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Within this educational endeavor instrumental development was explored 

through the investigation of microwave induce stable electromagnetic waves within a 

non-linear yttrium iron garnet ferromagnetic waveguide. The resulting magnetostatic 

surface waves were investigated as a possible method of rapid analytical evaluation of 

material composition. Initial analytical results indicate that the interaction seen between 

wave and material electric and magnetic fields will allow phase coherence recovery and 

analysis leading to enhancement of analytical value. 

The ferromagnetic waveguide selected for this research was a high quality 

monocrystalline YIG (yttrium iron garnet) film. Magnetostatic spin waves (MSW) were 

produced within the YIG thin waveguide. Spin waves with desired character were used 

to analytically scan materials within the liquid and solid phase. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Purpose and Questions to be Answered 

 This research is an educational endeavor in which the process of instrument 

development was explored. An initial investigation into utilization of microwaves to 

explore crystalline structures became a more complex investigation into instrument 

functional parameters and the production and usage of non-sinusoidal non-linear soliton 

electromagnetic waves. Using what appears to be a previously unreported analytical 

application of magnetostatic spin waves within a ferromagnetic film wave guide (see 

Table 1.1) the central problem or question became one of instrumentation and potential 

application to chemical and physical analysis of materials. 

 Research was based on an initial hypothesis that large amplitude 

electromagnetic waves demonstrating soliton behavior could be produced within yttrium 

iron garnet films. The ability to produce magnetostatic surface electromagnetic waves, 

and the special characteristics of soliton waves, would lead to the expansion of 

microwave spectrometry technology into multi-phase materials and provide a previously 

untapped analytical resource within chemistry and material science.  

The propagation of nonlinear magnetostatic spin waves upon ferromagnetic films 

has been of great interest within the past few years primarily within the fields of physics 

and engineering (1, 2, 3, 4). The use of such waves within the analytical processes 

related to chemical analysis has however not been explored. As such, equipment 

configuration and analytical methodologies to be employed within desired physical and 

chemical analysis required development starting at a limited foundational concept level.  
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Overall this endeavor included traditional literature research and additional education 

within the areas of wave physics, basic electronics, microwave engineering, data 

acquisition and spectral analysis software. 

Table 1.1. Microwave Applications within Chemistry 

Application Measurement(s) Strengths Limitations 

Synthesis Kinetics and digestion Reaction rate, sample 
preparation  

Gas Phase 
Cavity rotation 
spectrum, 6 Ghz-40 
GHz (FTMW) 

Accurate specie’s id, 
sensitivity, real time 

Less than 12-15 non-
hydrogen atoms, 
rotational motion usually 
quenched in liquids or 
solids 

Dielectric methods 
Dielectric properties of 
material and molecular 
structure 

FAST, NON-
DESTRUCTIVE, NON-
CONTACTING 

 

Coaxial Probe  Broadband, best for 
liquids/semi -solids 

Sample thickness > 1 
cm, homogenous , 
isotropic 

Transmission Line  Broadband, best for 
machineable solids 

Shape requirements, 
container confined, 
large sample size 

Freespace  
Broadband, best for flat 
sheets, powders, high 
temperatures 

Samples need flat 
parallel faces, low 
frequencies required 
large samples 

Resonant Cavity  
Single frequency, small 
samples, low loss 
materials 

Results at one 
frequency, complex 
analysis, destructive  
sample machine work 

YIGP method 

Dielectric, parametric 
instabilities, resonance 
frequencies, kinetics, 
material profile and 
molecular structure 

Fast, non-destructive, 
all material phases, 
probe applications 

Complex signals, 
sample containment 
methods based on 
phase, multiple 
frequencies increase 
noise effect on 
spectrum 

Reproduced from: Agilent Technologies at www.agilent.com 

              

The development of magnetostatic surface waves in ferromagnetic films, in the 

case of this dissertation a yttrium iron garnet film, has been demonstrated by several 
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researchers including Wu et al. (4) and Jun et al. (5) . The initial developmental step 

within my research was to replicate this work and create stable surface waves. This task 

proved to be extensive however requiring numerous modifications of equipment 

configuration and thin film design.  Four major experimental designs were developed, 

applied and modified where needed in a effort to design an equipment and thin film 

configuration which would allow analytical applications. This learning and development 

process constitutes a major part of the research reported within this dissertation. 

 In addition, this report explores the application of created magnetostatic surface 

waves to the analysis of materials. Recognizing that most materials represent a 

complex energy field of interaction and change, it was hypothesized that materials 

would demonstrate interaction with a propagating electromagnetic wave. Interactions at 

the electrostatic, oscillation, electronic, and dispersive level have been seen using other 

analytical methods, such as infrared and ultraviolet spectroscopy.. The utilization of 

propagating magnetostatic surface waves would expand available analytical 

applications. 

 The improvement of current technology, especially within analytical chemistry 

and commercial applications, could not be overlooked during this research project. 

Issues such as accuracy, ease of operation, and cost were additional considerations 

within this research. 

 

1.2 Historical Aspects of Microwave Spectroscopy 

 Periodic oscillations of matter or energy, commonly called waves, have been 

used to analyze chemical or physical properties of materials for many years. Beginning 
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with the early exploration of light in the 1600’s by Newton, Robert Hooke and others and 

Pierre Bouguer in 1729 (6), application now spans many areas of analytical chemistry 

including atomic absorption spectrophotometry (AA), infrared absorption 

spectrophotometry (IR), microwave absorption (MW) and others. The absorption of 

linear sinusoidal wave energies due to electronic, rotational or vibrational quantum 

characteristics is common within most analytical labs. Waves with longer wavelengths, 

microwave and above, have typically been limited to quantitation based on rotational 

characteristics within a gas state. Exhibiting the ability to have high resolution between 

multiple gas phase substances, microwave technology has been expanded to polar 

liquids and solid/liquid mixtures as well as applications to electron-spin resonance and 

paramagnetic resonance. Guided microwave spectroscopy (GMS), utilizing dielectric 

differences within materials, has been used within process analysis to monitor phase 

transitions within selected liquids (7)  and industrial multiphase samples. Beginning in 

the mid-1700s with Leonard Euler’s work in fluid dynamics and later in 1837 with 

observations made by John Scott Russell, interest in non-linear waves have grown 

within the realm of mathematical theory and physical processes. Mathematical concepts 

have been formed and reformed to address those equations used to describe what 

became known as “soliton” waves. The non-destructive nature of soliton waves has 

created more interest continues to be an area of debate. 

 Non-linear soliton waves present many interesting wave characteristics such as 

high amplitude and an ability to survive collisions which have not been fully explored in 

regard to analytical applications. Although occasionally reported within the study of 
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physical systems, such as within plasma field wave guides (8), within the field of 

analytical chemistry no applications of non-linear soliton waves have been reported. 

 Following an initial quest to explore microwave applications, the usage of non-

linear soliton type electromagnetic waves within analytical processes was identified as a 

key objective of this research. Anticipating future applications within analytical 

chemistry, the electronic industry, and possibly within healthcare, a method presenting 

no identified health risk or potential component damage was desired.   

 Any material is made up of dynamic environment of charge motion, potential 

inclusive lattice differentiation, boundaries and variable quantum states.  Higher energy 

electromagnetic waves such as X-ray, ultraviolet, and infrared have been used to 

explore this environment. However, the low frequency, long wavelength, and potential 

peak broadening of microwaves has resulted in most microwave applications being 

restricted to the analysis of rotational transitions of gas or limited liquid phase materials 

or narrowly defined dielectric methods (see Table 1.1.). 

 Electromagnetic forces within a system are not simple. Consideration was given 

to the electric forces involved as well as the vector relationships between electric and 

magnetic forces, both of which can be variable within a lattice system. 

 

1.3 Rational for Study 

 This dissertation reports the expansion of microwave characteristics into new 

areas of analytical processes. Production of soliton waves on yttrium ferromagnetic 

films using microwave oscillators, cables, and transducers has been reported (1, 2, 3, 

4). Although rectangular waveguides are very common within the physics lab as a 
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method of moving microwaves around, the direct excitation of a ferromagnetic film from 

rectangular waveguide sources has not been explored. The creation of soliton waves 

within a yttrium film using a rectangular waveguide method with a carrier frequency of 3-

10 GHz, microwave region, presented a new opportunities within physics and analytical 

chemistry applications. 

 Stable magnetostatic surface waves demonstrating characteristics of soliton 

spin-wave envelopes were utilized to detect and then profile dislocations and boundary 

environments within varied materials. This research will report a method for using 

soliton waves within analytical chemistry for the first time. Data collected was compared 

to more contemporary methods to determine analytical value. 

 

1.4 Wave Theoretical Foundation 

 The use of electromagnetic wave properties is widely found within chemical 

analytical methods today. A stable form of electromagnetic energy producing a selected 

wavelength within a sampling device and detector can be used to produce a 

measurable signal. From the signals collected we can collect emission, absorption and 

fluorescence spectrums of solid, liquid and gas samples. Depending on the wavelength, 

thus energy, of the electromagnetic wave used molecular and atomic data can be 

obtained. The instruments available today, typically ranging in wavelength from about 

250 nm to 40,000 nm, can be found within most analytical laboratories today and are 

commonly reported within scientific literature. 

 In most cases the current spectroscopic methods are based on energy 

absorption, emission or fluorescence. A molecule can undergo a transition from a high 
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energy state to a low energy state and emit energy as a photon or reverse the process 

through the absorption of energy. Such systems, although frequently complex, typically 

rely on the simple Bohr frequency condition of: 

    hυ = E1 – E2   (Equation 1.1) 

 Absorption and emission can occur at the electronic, vibrational or rotational 

levels. Elementary excitations are widely found and reported within scientific and 

industrial applications today.  In most cases excitations can be described as ordinary 

sinusoidal type waves representing periodic physical properties. A general characteristic 

of this type of wave is that they typically exhibit a dispersive response to the media in 

which they travel and a loss of energy in the form of heat. Dispersion and loss of energy 

can present analytical limitations within multi-phase materials. 

 Sources of radiation, the requirement for a dispersive element (if source is not 

monochromatic), detection method, and the desired data are considerations when 

selecting an analytical method. Microwaves waveguide technologies typically use 

tunable klystron as a source and a crystal diode for detection. Modulation is typically 

required to improve weak microwave signals.  If only energy emission and absorption 

was considered, low energy microwaves seemed to be applicable only to rotational 

measurements within the gas phase. Simple attenuation of microwave signals has been 

applied to process control within liquid and liquid-solid states. 

 Albert Einstein (9) proposed that an electric charge in motion is impacted by a 

vector product of both the electric and magnetic forces involved.  Recognizing that most 

solid materials are composed of varied charge centers, as in ionic crystal lattices, each 

should create an environment of varied electromagnetic forces. I felt that the impact of 
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these varied electromagnetic properties on incident waves, such as microwave soliton 

waves, should result in a change within wave character. The analysis of wave 

characteristics, which will include permittivity and permeability effects, boundary 

oscillations and phase changes, in conjunction with longer wavelength lower energy 

microwaves would allow greater analytical applications. 

 Georg Joos (10) advised that “the first task of theory is to disclose relationships, 

an equally important part of its work is to formulate these relationships mathematically.” 

In an effort to identify the relationships considered within this research, mathematical 

formulations regarding basic wave theory, microwaves, magnetostatic surface waves, 

soliton waves, and yttrium iron garnet were researched and reviewed as an introduction. 

 An electromagnetic wave can be described as made up of a transverse electric 

field and magnetic field. Both time dependent, each can be stressed or strained as it 

passes through a medium. Dislocations, dipoles, changes in permittivity and 

permeability, boundary oscillation frequencies and other physical characteristics of the 

medium can complicate the transmission of the wave through the medium. 

  Electromagnetic characteristics are present or can be created within most 

materials. An incident wave originating outside the material system being studied would 

be expected to influence any moving charge or electromagnetic field within a substance 

thus possibly creating a characteristic interaction signature. It was anticipated that 

interaction signatures would be seen both within incident and reflected waves. Greater 

penetration of sample and increased analytical depth was also anticipated. This 

hypothesis was based on the three postulates as listed below. 
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 Postulate 1: Any crystalline, solid/liquid interface and amorphous material may 

have dislocations which could create a field anomaly which could be detected. Here we 

define dislocation as any change within surface or subsurface morphology. A change in 

surface profile, cracks or breaking within the solid, boundaries, an inclusion of another 

type of atom or structure within the overall crystal structure, and displacement of atomic 

groups within the structure, would all be considered dislocations of interest. Field 

anomalies created by such dislocations would result in changes within internal electrical 

or magnetic field vectors. Typical dislocations within the surface morphology of a solid 

can be seen using a scanning electron microscope (SEM). 

