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ABSTRACT OF DISSERTATION

SPIN WAVE INSTABILITY PROCESSES IN 

ANISOTROPIC FERRITE MATERIALS

A theoretical and experimental study of spin wave instability processes in 
anisotropic ferrite materials has been performed. The theory of spin wave instability for 
ferromagnetic insulators is extended to include generalized anisotropy based on a tensor 
formulation of the static and dynamic effective fields. The formalism is set up for 
saturated magnetic ellipsoids and a general microwave field configuration. The analysis 
yields working formulae for the threshold microwave field amplitude evaluations and 
critical mode determinations. Numerical simulations are used to calculate threshold field 
and critical modes for first order oblique pumping processes in a thin disk with easy 
plane anisotropy. The theory was successfully applied to the analysis of comprehensive 
experimental data on anisotropic ferrite materials for various static and microwave field 
configurations.

The dependence o f the threshold field amplitude on the external field was 
investigated experimentally at 9 and 16.7 GHz. The high power thresholds were 
measured for different geometrical configurations and spin wave relaxation rates were 
determined. The data showed qualitative agreement with the theoretical calculations. 
The spin wave linewidth was found to be independent o f the spin wave propagation 
direction. The specific results are presented for three different ferrite materials, liquid 
phase epitaxy (LPE) yttrium iron garnet (YIG) single crystal thin films, polycrystalline 
hipped YIG, and Y-type zinc (Zn-Y) single crystal easy plane hexagonal ferrite.

In LPE YIG films, the spin wave linewidth was 0.2 Oe at 9 GHz and the influence of 
thin film geometry and small magnetocrystalline anisotropy on the high power thresholds 
was found. In hipped YIG, the spin wave linewidth was determined by the grain size and 
was 1.2 Oe at 9 GHz and 0.6 Oe at 16.7 GHz. In Zn-Y, 9 GHz data demonstrated related 
sample size effects, so that high power thresholds were inversely proportional to the 
sample lateral size. At 16.7 GHz, there were no sample size effects and oblique pumping 
measurements were performed. It was found that the spin wave linewidth increases from 
12 Oe to about 18 Oe if the magnetization is pulled out of the easy crystallographic plane.
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Department o f Physics 

Colorado State University 
Fort Collins, CO 80523 

Summer 2002
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CHAPTER 1

INTRODUCTION

The goal of this introduction is to give background and motivation for the thesis 

research and provide an overview of the accomplished work with a detailed summary of 

each chapter. The introduction describes the effect of large magnetocrystalline 

anisotropy in ferrite materials and establishes the physics of spin wave instability 

processes.

l
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1.1. Background and Motivation

Ferrites are oxide based magnetic materials with negligible conductivity. These 

materials are widely used in many devices operating in the microwave and millimeter 

wave frequency ranges. Such microwave applications include radar, electronic warfare 

systems, and rapidly blooming wireless communication, such as cellular phones. Spin 

wave instability is a nonlinear effect which occurs in ferrite magnetic materials when the 

microwave power level reaches a certain critical value. This effect can reduce the useful 

power range of microwave ferrite devices. From another point of view, the investigation 

of the spin wave instability processes provides valuable information about microwave 

loss in ferrite materials.

Ferrites are used in the device component design because of their non-reciprocal and 

non-linear effect on electromagnetic fields. Such devices include phase shifters, 

isolators, filters, tunable oscillators, power limiters, and more. The performance of these 

devices at microwave frequencies below 30 GHz has been investigated for decades. 

However, due to the recent rapid development in microwave applications, there is a 

demand to extend many of these device applications to frequencies above 50 GHz (Adam 

et al. [1991] and Vittoria [1980]) and to develop new ferrite materials for standard 

microwave applications at frequencies below 30 GHz.

Microwave ferrite devices utilize various physical effects. Devices such as 

resonance isolators, ferrite tuned oscillators, and some types of filters use the 

phenomenon of ferromagnetic resonance (FMR). Ferromagnetic resonance was 

discovered by Griffiths in 1946 in magnetic metal films and was first explained by Kittel

2
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in 1948. At the resonance, the absorbed microwave power drastically increases. The 

resonance occurs when the magnetic material is subject to microwave radiation with a 

frequency which is close to the frequency of the free gyroscopic precession of the 

magnetization. The frequency of the free gyroscopic precession is proportional to the 

applied magnetic field with a coefficient of 2.8 GHz/kOe. A larger applied field is 

necessary in order to operate a device at higher frequencies. Existing permanent magnets 

can provide a field strength up to 13 kOe and, therefore, the maximum FMR frequency is 

less than 40 GHz in standard isotropic ferrite materials. The use of electromagnets and 

superconductor magnets makes ferrite devices impractical because they would consume 

too much space and power. Therefore, successful device implementation for microwave 

frequencies above 30 GHz requires other solutions.

