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SUMMARY 

 

With the rapid development of radio frequency and microwave technologies, 

there are great research interests in development of soft magnetic thin films with large 

permeability and high resonance frequency. For the applications of electromagnetic 

devices, the ability to have gigahertz response with certain frequency tunability is 

often required. To meet these requirements, many research efforts have been placed 

on the controlling of the resonance frequency fr, such as by application of stress, 

variation of compositions, adjusting grown parameters to fabricate samples with 

suitable crystallinity or post deposition treatments. Another useful approach to control 

the fr is by patterning the magnetic thin films into strip structures where the resonance 

frequency of the magnetic film can be modified by the induced shape anisotropy. The 

eddy current in the patterned films can also be greatly suppressed. However, there are 

still few literatures that focused on the magnetic properties and microwave responses 

of patterned films in detail. 

In this thesis, the patterning method was utilized to improve the resonance 

frequency of nanocrystalline FeTaN thin film, which had large permeability (103) up 

to ~1 GHz. The magnetic properties and microwave response of the patterned strip 

arrays were investigated at different strip widths and patterning directions. 

We also deposit FeTaN thin films on flexible insulator polymer substrates and 

glue them together to form a composite material consisting of ferromagnetic films 

laminated with insulating polymer sheets. The fabrication of this kind of soft magnetic 
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lamination stacks makes them a good candidate for high-frequency microwave device 

applications. 

For the design of a microwave device, the complex permeability is quite critical, 

and they are often obtained by the conventional coaxial line method. However, it is 

difficult to apply the coaxial line method to measure the permeability of flat samples, 

which are more widely used in microwave devices. Other methods, such as equivalent 

LCR method and transmission line method are more feasible to measure the flat 

samples. In theses models, the equivalent lumped elements of the transmission line 

are determined from the best fit of the measurement results over the whole 

measurement frequency range.  

In this thesis, we develop microstrip line method, and apply these methods to 

measure the scattering parameters of the FeTaN lamination stack. Permeability 

spectra of the FeTaN lamination stack are obtained by the shorted load transmission 

line model. In data processing procedure, the effective Permeability of the FeTaN 

lamination stack at different frequencies describing the transmission line is 

determined from the reflection measurements at different measurement frequencies. 

The result is examined by the full wave electromagnetic analysis combined with an 

optimization procedure using commercial HFSS software 
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Chapter 1 

INTRODUCTION 

 

1.1 Ferromagnetic materials and applications 

 

Nowadays, microwave radars are widely used to detect distant target by 

transmitting and receiving reflection microwave energy. Many efforts have been made 

to reduce the radar signal reflected from the distant target. Normally, there are four 

basic techniques to minimize the microwave energy: shaping the target, using 

Electromagnetic (EM) absorber materials, passive cancellation and active cancellation. 

The first two techniques are most often applied. Shaping technique is widely 

employed to create a platform design with inherently low radar reflection in the 

primary sectors. However, it also sacrifices other properties due to abnormal shape, 

especially for aircraft. Coating EM absorber material onto metallic target can balance 

all aspect of properties for aircraft. Therefore, study of microwave absorbing material 

is important to minimize the radar signal.  

In general, EM absorbing materials consist of dielectric or magnetic filler and 

polymer. Lossy dielectric materials, such as carbon and graphite, have been widely 

used for absorbing microwave energy in the past [1, 2, 3]. However, they are too 

bulky for convenient operation [4, 5]. Therefore, magnetic absorbing materials 

attracted more attention in recent years. Ferrites and metallic alloys are two important 

magnetic materials for EM absorber application.  
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Ferrites have many characteristic, such as low permittivity, high resonance 

frequency, high resistivity and good chemical stability, which are required for 

microwave absorbing materials. However, ferrites have high density and relative 

poor temperature stability, which needs to be improved. 

Compared with ferrite, metal materials have larger saturation magnetization and 

high complex permeability, which make its possible to reducing the thickness of 

microwave absorber [6, 7]. Ferromagnetic powders, such as Fe-Si-N, and Fe, Co, Ni, 

have been widely studied as absorbing material [8, 9]. However, the electric 

conductivity of these materials is high. Furthermore, the permittivity is very large, 

which make it difficult to satisfy impedance match between the EM material and air 

in free space. Therefore, our research is focused in studying the ferromagnetic 

lamination stack to match impedance and reduce conductivity for microwave 

absorption. 

   

1.2 Scope of study 

 

1.2.1 Maxwall’s equations 

 

Maxwall’s equations describe the response of a material to electromagnetic fields 

[10]: 

ρ=⋅∇ D                         (1.1) 

0=⋅∇ B                          (1.2) 
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JtDH +∂∂=×∇ /                 (1.3) 

tBE ∂∂=×∇ /                     (1.4) 

With the following constitutive relations: 

EjED )"'( εεε −==               (1.5) 

HjHB )"'( μμμ −==              (1.6) 

EJ σ=                           (1.7) 

Where E  and H  are the electric field and magnetic field strength vectors, 

separately. B  is the magnetic flux density. D  is the electric displacement vector. 

J  is the current density vector. ρ is the density of charge. "' εεε j−= , is the 

complex permittivity of the material. "' μμμ j−= , is the complex permeability of the 

material; σ is the conductivity of the material. 

   The above equations show that the responses of electromagnetic materials are 

characterized by three parameters, ε, μ, and σ. These parameters also determine the 

spatial extent to which the electromagnetic field energy can penetrate into the 

material at a given frequency. At microwave frequencies, the penetration depth of 

conductors is small that the interaction may be limited to the surface only. Hence the 

utility and behavior of conductors at microwave frequencies are mainly determined 

by their surface impedance Zs: 

sstts jXRHEZ +== /              (1.8) 

Where Et and Ht are the tangential electric field and tangential magnetic field. Rs is 

the surface resistance, and Xs is the surface reactance. At microwave frequency, the 

skin depth of metallic material is of the order of a few microns and the field cannot 
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penetrate the material, which means the pure metallic magnetic materials cannot be 

used as absorber. Furthermore, most microwave energy will reflect at interface 

between air and metal as shown in Fig.1.1. Therefore, our research is focused on the 

composite of metallic magnetic films with the dielectric substrate and epoxy to form 

electromagnetic materials.  

 

1.2.2 Microwave reflection in free space 

 

The reflection coefficient is used in electromagnetic absorber when microwave 

propagation in free space containing discontinuities is considered. A reflection 

coefficient R describes the intensity of a reflected wave relative to an incident wave. 

0

0

ZZ
ZZR

in

in

+
−

=                        (1.9) 

Where Z0=1, is the impedance in free space and Zin is the impedance of the load, it 

is determined by  

)2tanh( dfiZin μεπ
ε
μ

−=          (1.10) 

Where ε and μ are the relative complex permittivity and permeability of the 

absorber materials, d is the width of the absorber materials along the microwave 

propagation direction. In order to make the incident EM wave to penetrate into 

absorber but not being reflected at interface, it needs adjusting the μ′/ε′ (close to 1) 

and d values are adjusted to reduce the impedance mismatch at the interface between 

absorber and air. After the microwave propagating into the absorber, strong 
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absorption is based on a large μ″ of absorber material near resonance frequency.  

 
Figure 1.1 Reflection at interface with and without EM absorber in free space 

 

1.2.3 General properties of material  

 

  To find the possible candidate material for EM absorber, we need to introduce the 

material classification of natural material. Normally, material can be classified as 

dielectrics, magnetic materials, semiconductors, and conductors according to their ε, 

μ, and σ values. 

i. Dielectrics 

Dielectrics are materials with high resistance. A possible behavior of ε′ and ε″ as a 

function of frequency are shown in Fig.1.2 [11]. ε″ will reach maximum at a 

frequency fm,  which is related a characteristic time: 
mfπ

τ
2

1
=  according to 

Debye equations, the permittivity equals: 

22
'

1 τω
εε

εε
+
−

+= ∞
∞

s                   (1.11) 
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221
)("
τω
ωτεε

ε
+
−

= ∞s                    (1.12) 

Where sε  and ∞ε  are the limiting values of the relative permittivity connected 

with the dispersion at ωτ << 1, ωτ >> 1, respectively. The maximum value of 

permittivity is,
2

" ∞−
=

εε
ε s

m , when ωτ = 1. 