 This postulate is supported by limited reports relating to the interaction of 

magnetostatic surface waves with metal layers and superconductor structures. Kindyak 

(11) reported on the interaction between surface waves in a ferrite structure, using a 

yttrium iron garnet ferromagnetic film, through an insulator, and a metal screen. The 

type of metal used was not identified but we can assume general metallic properties 

such as conductivity. Kindyak explored the dispersion of surface magnetostatic surface 

waves as a function of the wave vector at various distances between the film and metal. 

Kindyak reported an interaction between the metal and the magnetostatic surface wave 

frequency and properties propagating upon the waveguide. Semenov et.al (12) reported 

on the dispersion of surface waves and microwave sheet resistance of superconducting 

films within a magnetic field. In this case Semenov et.al layered a yttrium iron garnet 

(Y3Fe5O12) film upon a yttrium barium copper oxide layer (YBa2Cu3O7) separated by an 

insulator. Semenov et. all recorded a phase interaction between the two yttrium layers 

and noted that the penetration depth of the surface wave produced by the ferromagnetic 



10 

film into the barium layer was depended on several factors, including ionic nature, 

oxygen content, structure ordering, and links. 

 Postulate 2: Microwaves are sinusoidal electromagnetic waves with a wave 

length in the range of 300 MHz to 300 GHz. Typical engineering applications are within 

the 1 GHz (30 cm) to 100 GHz (3 mm) range. Frequencies within this range will impact 

a yttium wave guide and sample and be reflected back to a diode detector. 

Superpositioning of waves and Fourier transform analysis will be possible when 

sinusoidal wave patterns are analyzed. 

Figure 1.1. Illustration of cubic crystal dislocations which will influence incident 
electromagnetic wave properties. 

 Postulate 3: The yttrium iron garnet film (YIG), the YIG waveguide will 

demonstrate an induced spin-wave soliton wave pattern using a selected microwave 

pulse input. The induced wave YIG wave pattern will be impacted by applied additional 

wave sources and reflected wave patterns with the sample holder. The final wave 

pattern detected will also be impacted upon by the overall electrical and magnetic vector 

Other element inclusion 

Crystal anomaly: Breaks, tears, 
direct changes 

Magnetic field changes B1 

and B2 

B1 B2 
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product of the sample as the wave passes down the waveguide near the sample, 

approximately 2 micrometers. Dispersion of wave group velocity has been shown to be 

impacted by metal screens up to 0.1 centimeters by Kindyak (11). 

 As previously stated, an incident wave originating outside the material system 

being studied would be expected to be influenced by any moving charge or 

electromagnetic field within a substance. The displacement of an electrical charge 

produces the electromagnetic phenomena. More easily viewed using the concept of 

fields, the charge produces an electric field. If the charge is in motion, a magnetic field is 

generated. Ohm’s law is used to describe the relation between the moving charge 

(current) and material conductivity within an electric field. Ohm’s law in both the 

microscopic form and typical electronic notation are represented as 

     J = σE    (Equation 1.2) 

     V= IR    (Equation 1.3) 

where J represents current density, E the electric field, σ the electric conductivity, V is 

the difference in potential energy a charge has, I is the instantaneous current, and R is 

resistance. 

 Other relationships between material composition, electrical fields and magnetic 

fields are described within Ampere’s Law and Faraday’s Law  

    Φm = (μonI/l)A Ampere’s Law (Equation 1.4) 

    V = (μN2A/l) ∂l/∂t Faraday’s Law (Equation 1.5) 

where Φm is the magnetic flux, μ is the permeability of material, n is the number of coil 

turns, l is the length of the coil, and A is the area of the coil. 
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 Many have studied electric and magnetic field properties and have represent 

them through mathematical models. The most fundamental of the current models used 

are the Maxwell’s equations. The solution of these equations are directly related to how 

electromagnetic waves such as microwaves propagate through a material. 

 Working from Ampere’s law above, the rotational relationship between the 

magnetic field and current density using the curl of the vector field can be described as 

  curl H = ∇ X H= μ0ε0 ∂E/ ∂t + μ0 J    (Equation 1.6) 

where H is the magnetic field, E the electric field, εo is the permittivity of the material and 

J the current density due to the conductive current. The first term (μ0ε0 ∂E/ ∂t) 

recognizes there will be a displacement current at higher frequencies. 

 Faraday’s Law states that a change in the magnetic field can generate an 

alternating electric field. A cure of the vector field can be described in this case as 

  curl E = ∇ × E =  − dB/ dt    (Equation 1.7) 

where E is the electric field and B the magnetic induction. 

 The two remaining Maxwell equations are expressions of Gauss’ law relating to 

divergence and lack of magnetic monopoles in nature. These equations are 

  ∇ • E =  ρ/ε      (Equation 1.8) 

where ρ is charge density and ε is the permittivity of the material. 

 The Maxwell Equations can also be expressed in form in that 

   ∮𝑩 ∙ 𝑑𝑙 =  𝜇𝐼 +  𝜇𝜀 ∫ 𝜕𝐸
𝜕𝑡

 ∙ 𝑑𝑠  (Equation 1.9) 

   ∮𝑬 ∙ 𝑑𝑙 =  −𝑑𝛷/𝑑𝑡    (Equation 1.10) 
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   ∮𝑬 ∙  𝑑𝑠 = 1
𝜀

 ∫𝜌 𝑑𝑡     (Equation 1.11) 

   ∮𝑩 ∙ ds = 0     (Equation 1.12) 

where dl is a line element, ds is a surface element, dt is a volume element, Φ is the 

linked magnetic flux (= ∫ B • ds).   

  The application of previous mathematical models, including those relating to the 

Maxwell equations, are however not sufficient in themselves to describe the complex 

interaction between multiple wave sources and a liquid or solid sample. In this research 

electromagnetic characteristics, and thus possible interaction, included the yttrium wave 

guide soliton, the incident microwave, and the characteristics of the material itself.  

Model concepts were formulated for each interaction.  

 An overview of basic theory of sinusoidal wave characteristics was required to 

determine the potential relation between applied common waves, soliton waves and 

material electromagnetic characteristics. 

 A basic well known sinusoidal wave equation, assuming infinite length, can be 

written with amplitude, frequency, and other wave properties included (13)  

    ζ = A cos (κx - ωt)   (Equation 1.13) 

 In this equation ζ is the displacement, A is the amplitude of the sinusoidal wave, 

κ is the angular wave number (or 2π/λ), ω is the angular frequency (or 2πυ) with t equal 

to time. This wave equation reflects simple analysis of a harmonic wave traveling on a 

stretched string, or waveguide. 

 Using Euler’s identity, eiθ = cos θ + i sin θ, and the “real part convention” (13), we 

have:  
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     ζ = A ei (κx-ωt)   (Equation 1.14) 

 This equation is frequently referred to as a “phasor” within fields such as 

electrical engineering to represent a physical oscillating quantity and can be used to 

describe boundary oscillations. 

 The addition of a phase function φ0 to determine the placement of the wave 

completed the general wave equation. 

     ζ = A ei(κx - ωt - φ)  (Equation 1.15) 

  Although this general wave equation reflects many basic assumptions regarding 

simple sinusoidal waves it has served as a model for wave propagation within 

rectangular waveguides. The arbitrary amplitude function A has been replaced with 

known wave guide parameters such as cut off wavelength and dimensions. The 

exponential factor seen within the simple wave formula above is the same factor used 

when determining E and H field interactions and includes a phase factor Φ. 

 The determination of multiple electromagnetic field interaction was not limited to 

E and H field theory, sinusoidal wave characteristics, or rectangular waveguide 

equations. Research parameters which involved non-linear soliton waves and T 

coupling of wave patterns required further review. 

 Although introduced over two centuries ago, the physical properties of 

electromagnetic solitary waves have been explored only within the last two decades.  

 Since first being labeled “solitons” by Zabusky and Kruskal in 1965 (14), soliton 

waves, see Figure 1.2, have been explored numerically and theoretically using primarily 

three equations relating to the media under investigation.  
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Figure 1.2. Representation of soliton wave character and typical sine wave.  A: input 
pulse, B: forward soliton pulse, C: soliton pulse after reflection, D: typical sinusoidal 
wave pattern. 
 
 
  Water waves, or similar fluid waves, were described mathematically using the 

Korteweg and de Vries equation as given previously in a general format or using 

derivative expressions such as 

 ( ∂/∂t + u∂/∂z + β∂3/∂x3) u = 0   u = u(x,t) (Equation 1.16) 

where u is the displacement of the fluid. 

 The propagation of soliton waves within plasmas, as reported by Sagdeev (3) 

and others, stirred interest in magnetic and ionic-acoustic solitons.   

 Solitons have been explored today primarily within aquatic systems, optical 

fibers, and transmission lines (1). Solitons have been shown numerically (8) and 

analytically (15, 16) to be stable excitations exhibiting reduced dispersion and retention 

of energy. Interactions between soliton waves, known as collisions, and other physical 

aspects of soliton waves have been recently explored by Mingzhong Wu et al.(2,3,4), as 

A 

B 

C 

D 
Applied magnetic 
field 

End of YIG wave 
guide, reflection 
and lost energy 
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well as others (18,19,20).  

 A review of published research however indicates that the application of soliton 

waves to the field of analytical chemistry has not been explored. The data collected thus 

far concerning the physical properties of a electromagnetic soliton wave, limited 

dispersion characteristic and retention of energy, would suggest a possible application 

to atomic and molecular analytical processes within chemistry especially within the 

possible areas of material profiles, boundary layer characteristics, and crystal growth. 

 As a foundation for my research the theoretical aspects of soliton waves and 

known physical characteristics were first examined for application insight. Nonlinear 

non-sinusoidal solitary waves, solitons, were seen to present new opportunities for 

mathematician, physicist and chemist alike. 

 The applications of previously discussed sinusoidal wave theory was investigated 

as a starting point in the development of non-sinusoidal periodic wave equations. 

 Returning to the previously discussed simple sinusoidal wave equation and 

including on the real part, we have 

    ξ = A cos (κx - ωt + Φ)  (Equation 1.17) 

where κ is the angular wave number (2π/λ), ω is the angular frequency, and Φ is the 

complex phase angle. 

 Solutions to the linear wave equation leading to superpositioning are possible. 

Nonlinear equations presented a challenge. Solutions relating two soliton waves 

demonstrated superpositioning provided answers. 

 Localized traveling soliton waves have a GKdV equation of 

   ψ(x,t) = ½ c sech2 ½ c1/2 (x – ct + Φ) (Equation 1.18) 
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 Other non-linear mathematical equation can be used to model properties such as 

microwave magnetic envelope (MME) solitons within thin films in the form 

 i(du/dt +vg du/dz) + ½ D d2u/dz2 - N│u│2u =-iηu  (Equation 1.19) 

where D is a dispersion parameter, N is the nonlinear coefficient and η is associated 

with relaxation rate. 

 Although wave equations have been developed to model the nonlinear wave, the 

Maxwell Equations cannot directly model the interaction between the electric field E and 

the magnetic induction B, where B = μ H, primarily because of divergence conditions 

within empty space. Funaro (22) recognized that corrections of the Maxwell equations 

were necessary in order to model solutions relating to finite-energy solitary waves. The 

removal of the two conditions ∇ • B = 0 and ∇ • E = 0 is necessary in developing a 

soliton solution. Modifications have been made to treat non-dispersive propagations. 

Funaro proposed a self-consistent theory, a modification of the Maxwell relations, which 

would allow explicit solutions. A new formulation was develop providing an accurate 

description of soliton wave phenomena. The field relations developed are 

∂E/∂t = c2 curl B – (divE)V  (Equation 1.20) 

∂B/∂t = -curl E   (Equation 1.21) 

DV/Dt = μ(E + V x B)  (Equation 1.22) 

Absolute value of V = c  (Equation 1.23) 

where V is the velocity field, c is the speed of light, and μ is a constant with dimensions 

of charge/mass. 

 With the changes made to the Maxwell relations, Funaro effectively allowed the 



18 

divergence of E and B  to be different from zero within a vacuum.  Letting ρ = ∇ • E, 

Funaro’s first equation shows the Ampere’s Law relation in regard to a charge density ρ 

moving at the speed of c in the vector direction V. 

    ∂ρ/∂t = -div(ρV)  (Equation 1.24) 

 Of primary interest to my research was application of  the Maxwell Equations 

within models of the perfect electromagnetic soliton. Funaro’s work showed that such a 

relationship existed. By setting divE and divB equal to zero, new solutions to the 

Maxwell Equations were possible. Travelling signal-packet solitons were solutions. In 

support of these equations, Funaro suggested they would be consistent with Huygen’s 

principle and the eikonal equations. 

