycol (EG, >99%, from Alfa-Aesar), and 1 N HNO3 (Ricca Chemical).  Deionized 

water was obtained from a Milli-Q® ultrapure water purification system (Millipore 

Corp.).  Concentrated aqueous solutions of Ca(NO3)2, Fe(NO3)3, Y(NO3)3 were prepared, 

as well as aqueous solutions of ZrOCl2, and V2O5 in diluted HNO3.  These solutions were 

used to avoid possible concentration variation due to poorly defined crystal water 
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stoichiometry in the hydrated salts.  The composition of CVZG was determined from lit-

erature data and prepared as Y2.65Ca0.35Fe4.70V0.05Zr0.25O12. 

Solutions of Y3+, Ca2+, Fe3+, V5+ and Zr4+ were mixed in their stoichiometric ratio.  CA 

and EG were added afterwards into the mixture in molar ratios of n(CA):n(total 

cations) = 1.5 and n(CA):n(EG) = 0.7.  The mixture solution was stirred in a 50ºC oil 

bath for 1 hour using a Rotavapor setup (model R-205v, Brinkmann Instruments Inc.).  

The oil bath temperature was then raised to 60ºC, and the pressure was gradually de-

creased from 1 bar to 20 mbar to remove water.  Evacuation was stopped when the gel 

had dried but not yet foamed.  The dried gel was taken out of the beaker and ground into 

powders using an agate mortar.  Thermal processing started with organic removal at 

450ºC for 30 min with a 1ºC/min heating rate, followed by calcining at 600ºC, 800ºC, 

1000ºC or 1200ºC for 1 hour, with 5ºC/min heating and cooling rate.  The calcined 

CVZG powders were denoted as 600CVZG…1200CVZG respectively.  The powders 

were ground again using an agate mortar for subsequent characterization. 

XRD patterns were obtained using a Scintag XDS 2000, operating with Cu-Kα radiation 

(λ = 1.5406 Å).  The lattice parameter and amount of impurity perovskite YFeO3 (YIP) 

phase were estimated by examining XRD patterns with Topas Academic software.  The 

primary particle size (∅p) was obtained using a Micromiretics ASPA 2020 Analyzer (Mi-

cromeritics Instrument Corp.).  Transmission electron microscopy (TEM) was performed 

on 600, 800 and 1000CVZG calcined powders using a Philips CM12 (Philips, the Nether-

land).  Magnetization curves were measured using a LakeShore Vibrating Sample Mag-

netometer (VSM) (Lake Shore Cryotronics, Inc.) with a sensitivity of 1×10 -9 A·m2 

(1×10 -6 emu).  Complex magnetic permeability measurements were carried out using an 

Agilent E4991A 1 MHz-3 GHz RF Impedance/Material Analyzer.  For this measurement, 

the calcined powders were pressed at 250 MPa into a washer shape, which had an inner 

diameter of 3.1 mm and outer diameter of 8.0 mm.  The measurement was repeated on 

the same CVZG washers after sintering in air at 1250ºC for 3 hours.  Because of a linear 

shrinkage of 4…7% in 1200CVZG…600CVZG after sintering, the center of the washer-

shaped samples was ground to maintain an inner diameter of 3.1 mm. 



 

6.3 Results and discussions 

 

Figure 6.1: XRD patterns of 600…1200CVZG powders.  The diffraction peaks from 
the YIP phase are denoted as P.  The slight peak splitting observed in 1000 and 

1200CVZG is due to Cu-Kα2. 