 

Figure 1.2 Frequency response of permittivity for a hypothetical dielectric [12] 

 

ii. Magnetic materials  

The typical magnetic spectrum is shown in Fig. 1.3. In low frequency range (f<106 

Hz), μ′ and μ″ change a little. In the high frequency range (106<f<108 Hz), μ′ 

decrease quickly, and μ″ increase greatly. In the ultra-high frequency range 

(108<f<1010 Hz), natural resonances occur and μ″ have maximum value. 
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Figure 1.3 Typical magnetic spectrum of ferromagnetic materials [13] 

  

 iii. Conductors 

  Conductors are very conductive. The permittivity of conductor is: 

 
ω
σεε i+=                         (1.13) 

  Where σ is the conductivity of conductor and the permittivity of the conductor are 

far larger than dielectric materials. For example, the relative static permittivity of 

Aluminum at 10 kHz is about −1300+ i×1.3×1014.  

 iv. Semiconductors 

  The resistance of semiconductor is lower than that of a dielectric. Normally, the 

resistance of semiconductor is in the range of 106-10-2(Ωm). 

 

1.3 The objective of the study 

 

In our work, we study the effect of patterning ferromagnetic films in controlling 
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the resonance frequency in microwave frequency range. The properties of 

ferromagnetic film lamination stack structure as EM absorber are investigated. 

Different microwave measurement methods were employed to characterize the 

complex permittivity and complex permeability of stack and other materials.  

A brief outline of this thesis is given as follows: 

First, a brief introduction about this study, including applications, background 

information and our motivations, is given in Chapter 1. For this research, microwave 

measurement is required for the evaluation of single layer FeTaN thin film. 

Therefore, Chapter 2 will be preceded with the introduction of experimental 

techniques used in this work, including the samples fabrication, characterization 

techniques. In Chapter 3, we study the patterning methods for tuning ferromagnetic 

resonance peak of single layer FeTaN thin film. Based on these investigations, we 

design and fabricate FeTaN lamination stack to study its electric and magnetic 

properties. Thus Chapter 4 will introduce the detailed lamination stack structure in 

this study and corresponding measurement methods. Finally, the thesis is completed 

with Chapter 5, conclusion about the FeTaN thin film and FeTaN lamination stack 

properties and measurement method. 
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Chapter 2 

EXPERIMENTAL TECHNIQUES 

 

2.1 FeTaN films deposition system 
    

There are several options for fabricating films, such as pulsed laser deposition 

(PLD), sputtering, physical vapor deposition，sol-gel and metal-organic chemical 

vapor deposition [1-7]. The deposition techniques used in this thesis are RF magnetic 

sputtering system. 

RF magnetic sputtering system is a thin film deposition which is one of a physical 

vapor deposition (PVD) technique. This deposition method uses an ultra-high voltage 

which is focused in the target surface to ionize the argon atom. And the positive 

Argon ion will accelerate by this high electric field and strike on a target of the 

desired composition. Material is then vaporized from the target and deposited as a thin 

film on a substrate. This process can occur in ultra high vacuum or in the presence of 

a background gas. 

Figure 2.1 shows the diagram of a typical magnetic sputtering system. We used 

the commercial target holder system (AJA Company). Two different target holders 

are inside the chamber. This would enable us to grow different thin film layers 

without breaking the vacuum by changing the desired target holders. This would also 

help to keep the sample clean during the deposition. The distance between the target 

and the sample is around 25 cm. The chamber can be pumped down to a vacuum of 

around 3×10
-7 

Torr by a turbo molecular pump backed by a rotary pump.  
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Figure 2.1 A schematic drawing of the RF magnetic sputtering system. 

All the FeTaN thin film samples mentioned in this dissertation were deposited on 

0.5mm thick Si substrate and 8μm thick Mylar substrate. It is necessary for the 

substrate surface to be very clean prior to the deposition process to ensure fabrication 

of good quality thin film. The substrate was cleaned by first immersing it in an 

acetone and ethanol (purity > 99.8 %) ultrasonic bath for 10 minutes to remove 

organic contaminants. The substrate was then stored in high purity ethanol (> 99.9 %) 

until it is ready to be loaded into the vacuum chamber. Before loading into the 

chamber, the substrate was blown dry using compressed nitrogen gas. The substrates 

were adhesively attached to sample holder (resistive heater) by applying double-side 

tape.  
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2.2 Scattering parameters from vector network analyzer (VNA) 

 

  VNA is widely used in microwave frequency applications to measure the complex 

scattering (S) parameters of an unknown DUT [8]. Two-port measurement technique, 

called transmission line technique, is commonly used in high-frequency 

measurements, as shown in Fig. 2.2. The amount of energy that is reflected and 

transmitted is expressed as S-parameter. Fig. 2.2 show how the S-parameters are 

defined, where S11 is reflection a port 1 with port 2 matched, S21 is forward 

transmission with port 2 matched, S12 is reverse transmission with port 1 matched, 

and S22 is reflection at port 2 with port 1 matched. 

 

Figure 2.2 Scattering parameter of a two port device 

Once the S-parameters have been found, they can be converted into the complex 

EM properties of the material, such as the complex permittivity ε and permeability μ, 

which will be discussed in chapter 4. 

Before measuring the sample, the VNA will connect with standard open, short, 

and load terminators calibration kit to decrease the system errors in VNA. To check 
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the calibration, an empty sample holder can be measured first. If the test of the 

empty sample holder showed a permittivity and permeability near 1, the calibration 

is completed and the VNA facility is ready for use. 
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Chapter 3 

PATTERNING METHOD 

 

For the applications of electromagnetic devices, the ability to have gigahertz 

response with certain frequency tunability is often required. To meet these 

requirements, many research efforts have been placed on the controlling of the 

resonance frequency (fr) [1-4], such as by application of stress [5-8], variation of 

compositions [9-12], adjusting grown parameters to fabricate samples with suitable 

crystalline or post-deposition treatments [13-15]. Another useful approach to control 

the fr is by patterning the magnetic thin films into strip structures where the 

resonance frequency of the magnetic film can be modified by the induced shape 

anisotropy [16-20]. The eddy current in the patterned films can also be greatly 

suppressed. In this chapter, the magnetic properties and microwave response of the 

unpatterned and patterned FeTaN films are observed.  

 

3.1 Strips patterned with one strip width period 

 

In this chapter, the magnetic properties and microwave response of the patterned 

FeTaN strip arrays were investigated at different strip widths and patterning directions. 

Figures 3.1(a) and 3.1(b) show the schematics of two kinds of strip arrays patterned 

with strip directions parallel and perpendicular to the easy magnetization axis (the y 

axis) of the unpatterned film, respectively. The film normal direction is defined along 
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the z axis and the exciting rf magnetic field is applied along the x axis parallel to the 

hard axis of the unpatterned film. 

 

Figure 3.1 (Color online) Schematic structure of the strip arrays patterned along the 

easy (a) and hard (b) axes of the unpatterned film together with the coordinate system. 

The easy axis of the unpatterned film is along the y axis and the microwave 

measurement is applied with the magnetic field along the x axis. 

 

 3.1.1. Strips patterned along the easy axis with different strip width 

 

  FeTaN thin films were grown on (100) silicon substrates of dimensions of 

5×10×0.5mm3 by rf magnetron sputtering. The sputtering target was a 3 inch iron disk 

with 6% of the surface area covered by tantalum chips. A 120 Oe magnetic field was 

applied along the short edge of the substrates to induce an in-plane uniaxial anisotropy. 

The sputtering chamber was evacuated to a base pressure of 3×10−7 Torr. Ar + (3%) 

N2 gas mixture was used as the ambient sputtering gas and the deposition pressure 
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was maintained at 1 mTorr. The rf power was 80 W. The thickness of FeTaN thin film 

was controlled at about 100 nm. Conventional UV photolithography method was used 

to fabricate the patterns. Wet etching method was used to etch the FeTaN thin films 

with a mixture of diluted nitric acid and hydrochloric acid as the etchant. Magnetic 

strips of widths=30, 60, 150, 500 μm and separation gap of 30 μm were fabricated 

with the directions parallel to the easy magnetization axis (the y axis) of the 

unpatterned film. The patterned structures are schematically shown in Fig. 3.1. The 

static magnetic property of the FeTaN thin films was measured using a BH-loop tracer. 

The permeability spectrum was measured using a homemade microstrip 

transmission-line perturbation method with the rf magnetic field along the x axis. 