 The Huygen’s principle, the Huygens-Fresnel principle, is a method of analysis 

applied to wave propagation. As another principal supporting the concept that an 

advancing wave is the sum of all secondary waves encountered within a media 

continued to support my original Postulates. The concepts within the Huygen’s principle 

in regard to a variety of wave propagations and interactions, such as interference and 

diffraction, all begin with wave concepts previously discussed. The general wave 

equation given previously is 

ζ = A ei(κx - ωt - φ)  (Equation 1.25) 

with A being the amplitude. If we use the spherical coordinate system, A will be ¼π with 

x being the point source at the origin. If the source is moved to another locations, x’, the 

above equations becomes 

ζ = ¼π|x-x’| ei(κ|x-x’| - ωt - φ)  (Equation 1.26) 
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which is basically the scalar Green’s function connecting two scalar functions within a 

surface area. 

 The eikonal equation reflects the relationship between the electric field intensity 

E and the electric potential V. This relation can be used to show a relationship between 

phase, force lines, and permittivity. All of these support the postulates of this research. 

 

1.5 Yttrium Magnetic Film and Interaction Theory 

 Although microwave characteristic wavelengths are on the order of centimeter in 

length, magnetic excitations produced by ferromagnetic resonance (FMR) typically 

create magnetostatic modes (MSM) with wavelengths much shorter and within the 

micrometer range. Numerous reports have been submitted in regard to the production 

of envelope solitons using yttrium iron garnet YIG magnetic films (9, 22, 1, 18, 2, 4). 

Other ferroelectric thin films such as Ba0.6Sr0.4TiO3 have been explored (24) in regard to 

tunable microwave devices such as antennas, waveguide modulators, and phase 

modulators (25,26). These materials have been explored in relation to NMR imaging of 

soliton lattice profiles (28, 29, 30). The propagation of magnetostatic surface waves 

MSW have also been explored in relationship to superconductor structures (13). 

 The ferroelectricity of conductors display a range of dispersions, spin-charge 

character, wave densities, charge disproportions, and permittivity character. 

Investigations at the physical process level support the Postulates of this research. 

Interaction between YIG produced solitons and multiphase materials will provide 

analytical data of value toward structural and chemical profiling.  
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Figure 1.3. General diagram of the intensity of two colliding spin-wave packets in a 
quasi one dimensional case where H (z) is the orientation of applied magnetic field. 

Electromagnetic soliton waves have the ability to pass through each other 

without a change of shape. Bȕttner et al. (1) provides a detailed review of collision 

profiles. Of a particular interest to this research and the application of typically longer 

wavelength waves to chemical analysis was the fact that soliton waves tend to form 

much narrower wave packets upon collision. A narrower wave packet would allow for 

greater precision within material analysis. Figure 1-3 above is a general representation 

of the intensity diagrams provided by Bȕttner et al. (1) illustrating the collision of two 

soliton wave fronts. Of particular interest is the approximate 25% gain in amplitude 

during collision. 

 Further discussion could occur in regard to the actual calculation of frequency 

dependence, dispersion effects, and operating points for soliton propagation. This is 

however beyond the scope of this research but can readily be obtained from the 

research cited, especially that of Bȕttner et al. (1) and that of Kovshikov and Kalinikos 
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(17). One equation I should note however is the nonlinear Schrȍdinger (NLS) equation. 

The equation applies to waves demonstrating soliton characteristics. 

 I(du/dt + vg du/dz) + ½ D d2u/dz2 –N|u|2 u = -iηu  (Equation 1.27) 

 In this equation η is the relaxation rate parameter related to losses within 

magnetic responses, vg is the group velocity and D is the dispersion parameter. The 

relaxation rate corresponds to a film resonance of approximately 0.6 Oe which is typical 

for better quality YIG films (17). It should noted that a nonlinear Schrȍdinger equation by 

Davydov (6) was given previously as 

  iħ∂/∂t + ħ2/2m ∂2/∂z2 + (G │ψ│2 ) ψ(z,t) = 0 (Equation 1.28) 

where G is a nonlinearity parameter and ħ2/2m is representing dispersion. 

 The general nonlinear Schrȍdinger equations proposed by Kovshikov, Kalinikos 

(17) and Davydov (18) are further supported by the work of Dudko and associates (26). 

The equation proposed by Dudko was given as 

 i∂φ/∂t + iV∂φ/∂z + 1/2β∂2φ/∂z2 - γ|φ| + iαφ = 0  (Equation 1.29) 

where essentially the equation demonstrates the same relations but the format has 

been changed. I have taken the liberty of changing Dudko’s equation to reflect the 

primary propagation coordinate along the z axis and not the x axis as given in Dudko’s 

original formula. Within this equation V=dω/dκ, β=∂2ω/∂κ2, and γ=∂ω/∂|Φ|2 is the 

nonlinearity with Φ a dimensionless amplitude. The dissipation rate α= gΔH (where g is 

the gyromagnetic ratio and H is the resonance bandwidth) is given as the lowest 

magnetostatic spin wave frequency by Jun, Nikitov, Marcelli and De Gasperis (5). A 

value for the dissipation rate within ferromagnetic material was reported to have been 
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determined experimentally as α=6 x 106 sec-1 (ΔH=0.35 Oe) (26).  

 All three forms of the soliton Schrȍdinger wave equations presented include a 

non-linear segment derived from the relationship between force and acceleration and a 

linear dispersion effect term similar to that proposed by Korteweg and de Vries. 

 Ut.+ 6 uux + uxxx =0  uxxx ~ dispersion term   (Equation 1.30) 

 The nonlinear Schrȍdinger equation for theoretical soliton waves requires that 

the Lighthill criterion for soliton formation is satisfied (17). The Lighthill criterion is fully 

discussed within the work of Jun, Nikitov, Marcelli, and De Gasperis (5). A relationship 

between angular frequency ω, wave number κ, and the nonlinear coefficient amplitude 

Φ must be satisfied to obtain the modulation instability necessary for soliton formation. 

This condition is given (5) below. 

  ∂2ω/∂κ2 X ∂ω/∂|Φ|2 < 0   (Equation 1.31) 

 The nonlinear amplitude Φ and dispersion relation was later used by Dudkov (26) 

but is functionally written as 

   F(ω, κ, |Φ|2 )=0   (Equation 1.32) 

 The relationships developed by Jun and others (5, 26) are critical to the 

understanding of magnetostatic spin waves within the YIG films applied in this research 

work. Specifically, a relationship is established between carrier frequency, 

magnetostatic surface spin waves (MSW), magnetostatic backward volume waves 

(BVW) and instabilities necessary for soliton formation. I will return to this discussion but 

field and vector effects must first be explored. Truly understanding the dynamic effects 

of waveguide materials, fields, and wave vectors in relationship to soliton formation and 
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required instrumentation parameters requires more investigation. 

 Damon and Eshback formulated the general theories of magnetostatic waves 

within magnetized isotropic films or slabs (27). Hurben and Patton (28) followed up with 

a generalization of wave vector and internal magnetic field effects.  

 In support of the theory behind this research and as a reference in regard to 

instrumentation development, several key points developed by Damon and Eshback 

(27) and later Hurben and Patton (28) must be provided.    

The Damon and Eshback DE theory is directed at films and slabs of greater 

geometries. As such wave vector excitations and in-plane magnetic fields do not require 

that the in-plane propagation angle Ф equal zero (Figure 1.4). The Damon-Eshback 

theory provides for propagations vectors diverging from applied magnetic field vectors. 

Such propagations of wave vectors within the larger film or slab, typically referred to as 

magnetostatic waves (MSW) or Walter modes (28), are common bases for research 

and commercial applications. 

 Actual determination of the wave vector (k) and propagation includes a more 

complex geometry which includes a magnetic field H0, a saturation magnetization vector 

Ms, and a magnetization response vector M(r,t). The wave vector (k) actually has an in-

plane propagation angle Ф relative to the z axis as shown in Figure 1.5. 

 Assuming that M(r,t)<<<Ms, the processional nature of the response has only the 

transverse components mx and my (28). An assumption is made that the material is 

magnetically saturated and the film is of infinite extent in the z- and y- directions. With 

this assumption, static demagnetization effects are not considered present. Damon and 

Eshback proposed that for unbounded films or slabs the plane wave has the form 
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my,x = my0x0 (x) exp(i[k•r – ω(k)t])  (Equation 1.32) 

with functions depending on the branch index as well as k, Ф, Ho, S, and Ms where S is 

the thickness of the film or slab.  

 

Figure 1.4. Film, field, and magnetization geometry referenced (46). 

 The interpretation of the formulations of Damon-Eshback and generalizations of 

vector and field effects of Hurben-Patton begin with the Landau and Lifshitz equation 

modeling the precessional motion of magnetization in a solid with damping. The 

Landau-Lifshitz equation is 

∂M/∂t = - γ [M, Heff ] – α(γ/M)[M, [M, Heff]] (Equation 1.33) 

where M is the magnetization density vector, H is the effective magnetic field, α is the 

Landaw-Lifshitz damping parameter, and γ is the electron gyromagnetic ratio. This 

equation can be transformed (28) into a somewhat simpler equation 

  ∂M/∂t = - γ [M x H]   (Equation 1.34) 

where H is the total internal magnetic field. Here the magnetostatic equations are  
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  div (H + 4πM) = 0   (Equation 1.35) 

   curl H = 0   (Equation 1.36) 

 A few assumptions are made at this time in regard to the magnetic moments of 

atomic electrons within the film. The atomic electrons will experience a torque within the 

magnetic field applied, thus a magnetic moment. The moment experienced will be made 

up of both orbital and spin angular momenta. Letting e be the charge on a free electron 

and using m as the mass of the electron the orbital and spin angular memento are given 

as: 

    μ orbital = - e/2m L   (Equation 1.37) 

    μ spin = - g(e/2m) S   (Equation 1.38) 

where g is the spin g-factor having a value near 2. The gyromagnetic ratio for yttrium ion 

garnet film would thus be near 1.76E7 rad/Oe. S (17, 28). H is the total field in the z 

direction, made up of the applied field Ho and the dipole fields generated by rotation 

within the field m(r,t). Hurben and Patton (28), with the earlier development by Damon 

and Eshback (29), demonstrated that these assumptions could lead to a magnetic 

susceptibility connection between Ho, Ms, κ, ν, γ, ω, Φ, and S.   

 Within narrow magnetized films, in which the wave vector k and the magnetic 

field Ho have the same vector coordinates and the propagation angle Φ is equal to zero, 

backward volume waves demonstrated reciprocal in-plane propagation relative to fields 

and direction with wave vectors possible in both directions (+k and –k) where as 

nonreciprocal waves propagated only in +k or –k but not both. 



26 

 Using films in which in-plane propagation is limited to the z direction, such as 

used within this research, m(r,t) would be much smaller then Ms or m(r,t)<<< Ms. Thus 

we have returned to the concepts considered earlier in regard to wave propagation 

upon a yttrium wave guide of limited dimensions. 

 

Figure 1.5. Thin film wave propagation vector 

 As mentioned earlier (page 24), proposed soliton wave equations have included 

a non-linear segment based on the wave forces involved and a linear dispersion effect. 

The work of Hurben and Patton allowed Kovshikov and associates (17) to model the 

dispersion relation with  backward volume waves in YIG films at microwave frequencies. 

As a function of κ, the wave number (κ=2π/λ), the dispersion relation at a carrier 

frequency ωk can be modeled as: 

 Cot (ki
zS) = ½ [((ωk

2-ωH
2)-(ωB

2-ωk
2))/((ωB

2-ωk
2)(ωk

2-ωH
2))1/2 (Equation 1.39) 

 k = ((ωB
2-ωk

2)/(ωk
2-ωH

2))1/2 ki
z      (Equation 1.40)  

where ωk is the carrier frequency and ωB and ωH are frequency parameters defined by 

Kovshikov (17), ωH  = γH and ωB = γ[(H + 4πMs)H]1/2. The ki
z parameter, the effective 

wave vector, provides a mode profile upon the film. For YIG, the saturation field strength 

(4πMs) is near 1750 Gauss. Soliton propagation has required field strengths near 1190 

Oe (5) and 2100 Oe (1) which is in agreement with calculated values.   
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 Kovshikov and associates (17) were further able to predict wave frequency using 

equations developed and dispersion diagrams. A plot of magnetostatic frequency and 

wave number for a YIG film of 5.1 micrometer thickness indicated an operating 

microwave frequency point of approximately 5.779 GHz  Kovshikov also calculated a 

dispersion parameter D=∂2ωk/∂k2 of 675 cm2/rad s. Measurements made by Kovshikov, 

590 cm2/rad s compared favorably with that calculated. These parameters were used as 

a starting point for the research undertaken by myself. 