The XRD patterns of as-calcined powders are shown in figure 6.1.  600CVZG showed an 

amorphous pattern, which was confirmed by its instability in TEM analysis.  At 800ºC, 

the powders already showed mostly YIG garnet phase, with a 6 wt% of impurity YIP 

phase.  However, this small amount of YIP was not considered to influence the magnetic 

properties of 800CVZG.  As the temperature increased, the amount of impurity YIP 

phase decreased to 3 wt% at 1000ºC and completely disappeared at 1200ºC.  The lattice 

parameter was estimated to be 12.41 Å and the theoretical density was 5.16 g/cm3.  It was 

noticed that the precursor gel should be ground before calcining to minimize formation of 
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the YIP phase.  In one experiment it was confirmed that a smaller amount of YIP was ob-

served in 800CVZG prepared from pre-ground powders than unground powders, as 

shown in figure 6.2.  This is explained by a severe self-combustion between nitrates and 

CAEG gel above ~140ºC.  The reaction heat is thought to be entrapped in unground gel, 

resulting in an inhomogeneous temperature distribution and consequent phase formation.  

The color of the calcined powders varied from dark red, green, dark green to dark gray 

for 600, 800, 1000 and 1200CVZG respectively. 

 

Figure 6.2: XRD patterns of 800CVZG, prepared from unground and pre-ground pre-
cursors.  The diffraction peaks from the YIP phase are denoted as P. 

The particle size (∅p) of calcined CVZG powders grew exponentially with the calcina-

tion temperature, as shown in figure 6.3.  Figure 6.4 shows TEM images of 800CVZG 

and 1000CVZG powders, the particle size of which was in agreement with that obtained 

from the BET measurement. 
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Figure 6.3: The relation of primary particle size and calcination temperature. 

 

Figure 6.4: TEM images of (a) 800CVZG and (b) 1000CVZG. 
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Figure 6.5: An example of soft ferrimagnetic 1200CVZG attracted to a magnet. 

 

Figure 6.6: Magnetization curves of calcined CVZG powders. 
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800…1200CVZG were easily magnetized under a magnetic field provided by a small 

permanent magnet.  An example for 1200CVZG is given in figure 6.5.  On the contrary, 

600CVZG did not respond to the magnet.  The magnetization curves (M~H) in figure 6.6 

confirmed different magnetization behaviors for the calcined samples.  600CVZG was 

paramagnetic, mainly due to the amorphous phase and nanometer particle size.  

800…1200CVZG were soft-ferrimagnetic, as indicated from their narrow hysteresis 

loops.  1000CVZG had the highest saturation magnetization (Ms) and coercivity (Hc), 

while 1200CVZG was almost hysteresis free.  ∅p, Hc and Ms are summarized in table 6.1, 

and the variation of Hc~∅p is shown in figure 6.7.  It was observed that Hc decreased af-

ter a critical particle size, a phenomenon known as super-magnetization.  This is ex-

plained by the magnetocrystalline anisotropy energy becoming comparable to the thermal 

energy for small particles.  Therefore, the thermal energy, even at room temperature, 

overcome the anisotropy and spontaneously reverses magnetization in particles with 

∅p < 100 nm.  The FR angle, calculated from the measured Ms using equation (5.18), had 

a maximum value of 11.7º/mm in 1000CVZG. 

 

Figure 6.7: Variation of coercivity Hc vs. primary particle size of CVZG. 
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T (ºC) ∅p (μm) Hc (A/m) Ms (A·m2/Kg) θF (º/mm)* 

600 0.033 - - - 

800 0.069 230.8 (2.9 Oe) 18.0 (18.0 emu/g) 7.6 

1000 0.316 250.7 (3.2 Oe) 27.9 (27.9 emu/g) 11.7 

1200 1.305 35.8 (0.5 Oe) 21.4 (21.4 emu/g) 9.0 

Table 6.1: Magnetic properties of calcined CVZG powders.  *FR angles were calcu-
lated from equation (5.18), assuming εr~15, no loss in CVZG, and the applied static field 
has a proper magnitude to saturate CVZG below resonance. 