According to Kittel’s formula [21], the ferromagnetic resonance frequency of 

the strips patterned along the easy axis as shown in Fig. 3.1 can be theoretically 

predicted by  

)4(4
12 2 SaSr MHMf ππ

απ
γ

+
−

=         (3.1) 

where γ is the gyromagnetic ratio (=1.76×1011 T−1 s−1), α is the damp constant, Ha is 

the uniaxial anisotropy field of the unpatterned film, ε is the effective demagnetization 

factor, and 4πMs is the saturation magnetization. The theoretical values for the 

permeability can be calculated by Landau–Lifshitz–Gilbert equation by the formula 
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Figures 3.2(a) and 3.2(b) show the easy- and hard-axis hysteresis loops of the 
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unpatterned film and the strip arrays patterned along the easy axis at the selected strip 

widths of w =30, 60, and 150μm. It is seen that the unpatterned film has a 

well-defined uniaxial anisotropy. The typical magnetic parameters read from the 

hysteresis loops are 4πMs=2.0 T, Hce≈ Hch=4.5 Oe, and Hk=12 Oe. Here, Hce and Hch 

are the easy- and hard-axis coercivities, respectively, and Hk = (Ha+4πεMs) is the 

effective anisotropy field obtained from the cross point of the central line of the 

low-field portions of the hard-axis loop with the counter extension of the 

magnetization saturation line. After patterning, the easy-axis loop shows little changes, 

indicating that the domain wall motion for the magnetization reversal in this direction 

was not influenced by the patterning. It is possible because the strip width is far larger 

than the domain wall width (>2μm) at least by two orders. The slopes of the hard-axis 

loops are gradually increased as the strips become narrower, indicating the increase in 

the effective anisotropy field after patterning. For the strips of w=30 μm, the 

estimated Hk is about 36 Oe, which has two times increment compared with the 

unpatterned film. Thus, the validity of the patterning method to increase the magnetic 

anisotropy is evidenced. 
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Figure 3.2 (Color online) (a) Easy- and (b) hard-axis hysteresis loops of the 

unpatterned film and the films patterned along the easy axis of the unpatterned film at 

the selected strip widths of w=30, 60, and 150 μm. 
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Figure 3.3 (Color online) Real (μ') (a) and imaginary parts (μ'') (b) of the permeability 

of the unpatterned film and the strips at widths of w=30, 60, 150, and 500 μm. 

 

Figures 3.3(a) and 3.3(b) show the real (μ') and imaginary parts (μ'') of the 

permeability of the unpatterned film and the strips of widths w=30, 60, 150, and 500 

μm, respectively. The unpatterned film has a resonance frequency fr =1.38 GHz with 

μ' of 1500–3000 at f < fr and μ'' of ~5000 at fr. The rapid increase of μ'' at fr indicates 

the film has a low damp constant α. For the patterned strips, the resonance frequency 
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shifts toward larger values and the permeability decreases when the strip width is 

narrowed. These results are consistent with the magnetic properties of the strips as 

predicted by Eqs. (3.1) and (3.2). The 30μm strips have a resonance frequency of 2.58 

GHz, nearly one time larger than that of the unpatterned film. Table 3.1 lists the 

typical magnetic parameters including the effective anisotropy field (Hk), the 

resonance frequencies calculated (fr
calc) and measured (fr), and the real μ' and 

imaginary parts μ'' of permeability of the strips at different widths patterned along 

both the easy and hard axes of the unpatterned film. fr
calc is obtained from Eq. (3.1) 

with Hk read from the hard-axis hysteresis loop. The theoretical prediction can well 

agree with the measured results at w < 30μm. It confirms the validity to approximate 

the shape anisotropy in the wide strip by an average demagnetization factor. For the 

30μm strip, the magnetization reversal becomes more inhomogeneous, as evidenced 

by the hard-axis hysteresis loop in Fig. 3.2(b). It degrades the accuracy of the current 

model, which assumes a continuous domain rotation. 

 

TABLE 3.1. Typical magnetic parameters of the strips at different widths patterned 

along the easy and hard axes of the unpatterned film. It includes the effective 

anisotropy field (Hk), the calculated (fr
calc) and measured (fr) resonance frequencies, 

and the real μ' and imaginary parts μ'' of the permeability. The width of ∞ denotes the 

unpatterned film fr
calc is calculated from Eq. (3.2). 
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Figure 3.4. (Color online) Measured and calculated permeability spectra for the 

unpatterned film (a) and the film patterned at w=60 μm (b). The parameters used for 

calculation by Eq. 3.2 are 4πMs= 2.0T, Ha= 12Oe, α= 0.15, and ε= 0.001. 

 

Figures 3.4(a) and 3.4(b) show the measured and calculated permeability spectra 



 23

for the unpatterned film and the strip array of w=60 μm, respectively. The parameters 

for calculation are 4πMs= 2.0 T, Ha=12 Oe, α=0.15, and ε=0.001. For the unpatterned 

film, the calculated result is reasonably consistent with the experimental data. For the 

patterned strips, the calculated values also well accord with the experimental data 

although its real part is a little larger at f < fr.  Therefore, the average 

demagnetization factor model is effective to describe the microwave response of the 

magnetic strip, which has a homogeneous domain. 

 

3.1.2. Strips patterned along the hard axis with different strip width 

 

Figures 3.5(a) and 3.5(b) show the easy- and hard-axis hysteresis loops of the 

unpatterned film and the films patterned along the hard axis at the selected strip 

widths of w=30, 60, and 150μm. As shown in Fig. 3.5(a), the easy-axis loop becomes 

sheared as the strip width is decreased. It is expected because the strengthened 

demagnetization effect in narrower strips decreases the nucleation field for the 

formation of the initial reversed domains. The hard-axis loop in Fig. 3.5(b) shows 

little changes as the strip width is reduced from 500 to 60 μm. It can take place when 

enclosed domains are formed inside the strips where no demagnetization field exists 

in the film plane. For the strips of width w=30 μm, the saturation field is greatly 

increased although the effective anisotropy field evaluated from the low-field loop has 

no much difference from the wider strips, as listed in Table 3.1. 
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Figure 3.5. (Color online) (a) Easy- and (b) hard-axis hysteresis loops of the 

unpatterned film and the films patterned along the hard axis of the unpatterned film at 

the selected strip widths of w=30, 60, and 150 μm. 
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Figure3.6. (Color online) Prediction of the remanent magnetization distributions in 

one segment of the 30 μm FeTaN strip calculated by OOMMF. The parameters used 

for calculation are 4πMs=2.0 T, exchanging constant J=2×10-11 J /m, effective 

anisotropy energy K=103 J/m3, damp constant α=0.15, the unit cell size 

0.25×0.25×0.1μm3, and the calculated sample dimension 300×30×0.1 μm3. 

 

Figure 3.6 gives a theoretical prediction of the remanent magnetization distributions 

in one segment of a 30 μm FeTaN strip calculated by OOMMF software. The 

parameters used for calculation are 4πMs=2.0 T, exchanging constant J=2×10-11 J /m, 

effective anisotropy energy K=103 J/m3, damp constant α=0.15, the unit cell size 

0.25×0.25×0.1μm3, and the calculated sample dimension 300×30×0.1 μm3. Confined 

by the computer resource, the cell size selected is actually larger than the single 

domain wall dimension. The magnetostatic interaction between the strips is also 

neglected, which will be important for the strips of narrower spacing. Thus, the 



 26

calculated domain pattern will be referred as a rough guide. As shown in Fig. 3.6, two 

types of domains can be roughly recognized: one is the homogenous single domain 

formed near the strip edges as denoted by region I where magnetizations are oriented 

parallel to the strip edges, and the other is the “S-shaped” domains formed in the rest 

part of the strip as denoted by region II. For such a complex domain pattern, there 

should be no demagnetization field in the film plane. These two types of domains 

have different magnetization reversal processes, which can be recognized from the 

hysteresis loops. However, the magnetization contribution from region I can be 

manifest only in a narrow strip where it has a comparable volume with region II. It 

should be the case for the 30 μm strip where the hard-axis loops becomes more 

sheared, as shown in Fig. 3.5(b). On the other hand, the easy-axis loop is sensitive to 

the strip width even at w=30μm. It is because domain reversal in this direction is 

mainly controlled by wall motion and the demagnetization field induced in the strips 

facilitates the formation of initial reversed domains and their successive expansion. 

Figures 3.7(a) and 3.7(b) show the real μ' and imaginary parts μ'' of the 

permeability of the unpatterned film and the strips patterned along the hard axis at 

widths w=30, 60, 150, and 500 μm, respectively. The resonance frequency of the 

strips shifts toward larger values and the permeability reduces as the strip width is 

decreased. These width dependent relationships are quite similar to those in the strips 

patterned along the easy axis, as shown in Fig. 3.3. However, the current results seem 

difficult to be understood, since the effective anisotropy field has no obvious changes 

in the strips of different widths, as listed in Table 3.1. One thing that can be sure is 
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that the high permeability is mainly contributed by the oscillation of the 

magnetization in region II (see Fig.3.6), rather than the moments in region I where 

domains are oriented parallel to the direction of the exciting rf magnetic field. In 

region II, the complex domains can be subdivided into 180°-wall domain in the center 

and 90°-wall (or ripple-like) domain at the edge [22, 23]. It is plausible to think that 

the edge domain can have larger resonance frequency due to the spin pinning effect 

from the relative “hard” single domain in region I. In narrower strips, the volume ratio 

of the 90°-wall to 180°-wall domains is expected to increase, thus pushing the 

averaged spin resonance behavior to a larger frequency. 