For isotropic ferrites, an increase in the operational FMR frequency requires an 

increase in applied field. One of the ways to decrease the required magnetic field and 

increase the operational frequency of microwave ferrite devices is to use a ferrite material 

with a large magnetocrystalline anisotropy. These ferrite materials have a preferred 

direction of magnetization with respect to the crystal axes. Hexagonal ferrites with large 

anisotropy represent one class of such ferrite materials. These hexagonal ferrites can 

have easy plane or easy axis anisotropy. The effective field due to the anisotropy in 

hexagonal ferrites with a reasonable Curie temperature is in the range of 8 to 20 kOe. 

These anisotropy fields function in a similar way to applied magnetic fields and can 

extend the frequency range of microwave ferrite devices up to 100 GHz. There is a 

problem, however. Currently available hexagonal ferrite materials exhibit relatively large 

microwave losses compared to ferrites with small anisotropy such as yttrium iron garnet.

3
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The mechanisms of these large losses are not yet completely understood (Lebedev et al. 

[2002] and Patton [1988]).

The standard technique to study microwave losses in ferrite materials is FMR 

linewidth measurements (Lax and Button [1962]). The most commonly used FMR 

linewidth technique involves the microwave power absorption measurement at a constant 

frequency as the external static field is swept through the resonance position. The 

separation of the field points on the microwave absorption curve where absorbed power 

is half of its maximum value at the FMR field position is termed the half power FMR 

field linewidth AHo. The FMR linewidth AHo can be used as a measure of the relaxation 

rate in the magnetic material.

When the amplitude of the microwave magnetic field becomes large, the FMR 

absorption curve can broaden. Moreover, additional microwave absorption may occur at 

magnetic fields below the FMR field. These effects were first observed by Bloembergen 

and Damon in 19S2 and Bloembergen and Wang in 1954. These phenomena were 

explained by Anderson and Suhl in 1955. Due to the nonlinearity o f the spin system, spin 

waves are coupled to the uniform magnetization mode excited by the external microwave 

magnetic (pumping) field. When the amplitude of this uniform mode exceeds a certain 

threshold value, the energy acquired by spin waves from this mode compensates spin 

wave losses and an exponential growth of the spin wave amplitudes begins. This effect is 

called spin wave instability. Spin wave instability influences the high power response of 

microwave ferrite devices through a drastic increase o f microwave loss above specific 

threshold power level. This effect reduces the useful power range of linear devices. 

However, this effect can be useful in microwave power limiters (Dixon [1978]).

4
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The spin wave instability theory was developed by Suhl in 1957 and Schldmann in 

1959. The broadening of the FMR resonance absorption peak is termed resonance 

saturation (RS) and the microwave absorption at magnetic fields below the FMR field is 

termed subsidiary absorption (SA). In addition, Schlomann et al. [1960] discovered that 

spin wave instability could be caused directly by a microwave magnetic field parallel to 

the external static field. This phenomenon is called parallel pumping (PP). Resonance 

saturation is a second order process in which excited spin waves are at the pump 

frequency. Subsidiary absorption and parallel pumping are first order processes in which 

excited spin waves are at one half the pump frequency. These formulations were for 

isotropic ferrites. Only circularly polarized transverse and linearly polarized parallel 

pumping microwave field configurations were considered.

In order to deal with real ferrite materials and microwave fields which approximate 

device environments, it is necessary to extend the above theories to include anisotropy 

and more general pumping configurations. Yakovlev [1968], Green et al. [1968], and 

Patton [1969 and 1970] considered oblique pumping with a general microwave field 

polarization. These treatments considered only first order processes. The Suhl-Schloman 

first order analysis for oblique pumping was also extended to include cubic anisotropy by 

Yakovlev and Burdin [1974] and Patton [1979], Numerous authors (Schlomann et al. 