Calcined CVZG Sintered CVZG T 
(ºC) 

ρ (g/cm3) φp (%)* μr′† μr″ ρ (g/cm3) φp (%)* μr′† μr″ 

600 2.21 57.2 0.95 0.04 2.34 54.7 1.53 0.1 

800 2.38 53.9 3.74 0.23 2.80 45.7 13.63 0.25 

1000 2.72 47.3 5.12 0.64 2.90 43.8 14.27 0.44 

1200 3.46 32.9 17.32 0.8 4.35 15.7 64.02 0.91 

Table 6.2: High frequency magnetic properties of calcined and sintered CVZG.  *The 
porosity was calculated from the XRD density of 5.16 g/cm3.  †μr′ and μr″ were obtained 
at lower MHz and 3 GHz respectively. 

The complex permeability (μr′ and μr″) of calcined CVZG was shown in figure 6.8.  As 

the calcination temperature increased, both μr′ and μr″ increased, while the resonance fre-

quency decreased due to increased particle size.  Figure 6.9 shows that sintering at 

1250ºC resulted in lower resonance frequencies, increased μr′ but not influence on μr″ at 

GHz frequencies.  The μr′ increased dramatically because of domain formation and higher 

relative density after sintering.  However, the compaction method of uniaxial pressing 



 

was inefficient as the primary particle size increased into submicron scales.  As a result, 

both calcined and sintered samples had a significant amount of porosity, as listed in ta-

ble 6.2.  Since it is difficult to extract the actual bulk permeability of the magnetic com-

ponent from its porous structure, the measured μr′ and μr″ are presented without normali-

zation.  For a significant FR effect, the magnetic materials are required to have a high Ms 

and μr′ in a static field, and low μr″ (hence low tan μδ
μ
′′

=
′

) at GHz frequencies.  It should 

be pointed out that the high frequency measurement as presented was performed without 

a static magnetic field.  Upon application of the static field, the magnetic losses are ex-

pected to decrease dramatically due to the alignment of the magnetic moment.  The cur-

rent results suggest 1250ºC sintered 1000CVZG would be a good candidate for F layer in 

MPAs, for its high Ms and low losses at GHz.  Colloidal processing of 1000CVZG will 

be carried out to increase the density of the green and sintered compacts, as well as ob-

taining a homogeneous microstructure. 
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Figure 6.8: Complex permeability of calcined 600…1200CVZG. 
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Figure 6.9: Complex permeability of 600…1200CVZG after sintering at 1250ºC. 
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CHAPTER 7 

FUTURE WORK FOR COMPLEX MPA DESIGNS 

Demonstration of effective low-loss AD and F materials as discussed in Chapter 3, 

Chapter 4 and Chapter 6, has opened new avenues for high-performance antenna struc-

tures.  Starting from the obtained promising results, advanced and delicate ceramic proc-

essing and ceramic parts are and will have to be developed to meet the requirements for 

more advanced and complex MPA designs. 

7.1 Optimization of AD materials 

The current hurdles towards commercialization of AD materials are the high-temperature 

lamination, and the expensive diamond-machining step.  They also limit the fabrication 

capability to realize complicated AD materials in advanced antenna designs.  Therefore 

the use of advanced ceramic processing techniques is proposed to overcome these prob-

lems, as well as improve fabrication efficiency.  The two techniques that are most suit-

able, and currently under intense study are Robocasting® [118-121] and ink-jet printing 

[122].  In these methods, ceramic dispersion gels are directly written into a target pattern.  

The Robocasting technique can write 3D connected structures; the ink-jet printing tech-

nique produces complex 2D patterns and also allows for 3D structures.  Our previous 

studies on α-Al2O3 and TiO2 have already shown that it is possible to reach the target di-

electric properties.  In addition they provide colloidal processing methods to prepare high 

quality dispersions to be applied in the Robocasting and ink-jet printing techniques as 

mentioned. 



 

7.1.1 Robocasting 

Robocasting is a novel and powerful tool for producing complex 3D structures, with high 

aspect ratio walls or spanning elements.  A stable colloidal suspension is first prepared 

with a high solid load (~60 vol%) in the presence of polymer binders.  Gelation is 

achieved by changing the pH to the isoelectric point of the hydrophilic polymer binders.  