 

 
Figure 3.7 (Color online) the real μ' and imaginary parts μ'' of the permeability of the unpatterned 

film and the strips patterned along the hard axis at widths w=30, 60, 150, and 500 μm. 
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3.2 Strips patterned with different strip width period 

 

In the above part, we found that patterning the magnetic film into strips could 

improve the magnetic anisotropies and the resonance frequency of the films with 

dependence on the strip widths and their orientations. In the following, we tried to 

broaden the width of the resonance absorption peak of the films by constructing 

composite strip arrays, i.e., one period with multiple strips of different widths. It was 

motivated by the expectation that each width could contribute to a unique resonance 

frequency, as shown in Fig. 3.8. 

 

Figure 3.8 Schematic structures of microwave absorption for strips patterned with 

different strip width structure 
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Three types of strip samples were fabricated. As schematically shown in Figs. 

3.9(a), 3.9(b) and 3.9(c), their basic unit cells had one, two and three strips in 

different widths, respectively. The selected strip widths (w) were 30, 60, 150, 300 

and 500 µm. The gap distance (d) between the adjacent strips was 30 µm. All the 

strips were patterned along the easy axes of the unpatterned thin films. Their 

permeability was measured along the hard axes of the unpatterned thin films, which 

had a uniaxial anisotropy field (Ha) along the easy axis. After patterning, strong 

demagnetization effect along the strip width would induce an additional shape 

anisotropy field (Hk
s) along the strip length direction. Thus, the total effective 

anisotropy field (Hk
eff) for the patterned strips would be Hki

eff= Ha+ Hki
s.  

 

(a) type-I
w = 60, 150, 500 µm

(b) type-II
w1 = 150µm, w2=60µm

(c) type-III
w1= 150µm, w2=60 µm, w3=500 µm

(a) type-I
w = 60, 150, 500 µm

(b) type-II
w1 = 150µm, w2=60µm

(c) type-III
w1= 150µm, w2=60 µm, w3=500 µm

 

Figure 3.9 Schematic structures of the patterned FeTaN thin films in three types. In (a), 

all the strips had the same width (w). Here w =30, 60, 150, 300 and 500μm were 

selected. In (b), one period included two strips of widths = 60 and 150 μm, 

respectively. In (c), one period included three strips of widths = 60, 150 and 500 μm, 

respectively. The spacing (d) of the adjacent strips in (a) and (b) and (c) were 

controlled to be 30 μm, The easy axes of the unpatterned films were along the length 

directions of the strips. 

 

The FeTaN thin films were deposited on silicon substrates by reactive rf 
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magnetron sputtering. A static magnetic field of about 120 Oe was applied parallel to 

the substrate surface during deposition in order to induce a uniaxial anisotropy. The 

thickness of the FeTaN thin films was fixed at 100 nm. Conventional UV 

photolithography and wet etching were used to make the patterns. The static 

magnetic property of the thin films was measured using a BH loop tracer. The 

microwave complex permeability frequency spectra were measured along the hard 

axis of the thin films.   
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Figure 3.10 (a) Easy and (b) hard-axis hysteresis loops of the patterned strips with the 
structures given in Figs. 3.9. 
 

  Figures 3.10(a) and 3.10(b) show the easy and hard axis hysteresis loops of the 

patterned strips with the structures given in Figs. 3.9(a)-3.9(c). The hysteresis loops 

indicate all the patterned samples have well-defined uniaxial anisotropy. The 

easy-axis magnetization loops show little changes in different patterns. It implies that 

the domain wall motion for the magnetization reversal was not influenced by the 

patterning process. This is possible because the strip width is far larger than the 
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domain wall width at least by two orders. For the samples of type-I, their easy-axis 

coercivities and effective anisotropy fields (estimated from the saturation points of the 

hard-axis loop) are gradually increased as the strips become narrower, due to the 

larger shape anisotropy induced in narrower strips formed after patterning. For the 

samples of type-II and type-III, the values of their coercivities and effective 

anisotropy fields are in between those of the type-I sample at different widths. This 

result is understandable because the total anisotropy is proportional to the strip width. 

In addition, the hysteresis loops show single step domain wall motion or reversal in 

the three type samples. The magnetostatic interaction between the strips should be 

strong enough to couple them together. The values of the key magnetic parameters are 

listed in Table 3.2 

.  

Pattern 

(µm) 

Hce(Oe) Hch(Oe) Hk
eff(Oe) μ’ μ” fFMR 

(GHz) 

FWHM 

(GHz) 

Type-I (60) 5.7 4.2 35 900 1600 2.17 0.43 

Type-I 

(150) 

2.8 ～1 21 1300 2300 1.8 0.42 

Type-I 

(500) 

1 ～1 13.6 1500 2700 1.45 0.39 

Type-II 5 ～1 22 1100 1800 1.59 0.5 

Type-III 1.1 ～1 13.7 1300 2100 1.47 0.54 

 
TABLE 3.2 the lists of easy (Hce) and hard-axis (Hch) coercivities, effective 



 32

anisotropy field (Hk
eff), maximum real (μ’) and imaginary (μ’’) parts of the 

permeability, the ferromagnetic resonance frequency (fFMR), and the full width of the 

resonance peak at the half maximum (FWHM). 
 

 
Figure 3.11 (a) Real and (b) imaginary parts of the complex permeability spectra of 
the FeTaN strips with the structures described in Figs. 3.9(a)-3.9(c) 

 

Figs. 3.11(a) and 3.11(b) show the complex permeability spectra of the three type 

samples with the structures given in Figs. 3.9. For the sample in type-I, the values of 

the permeability decrease when the strips become narrower, and the resonance 

frequency increases. These trends are consistent with the magnetic properties of the 

strips whose effective anisotropy fields are inversely proportional to the strip width.  

The reduction of permeability is also partly caused by the fact that the measured 

permeability is actually an effective permeability calculated using the volume of the 

unpatterned films without taking the material loss after patterning into account. The 

fFMR value for the type-I pattern is tuned from 1.5 to 2.2 GHz as the strip width w 

reduces from 500 to 60 μm. The resonance frequencies for the type-II and III 

samples are 1.59 and 1.47 GHz, respectively. Compared to the type-I samples, the 

broadness of the resonance peaks for these two samples have a small increment by 
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0.1 GHz. It shows the composite strip structure really has the effect in broadening 

the width of the resonance absorption peak. This effect can be more manifest by 

further reducing the magnetostatic interaction between the strips. It may be realized 

by increasing the strip spacing or changing the composition distributions.  

In summary, patterning the continuous magnetic film into the strip arrays was 

proved to be an efficient method to tune the resonance frequency of the film. The 

broadness of the resonance absorption peak could be further improved by utilizing 

composite strip structures.  
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Chapter 4 

MICROWAVE MEASUREMENT FOR EM ABSORBER 

 

4.1 FeTaN lamination stack for EM absorber application 

 

In this chapter, we will discuss the microwave properties of FeTaN lamination 

stack. The quantities µeff and εeff are relative permittivity and permeability of the stack. 

The relationships of the effective permittivity and permeability of the stack are given 

by a simple Wiener’s law as following [1]: 

stackeff μμ =                                    (4.1)                        

q
d

eff −
=

1
εε                                      (4.2)                        

Where εd is the effective permittivity of the nonmagnetic dielectric materials, and 

q are the volume fraction of ferromagnetic in the FeTaN lamination stack.  

For single 100-nm FeTaN film grown on 8-μm Mylar substrate, εeff (about 3.4 for 

Mylar substrate) is larger than µeff (about 1.25% of FeTaN film permeability value).  

To improve the effective permeability of FeTaN lamination stack, we need to increase 

the amount of FeTaN films in stack. For single layer FeTaN films, good soft magnetic 

properties were obtained only when they had the thicknesses of tens of nanometers. 

But in thick films (thickness>100 nm), the soft magnetism was seriously degraded by 

the excess grain growth. Laminating the FeTaN layers with Al2O3 spacers can control 

the film growth, and obtain good soft magnetic properties in thick films [2]. Therefore, 

the FeTaN films and Al2O3 interlayers were deposited on both sides of a 8-μm 
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polyethylene terephthate (Mylar) substrate to form a unit of FeTaN lamination stack 

by RF magnetron sputtering. The structure of one unit is shown in Fig.4.1. On each 

side of the Mylar substrate, three 100-nm FeTaN layers are laminated with two 8-nm 

Al2O3 layers. Here, the 6 layers of FeTaN are used to increase its volume fraction in 

the unit, and Al2O3 interlayers were deposited to prevent the deterioration of the soft 

magnetic properties. To make the stack, 54 FeTaN film units were glued together 

using epoxy to form a rectangular laminate stack suitable for the microstrip 

measurement method. The dimension of the stack is 11×22×1.25 mm3 (width × length 

× thickness). The volume fractions of FeTaN and Al2O3 layers in the stack are 

estimated to be about 2.1% and 0.1%, respectively. The static magnetic properties 

were measured with a low-field M-H tracer. 