[1963], Green and Healy [1963], Dixon et al. [1965], Helszajn and McStay [1970 and 

1972], Gurevich et al. [1999], and Cox et al. [2001]) have studied the high power 

response of uniaxial and planar ferrites. These various papers consider first and second 

order effects, RS, SA, and PP processes, and non-collinear magnetization field 

configurations.

5
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Most of the theories contained in the above references were concerned with one 

special case or another. None of these works provide a fully general theoretical 

framework for the analysis of first and second order processes in a material o f general 

shape, with a general anisotropy, or for a possibly non-collinear magnetization and field. 

The goal of the theoretical part of the work described in Chapter 2 was to develop such a 

theory and relate theoretical predictions to experimental data given in Chapters 4, 5, and 

6. The analysis yields working formulae for the threshold microwave field amplitude for 

spin wave instability, specified as hc, as a function of the spin wave decay rate, and the 

spin wave wave vector k. The spin wave decay rate is expressed in linewidth units 

through a “spin wave linewidth” parameter A//*. The hc threshold is k dependent. For a 

specific material, sample shape, static magnetic field, and microwave frequency and 

pumping configuration, one may determine the minimum hc and the corresponding 

critical mode k for this minimum. This minimum threshold, denoted below as /»<*«, 

should correspond to the microwave threshold observed experimentally.

One can measure /lent vs. static field and use the theory to fit the data to obtain values 

of A/4. This procedure can also be used one to determine AHk as a function o f k. The 

spin wave linewidth value and its k-dependence contain valuable information about 

intrinsic relaxation mechanisms in ferrites (Sparks [1964] and Gurevich and Melkov 

[1996]). Unlike the FMR linewidth, the spin wave linewidth is not sensitive to sample 

surface quality or pores.

The main objective of this work was to investigate high power microwave thresholds 

and understand the relevant spin wave instability processes and loss mechanisms in 

ferrite materials with potential high frequency device applications. The emphasis is on

6
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the thin film geometry and the effects o f magnetocrystall ine anisotropy. The 

experimental tool for this investigation is the dependence of the threshold field /icm on the 

static field, pumping configuration, and the sample shape. The FMR characterization 

was also employed. Three different ferrite materials were studied experimentally, liquid 

phase epitaxy (LPE) low anisotropy yttrium iron garnet (YIG) single crystal thin films, 

dense polycrystalline hipped YIG, and Y-type zinc (Zn-Y) single crystal easy plane 

hexagonal ferrite. All of these materials have potential high frequency applications.

However, the large magnetocrystalline anisotropy which makes hexagonal ferrites 

attractive for millimeter-wave applications complicates the understanding of the spin 

wave instability processes. In order to provide a more tutorial approach, the simpler case 

of the yttrium iron garnet (YIG) ferrites with small anisotropy and low losses was 

investigated in this work first. Gaussian cgs units are employed throughout the work.

1.2. Investigation Overview

Chapter 2 introduces the fundamentals o f the magnetization dynamics in ferrite 

materials and establishes theoretical grounds for the investigation of the spin wave 

instability processes. Section 2.1 establishes the laboratory frame sample and field 

geometry for the problem, the fundamental dynamic response, and effective field 

equations needed for the analysis. This is done for an ellipsoidal shape sample and a 

general anisotropy based on free energy considerations. This section also introduces the 

concept of a precession reference frame for the analysis of the dynamic response and 

establishes operating equations for static equilibrium.

7
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Section 2.2 introduces the uniform precession mode and spin waves and incorporates 

the formalism established in the previous section to develop the coupled equations for the 

uniform precession mode and spin wave amplitudes in the linear case, when non-linear 

spin wave interactions can be neglected. Section 2.3 incorporates the formalism 

established in previous sections to develop working equations for spin wave instability 

and combines the results of the previous sections to obtain operational expressions for the 

threshold microwave field amplitude for spin wave instability under the general 

conditions outlined above.

Finally, Section 2.4 gives an example calculation for first order processes at 17 GHz 

in a typical Y-type hexagonal ferrite with planar anisotropy. Curves of the threshold 

microwave field />cm vs. the external static field Hext as well as results on the associated 

critical modes are presented. The results of the numerical calculations will be an 

important part of the oblique pumping data analysis in Chapter 6.