Consequently, the dispersed particles become linked in the polymer network, forming a 

thixotropic gel.  When extrude through a dispensing needle, the gel experiences a high 

shear stress and thus flow.  After the gel leaves the needle, the absence of shear stress re-

sults in an immediate formation of a solid gel.  Multiple layers and components can be 

deposited in one run, because the low solvent content and high solid load in the gel avoid 

adjacently casted elements to merge with each other.  The pre-designed casting routes 

and directions are performed by a 3D positioning device as shown in figure 7.1.  After 

casting, the green part is dried, debindered and finally sintered to an almost full density. 

 

Figure 7.1: Mechanical bearing system of a customized Robocastor (Aerotech Inc.). 
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Robocasting can be used in fabricating AD layers by adopting woodpile structures.  Sin-

gle or multiple AD layers can be made by alternatively writing parallel rods of different 

dielectrics.  A simple design of Robocasted AD layer is shown in figure 7.2 (a), in which 

the εrh dielectric is TiO2 rods and εrl dielectric is air.  The larger difference in permittivity 

between TiO2 and air than barium titanate and α-Al2O3 can provide a higher dielectric 

anisotropy which is favorable for miniaturization of the target antenna designs.  Contrary 

to its machined counterpart in figure 7.2(b), robocasting of (a) will take only minutes, 

whereas days are spent on (b) during laminating and diamond-machining.  The directions 

of the principle dielectric axes in AD layers are customizable by adjusting casting routes 

and directions.  For green parts consisting of multiple components, the mismatch between 

thermal expansion coefficients must be minimized to avoid cracking and fracturing dur-

ing thermal treatment. 

 

Figure 7.2: (a) Designed AD layer of casted TiO2 rods.  (b) AD layer of α-Al2O3 and 
barium titanate made from adhesive-lamination and diamond-machining. 

7.1.2 Ink-jet printing 

Ink-jet printing will be used to print AD layers with complex, detailed patterns, for ex-

ample, a mosaic pattern with each block assigned to a different ceramics.  Unlike Robo-

casting, suspensions used in ink-jet printing are of a low solid load (1- 5vol%) and water-

like viscosity.  The suspension must be fully deagglomerated and colloidally stabilized to 
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avoid blockage inside the delicate piezoelectric printing heads.  An ink-jet printer is 

shown in figure 7.3, which is equipped with multiple printing heads.  A 5 vol% TiO2 sus-

pension was successfully printed in parallel rows, as shown in figure 7.4.  No clogging or 

sedimentation was observed during printing, which was attributed to the optimization of 

the TiO2 suspension.  Other ceramic suspensions, such as α-Al2O3 and CVZG, are now 

studied for their printing capabilities.  The positioning accuracy has been tested and ap-

proved, which is critical for replicating complicated MPA patterns into actual structures.  

Due to a high solvent content in the printing suspension, green patterns should be care-

fully dried before sintering or printing another layer atop of the previous one.  The crea-

tion of 3D structures might be possible, but would require repeated (automated) drying 

and debindering treatments between the printings of adjacent layers. 

 

Figure 7.3: Ink-jet printer (MicroFab Technologies, Inc.). 
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Figure 7.4: Optical image of ink-jet printed parallel rows of TiO2. 

7.2 Optimization of F materials 

The major challenge in the fabrication of CVZG F materials is their consolidation into 

usable dense sheets, without adversely affecting the favorable magnetic properties ob-

tained in powders and sintered compacts.  Both dielectric and magnetic properties are de-

termined by both chemical compositions and microstructures.  Dielectric losses in CVZG 

can result from energy dissipation by electron hopping across multi-valence cations, scat-

tering due to inhomogeneity, and polar species absorbed on porous structure.  Magnetic 

properties and complex permeability of CVZG powders were found to be directly related 

to the particle size, domain size and porosity.  These effects are so outspoken and yet 

complicated, that no semi-quantitative prediction is possible.  Chemical and microstruc-

ture homogeneity also critically influence ceramic properties, especially substituted ce-

ramics.  However, this aspect has so far, not been a topic of detailed studies on magnetic 

ceramics, especially for substituted garnets.  Therefore optimization of F materials fo-

cuses on densification of CVZG with homogeneous chemistry and microstructures with 

consideration of the following aspects: 