 

 

Figure 4.1 Structure of one unit of FeTaN lamination stack  

 

For the deposition of the FeTaN film, a 3-inch iron disc covered with tantalum 

chips (6% surface area) was used as the sputtering target. Before sputtering, the 
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chamber was pumped down to a base pressure of 3×10-7 Torr. During sputtering, the 

chamber pressure was raised to 7×10-4 Torr by introducing a gas mixture consisting of 

nitrogen (3%) and argon at a flow rate of 16 sccm (sccm denotes cubic centimeter per 

minute at STP). RF power was kept at 80 W. A magnetic field of 140 Oe was applied 

parallel to the substrate surface during sputtering to induce an in-plane uniaxial 

magnetic anisotropy. For the sputtering of Al2O3 layers, a 2-inch Al2O3 target and pure 

argon were used. 

  

4.2 Introductions to transmission line 

 

A transmission line is a system of conductors having a precise geometry and 

arrangement which is used to transfer power from source to load with minimum loss. 

All transmission lines have a characteristic impedance value which is typically 

constant. 

There are a few type of transmission line, namely, parallel-wire, coaxial cable, 

microstrip and waveguide as shown in Fig. 4.2 [3]. The parrel-wire transmission line 

consist of two conductors spaced a certain distance apart as shown in Fig. 4.2, and is 

mainly used for low frequencies. At high frequencies (above 200MHz), serious losses 

occur due to radiation from the surface and the skin effect. The simplest form of a 

stripline is a pair of parallel plates of finite width. This is a modification of the model 

of infinitely wide plates, resulting in a distortion of the field patterns with some field 

fringing into the space outside the line. However, if the spacing between the plates in 
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made very small compared with the wavelength, then the radiation is small and a low 

loss transmission lines which can take the form of a flattened coaxial line, referred to 

as embedded stripline. It is formed by sandwiching a conductor between two 

conducting ground plates insulated by dielectric and is used for unbalanced system. 

A waveguide is a hollow metal tube used for transmitting electromagnetic waves. 

Waveguides only propagate signals with a frequency above a given cut-off, which is 

determined by the width of the waveguide.  

The coaxial lines consist of two conductors. The inner conductor is insulated from 

and surrounded by the outer conductor (called the shield) and centered precisely by 

means of a supporting dielectric material, forming the coaxial line. Coaxial lines 

overcome the radiation loss problems due to the shielding provided by the outer 

conductor surrounding the center conductor.  

 

 

Figure 4.2 Type of transmission line [3] 
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4.2.1 Transmission line theory 

 

In this section, the properties of transmission line will first be derived in terms of 

relatively low-frequency currents and potential differences. The radiation effect is 

neglected. A small element of length Δz of a two wire transmission line is considered 

as shown in Fig.4.3 [4]. 

 

Figure 4.3. Voltage and current definitions for an incremental length of transmission 

line 

 

Figure 4.4 the Lumped-element circuit mode for a transmission line 
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Transmission line is often schematically represented as a two-wire line. The 

current flowing in the line and the potential difference between the wires of the line 

are functions of distance along the line, which will be defined in the direction z. The 

piece of line of infinitesimal length of Fig 4.3 can be modeled as a lumped element 

circuit, as shown R, L, G, C are per unit length quantities defined as follows: 

R = series resistance per unit length, for both conductors, in Ω/m. 

L = series inductance per unit length, for both conductors, in H/m. 

G = shunt conductance per unit length, in S/m. 

C = shunt capacitance per unit length 

L represents the total self-inductance of the two conductors, and C is due to the 

close proximity of the two conductors. R represents the resistance due to the finite 

conductivity of the conductors, and G is due to dielectric loss in the material between 

the conductors. Therefore, R and G represent loss. A finite length of transmission 

line can be viewed as a cascade of sections of the form shown in Fig. 4.4 

From the circuit of Fig.4.3, Kirchhoff's law can be applied to give 

0),(),(),(),( =Δ+−
∂

∂
Δ−Δ− tzzv

t
tzizLtzziRtzv         (4.3) 
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t

tzzvzCtzzvRtzi     (4.4) 

Dividing and by Δz and taking the limit as Δz→0, gives the following different 

equations: 

t
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z
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−−=
∂
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t
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z
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∂
∂

−−=
∂
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These equations are the time-domain form of the transmission line equation. 
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For the sinusoidal steady-state condition, with cosine-based phases, Eq. 4.5 and 

Eq. 4.6 simplify to  

)()()( zVCjG
dz

zdI ω+−=                           (4.7) 

)()()( zILjR
dz

zdV ω+−=                           (4.8) 

The two equations of can be solved simultaneously to give wave equation for V(z) 

and I(z): 

0)()( 2
2
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=− zI
zd
zId γ                               (4.9) 

0)()( 2
2

2

=− zv
zd
zvd γ                               (4.10) 

Where ))(( CjGLjRj ωωβαγ ++=+= , γ is the complex propagation constant, 

which is a function of frequency. Therefore, traveling wave solution to can be found 

as 

zz eVeVzV γγ −−+ += 00)(                              (4.11) 

zz eIeIzI γγ −−+ += 00)(                               (4.12) 

Where the e-γz term represents wave propagation in the +z direction, and the eγz term 

represents wave propagation in the –z direction. Furthermore,  

zjz eee βαγ −−− =                               (4.13) 

α determines the attenuation along the line in the +z direction, and β determines the 

phase shift along the line in the +z direction. 

Applying the voltage with cosine-based phase to Eq. 4.11 gives the current on the 

line: 

][)( 00
zz eVeV
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zI γγ

ω
γ −−+ −
+

=                      (4.14) 
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Comparison with Eq. 4.12 shows that characteristic impedance, Z0, can be defined as 
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To relate the voltage and current on the line as 
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Then can be rewritten in the following form: 
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For lossless transmission lines, the distributed conductor resistance R and dielectric 

conductance G are both zero. In this case the characteristic impedance is real and is 

equal to: 

C
LZ =0                                       (4.19) 

The propagation constant γ is also imaginary with:  

0=α                                          (4.20) 

LCjj ωβγ ==                                (4.21) 

Expressing the waves in time-domain, 
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In any transmission line, the phase velocity Vp 

β
ω

=Pv , where λ
πβ 2

=                        (4.24) 
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In lossless transmission line, LCωβ =  

Therefore 
LC

vP
1

==
β
ω

                              (4.25) 

A lossless transmission line is preferred but not possible in practice. The losses are 

mainly contributed by imperfection of transmission line dimension, radiation loss, 

dielectric loss and magnetic loss, etc [5].  

 

4.2.2 Mircrostrip transmission line measurement method 

 

In this section, we will discuss the microwave transmission line measurement 

methods for characterization of magnetic materials. Non-resonant methods based on 

transmission line method are employed to get complex permittivity and permeability 

of sample. Non-resonant methods are classified as reflection and transmission line 

methods. We only study the non-resonant methods. 

 

  4.2.2.1 Reflection method 

 

   4.2.2.1.1 Perturbation method 

 

Perturbation method has been developed by Liu Yan etc. in our lab [4]. In the 

configuration shown in Fig. 4.5, the shorted transmission line consists of two portions: 

the empty portion without thin film and the sample portion which is loaded with the 

sample under study. The effective permittivity of the transmission line can be 
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obtained from the reflection coefficient measured at starting point of the transmission 

line: 

)(2
11

21 sampleemp lles γγ +−−=                    (4.26) 

effeffc
j μεωγ

0

=                               (4.27) 

Where S11 is the reflection coefficient with or without sample insertion, lempty is the 

length of the empty portion, lsample is the length of the sample portion, and f is the 

measurement frequency. γ1 and γ2 is the propagation constant in empty portion and 

sample portion, respectively. 

 

Figure 4.5 Microstrip circuits for characterization of magnetic thin films. 

  

Before the thin sample is inserted, γ1 and γ2 is determined by: 

emp
effc

fj επγγ
0

21
2

==                           (4.28) 

Where emp
effε  is the effective permittivity of transmission line of empty portion. The 

reflection coefficient emps11  is: 
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After only insertion of substrate, the sample portion of propagation constant γ3 

changes to: 

 sub
effc

fj επγ
0

3
2

=                                (4.30) 

Where sub
effε  is the effective permittivity of transmission line of sample portion. 