 The nonlinear properties of soliton wave propagation are also important from the 

standpoint of actually compensating for wave packet dispersal and formation of the 

soliton wave packet itself. Kovshikov-Kalinikos (17) stated that it is the nonlinear 

frequency shift which accomplishes this within the Schrȍdinger equation. A practical 

form of this equation is 

i(du/dt + vg (du/dz)) +1/2 D (d2u/dz2) - N|u|2u = -I ηu (Equation 1.41) 

which is essentially the same equation (1.5.3) used by Dudko and associates (29) and 

where η is the relaxation rate parameter describing the damping of the microwave 

magnetic response. 

 Jun, Nikitov, Marcelli, and De Gasperis (6) determined the functionally written 

dispersion term (Equation 1.5.6). Other expressions have been developed (28, 29) that 

directly apply to magnetostatic surface spin waves (MSW) propagating within 

ferromagnetic films. Specific carrier frequencies and well defined magnetic field ranges 

have been determined (6). Experimental procedures identified by Jun and others were 

used within this research. As a starting point within my research, instrumental 
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configurations included YIG film dimensions, film orientation (111), a saturation 

magnetization of 1750 G, and a frequency range of 3.87- 4.03 GHz. 

 

1.6 Rectangular Waveguide Application 

 The rectangular waveguide is a common feature within microwave research and 

has many applications. In this research the rectangular waveguide was investigated as 

a generator of microwave pulses to induce magnetostatic spin waves MSW and used 

within during final data collection upon which analytical investigation was based.  

 Microwave electromagnetic waves within a transverse electric (TE) mode 

rectangular waveguide demonstrate several characteristics (28) within the EM fields 

involved. The electric field E and the magnetic field H can be described as 

Ex = -mπ/b A cos (lπx/a) sin (mπy/b) e j(ωt–κ
z
z–θ)   (Equation 1.42) 

Ey = lπ/a A sin (lπx/a) cos (mπy/b) e j(ωt–κ
z
z–θ)   (Equation 1.43) 

Ez = 0         (Equation 1.44) 

Hx = -λ o lπA/λ g ac sin lπx/a cos mπy/b e j(ωt–κz–θ)   (Equation 1.45) 

Hy = -λ o lπA/λ g ac cos lπx/a sin mπy/b e j(ωt–κz–θ)   (Equation 1.46) 

Hy= j (πλ o /2)(l2/a2 + m2/b2) A/c cos lπx/a cos mπy/b e(ωt-κz-θ) (Equation 1.47)  

where κz is a boundary condition angular wave number equal to mπ/a where m is an 

interger, y is a propagation constant, ω is the wave number, A is a constant of 

integration, μ is the permeability of the material, a-c are the waveguide dimensions, l 

and m specify modes of propagation, λo is the free space wavelength and λg is the guide 

wavelength. 
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 Rectangular waveguides have a cut off frequency above which the wave field 

dies out exponentially. The cut off frequency insures that κz , a parameter in which 

frequency and speed are associated, is real and positive. Wave propagation stops when 

the wavelength of the microwave exceeds 2π/κc.  

 The adjustments made to the conditions within the rectangular waveguide 

became critical in the overall success of wave propagation within the yttrium film. As 

demonstrated within the work discussed (1, 18, 2, 4, 31, 6) and others, there are 

numerous factors that come into play in regard to wave propagation and the formation 

of electromagnetic waves demonstrating soliton character. As such, the rectangular 

waveguide instrumentation and setup was a critical component of this research. Further 

discussions regarding this topic will be provided within Chapter 2, section 2.1. 
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CHAPTER 2 
 

INSTRUMENTATION 

2.1  Background 

 Microwave technology is common within both military and civilian applications. 

Microwave detection, communication, telemetry are essential to our current way of 

living. The microwave oven is a common feature within most households and work 

areas. Microwaves have been used within gas phase analysis but only in a limited 

capacity within liquids and solids. Interaction with selected solids has been 

demonstrated (1, 2). This research involved the application of instrumentation typically 

used within the physics laboratory but not within chemistry or chemical analysis.   

 Recognizing that incident surface electromagnetic waves could possibly be used 

for the analysis of materials, my investigation began with a review of theoretical wave 

models proposed within the early work of Korteweg and de Vries and the later work of 

Damon et al. (3) and Hurben et al. (4). Within the past decade additional studies have 

been conducted by Wu et al. (5, 6) and others (7, 8, 9, 2), primarily within physics and 

engineering, into the propagation of such waves upon ferromagnetic waveguides. As 

such, my investigation involved an additional investigation into utilization of such 

materials as a method of wave interaction with materials analyzed.  

 Yttrium iron garnet (YIG) materials are widely used within microwave and optical 

instruments because of magnetic and magneto-optical properties.  Surface magnetic 

structures within the surface of the YIG and close-packed crystal orientations favor both 

waveguide and optical applications. Although other rare earths can be used within the 

synthetic garnet, yttrium iron garnet has been used within the majority literature sources 
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located for surface wave application (5, 6, 8, 10). On the bases of this previously 

reported research, YIG thin films (5, 6, 8, 10) approximately 28 micrometers long and 4 

millimeters wide grown on a (111) oriented substrate of gallium-gadolinium-garnet 

(GGG) were selected for use within my research.   

 Microwave applications reported in the literature typically involve a microwave 

oscillator, a power amplifier, YIG film and assorted parts. Wu (10) reported the 

experimental instrument arrangement as including an oscilloscope, diode, spectrum 

analyzer, a directional coupler, attenuator, YIG film and two transducers (one excitation, 

one detection). Wu included the application of a magnetic field parallel to the YIG film to 

support the propagation of backward volumn spin waves that have nonlinearity. Bȕttner 

and associates (7) used a similar instrumental arrangement. Bȕttner reported a 

microwave input power of 350 mW per microantenna and a magnetic field strength of 

2.0 and 2.1 kOe. Wu reported a range of input power up to 3 W with a static magnetic 

field strength of 1.19 kOe. YIG sample thickness ranged from 7 μm to 5.9 μm (7) and 

6.8 μm (8),  Bȕttner (7) used two YIG strips for research, one wide at 18x26 mm2 and 

one narrow at 1.5x15 mm2. Wu (8) reported a YIG size of 2.2 mm wide and 46 mm long. 

 Mikhail Kostylev of the University of Western Australia, when contacted by e-

mail, provided additional information regarding instrument needs as well as possible 

detection methods. Kostylev did point out that the methods used previously used a 

microwave pulse modulator to produce short (10-30 ns) rectangular pulses from the 

continuous wave microwave signal from the oscillator. The use of pulse modulation and 

phase correlation recovery was used within final instrument designs reported in this 

dissertation. Klystron/rectangular waveguide combinations, non-rectangular pulse 
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oscillation, and waveguide/antenna methods were explored as possible alternatives. 

 

2.2 Instrument Development 

 Four instrument configurations were explored as possible methods in regard to 

the creation of stable magnetostatic surface waves with high signal to noise ratios. A 

klystron microwave generator and rectangular waveguide were evaluated as a 

microwave source within Instrument Configuration 1, 2 and 4. Within Instrument 

Configuration 3, the klystron method was replaced with a microwave sweep oscillator in 

a further effort to improve signal source. Although the sweep oscillator allowed higher 

access to microwave frequency sources near the level suggested within literature 

sources, excessive noise suggested further signal development. Instrument 

Configuration 4 returns to a klystron signal source with greater power control, selected 

field ranges and antenna pulse recovery. 

 

2.2.1 Instrument Configuration 1 

 Instrument Configuration 1 involved the initial instrument acquisition, setup and 

efforts to create stable magnetostatic surface waves (MSW) using a yttrium iron garnet 

film and klystron microwave generator. The known dynamics of the rectangular 

waveguide (11) suggested that there was a possibility that the electrical and magnetic 

fields could be used to stimulate or amplify magnetostatic surface waves (MSW) within 

the YIG waveguide.   

 Supporting this method of wave propagation is the concepts of Stark modulation, 

fully described by Townes and Schawlow (12). This concept describes the frequency 
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shift seen as an electric field encounters a polar molecule.   

 During this initial state of investigation, the YIG mounting used within 

Experimental Group 1 was limited to a small 10 mm by 40 mm section of electronic pre-

drilled molded thermoplastic circuit board with backing (RadioShack Cat. No. 276-170). 

Two 2 mm wide copper strips were used as spring clamps to hold the YIG strip in place 

and provide pulse input and recovery. 

   

 

Figure 2.1. 9.1 GHz klyston-with rectangular waveguide (a = 25 mm, b = 10 mm) 
instrumentation with funnel (a = 25 mm, b = 5 mm), TE10 mode.  Optional data access 
from Channel 2 of scope. 

Instrument Configuration 1 as shown in Figure 2.1, provided an opportunity to 

explore initial instrument settings such as power output, frequencies, YIG/rectangular 

waveguide orientation, YIG/magnetic field orientation, mountings, circuit parameters, 
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external signals (noise), and analyzer settings. Amplitude versus time and current 

outputs were also monitored.  Signals monitored included the YIG and frequency 

modulator output. 

Within Instrument Configuration 1 the power supply, klystron, and analyzer were 

set in order to obtain an consistent output signal of 8.5 to 9.0 GHz. Signal output 

strength was initially weak and the need for experimental or circuit modification was 

indicated. The YIG orientation to the static magnetic field was rotated 90 degrees with 

no improvement in waveform seen. Rotation of the rectangular waveguide also 

indicated no effect. Klystron power output initiated analyzer peak intensity changes 

primarily in amplitude 

 Although Instrument Configuration 1 was felt to demonstrate some of the soliton 

type characteristics exhibited within the literature cited, it was felt that continued 

development of methodology was called for. There were continued issues relating to 

signal collection which could be issues relating to interference from other microwave 

sources within the laboratory, instrumentation noise, and YIG mounting. Literature 

previously cited in regard to magnetostatic surface spin waves, solitons, typically was 

within the lower 3.5 – 5.0 GHz range with field strengths near 1000 – 2000 Oes. The 

frequency and static magnetic field ranges within Instrument Configuration 1 were 

different from these. The ability to confirm collected data and compare it to previous 

research was limited until similar experimental ranges could be used. Instrument 

Configuration 2 was an effort to further address these issues and further develop the 

method being studied. 
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2.2.2 Instrument Configuration 2 

 The early use of the rectangular waveguide “funnel” as a pulse source for the 

YIG was discarded during Instrument Configuration 2. It was hypothesized that the 

rectangular waveguide and funnel output, background noise within the laboratory, the 

static magnetic field and instrument cable transmissions were a possible major source 

of noise interference that could not be adequately controlled using Instrumental 

Configuration 1 instrumentation and methods.   

 A microwave pulse source within the 4.0 – 6.5 GHz was not readily available. 

Instrumental modification to address noise issues was the primary goal of Instrumental 

Configuration 2 efforts. Modifications undertaken included using a microwave diode 

placed within the rectangular waveguide and a direct connection of the pulse to the YIG 

input. Additional modifications were made in the YIG mount.   

 

Figure 2.2. Instrumental Configuration 2  
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 Figure 2.2 illustrates the block diagram of the overall instrumentation 

configuration for Instrumental Configuration 2. Note that the block diagram is very 

similar to that used within Instrumental Configuration 1 with the exception that a diode 

input source is now used. 

Additional efforts were made within the YIG mounting itself. The simple copper 

strip contacts were replaced with magnetic tip computer hard drive probes and 

grounding wires were added. A “loop” circuit similar to that used by Wu (6) with amplifier 

and modulator was added to further increase signal identification and amplitude. Wu (6) 

showed that spin waves with soliton character could be formed using this method. 

Within the amplified loop circuit, without an external input pulse, soliton fractals within 

the 5.2 – 5.3 GHz range were reported. Figure 2.3 illustrates the YIG mounting 

employed within Instrumental Configuration 2. Also indicated within Figure 2.3 is the 

insertion of permanent neodymium magnets near the YIG mounting. Based on literature 

provided with the magnets during purchase, the neodymium magnets should produce a 

static magnetic field ranging from 900 to 1200 Oe based on distance of separation. 

As shown in Figures 2.2 and 2.3, the rectangular waveguide diode was placed at 

the terminal end of the rectangular waveguide on opposite end from klystron. 