• pre-treatment and dispersion of CVZG powders to produce a deagglomerated and sta-

bilized suspension, 

• careful control of the partial oxygen pressure during sintering to avoid reduction of 

multi-valence cations. 
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Recent research demonstrated the possibility to disperse nanoparticles of Fe3O4 

[123,124], but little is known about the colloidal properties of submicron garnet powders.  

Therefore exploration is currently being carried out for CVZG powders.  As shown in 

figure 6.4, the as-prepared CVZG powders slightly agglomerated, which is attributed to 

magnetic, chemical and van der Waal attractions.  1000CVZG is studied as a starting ma-

terial because its average particle size of ~0.3 μm is considered suitable for colloidal sta-

bilization.  Various surfactants, such as citric acid and Darvan-C, and solvents, such as 

water and iso-propanol, can be tested to determine practical stabilizing conditions.  A 

successful colloidal processing will also provide a pathway for fabricating CVZG layers 

or patterns by Robocasting and ink-jet printing. 

Starting from the optimized magnetic properties, proper instrumentation can be set up for 

measuring the Faraday rotation effect, and its relationship with the measured magnetic 

properties.  Since Faraday rotation is related to the layer thickness, a proper value can be 

estimated for each frequency range (wavelength). 



 

 97

CONCLUSIONS 

In this study, we designed and fabricated dielectrics and ferrites for MW antenna applica-

tions, based on a specific MPA design for use in the X-band.  The MPAs are composed 

of anisotropic dielectric (AD) and ferrimagnetic (F) layers, which are studied and pre-

pared separately. 

The fabrication and characterization were demonstrated of textured mean-field anisot-

ropic dielectrics from ceramic laminates using commercially available α-Al2O3 and bar-

ium titanate substrates.  Loss effects of several possible adhesive agents were docu-

mented; M-bond 610 provided the best compromise between dielectric loss and mechani-

cal strength.  Artificial anisotropic dielectric layers with thicknesses as small as 1 mm 

were achieved by careful diamond machining.  One application of such anisotropic di-

electric layers is demonstrated for the first time in a simplified 6-layer antenna assembly.  

To lower the dielectric loss in AD layers further, dense α-Al2O3 and TiO2 were prepared 

by colloidal consolidation and low temperature sintering.  Commercially available 

α-Al2O3 and TiO2 powders were stabilized in pH = 2.0 HNO3 and pH = 10.5 NH3 solutions 

respectively.  After colloidal consolidation and drying, compacts with a high relative den-

sity were obtained.  Such compacts densified almost completely at a temperature as low 

as 1300ºC for α-Al2O3 and 1000ºC for TiO2.  The 1300ºC-sintered α-Al2O3 had a dielec-

tric loss tangent < 10-4 at GHz.  The 1000ºC-sintered TiO2 had a better overall perform-

ance than samples sintered at other temperatures: a homogeneous microstructure, a small 

grain size of 2.2 μm, a high flexural strength of 400 MPa and a low dielectric loss of 

1.4×10-4 at 6.4 GHz.  Both the sintering temperature and room temperature dielectric loss 

are the lowest among all the reported values for undoped TiO2 samples.  Al was homoge-

neously doped into polycrystalline rutile TiO2 using a gel-assisted infiltration method and 

low-temperature sintering.  Aqueous solution of citric acid and ethylene glycol was used 
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as the infiltration medium, which formed a gel on heating to immobilize Al3+ inside the 

infiltrated TiO2.  The sintered Al-doped TiO2, obtained from such compacts was found to 

have homogeneous microstructure, and uniform doping concentration.  The success of 

the doping method as presented relied on cation immobilization by the gel and micro-

structure homogeneity of infiltrated compacts. 