The reflection coefficient subs11  is:  
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After insertion of substrate and magnetic film, by assuming that the effective 

permittivity of the transmission line does not change, the effective permeability of the 

perturbed transmission line is given by 
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The reflection coefficient samples11  is: 
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As the change of the effective permeability of the transmission line from unity to 

the value given by Eq. 4.33 is due to the magnetic properties of the thin film, the 

complex permeability of the thin film can be obtained from the change of effective 

permeability of the transmission line  

]1)([)( −= f
t
Kf efffilm μμ                          (4.34) 

Where t is the thickness of the thin film under test, and K is the scaling coefficient 

of the shorted transmission line, which is determined by the structure of the shorted 



 47

transmission line and is independent of the thin film under test. The scaling 

coefficient K can be obtained by calibrating the shorted transmission line with a 

standard sample whose permeability is known, or by adjusting the real part of the 

complex permeability at low frequency to fit the value of initial permeability 

determined by 

1'
int +=

a

s
ial H

M
μ                                 (4.35) 

Where Ms is the saturation magnetization and Ha is the anisotropic field of the 

magnetic thin film under test. Once the scaling coefficient K is determined, it can be 

used for other samples. 

 

  4.2.2.1.2 Shorted transmission line method 

 

   i. Measurement principle 

To measure the microwave properties of stack, a measurement cell was designed, 

as shown in Fig. 4.6. The electric and magnetic distribution in the cell was shown in 

Fig 4.7. Because the imperfection of the measurement line is mainly from the 

coaxial-to-strip junction, the cell was designed including two portions, the low 

permittivity (relative permittivity εr = 2.94 - 0.0012j at 10 GHz, made by Rogers 6002 

PCB board) portion and the empty portion for sample loading. The low permittivity 

portion has a characteristic impedance of 50 Ω calculated by HFSS software. The cell 

dimensions are marked in Fig. 4.6(b), w=3.9 mm, d=13 mm, l=11 mm, and the height 

of the cell is 1.25 mm. The S-parameter measurement was performed with a 
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HP8722D network analyzer from 0.5 to 3.5 GHz. The TRL (Thru, Reflect, Line) 

calibration was realized with the standard calibration kits to compensate the errors due 

to S-parameter test set and cables. The appendix A descript this calibration process in 

details. 

 

 

Figure 4.6 Fixture of measurement cell 
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Figure 4.7 Magnetic field (a) and electric field (b) distribution at the cross section of 

the cell 

It should be noted that in the cell only quasi-transverse electromagnetic (TEM) 

mode propagates along the transmission line at low microwave frequencies. The 

characteristic parameters for deriving materials’ properties mainly include 

characteristic impedance Z, propagation constant γ, effective permittivity εeff, and 

effective permeability µeff. These parameters are related by the following equations:  

    
eff

effZZ
ε
μ

0=                                  (4.36)                       

effeffc
j εμωγ

0

=                                (4.37)                      

Where Z0 is the characteristic impedance of the microstrip line without substrate 

(with air), c0 is the light speed in free space, and ω is the angular frequency.  

The cell was regarded as a shorted load transmission line, as sketched in Fig. 4.8. 

The relationship between reflection parameter S11 (measured at coaxial-to-strip 

junction) and reflection coefficient Г (at interface between low permittivity portion 

and empty portion due to impedance mismatch) is given by [4]: 

air
dair eS Γ= − γ2

11                                 (4.38)                      

stack
dstack eS Γ= − γ2

11                               (4.39)                      

Where airS11  and stackS11 are the reflection parameter with or without stack, Гair and 

Гstack is the reflection coefficient with or without stack, and γ is the propagation 

constant of the low permittivity portion and its value is mainly affected by the 

dielectric and metallic losses of low permittivity portion.  



 50

 

    Figure 4.8 Transmission line terminated by a shorted load of impedance ZL. 

According to Fresnel’s rule [7], reflection coefficient Г at interface between low 

permittivity portion and empty portion is given by: 

pcbL

pcbL

ZZ
ZZ

+

−
=Γ                                   (4.40)                      

Where Zpcb is the impedance of low permittivity portion and ZL is the input 

impedance of the shorted transmission line, empty portion (with or without sample).     

They can be expressed as:                                                       

''
0 / εμZZload =                            (4.41)                       

)tanh( 'lZZ loadL γ=                           (4.42)                       

''
0 / εμZZload =                            (4.43) 

Where εpcb is the relative permittivity of Rogers 6002 PCB board, Zload is the 

impedance of empty portion, µ´ and ε´ are the effective permeability and permittivity 

of material in empty portion, γ′ is the propagation constant of the empty portion. It can 

be derived from Eqs. (4.26) to (4.33) that 
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 For our FeTaN lamination stack, though the permittivity of Al2O3 crystalline 

(about 10) is larger than Mylar (about 3.4), Mylar substrate (8µm) is almost 250 times 

the thickness of 4 Al2O3 layers in one unit of FeTaN lamination stack. Thus εeff is 

almost the same as the Mylar substrate permittivity, which equals to 3.4 - j0.034 at 

low frequency.  Furthermore, we also insert another FeTaN multilayer sample 

(similar structure with the sample in this paper) into 7-mm coaxial line to get its 

permittivity and permeability. The complex permittivity of sample is about (4±0.2) - 

0.1j at low frequencies, which is near the permittivity of Mylar substrate. 

Therefore, µeff can be determined from air
11S  and stack

11S using Eqs. (4.44). However, 

the propagation mode in the microstrip line cell is not a strict TEM mode, thus a full 

wave electromagnetic analysis is needed to determine the accurate value of µeff. For 

this purpose, the S-parameter measurement needs a microstrip line cell 

electromagnetic analysis (direct problem) combined with an optimization process 

(inverse problem) [4, 8-10]. HFSS software was employed to electromagnetic analysis 

and optimization procedure. µeff was used in the simulation as the initial value. The 

optimized effective permeability value is valid only when calculated and measured 

values of the S11 are reasonable close, dB 1.0SS mea
11

cal
11 <− , where cal

11S  is obtained by 

HFSS simulation and mea
11S is the experiment result.  

 

ii Experiment results 
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  Figure 4.9 shows the easy and hard axis hysteresis loops of the FeTaN lamination 

stack. For a single-layered FeTaN film grown on Mylar substrate, the hysteresis loops 

show a strong uniaxial anisotropy, as shown in the inset of Fig. 4.9. However, FeTaN 

lamination stack is almost isotropic. Such an apparent change in anisotropy might be 

ascribed to several possible reasons. First, the angle distribution of the easy-axis 

direction of each FeTaN layer is inevitable after stacking [11]. Second, the interaction 

between FeTaN layers will affect the alignment of magnetic moments. Third, the 

stress induced by gluing process in the stack will have in-negligible influences on the 

soft magnetic properties [1]. 

 

Figure 4.9 (Color line) Hysteresis loops of FeTaN lamination stack and single FeTaN 

layer (inset) 
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Figure 4.10 Real (μ') and imaginary permeability spectra (μ'') of the FeTaN lamination 

stack with Eqs. (4.34) 

 

Figure 4.10 shows the real (μ') and imaginary permeability spectra (μ'') of the 

FeTaN lamination stack, calculated from measured S-parameters. High resonance 

frequency fr around 2 GHz with effective μ' of 1.6 at f < fr, and μ'' of 1.7 at fr can be 

observed. The measurement was performed without any applied external magnetic 

field. Therefore, this natural resonance frequency, which is due to the precession of 

magnetic moments around the easy axis, indicates the magnetic anisotropy of each 

FeTaN layer, though for the whole stack, the magnetic anisotropy is not obvious as 

shown in Fig. 4.9.  

The above effective permeability value for optimization is made in two steps. The 

first step is simulating the imperfection of the whole microstrip cell with HFSS 

software, since the measured S11 value is affected by the whole microstrip cell losses 
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(dielectric, metallic and radiation) [5]. The second step is minimizing the difference of 

calculated S11 values by HFSS software and measured S11 values for FeTaN 

lamination stack. At first step, we simulate the conditions before sample inserted into 

the cell, where air (ε=µ=1) is regarded as a calibration standard for our microstrip cell. 

By assuming all the differences between calculated and measured S11 values are only 

due to the imperfection of transmission line in low loss dielectric material (Rogers 

6002 PCB board) loss portion, the effective ε″ value of Rogers 6002 PCB board was 

adjusted to reduce these difference before dB 1.0SS mea
11

cal
11 <−  was achieved. Then, 

we set this optimum ε″ value as a standard Rogers 6002 PCB board parameter, and 

use these parameters to calculate the S11 value of FeTaN lamination stack at second 

step.  