Output amplitude versus time spectrum were recorded in an effort to identify 

surface wave propagation. Signal identification continued to be a major problem with 

high instrumental and background noise indicated. 
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2.2.3 Instrumental Configuration 3 

 Instrumental Configuration 3 involved the instrumentation configuration described 

by Figure 2.4 in which the rectangular waveguide klystron source was replaced with a 

microwave oscillator.  

 

  

Figure 2.4. A diagram of the instrument configuration with microwave sweep generator. 
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Changes made within the experimental approach used in the first two experimental 

groups included the replacement of the neodymium magnets with the static magnetic 

field He  parallel to the YIG waveguide, supplied by electromagnets for better field 

control. The YIG strip, contacts and other components were “cleaned up” with tighter 

contacts and less wiring involved to remove noise sources. All microwave pulse ranges 

and static magnetic fields were set within procedures reported within current literature 

resource. Instrumental Configuration 3 used sweep oscillator pulse for YIG propagation. 

The microwave sweep oscillator, confirmed by the frequency analyzer was set 

with a sweep range of 3.8-4.1 GHz The static magnetic field was produced by 

electromagnets and set at 1390 Oe, based on the accepted yttrium iron garnet 

gyromagnetic ratio of 1.76x107 rad/Oe-s. Fixed CW and sweep modes were changed 

during different sections of this experimental group. Sweep bandwidth was set at 30 

kHz, 10 per div. scan width, and input attenuation at 0 dB.   

 Several test traces were made at this time to confirm instrumentation response 

and resolve signal interpretation questions. Several repeated traces showed that the 

signals were stable. The multiple seemingly random large pulse signals presented a 

question however. Noise, echo pulses, or ambient interference from other laboratory 

sources were considered problematic. 

 Based on the usage of experimental procedures used within reported research 

work within soliton physics cited within Chapter 1, the observed static field effects upon 

waveforms, and the measured wave amplitude seen within the raw quartz crystal testing 

(approximately 1 mm), the formation of high amplitude solitary waves or solitons was 

indicated but not to the extent desired for possible analytical applications. 
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2.2.4 Instrumental Configuration 4 

 Even though several experiments showed possible soliton wave character 

waveforms, further refinement of signal profiles was desired. Solitons formation within 

yttrium iron garnet films have been described as forward moving MSW or backward 

volume BVW and are dependent on the orientation of the YIG film and static magnetic 

field. An orientation in which the static field was parallel to the wave group velocity, the 

orientation used within this paper, will favor MSBVW soliton formation. Chen, Tsankov, 

Nash, and Patton (13)  provide a complete discussion of dispersion diagrams, 

frequencies and wave number. The magnetostatic-backward-volume-wave solitons 

desired for this work were found to favored within a narrow range of frequencies, wave 

number and power. Although possibly indicated within such waveforms as indicated 

within Instrumental Configuration Three, backward volume waves could not be 

confirmed. Microwave frequencies near 6.5 GHz with higher input power, near 120 

microwatts, were desired. At this range of frequency and power, both math models and 

literature sources indicated the formation of both MSW and BVW waves would occur. 

Signal to noise ratio improvement was also desired. 

 A frequency analysis of the laboratory itself provided valuable clues to some of 

the waveform characteristics being recorded. A very strong 1.5 GHz pulse of unknown 

sources was identified in addition to many other lower frequencies typical to radio and 

television communication signals. These signals, in addition to other noise sources such 

as instrumentation, cables, and echos, needed to be addressed. The sweep oscillator 

uses within Experimental Group 3 required a line stretcher and diode configuration in 
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order to reach a 5.8 GHz range. It was felt this was also adding additional noise to the 

experimental conditions. 

 To address the noise level within the laboratory and instrumentation, two 

additional instrumental configuration changes were made. Instrumental Configuration 4 

began with a return to a klystron microwave source at a lower frequency range, 3.5 – 

4.9 GHz and additional signal processing. Following an initial application of spectrum 

averaging and cross correlation, phase coherent recovery is used by employing a phase 

sensitive detector, Princeton Applied Laboratory Model HR-8. The klystron was 

modulated with the saw tooth time base of the oscilloscope to provide a time varying 

repetitive signal to the YIG. In addition, a sine wave signal of 3 KHz was aplied to the 

repeller electrode of the klystron to provide a signal that could be amplified by an 

amplifier tuned at 3 KHz with further phase coherent recovery of the signals from any 

background noise. The output of the tuned amplifier was then fed to the phase sensitive 

detector for further processing. Simultaneously, the microwave signal was monitored by 

a spectrum analyzer by Hewlett-Packard model 141T with 8555A and 8555B r. f. 

sections. The microwave signal with any mixer products could be monitored directly in 

this way. The data were fed into a computer for storage and analysis using SigView 

software. Additionally, the YIG and sample holder were shielded using aluminum foil to 

reduce outside EM reception. Modifications, including correlation of spectrum, made at 

this time were primarily an effort to improve the signal to noise ratio and optimize 

measurements made. Figure 2.5 illustrates the instrumental configuration developed 

during this experimental group. 
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Figure 2.5. Klystron instrumentation configuration producing 3.52 GHz wave pulse on 
YIG. 
 

2.3 Yttrium Iron Garnet Waveguide Design 

 The investigation of instabilities of magnetostatic surface spin waves and the 

generation of coherent solitary waves was been reported (6-11) previously within 

Chapter 1 of this dissertation. The design of the yttrium iron garnet waveguide is 

frequently based on the applications being studied. The investigation of modulation 

instabilities (14) relating to magnetostatic surface spin waves MSSW suggests a 

waveguide design illustrated within Figure 2.6.  

Figure 2.7 shows the mounting stand for the YIG film and sample holder used 

during sample analysis. The YIG transducer contacts were connected to instrumental 

circuitry using shielded coax cable connections to reduce possible ambient interference 

signals. Additionally, the mounting and assembly were wrapped in aluminum foil to 

improve shielding from outside electromagnetic wave sources. 
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Figure 2.7. Mounting 

assembly for YIG film 

and sample cuvette 
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Figure 2.6. Yttrium iron garnet film detail with photograph inserts (not to scale). 
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The orientation of the applied static magnetic field and YIG film can determine 

whether magnetostatic surface waves (MSSW), magnetostatic-backward volume waves 

(MSBVW) or magnetostatic forward-volume waves (MSFVW) are formed. An orientation 

in which the static field was parallel to the wave group velocity, the orientation used 

within this paper, will favor MSBVW soliton formation. Chen, Tsankov, Nash, and Patton 

[15] provide a complete discussion of dispersion diagrams, frequencies and wave 

number. The magnetostatic-backward-volume-wave solitons desired for this work were 

found to favored within a narrow range of frequencies, wave number and power.  Figure 

2.8 shows a calculated dispersion curve for a klystron frequency of 2.5 – 4.5 GHz and 

using YIG film with a thickness of 5.3 μm.   

 
Figure 2.8. Dispersion diagram of magnetostatic wave frequency versus wave number 
for magnetostatic-backward-volume waves (MSBVW).  The orientation of the net static 
magnetic field is parallel to the YIG and wave vector.  The calculated curve is based on 
magnetostatic wave theory for  5.3 μm thick yttrium iron garnet film with H = 1000 Oe.  
The dark spot at 3.52 GHz on curve denotes the operating point of data acquisition. 

 
 Pulse input power must also be within a given range. Chen, Tsankov, Nash and 
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increase. They also found however that if the power was too high results decreased due 

to time effects and multiple soliton peak formation.  

Experimental results on the nonlinear dependence of the output-pulse peak 

power on the input power have been reported (16). At low input power, linear 

magnetostatic-wave propagation characteristics were seen. An experimental cw 

transmission loss vs frequency profile was reported with power levels near 1 mW. A 

linear response is seen at input power levels below 0.1 W.  Above this power level the 

response changes to that having a non-linear character. However, at input power levels 

above 0.45 W, the energy response appears to be saturated. It is important here to 

state that Xia, Kabos, Patton, and Ensle (17) were using a YIG film with a thinkness of 

7.2 μm thick. Kovshikov, Kalinikos, Patton, Wright, and Nash (9)  reported similar results 

using a YIG with thickness of 5.1 μm. The YIG thickness used within this report was 5.3 

μm based on mass change measured during preparation and a lower power saturation 

was anticipated. To insure formation of non-linear magnetostatic waves, specifically 

solitons, the power level selected, 140 mW was assumed within the non-linear 

midrange. 

 It is beneficial to speak of YIG film thickness at this time and what effect it may 

within data collection and comparing data to other authors. Film thickness 5.0 – 7.2 μm 

does not demonstrate an impact on linear or non-linear response at tested power levels. 

By keeping the width W of of film strip near 1.0 to 1.5 mm, transverse instabilities and 

diffraction effects are reduced. Because only forward traveling pulses were desired for 

analytical processes at this time, the output end of the YIG was tapered to limit pulse 

reflection. 
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 All data collection was undertaken at ambient room temperature and a pressure 

of 1 atm. Although paramagnetic susceptibility of materials is temperature related (18), 

the current manuscript does not explore the effects that high or low temperatures could 

have on the YIG. The recovered signals received from the YIG output and processed 

with phase coherent recovery without sample insertion presented representative profile 

data allowing confirmation of formation and propagation of MSBVWs.   

 The interaction of electromagnetic waves, primarily MSBVWs, on a YIG film with 

material charge centers was investigated. Material charge center properties and 

magnetism has been and is increasing in interest within many fields, such as 

superconductivity. Paramagnetic, diamagnetic, antiferromagnetic, and superconducting 

properties can be profiled through electric and magnetic field interaction.   
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CHAPTER 3 
 

EXPERIMENTAL RESULTS 

3.1  Waveguide Propagation Parameters 

 The usage of ferromagnetic thin films, in this case a yttrium iron garnet 

waveguide, has rapidly developed within the last two decades within the areas of 

electromagnetic wave research, communications, and other new areas of technology. 

The concepts that magnetostatic surface waves (MSW) within the waveguide may 

exhibit non-linear soliton characteristics and other wave dynamics have only recently 

been investigated. This research expands the research of Wu (1) and others (2, 3) both 

within the further development of instrumentation configuration and new applications 

within analytical chemistry. 

 Basic theory and previously cited literature sources (see Chapter 1) provided a 

good foundation in regard to the initial instrumentation acquisition, configuration and 

instrumental settings. The parameters of yttrium iron garnet (YIG) films, such as the 

gyromagnetic ratio, are known. The application to material samples within solid and 

liquid phases however has not been reported. The adaptation of the YIG film 

parameters became a major issue requiring several modifications. Pulse sources, YIG 

support, YIG contact with analytical circuits, YIG contact with analytical samples, power 

settings, and magnetic field orientation all required experimental development during 

this research.  

 The YIG waveguide, itself prone to breakage, needed to be secured to prevent 

movement. The contacts between the YIG waveguide and input/output signal circuits 

needed to have solid contacts to prevent fluctuation of current flow due to movement. 
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 The interpretation of data recovered and the detection of specific wave 

characteristics were primary objectives. Soliton wave characteristics were desired in 

relation to the desired analytical application specifically because of their characteristics 

of non-linearity, amplitude, and interference response. Although traditional power 

settings, pulse instrumentation, and YIG orientations suggested that solitary waves 

would be formed, signal to noise ratio enhancement, including phase coherence 

recovery and optimizing measurements, was needed. 

 Induction probing of the YIG surface indicated that there was interaction up to 1.5 

mm above the YIG surface. Additionally, the liquid samples being scanned within 

Instrumental Configuration 4 were held 1.0 mm above the YIG surface by the cuvette 

used. Interaction between the liquid samples and YIG wave was apparent. Solitons 

waves will reinforce each other and tend to have greater amplitudes. An 

electromagnetic wave with an applitude within the range of 1.5 – 2.0 mm, above that 

believed to be noise related, would be consistent with the production of soliton waves. 

Experiments undertaken early in this research and reported within Instrument 

Configuration 1 and Instrument Configuration 2 had demonstrated outputs that 

waveform characteristics that could be soliton in nature . However, further analysis and 

interpretation was felt to be needed to confirm the procedural methods used were 

producing the magnetostatic surface waves having soliton characteristics desired. 

 Electromagnetic wave theory and yttrium iron garnet waveguide mechanics were 

discussed within Chapter 1. Some materials, such as yttrium iron garnet, are both 

nonlinear and dispersive. The typical peak spreading of dispersion is canceled by the 

nonlinearity of these materials. Soliton pulses form and propagate in such materials. A 
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complete discussion of the formation and propagation of envelope solitons in yttrium 

iron garnet films YIG is provided by Kovshikov and group (4).     