Ca,V,Zr substituted-Y3Fe5O12 garnet (CVZG) was selected for the F layer because of its 

low loss and capability to provide Faraday rotation required by MPAs.  CVZG was suc-

cessfully prepared using the citric-gel method, and the garnet phase formed at a tempera-

ture as low as 800ºC.  The primary particle size was found to increase exponentially with 

the calcination temperature.  The magnetic permeability and loss were observed to be 

closely related to the primary particle sizes, and grain size.  A 1000ºC calcined CVZG 

with the highest saturated magnetization and relatively low loss, was selected as the can-

didate material for F layers.  In addition, its submicron particle size made it suitable for 

the subsequent colloidal processing, now under study to produce a homogeneous and 

dense garnet structure. 

In summary, the current progress and fabrication principles for AD and F materials have 

provided options for new antenna concepts.  Individual ceramic components have been 

optimized for specific MPA antenna requirements.  Advanced processing techniques can 

be applied to accommodate more advanced and complicated antenna designs, and offer 

opportunities for large scale fabrication. 
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APPENDIX A 

TAPE-CASTING OF α-AL2O3 AND TIO2 

The fabrication of α-Al2O3 or TiO2 platelets includes tape casting [125], step-wise de-

bindering and sintering.  A water based recipe for a 200 g batch was adapted from 

[56,126] and listed in table A.1.  The processing steps are as follows: 

• dilute 3 ml dispersant with 30 g water in a 500 ml milling jar, and add 110 g of ce-

ramic powders, 

• fill ⅓ of the jar volume with cylindrical ZrO2 milling media, followed by ball milling 

at 70 rpm for 24 hours, 

• dissolve glycerin and PEG600 in 15 g water, followed by adding it into the mixture 

and ball milling for 1 hour, 

• pre-dissolve PVA in 37 g water in an oil bath at 90ºC, followed by adding the cooled 

down solution into the mixture and ball milling at 20-30 rpm for 6 hours, 

• at the end of ball-milling, add a defoaming agent DEFO215 (Ultra Adhesives) in an 

amount of ~0.1 wt% of the total slurry (this reduces the slurry viscosity and facilitates 

screening), 

• filter the slurry through a 53 μm nylon mesh (Spectrum Inc.) to remove large bubbles 

and/or agglomerates, 

• pour the slurry into the reservoir of the doctor blade container (Richard E. Mistler, 

Inc.), of which the blade gap is set to ~1.5 mm to obtain sheets with a sintered thick-

ness of ~0.5 mm, 

• adjust the casting speed (Model TTC-1000, Richard E. Mistler Inc.) to 30 cm/min to 

maintain a steady flow under the blade, 
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• dry the tape in open air at r.t for one day; 

• remove the tape from the plastic carrier, trim off wavy edges and cut into proper 

shapes and sizes for sintering, 

• apply a step-wise sintering program: 2ºC/min heating from r.t. to 100ºC, 0.2ºC/min 

from 100ºC to 400ºC, 2ºC/min from 400ºC to 1300ºC, 3 hours dwelling, and 2ºC/min 

cooling down to r.t. 

 Material Conc. (wt%) Actual amount 

Powder TiO2 or AKP30 55 110 g 

Dispersant 1 wt% aqueous Aluminon solution, 
and aqueous NH3·H2O (2M) 

1.5 2 ml, 
and 1 ml 

Solvent Water 35 67 g 

Binder PVA, M.W. = 72,000 4 8 g 

Plasticizer Glycerin 4 8 g 

Plasticizer PEG 600 2 4 g 

Defoamer DEFO215 0.1 0.2 g 

Table A.1: Tape casting recipe for an aqueous processing [56,126] and the actual 
amounts of dispersion components in a 200 g batch. 
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