 

 

Figure 4.11 Frequency dependence of magnitude of calculated and measured S11 
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Figure 4.12 (Color online) (a) Real permeability and (b) magnetic loss tangent 

dependence of S11 and phase of S11 at 1.25 GHz for FeTaN lamination stack. 
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Figure 4.13 Simulation results of permeability for FeTaN lamination stack 

 

The magnitude of calculated S11 (using µeff from Eqs. 4.44) and measured S11 

results are compared in Fig. 4.11. The difference between calculated and measured 

magnitude values of S11 is smaller than 0.15. One possible reason for the difference is 

that the quasi-TEM mode approximation is not precise due to the neglect of higher 

propagation mode in the calculation process. Therefore, the effective permeability 

values need optimization by the parameter scanning function in HFSS software. The 

S11 variations with the permeability at 1.25 GHz are shown in Fig. 4.12. The 

difference between calculated and measured result is smaller than 0.13 when real 

permeability changes. And the phase of S11 is mainly affected by real permeability 

value at this frequency. When the real permeability is equal to 2, and the imaginary 

permeability changes from 0.6 to 0.88, dB 10SS mea
11

cal
11 .<− . Meanwhile, the phase of 

S11 keeps almost the same. As for other frequencies, the simulated effective 
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permeability value can be seen in Fig. 4.13.  

 

4.2.2.2 Transmission line method  

 

 i. Microstrip transmission line  

 In this section, we introduce a microstrip transmission line fixture to measure the 

permittivity and permeability of material at one time. We apply the measured 

scattering parameters (S11, S21) to calculate the complex permittivity (ε) and 

permeability (μ) of material. The result is also examined by the full wave 

electromagnetic analysis combined with an optimization procedure using commercial 

HFSS software.   

 

 

Figure 4.14 Fixture of microstrip transmission line cell 

  The measurement fixture is shown in Fig. 4.14. The cell consists of three 

portions: two portions of the low permittivity (relative permittivity εr=2.94−0.0012j 

at 10 GHz made by Rogers 6002 PCB board) portion and the empty portion for 



 58

loading sample. The low permittivity portion has a characteristic impedance of 

50Ω determined by HFSS software. The cell dimensions are marked in Fig. 4.14, 

w=3.9 mm, d=9 mm, l=10 mm, and the height of the cell is 1.524mm. The 

S-parameter measurement was performed with a HP8722D network analyzer from 

1.5 to 3.5 GHz. The Thru, Reflect, Line calibration was realized with the standard 

calibration kits to compensate the errors due to S-parameter test set and cables. 

At low microwave frequencies, only quasi-transverse-electromagnetic (TEM) 

mode propagates along the transmission line. The characteristic parameters for 

deriving materials' properties mainly include characteristic impedance ZC, 

propagation constant γ, effective permittivity εeff, and effective permeability µeff. 

These parameters are related by the following equations [12] 
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Where Z0 is the characteristics impedance of microstrip in the medium (μr = εr= 1). 

(ε’, ε”, μ’, μ”) are the relative permittivity and permeability of test sample. 

According to Nicolson-Ross-Weir (NRW) method [13, 14], the relationship 

between propagation constant γ, characteristic impedance (Zcd) of test sample and 

scattering parameter (S11, S21) (measured at coaxial-to-strip junction) is given by 

cdc
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Where γ and γ’ are the propagation constant of the low permittivity portion and 

sample portion, and Γ are the reflection coefficient at interface between the low 

permittivity portion and sample portion. And γ can be obtained by shorting the strip 

at the interface between the low permittivity portion and sample portion. 

)2exp(11 dS air γ−−=                               (4.57) 

The analytic equation for magnetic case, the effective equation and the dispersion 

function can be defined as [15, 16] 

2' )(
2

'1
BA

A
eff −

+
=

εε                              (4.58) 

2' )'(
'1

'2
A

BA
eff

−
+

=
μ
μμ                             (4.59) 

Where 

2)(
32
18ln

h
w

w
hA +=                               (4.60) 



 60

)]4ln(
'

1)
2

)[ln(
1'
1'ln(

πε
π

ε
ε

+
+
−

=B                       (4.61) 

)]4ln()
2

)[ln(
1'
1'ln('

π
μπ

μ
μ

+
+
−

=B                       (4.62) 

Therefore, (ε’, ε”, μ’, μ”) of test sample can be determined from S21 and S11 using 

above equations. However, the propagation mode in the microstrip line cell is not a 

strict TEM mode. Furthermore, the imperfection of test fixture will increase the 

errors of S21 and S11, which will influence the uncertainty of (ε’, ε”, μ’, μ”) 

calculation result [17, 18]. Thus, a full wave electromagnetic analysis is needed to 

determine the accurate value of µeff. HFSS software was employed to 

electromagnetic analysis and optimization procedure.  Above calculated (ε’, ε”, μ’, 

μ”) value were used in the simulation as the initial value. The optimized effective 

permeability value is valid only when simulated and measured magnitude and phase 

values of the S11, S21 are reasonably close,  

dBSS sim 2.011
exp
11 ≤− (for dielectric material), 2 dB(for magnetic 

material) 

                                               (4.63) 

dBSS sim 1.021
exp
21 ≤−                                (4.64) 

Where simS11 and simS21  are obtained by HFSS simulation; exp
11S and exp

21S are the 

experiment result. 

ii Experiment results 

The microstrip transmission line measurement and waveguide measurement 

performed on dielectric powder (εr = 2.5 – 0 j) are represented in Fig. 4.15. The 

measured (ε”, μ’, μ”) values for dielectric powder corresponded to those anticipated. 
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Compared to the manufacture value, these values show an error better than 6%. 

However, large difference (about 10%) is also shown for real permittivity (ε’) of 

dielectric powder. Such difference in ε’ might be ascribed to several possible reasons. 

First, the composition (the ratio of dielectric powder and air) of the powder stack for 

microstrip measurement and waveguide measurement is different. Second, the 

imperfection of test fixture (especially the inevitable deformation of upper strip) will 

affect the measured scattering parameters. Third, the difference between real test 

fixture and models in HFSS software also influences the accuracy. 

1.6 1.8 2.0 2.2 2.4 2.6
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

 μ'(waveguide)

 μ'(waveguide)

 μ"(microstrip)

 μ"(microstrip)

P
er

m
ea

bi
lit

y

Frequency (GHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

 ε'(waveguide)

 ε'(waveguide)

 ε"(microstrip)

 ε"(microstrip)P
er

m
itt

iv
ity

Figure 4.15 Measured complex permeability and permittivity value for dielectric 

powder (εr = 2.5 – 0 j) 

 

Measured and values for a FeTaN lamination stack are shown in Fig. 4.16. As it can 

be seen, with the frequency increase, the real permittivity ε’ of stack decrease from 5 

to 4.5, the imaginary permittivity ε” increase from 0 to 0.5, which are large than those 
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obtained with the APC 7mm coaxial method with complex permittivity equaling to 

4.2 − 0.2j. The real permeability μ’ decrease from 1.5 to 0.1, the imaginary 

permeability μ” shows a maximum value between 2.5 to 3 GHz. In principle, the large 

difference between simS11  and exp
11S  will increase the uncertainty of permeability and 

permittivity value, as shown in ref [19]. The dielectric loss, magnetic loss and whole 

microstrip cell losses affected measured (S11, S21) value and this will inverse increase 

the error of (ε’, ε”, μ’, μ”). The inevitable strip deformation also influences the 

accuracy of result.  
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 Figure 4.16 Measured complex permeability and permittivity value for FeTaN 

lamination stack 

 

4.3 Waveguide transmission line measurement method 

 

The diagram of waveguide and measurement fixture is shown in Fig. 4.17. 
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Waveguide measurement is widely used in application. Compared with microstrip 

measurement methods, it needs larger size sample due to its larger cross-section size. 

 

4.3.1 Theory of waveguide transmission line [4] 

  

 

         
Figure 4.17 waveguide (C-Band) and measurement fixture for X-Band 

        

For a time-harmonic field with an ejωt dependence wave propagation along the +z 

direction, the electric and magnetic fields can be written as: 

zj
z eyxezyxezyxE β−+= )],(),([),,(                     (4.65) 

zj
z eyxhzyxhzyxH β−+= )],(),([),,(                    (4.66) 

Where ),( yxe and ),( yxh  represent the transverse (x, y direction) electric and 
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magnetic field components, while ez and hz are the longitudinal electric and magnetic 

field components. β is propagation constant for losses medium in the waveguide. If 

conductor or dielectric loss is present, the propagation constant will become γ = α + 

jβ, where α is damping factor.  

   If the transmission line or waveguide region is source free, Maxwell’s equations 

can be written as 

HjE ωμ−=×∇                                       (4.67) 

EjH ωε=×∇                                    (4.68) 

With an e-jβz z dependence, the three components of each of the above equations 

can be reduced to the following: 
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The above six equations can be solved for the four transverse field components in 

terms of Ez and Hz as follows: 
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Where 222 β−= kkc . 