 The physical characteristics of a material determines the propagation of a 

electromagnetic wave within that material. The constitutive relations, as described by 

the Maxwell equations, depend on the material in which the electrical or magnetic field 

exist. As discussed in Chapter 2, yttrium iron garnet waveguides have specific physical 

characteristics which must be met before desired propagation occurs. Input pulse 

frequency and the strength of the applied magnetic field will determined dispersion and 

nonlinear propagation. 

 Literature resources reported the application of microwave carrier pulses ranging 

from 3.7 GHz (5) to a high of 4.5 GHz (6) and 5.8 GHz (7) at lower static magnetic field 

strengths. Collision of envelope solitons have been explored within the MHz range (8). 

Wu (9, 10) reported that through the usage of an active feedback ring system a number 

of resonance eigenmodes displayed low decay rates. As the power of the circulating 

spin wave pulse increases within the ring, Wu advised the pulse evolves into an 

envelope soliton. Although the active ring feedback method was not used within this 

research, the selected microwave carrier level of 3.52 GHz was between the upper and 

lower band limits and within the range demonstrating soliton excitation in the past (See 

Figure 2.7). 

 The two parameters discussed, the input pulse strength and the applied static 

magnetic field, as well as orientation, are critical in regard to surface wave propagation 

and the formation of soliton waves. As such, discrimination against noise on the basis of 

predicted time behavior through reference correlation and accurate determination of 



52 

applied static magnetic field strengths was undertaken. 

 Applied static field strengths were measured and checked for linearity using a DC 

Magnetometer Model GM2 obtained from AlphaLab, Inc. (3005 South 300 West, Salt 

Lake City, Utah). The instrument was calibrated and certified by AlphaLab (October 21, 

2010) as accurate within +/- 2% within the 0 to 20kG range. The static field was 

produced using Spectromagnetic Model 6001 electromagnets. To insure the accuracy 

of field measurements, the linearity of the static field was confirmed when field versus 

applied current was examined (see Figure 3.1). 

 
Figure 3.1. Static magnetic field strength vs. coil current applied.  Stable and 
reproducible field strengths were obtained using a Spectromagnetic Model 6001 
electromagnet if current was raised from 0.0 amperes to 30.0 amperes with 5.0 minute 
relaxation period between increases to prevent hysteresis effects within coil.  Reversing 
process, from 30.0 ampere to 0.0 ampere required longer relaxation period.  Distance 
between N and S core faces was 53 mm.  Gauss meter error range= +/- 0.2 

 The stability of spectral data obtained at variable magnetic field strengths was 

considered of primary importance in relation to analytical application viability. The 
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magnetic properties of the YIG film, in combination with input pulse frequency and the 

static magnetic field applied were investigated using output profiles and measurements. 

 Figure 3.2 shows the static field measurements taken between north and south 

pole faces 

 

 Using the desired 3.52 GHz klystron oscillator tube and rectangular waveguide 

as a microwave input pulse, the static magnetic field was varied over a range of applied 

coil current of 0.0 ampere to 30.0 amperes. Fig. 3.3 shows the relationship between the 

amplitude of the peak at 120 Hz following Fourier conversion compared to the static 

magnetic field current applied without sample placement within YIG wave propagation 

pathway. Data points indicate experimental range of amplitudes measured during 

consecutive data collections.  Current error: +/- 0.1 amp. Fig. 3.3 also demonstrates 

both linear and non-linear response. Within the nonlinear area of the plot, above the 

field current of 7.0 amperes, surface waves with soliton characteristics are favored. This 

data also confirms that, using the signal-to-noise data processing employed, output 

pulse were repetitive.   
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Figure 3.2. Static field strength variation between electromagnetic cores at 
12.5 amp output. 
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Figure 3.3. Relationship between amplitude of peak at 120 Hz following Fortran 
conversion vs static magnetic field current applied without sample placement within YIG 
wave propagation pathway.  Data points indicate experimental range of amplitudes 
measured during two consecutive data collections.  Current error: +/- 0.1 amp. 

 The results seen in Fig. 3.3 are in close agreement with those anticipated based 

on dispersion calculations using a 3.5 GHz microwave source and YIG gyromagnetic 

ratio of 2.8 GHz/kOe in practical units. MSBVW propagation was thus anticipated using 

the experimental setup detailed previously.  At low input power, linear magnetostatic-

wave propagation characteristics were seen. An experimental cw transmission loss vs 

frequency profile was reported with power levels near 1 mW. Xia, Kabos, Patton, and 

Ensle (7) reported data with input powers ranging from 0 to 1.2 W. A linear response is 

seen at input power levels below 0.1 W. Above this power level the response changes 

to that having a non-linear character. However, at input power levels above 0.45 W, the 

energy response appears to be saturated. It is important here to state that Xia, Kabos, 

Patton, and Ensle (7)  were using a YIG film with a thinkness of 7.2 μm thick.  

Kovshikov, Kalinikos, Patton, Wright, and Nash (11)  reported similar results using a YIG 

with thickness of 5.1 μm. The YIG thickness used within this report was near 5.3 μm 

based on a liquid phase epitaxy growth at 910 oC weight change and a lower power 

0

5

10

15

20

25

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

Pe
ak

 A
m

pl
itu

de
 ra

ng
e 

Electromagnetic applied current (amperes) 



55 

saturation was anticipated. To insure formation of non-linear magnetostatic waves, 

specifically solitons, the power level selected, 140 mW was assumed within the non-

linear midrange. 

 It is beneficial to speak of YIG film thickness at this time and what effect it may 

within data collection and comparing data to other authors. Film thickness 5.0 – 7.2 μm 

does not demonstrate an impact on linear or non-linear response at tested power levels. 

By keeping the width W of of film strip near 1.0 to 1.5 mm, transverse instabilities and 

diffraction effects are reduced. Because only forward traveling pulses were desired for 

analytical processes at this time, the output end of the YIG was tapered to limit pulse 

reflection. 

 All data collection was undertaken at ambient room temperature and a pressure 

of 1 atm. Although paramagnetic susceptibility of materials is temperature related, this 

research does not explore the effects that high or low temperatures. To test this 

hypothesis and again verify the reproducibility of output pulse data collected an 

analytically pure sample of methanol was analyzed. The optical glass sample cuvette 

was cleaned and air dried before adding 400 μl of methanol. This sample securely 

mounted on the YIG film.  A microwave input pulse of 3.52 GHz within a static magnetic 

field of 1000 Oe. +/- 15 Oe. was applied. 

 Output pulse data was collected from this sample during twelve collection periods 

of 2.0 minutes with a sampling rate of 8000 collection sequences per second. In a 

further effort to support reproducibility of analytical processes, eight of the output signals 

were collected on Dec. 5, 2010 and four were collected on Dec. 6, 2010. Output data 
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signals were processed using Fourier transform and Excell formatting. Figure 3.4 shows 

the line plot of the data signals obtained. 

 
Figure 3.4. Fourier spectrum obtained from amplitude-time spectrums obtained from 
pure methanol during twelve data collection periods over two days using a microwave 
input pulse of 3.52 GHz and static magnetic field of 1000 Oe. +/- 15 Oe.  The parent 
pulse signal is located at 120 Hz. Standard deviation of output pulse amplitude: 3.45. 

  Figure 3.4 demonstrates the reproducibility of output pulse signals collected 

using the instrumental configuration proposed and signal to noise enhancement 

methods employed including phase coherence recovery.   

 In addition to methanol, output pulse signals using an input microwave pulse of 

3.52 GHz were collected from several other common laboratory solvents having 

different polarization properties over a two day period. On both days static field strength 

of 1000 Oe +/- 15 Oe was applied, calibrated at a mid point between the YIG 

transducers. Each liquid sample was placed within a glass cuvette centered at the YIG 

mid point. This placement resulted in the liquid sample being separated from the YIG 
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surface by the glass cuvette bottom or 1.0 mm above the YIG surface. The width of the 

liquid sample, thus the sample path width exposed to the propagating surface wave, 

was 8mm as illustrated within Fig. 3.5.  

 
Figure 3.5. Sample location above YIG film. A glass cuvette was used to hold liquid 
samples during signal collection.  A 3.52 GHz input signal was used to produced 
MSBVWs.  The output signal, after passing through 2 mm of optical glass cuvette and a 
liquid sample path length of 8 mm, was then collected and analyzed (total path length 
10 mm).  A static field strength of 1000 Oe +/- 15 Oe was calibrated at mid-point on YIG 
within area experience by sample.  All sampling was conducted at ambient conditions. 

 The solvents selected for scanning included analytically pure grade water, 

methanol, toluene, acetone, acetonitrile, and n-propanol. Output signals were 

processed using methods previously described and compared. As a method applied for 

further signal to noise inhancement, output signals from each solvent were processed 

using Fourier transform and smoothing. Frequency domains were enhanced. This 

method indicated a strong peak at 120 Hz for all solvents with other changes seen at 

higher frequencies. The peak at higher frequency peak at 595 Hz was also selected for 

comparisons. The peak seen at 120 Hz demonstrated high amplitude and narrow peak 

width which is typical with soliton wave character. The smaller peaks were felt to be 

daughter peaks initiated by the main peak at 120 Hz. It is important to also note that a 

frequency at 120 Hz also showed the greatest static field impact when field strengths 

were compared earlier within instrument development (see Figure 3.3). 
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Input 
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 The solvent pulse output signals, collected on each day, at the two frequencies 

(120 Hz, 595 Hz) are illustrated within Fig. 3.6 (120 Hz) and Fig. 3.7 (595 Hz). It is 

important to realize that each data point given reflects an Fourier transform and linear 

smoothing ( segment length 15) of an average of 6,000 sampling segments over a scan 

period of 1.0 minutes. The standard deviation of each point indicated was calculated 

based on output pulse data. Dissimilarities within the output signals are readily 

discerned. 

  
Figure 3.6. Peak amplitude at 120 Hz is indicated.  Output pulse signals were collected 
from each solvent over two days. Each day is indicated for each solvent.  Output pulse 
signals were processed using Fourier Transform and smoothing.  The input pulse was 
3.52 GHz with YIG film placed within a 1000 Oe +/- 15 Oe static magnetic field. 

 Below, Figure 3.6-a,b,c,d,e,f shows the relationships seen within each solvent for 

each day compared.  
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Figure 3.7.a,b,c,d,e,f.  Solvent output pulse after Fourier Transform and smoothing at 
120 Hz as reflected in Figure 3.6.  Each plot shows the relationship between two 
collection periods. 
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 Figure 3.8 represents the average of signals obtained over a two day period. The 

average indicated would reflect an average of over 12,000 signal samples during 

collection duration. 

Figure 3.8. Peak amplitude at 120 Hz is indicated.  Output pulse signals were collected 
from each solvent over two days. Two day average indicated for each solvent.  Output 
pulse signals were processed using Fourier Transform and smoothing.  The input pulse 
was 3.52 GHz with YIG film placed within a 1000 Oe +/- 15 Oe static magnetic field. 

 The data shown in Figure 3.7 clearly shows consistent signals from methanol, 

water, acetonitrile, and toluene. Acetone and n-propanol showed a change in amplitude 

for the two data collection periods. The reason for the amplitude change within acetone 

and n-propanol may be an experimental process error, changes within the solvent itself 

overnight, or an actual dispersion effect within the electromagnetic wave interactions 

and polarization of materials.  Further testing is needed. Overall however, one can 

discern a change in amplitudes when comparing each solvent. 
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 Because the YIG surface wave propagation is continuous and reflections from 

the end of the YIG itself may occur, wave patterns at other frequencies are anticipated. 

Referred to occasionally as daughter peaks, these wave characteristics coul be of 

further value for analysis. During the testing of solvents, peak changes were observed 

throughout the spectrum. Output pulse signals are complex and may contain data 

relating to sample interaction or noise from other laboratory sources. The peak seen at 

595 Hz however during solvent scanning was a consistent peak and considered sample 

related. Figure 3.9 shows the amplitude of output pulse signals seen for the same 

solvents indicated in Figure 3.8 but at a frequency, following Fourier transform, of 595 

Hz. Figure 3.10 shows the same data but with averaging of both days. 

 

Figure 3.9. Peak amplitude at 595 Hz is indicated.  Output pulse signals were collected 
from each solvent over two days. Each day is indicated for each solvent.  Output pulse 
signals were processed using Fourier Transform and smoothing.  The input pulse was 
3.52 GHz with YIG film placed within a 1000 Oe +/- 15 Oe static magnetic field. 
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Figure 3.10. Peak amplitude at 595 Hz is indicated.  Output pulse signals were 
collected from each solvent over two days. Days are averaged for each solvent.  Output 
pulse signals were processed using Fourier Transform and smoothing.  The input pulse 
was 3.52 GHz with YIG film placed within a 1000 Oe +/- 15 Oe static magnetic field. 

 Figure 3.9 again shows good consistency of signals over a two day period for 

methanol but differences within the other solvents from one day to the next. Although 

great care was taken within experimental setup, it is suspected that even slight errors in 

setup may cause noticed changes do to the sensitive nature of EM wave interactions. It 

is felt that further development within refinement of instrumentation, mounting 

apparatus, and signal processing speed will resolve some of these issues. We can see 

however from Figure 3.8 when using methanol as a reference, the methods employed 

at this time (although not fully refined) are indicating solvent differences. Full 

explanation of these differences will come with further refinements to instrumentation 

and research in the future. 
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 Although the solvents tested were obtained from the University of North Texas 

Department of Chemistry analytical team, no further analysis was performed to insure 

quality and purity. Further testing of samples, which will include cross analysis methods 

is anticipated. 

 The output pulse for each solvent and the glass cuvette were further processed. 

In each case the output pulse taken from the glass cuvette was multiplied by the output 

pulse of a solvent to highlight common peak areas. In each case the resulting output 

was processed using signal-to-noise enhancement methods previously described and 

then Fourier transformed.  Figure 3.10 shows one result obtained from acetone.   

 Common peaks at 117 Hz, 180 Hz, 240 Hz (parent peak), 312 Hz, 360 Hz and 

472 Hz.  

  

Figure 3.11. Fourier transform of output pulse signals from glass cuvette multiplied by 
that of acetone.  400 μl of acetone was placed in glass cuvette.  YIG input pulse was 
3.53 GHz within a static magnetic field of 1000 Oe +/- 15 Oe. 
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 Amplified output signals from the empty glass cuvette scans were used to 

multiply the amplified output signals from each solvent. In this manner, frequency 

domains were enhanced and common peak amplitudes increased.  Unique peak 

profiles were exhibited using this method and suggest application within analytical 

methods. Analytical process was rapid and required very limited pre-analysis sample 

processing. 

 A comparison of six solvents using like experimental procedures, YIG input pulse 

and static magnetic field is given in Figure 3.12. Dissimilar spectrum are seen each 

case demonstrating the ability of this technique to detect specific  liquid material electric 

and magnetic properties.  

 
Figure 3.12. A comparison of glass cuvette and solvent output spectrums following 
enhancement methods.  In each case the output pulse signal of each solvent was 
multiplied by the output pulse signal of an empty glass cuvette and then processed with 
Fourier transform. Samples: A=acetone, B=water, C=methanol, D=toluene, 
E=acetonitrile, F=n-propanol.  Peak changes were seen within the areas of 117 Hz, 180 
Hz, 240 Hz, 312 Hz, 360 Hz, and 472 Hz.  The higher amplitude peak at 240 Hz was 
interpreted as the parent pulse peak.  The input pulse was 3.52 GHz with a static  
magnetic field of 1000 Oe. +/- 15 Oe. 

In an effort to clarify detection limits and output pulse profiles further work was 
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done with pure methanol and a 97.6 methanol by volume with pure water.  Figure 3.13 

shows a comparison of twenty-one samples ( 12 pure methanol, 9 at 97.6%) of the 

parent peak output pulse. In each case the output pulse was first Fourier transformed 

and then smoothed. Relative error seen within this narrow range of concentration 

change could limit reproducibility and interpretation. Further refinement of 

instrumentation, primarily within data recovery rate, may resolve this issue as research 

continues. See Figure 3.17 for additional methanol concentrations. 

 

Figure 3.13. A comparison of pure methanol and 97.6% by methanol in water.  Output 
peak amplitude of peak seen at 120 Hz after Fourier transform and smoothing of 
amplitude-time spectrum recovered on Dec. 5, 2010 and Dec. 6, 2010.   
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 In order to fully discern this profile, Figure 3.14 shows only the output pulses , 

after Fourier Transform, for pure methanol over the two day collection period. 

 
Figure 3.14. A representation of output pulse peak seen at 120 Hz after Fourier 
transform and smoothing of amplitude-time spectrum for all pure methanol samples (12) 
recovered on Dec. 5, 2010 and Dec. 6, 2010.   

 Figure 3.15 shows the output pulse peak at 120 Hz following transform for 97.6% 

methanol by volume in water.   

 
Figure 3.15. A representation of output pulse peak seen at 120 Hz after Fourier 
transform and smoothing of amplitude-time spectrum for all 97.6% methanol samples 
(9) recovered on Dec. 5, 2010 and Dec. 6, 2010.   
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 Within Figure 3.15 an increase in distribution range is demonstrated. This could 

be the result of error in solvent measurement or other experimental error.  Field effects 

however may still be involved including dipole interactions between water and methanol.  

Further analysis is needed to determine the actual cause of this effect. 

 Figure 3.16 shows an overlay with the output pulse signals averaged. In this case 

a slight change can be seen within the data for data obtained from 97.6% methanol 

averaged as compared to an average obtained from pure methanol. The ability of this 

technique to detect small changes composition is indicated in this case but further work 

is needed.     

Figure 3.16. Average output signals of pure methanol and 97.6% methanol by volume 
in water using data given in Figure 3.10. Midpoint range amplitude change: 2.5 

  Good reproducibility of output pulse signals is indicated within Figure 3.10 using 

both standard deviation and ranging. The data was originally collected to perhaps 

indicate a detection level or sensitivity of the instrumental configuration and YIG wave 

propagation. Eight output pulse collections were made on December 5, 2010 without 

disturbing the optical grade glass cuvette of pure methanol. Seven additional collections 
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were made from a single 410 μl sample of 97.6% by volume methanol in water on that 

same day. On the following day, December 6, 2010, four additional pulse collections 

were taken form a new pure methanol sample as well as three data collections from 

97.6% by volume methanol in water. One the second day, the sample cuvette was 

cleaned with pure water and air dried three times to prevent contamination of sample. 

All measurements were made using a micropipette and tips. It is important to point out 

that during each collection period a particular concentration sample was not changed or 

disturbed between scans. This method was used to insure that any changes seen within 

each scan at a particular concentration on a particular day would not be contributed to a 

change in preparation process or experimental error. Additionally, laboratory frequency 

sources were limited and monitored for any noise present. Although the signal-to-noise 

reduction methods and signal processing such as phase coherent recovery were 

designed to improve data interpretation, external noise sources were monitored during 

all data collection periods. 

 A low detection limit is indicated within Figure 3.10 but further conclusions need 

to await further development of instrumentation and signal processing speed. Of interest 

however, an increase in wave dispersion is indicated within the 97.6% by volume 

methanol. Interaction between charge centers (dipoles), especially between two strong 

dipolar molecules, is felt to be a factor here but additional testing is required. Dispersion 

does not seem to be a factor at frequencies above and below, within Lorentz curve 

range, the center peak area at 120 Hz. Frequency dependence is indicated.   

 All output pulse signals were explored using diverse signal processing tools 

including cross spectrum, spectrum averaging, correlation, multiplication, cross gain and 
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cross phase analysis. Through the processing of several hundred scans in this manner, 

the usage of propagating surface waves upon a ferromagnetic material, such as YIG, 

provides a broad source of information relating to sample electric and magnetic 

properties yet to be fully explored. The exploration of electric and magnetic properties 

and interactions with propagating surface waves, including MSBVW’s will be explored 

later. 

 Figure 3.17 shows a comparison of water-methanol solutions with percent 

volume of methanol ranging from 0.00 percent to 100.00 percent methanol.  In this case 

the Fourier transform of amplitude/time spectrums were compared using cross 

spectrum analysis and total curve area or integral determined. A general hypothesis that 

hydrogen bonding topography as well as hydrophilic/hydrophobic interactions may be 

involved is proposed but further research will be required. 

Figure 3.17. Comparison of range of methanol and water solutions.  In each case cross 
spectrum analysis was performed at each concentration and area under resulting 
curves (integral) is indicated for comparison.  Range bars indicate ranges seen within 
individual amplitude/time spectrums after Fourier transform. 
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 G. Garberoglio and R. Vallauri (12) proposed the nature of correlated cluster 

motions in hydrogen bonding liquids. Pure methanol forms a linear hydrogen bonding 

network with a triplet being formed between neighbors. Pure water however has a 

tetrahedral symmetry with the basic cluster considered a pentamer. In both cases, it is 

hypothesized that even a very low addition of a nonconforming solute would greatly 

increase the entropy of the solution and impact the signals recovered from the yttrium 

iron garnet waveguide. A combination of equal proportions of triplet and pentamer 

hydrogen bonding resulting in an decrease in entropy could be indicated by the 

magnitude increase within the 50 percent by volume methanol-water solutions. Figure 

3.16 indicates such an impact but further research needs to be conducted. 

Computational work, not part of this original exploration of instrument development, is 

also proposed as future effort in the interpretation of observations. 

 

3.2 Reproducibility of Data and Analytical Viability 

 Within the last section the application of Instrumental Configuration Four and 

yttrium iron garnet wave guide probing was explored. During this process the stability 

and signal to noise ratio of the instrumentation was greatly improved.  Instrumental 

shielding and other modifications, including the inclusion of phase coherence 

instrumentation, significantly reduced noise effects within the instrument and allowed 

specific frequency analysis in regard to sampling.   

 The stability of the static magnetic field and yttrium iron garnet assembly was 

established through measurements taken over several weeks, each with similar linear 

responses seen. Specific peaks, primarily the primary pulse output, have demonstrated 
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consistent responses to static field changes. Output pulses were collected from the YIG 

itself and additionally from an empty optically pure glass cuvette to provide both an 

additional confirmation of instrument reproducibility and as a source of “standards” for 

comparison to output signals taken from samples. Recognizing also that each data 

collection period involves allowing the continued provision of input pulsing, propagation, 

and pulse recovery, each signal processed within this exploration and transformed for 

interpretation actually involved the averaging of several thousands of actual samples 

during each scan. 

 The data recovered up to this point has pointed out that the hypothesis explored 

in this dissertation, that a yttrium iron garnet waveguide pulse could be used for 

analysis, is supported both in signal reproducibility and a narrow range of deviation. 

With further instrumental enhancement, including data processing, analytical 

applications are suggested and should be pursued further.   

 

3.3 Chapter References 

1. Wu, M.; Kalinikos, B. A.; Patton, C. E. Phys. Rev. Letters, 2005, 95, 237202. 

2. Davydov, A. S. Solitons in Molecular Systems,  2nd ed., Kluwer Academic Publishers, 
Dordrecht Netherlands 1991, 17. 

3. Zakharov, J. P.; Shabat, A. B. Sov. Phys. JETP, 1972, 34, 62. 

4. Kovshikov, N. G.; Kalinikos, B. A.; Patton, C. E.; Wright, E. S.; Nash, J. M. Physical 
Review B, 1996, 54-21, 15210-16223. 

5. Kotchigova, S. Phy. Rev. Lett., 2007, 99-7, 073003. 

6. Horvatic, M.; Fagot-Revurat, Y.; Bethier, C.; Dhalenne, G.; Revcolevchi, A. Phy. Rev. 
Lett., 1999, 83, 420-423. 

7. Xia; H.; Kabos, P.; Patton, C. E.; Ensie, H. E. Physical Review B., 1997, 55-22, 
15016. 



73 

8. Buttner, O.; Bauer, M.; Demokrotov, S. O.; Hillebrands, B. Phys. Rev. Lett., 1999, 82, 
4320-4323. 

9. Wu, M.; Kalinikos, B. A.; Carr, L. D.; Patton, C. E. Phys. Rev. Lett. 2006, 96, 187202-
187204. 

10. Wu, M.; Patton, C. Phys. Rev. Lett., 2007, 98, 0472021- 0472024. 

11. Kovshikov, N. G.; Kalinikos, B. A.; Patton, C. E.; Wright, E. S.; Nash, J. M. Physical 
Review B, 1996, 54(21), 15210-15223. 

12. Garberoglio, G.; Vallauri, R., J. Chem. Physics., 2002, 117-7, 3278-3288. 



74 

CHAPTER 4 

IMPLICATIONS OF RESEARCH 

4.1 New Non-invasive Analytical Method 

 The research conducted in preparing this dissertation suggested that a method 

could be developed in which an electromagnetic wave pulse could pass into a biological 

matrix and interact with the dielectric properties and charge centers of that matrix. The 

ability to then receive and interpret that modified wave pulse could lead to a valued 

method of in-vitro physical and chemical monitoring of the matrix being scanned.   

 From the laws of electromagnetic, discussed within Chapter 1, we know that a 

propagating variable magnetic field generates a variable electrical field, which in turn 

will generate a magnetic field. It is through this process of field interaction that an 

electromagnetic wave will propagate in space. The interaction of the propagating 

electromagnetic wave with materials is frequently described as interference. Using the 

somewhat general terms of constructive or destructive, the impact on the propagating 

magnetic or electric fields can be interpreted primarily in regard to amplitude and phase. 