Transverse electric (TE) wave, are characterized by Ez=0 and Hz≠0. Equations 

then reduced to  
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In this case, kc≠0, and the propagation constant is generally a function of 

frequency and the geometry of the line or guide.  

The transverse field components of the TEmn mode can be found as follows: 
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Where a, b are the waveguide cross-section demission. Amn is arbitrary 

amplitude constant composed of the remaining constants A and C.  

The propagation constant is 
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Only real β can propagation along the waveguide, which needs  
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Each mode has the cutoff frequency fcmn given by 
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=                                (4.90) 

Thus the TE10 mode is the dominant TE mode, and we will see, the overall 

dominant mode of rectangular waveguide. As a given operating frequency f, only 

modes having fcmn＜f will propagate; Propagate with fcmn>f will lead to an imaginary, 

meaning that all field components will decay exponential away from the source of 

excitation. 

In the vast majority of applications the operating frequency and guide dimensions 

are chosen so that only the dominant TE10 mode will propagate. Because of the 

practical importance of TE10 mode, we will list the field components and derive the 

attenuation due to conductor loss for this case. 

Specializing to m=1, n=0 cases give the following results for the TE10 mode 
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fields: 
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The lowest fc occurs for TE10 (m=1, n=0) mode for a>b: 
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The guide wavelength λg is defined as the distance between two equal phase plane 

along the waveguide, and is equal to 
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The characteristic impedance of an air-filled section of rectangular waveguide is  
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Where λc is the low-frequency cutoff wavelength of the TE10 mode, λ0 is free space 

wavelength. 

While the sample was loaded in the waveguide, the propagation constant β needs to 

be replaced by γguide = α + jβ. The characteristic impedance of the sample-filled 
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section is given. 
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And   gguidea λγπ =)/2(Im                                       (4.103) 

 

4.3.2 Measurement Procedures 

 

According to Nicolson-Ross-Weir method, the relationship between propagation 

constant γ, normalized characteristic impedance Z, the reflection coefficient Г of test 

sample and scattering parameter (S11, S21) is shown in Fig 4.18. 

 

 

Figure 4.18 Calculation procedures for permeability and permittivity 

From the measured S21 and S11, the normalized characteristic impedance Z and γguide 
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are calculated. For the portion filled by sample,  
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Therefore, the permeability of sample, 
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The material refractive index Nm is  
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Then, the permeability of sample,
r

m
r

N
μ

ε
2

= . 

The permeability and permittivity of commercial absorber (ECCOSORB-SS6M) 

in X-band is shown in Fig. 4.19. The result is food agreement with HFSS simulation 

for EM absorber in X-band. 
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Figure 4.19 Permeability and permittivity of commercial absorber (ECCOSORB) 
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CHAPTER 5 

CONCLUSION 

 

In this thesis, the patterning method was utilized to improve the resonance 

frequency of nanocrystalline FeTaN thin film, which had large permeability (103) up 

to ~1 GHz. The magnetic properties and microwave response of the patterned strip 

arrays were investigated at different strip widths and patterning directions. 

We also deposit FeTaN thin films on flexible insulator polymer substrates and 

glue them together to form a composite material consisting of ferromagnetic films 

laminated with insulating polymer sheets. The fabrication of this kind of soft magnetic 

lamination stacks makes them a good candidate for high-frequency microwave device 

applications. 

In this thesis, we develop shorted microstrip transmission line method, and 

apply these methods to measure the scattering parameters of the FeTaN lamination 

stack. Permeability spectra of the FeTaN lamination stack are obtained by the 

shorted load transmission line model. In data processing procedure, the effective 

permeability of the FeTaN lamination stack at different frequencies describing the 

transmission line is determined from the reflection measurements at different 

measurement frequencies. The result is examined by the full wave electromagnetic 

analysis combined with an optimization procedure using commercial HFSS 

software. 

We develop microstrip transmission line method to obtain the complex 
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permeability and permittivity spectra of the FeTaN lamination stack. In data 

processing procedure, the effective permeability of the FeTaN lamination stack at 

different frequencies describing the transmission line is determined from the (S21, S11) 

at different measurement frequencies. The result is examined by the full wave 

electromagnetic analysis combined with an optimization procedure using 

commercial HFSS software. And the result error is larger than shorted microstrip 

transmission line.  

We also employed micrtostrip perturbation method to measure single layer 

FeTaN films. Waveguide method also was employed to measure other bulk 

materials. 
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Appendix A 

MICROSTRIP CALIBRATION SEQUENCE INPUT IN VNA 

 

A.1 Input new Sequence for microstrip transmission line calibration  

 

1. Press Seq. 

2. Select: 

a. NEW SEQ 

b. SEQUENCE 6 (for new sequence) 

3. Press Cal 

4. Select: 

  a. CAL KIT 

  b. SELECT CAL KIT 

  c. USER KIT 

  d. RETURN 

5. Press MODIFY 

6. Press DEFINE STANDARD 

7. Select: 

  a. Press 1×1 (the calibration standard number), the softkey THRU is underlined. 

Press THRU. 

  b. MODIFY STANDARD DEFINETION. 

  c. SPECIFY OFFSET. 
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  d. OFFSET DELAY, and enter the new offset delay (0 ps). 

  e. OFFSET LOSS, and enter the new offset loss (0 GΩ/s). 

  f. OFFSET Z0, and enter the new Z0 (50 Ω). 

  g. MINIMUM FREQUENCY, and enter the new cutoff frequency (0GHz). 

 h. MAXiMUM FREQUENCY, and enter the new maximum frequency (999GHz). 

 i. COAX 

 j. Standard DONE 

8. Press DEFINE STANDARD 

9. Select: 

  a. Press 2×1 (the calibration standard number), the softkey SHORT is underlined. 

Press SHORT. 

  b. MODIFY STANDARD DEFINETION. 

  c. SPECIFY OFFSET. 

  d. OFFSET DELAY, and enter the new offset delay (-22.5 ps). 

  e. OFFSET LOSS, and enter the new offset loss (0 GΩ/s). 

  f. OFFSET Z0, and enter the new Z0 (50Ω). 

  g. MINIMUM FREQUENCY, and enter the new cutoff frequency (0GHz). 

 h. MAXiMUM FREQUENCY, and enter the new maximum frequency (999GHz). 

 i. COAX 

 j. Standard DONE 

10. Press DEFINE STANDARD. 

11. Select: 
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  a. Press 3×1 (the calibration standard number), the softkey DELAY/THRU is 

underlined. Press DELAY. 

  b. MODIFY STANDARD DEFINETION.(1.99 GHz-18.1 GHz ICM LINE2 for 

example) 

  c. SPECIFY OFFSET. 

  d. OFFSET DELAY, and enter the new offset delay (22.5 ps). 

  e. OFFSET LOSS, and enter the new offset loss (0 GΩ/s). 

  f. OFFSET Z0, and enter the new Z0 (50 Ω). 

  g. MINIMUM FREQUENCY, and enter the new cutoff frequency (1.99 GHz). 

 h. MAXiMUM FREQUENCY, and enter the new maximum frequency (18.1 

GHz). 

 i. COAX 

 j. Standard DONE 

12. Press SPECIFY CLASS 

13. Select: 

  a. S11A, press 1×1, 2×1, 3×1. 

  b. S11B, press 1×1, 2×1, 3×1. 

  c. S11C, press 1×1, 2×1, 3×1. 

  d. S22A, press 1×1, 2×1, 3×1. 

  e. S22B, press 1×1, 2×1, 3×1. 

  f. S22C, press 1×1, 2×1, 3×1. 

14. press MORE. 
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15. Select: 

  a. FWD TRANS, press 1×1, 3×1. 

  b. REV TRANS, press 1×1, 3×1. 

  c. FWD MATCH, press 1×1, 3×1. 

  d. REV MATCH, press 1×1, 3×1. 

  e. RESPONSE, press 1×1, 3×1. 

  f. RESPONSE&ISOL’N, press 1×1, 3×1. 

16. press MORE 

  a. TRL THRU, press 1×1. 

  b. TRL REFLECT, press 2×1. 

  c. TRL LINE OR MATCH, press 3×1. 

17. Press SPECIFIC CLASSIC DONE. 

18. Press KIT DONE. 

19. Press SAVE USER KIT. 

20. Press Seq 

21. Press DONE SEQUENCE MODIFY. 

 

A.2 Performing a Calibration for microstrip trasnsmission line 

 

1. Press Seq. 

2. Select 

  a. DO SEQUENCE. 
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b. SEQUENCE 6. 

4. Set START and STORP frequency. 

5. Press Cal. 

6. Press CAL MENU. 

7. Press TRL. 

8. Follow the prompts on the display. 
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