Analytical methods involving the absorption of energy, such as infrared spectroscopy 

and ultraviolet spectroscopy, are common within analytical laboratories today. Figure 

4.1 shows the general relationship between electromagnetic frequency and 

mechanisms leading to absorption. 

 The real part of permittivity is a measure of stored energy known also as the 

dielectric constant. When a material has electric and/or magnetic dipoles, the energy in 

a incident electromagnetic wave can be absorbed and converted to heat. Permeability 

changes within the medium will affect the magnetic field of currents within the medium. 
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Magnetic loss is experienced by the incident electromagnetic wave. Figure 1.1, Chapter 

1, provides an overview of several applications relating to material dielectric properties. 

 Absorption caused by the dielectric properties of a material however is not the 

only source of interaction. A second mechanism for interaction involves the interaction 

of an incident electromagnetic wave with mobile charge carriers such as electrons or 

holes. The electrical conductivity of the material is not a criteria for this second 

mechanism but will enhance the effect. Metals, having free electrons, will interact with 

an incident electromagnetic wave through induction and current effects will be seen. 

 
Figure 4.1. Frequency range and analytical applications.  Real and imaginary dielectric 
trends indicated. 

 Within the last few decades however a new opportunity for analytical applications 

has presented itself. Primarily within the realm of physics and communications, 

ferromagnetic waveguides have been explored. The foundation research within this 

area, as reviewed within Chapter 1, regarding electromagnetic waves and yttrium iron 

garnet film waveguides presented new possibilities within analytical chemistry. Using 

the techniques developed within previously reported research within waveguide physics, 

this dissertation reports on the development and application of a new analytical method. 

Based on the development of soliton electromagnetic waves or envelops on yttrium iron 
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garnet film and the usage of such to discern physical and chemical properties of 

materials, this analytical method is termed electromagnetic pulse transmission probing 

or EMPTP. 

  Of more importance to this research however is the physical processes by which 

electromagnetic fields interact with materials and what remains to be explored or 

discovered within these processes. Figure 4.1 provides a brief summary of the possible 

interaction which may be seen within different material phases. In the case of multi-

phase materials, with changes in medium dielectrics and charge centers, the possible 

interactions become many and may involve extensive interpretation effort. 

 In addition to the analytical applications listed within Figure 4.1, the usage of 

waveguide wave propagations as reported within this dissertation provides many very 

apparent advances including: 

1. An ability to physically and chemically profile gas, liquid, and solid samples with 

minimal sample preparation. 

2. An ability to physically and chemically profile gas, liquid and solid samples within 

extremely short time frames.  Reaction kinetics and other changes within a 

sample can be monitored within the microsecond range at this time.  With further 

instrument and software development, that sampling range could be reduced to a 

nanosecond frame. 

3. The ability to probe an electromagnetic wave pulse into a medium, as 

demonstrated at this time to a depth of 3 mm, will allow a method of non-

destructive analysis within biological or other layered structures. 
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 The instrumentation and methods developed during this research has indicated 

that physical and chemical data can be obtained from materials using a concepts only 

recently explored within the physics and engineering fields.   

 The results of this research should not be conclusive at this time.  

Instrumentation used within this project and the setup described within Instrumentation 

Configuration 4 should be considered prototypical in nature.  Instrument refinements, 

including mounting and circuitry, need further development. Signal collection and 

processing speeds possibly obscure further details. Material response to the 

propagation of electromagnetic surface waves has been demonstrated however and 

requires further development. 

 
Figure 4.2. Electromagnetic field interactions with material phases. 

 Using the dynamics of ferromagnetic waveguides and the creation of wave 

propagations, including those known as solitons, explored by several within the fields of 

physics, a new analytical method has been developed. Although extensive research 
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occurred over many months, in which many instrumental configurations and methods 

were explored, the results of this dissertation clearly indicate that the new EMPTP 

method has many possibilities. Although the research is at its basic level at this time, 

further development will identify many potential applications. 

 

4.2  Broad Spectrum of Potential Applications 

 It appears from this research that signal enhancement can take place by phase 

coherent recovery signals and used in analysis of materials. Although this was not fully 

developed as a part of this initial research, ongoing efforts are taking place within the 

laboratory at this time.   

 Using electrical field and magnetic field properties, as discussed within Chapter 1 

and throughout the document, instrumentation and methods developed show that thin 

film surface waves will interact with the physical and chemical properties of a material. 

Much as the usage of human fingerprints are used to identify a particular person, an 

interaction ‘fingerprint’ can be taken of gas, liquid, and solid materials using the EMPTP. 

 Although not conclusive due to instrumentation limitations, within this research it 

was readily apparent that concentration and dipole interactions could influence the 

waveform seen. This would suggest that an immediate application of EMPTP would be 

in monitoring of both manufacturing processes, especially within gas or fluidic 

environments. Unlike current microwave spectroscopy methods, the sampling speed 

and setup would allow flow monitoring without the need to contain the sample long 

enough for absorption to occur. Additionally, reactions involving dipole interactions 
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could be monitored at a very fast rate (microseconds) and aid in collecting reaction rate 

kinetics, identification of intermediates, and general reaction profiling. 

 The instrumental configurations used within this research, especially cuvette 

design and power settings, suggest possible applications requiring subsurface physical 

and chemical profiling. A general search of literature resources including the internet 

failed to locate any similar application of electromagnetic wave pulses.  Interaction 

between the surface wave and material will show many characteristics in addition to 

absorption or amplitude reduction. The usage of an EMPTP device will lead to the ability 

to measure many physical or chemical properties within a patient in addition to oxygen 

levels. Waves within the radio range will be a part of a continued investigation in this 

research. 

 An additional application of the EMPTP instrumentation is within the support of 

other analytical equipment especially as a chromatography detector. The vast majority 

of detectors used presently with chromatography are ion and current measurement 

related such as flame ionization (FID), photoionization (PID), discharge ionization (DID) 

and photoionization (PID).  Within liquid chromatography you see detectors based on 

refractive index, scattering, and conductivity. The dielectric constant detector (DCD) is 

based on a relationship seen between the dielectric constant and refractive index in 

non-polar and semi-polar molecules. 

 The usage of a EMPTP instrument within a chromatography environment should 

provide a method of direct measurement of gas and liquid profiles.  EMPTP would allow 

the measurement of dielectric effects and other molecule characteristics directly from 

the sample column without destruction, thus allowing additional detection if desired.
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APPENDIX A 

PHYSICAL CONSTANTS
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Speed of light in vacuum  c 2.99792458  x 108 m s-1 

Permeability of vacuum  μ0 4π   x 10-7 H m-1 

Permittivity of vacuum  ε0 1/(μ0c2)  F m-1 

      8.854187817  x 10-12 F m-1 

Planck constant    h 6.672075  x 10-34 J s 

Electron volt    eV 1.602177  x 10-19 J 

Electron mass   me 9.109389  x 10-31 kg 

Elementary charge   e 1.602177  x 10-19 C 

Proton mass    mp 1.672623  x 10-27 kg 

Avogadro constant   NA 6.022136  x 1023 mol-1 

Faraday constant, NAe  F 9.648530  x 104 C mol-1 

Boltzmann constant   k 1.380658  x 10-23 J K-1 

Bohr magneton, eh/(4πme)  μB 9.274015  x 10-24 J T-1 

 
……………………………………………………………………………………. 
 
SI derived units:   F farad   C V-1 

     C coulomb  A s 

     H henry   V A-1 s 

     V volt   J C-1 

     J joule   N m 

     Ω ohm   V A-1 

     N newton  m kg s-2 
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APPENDIX B 

VIBRATIONAL AND ROTATIONAL FORMULATIONS CONSIDERED



83 

1.  Rigid rotor and angular momentum (end-over-end) rotation; 

2πν = Jh/2π  (Equation B1) 

where h is Planck’s constant, I is the moment of inertia, v is the frequency of rotation 

and J is the angular momentum in units of h/2π. 

2.  Frequency expected from a rotor system; 

v = Jh/4π2I  (Equation B2) 

3.  During rotation, orientation in space can be described by a wave equation in polar 

coordinates; 

h2/8π2I [1/sinθ ∂/∂θ (sin θ ∂ψ/∂θ) + 1/sin2θ ∂2ψ/∂ϕ2] + Wψ = 0  (Equation B3) 

where ψ is the wave function and W is the rotational energy. 

4.  Solutions to Equation B3 are only possible when; 

W = h2/8π2I (J(J+1))   (Equation B4) 

which implies quantized values. 

5.  The frequency observed when the molecule makes a transition from one energy 

level to another is; 

v = (W2 – W1)/h = h/8π2I [J2(J2+1) – J1(J1 +1)]   (Equation B5) 

6.  Letting J2 = J1 + 1; 

v = 2 B (J+1)      (Equation B6) 

where B is the rotational constant (h/8π2I) 

7.  Depending on the individual molecule’s symmetry, there may be many moments of 

inertia I depending on rotation.  Principle moments of inertia include Ix, Iy and Iz 

assuming that the x, y, and z axis are normal to each other. 
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8.  Rotation can be symmetric or asymmetric.   If symmetric the total energy W and total 

angular momentum P can be represented by; 

W = ½ Ixωx
2 + ……. = Px

2/2Ix +……….     (Equation B7) 

9.  The square of the total angular momentum P is quantized and equal to; 

J (J+1)h2/4π2     (Equation B8) 

10.  Both the total angular momentum P and the individual rotations component angular 

momentum are quantized.  Thus the energy levels may demonstrate many degenerate 

signals. 

11.  With asymmetric molecules, the total angular momentum J and a projection on a 

fixed axis may be used as an estimate of state only within near symmetric molecules.  

Above that, there are no solutions classically or quantum mechanically.  Interactions 

with other molecules within medium become extremely complex. 

12.  Within both symmetric and asymmetric molecules the effects of vibration add 

considerably to the complexity of the spectra.  Vibration will change the rotational 

constant through centrifugal stretching and bending.  The rotational constant becomes; 

B = Be - ∑ 𝑎𝑖 i(vi + ½) – J(J+1)D   (Equation B9) 

where –ai represents a change in the equilibrium value Be due to an excitation, D is the 

change due to centrifugal stretch and vi is the vibration quantum number.  As mentioned 

in comment 11, with more complex asymmetric molecules this representation will not 

work classically or quantum mechanically.  

13.  Within a strong external magnetic field, the contribution of each axis rotational 

constant may change thus further effecting the total B of a molecule. 
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14.  Intermolecular forces have demonstrated an effect microwave frequencies known 

as pressure broadening.  As two molecules approach each other there may be many 

complex forces involved.  No one approximation theory can be used to describe this 

interaction.  Known as van der Waals forces, the interactions involved include dipole-

dipole, quadrupole-dipole, induced dipole-dipole and many others. 

15.  The effect of intermolecular forces becomes exponentially more a factor as the 

distance between two or more molecules becomes shorter.  Thus high pressure gas 

phases, liquids, and solids, such intermolecular forces become more dynamic and 

complex.  Although classical and quantum representation exceeds the ability to 

formulate as the sample phase density increases, we can make an assumption 

quantum mechanically that frequency changes during collision correspond to a change 

in energy.  This change in energy, from ground states to excited states, is due to the 

intermolecular forces involved. 

16.  Collisions can change energy of oscillations.  A transfer of energy, diabatic (non-

adiabatic) occurs.  For a change in phase to occur larger than 1 radian; 

2πωt≥ 1    or   ω≥1/2πt       (Equation B10) 

where ω is the change in frequency during collision and t is the duration. 

17.  Letting ω=W/h and t=R/velocity, using approximations for the values of R (few 

angstroms) and velocity near 10 5 cm/sec, the energy of interaction W is greater than hv.  

Thus the energy is present to cause a transition in states.  This condition is fulfilled with 

microwaves but not in infrared or optical regions.  Adiabatic collisions are of importance 

however to infrared and optical regions in regard to broadening. 
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18.  The Cauchy-Lorentz probability density function is based on peak half width γ and 

is represented by the formula; 

pdf = 1/[[πγ[1+((x-x0)/γ)3]]   (Equation B11)  

Peak broadening caused by collision could be demonstrated by a Cauchy-Lorentz 

spectrum curve.  The Cauchy-Lorentz cumulative distribution function is; 

cdf = 1/π arctan ((x-x0)/γ) + ½ 

19.  Residual coupling can be indicated with static field variation.  As such molecular 

dynamics, such as folding and mass-torque relations, can be indicated. 
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