Chapter 3 introduces three specific ferrite materials that were studied, describes 

experimental techniques for threshold field measurements, and presents example results. 

Section 3.1 enumerates the three materials, single crystal liquid phase epitaxy (LPE) YIG 

thin (110) films, hipped polycrystalline bulk YIG spheres and disks, and single crystal c- 

plane plates of easy plane Zn-Y hexagonal ferrite. The chemical composition, crystalline 

structure, and growth methods are discussed along with sample preparation techniques. 

For hipped YIG and Zn-Y, the results of static magnetic property measurements on 

saturation induction and anisotropy field parameter are also given.

Section 3.2 describes the high power microwave spectrometer. The system was 

originally developed by Cox for X-band use at 9 GHz (Cox et al. [2001]). The current

8
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spectrometer utilizes a high-Q reflection cylindrical cavity for measurements at 9 GHz 

and a rectangular cavity for measurements at 17 GHz. Procedures for microwave field 

amplitude calibration are presented. The experimental setup allows one to obtain the 

cavity reflection coefficient vs. microwave field amplitude for different values of the 

applied static field, applied field orientation, and sample orientation. Section 3.3 is 

concerned with the threshold field determinations from such data. Two threshold 

determination methods and their advantages are discussed in this section.

Section 3.4 presents example results of the threshold field measurements in a 

polycrystalline YIG sphere at 9 GHz. The section establishes necessary terminology and 

procedures for the analysis of the results that are presented in Chapters 4, S, and 6 in the 

form of threshold field /*<*« vs. applied field H  curves, often termed butterfly curves. 

Section 3 .4 also establishes a framework for the analysis of the /icm data in terms of the 

theory. This framework forms the basis for the analysis of the /lent data presented in the 

next three chapters. This analysis reveals the excited critical modes and gives the spin 

wave linewidth A//* dependence as a function of wave vector k.

Chapter 4 presents the results of the parallel pumping threshold field measurements 

in single crystal LPE YIG (110) oriented thin films at 9 GHz. The results demonstrate 

the influence of the thin film geometry, which forces excited spin waves to propagate in 

the film plane, and small magnetocrystalline anisotropy on the spin wave excitation. 

Section 4.1 gives an overview of the data on FMR linewidth and the specifics of the /font 

measurements for these films. Section 4.2 presents results on normally magnetized films 

of different diameters. In this case, spin waves propagate along an arbitrary direction in 

the film plane.

9
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Section 4.3 presents the results on an in-plane magnetized film with H  applied along 

one of the main crystallographic axes. In this case, spin waves propagate along a specific 

direction in the film plane. Small magnetocrystalline anisotropy affects the spin wave 

instability threshold and shifts the butterfly curve kink point. The data agree with the 

results of the theoretical predictions in Chapter 2. It was found that the spin wave 

linewidth does not depend on the spin wave propagation direction. The k  = 0 

extrapolated spin wave linewidth was 0.18 Oe, close to the lowest reported values for 

bulk single crystal YIG (Kasuya and Le Craw [1961] and Yakovlev et al. [1971]).

Chapter 5 presents results of the high power microwave measurements in hipped 

polycrystalline YIG. This dense material has a very low FMR linewidth due to the 

absence of porosity. The investigation focuses on the influence of small anisotropy 

which exists in grains and changes microwave properties such as FMR linewidth and 

high power response. The results show that spin wave excitation for parallel pumping 

occurs independently in each individual grain. This effect does not appear to be 

important for the FMR linewidth and for perpendicular pumping. Chapter 5 also 

demonstrates that the intrinsic microwave loss in hipped polycrystalline YIG can be 

similar to the loss in single crystal YIG and that the spin wave linewidth is determined by 

the grain size.

Section 5.1 shows the results of the FMR linewidth measurements. Section 5.2 

presents the results of the parallel and perpendicular pumping threshold field 

measurements at 9 GHz and the parallel pumping threshold field measurements at 16.7 

GHz. Section 5 .3 discusses the results of the previous sections and presents a spin wave 

linewidth analysis based on the transit time model.

to
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Chapter 6 presents the results of the spin wave instability investigation in easy plane 

Zn-Y hexagonal ferrite plates with large magnetocrystalline anisotropy. The 

experimental results for parallel pumping at 9 and 16.7 GHz in in-plane magnetized Zn-Y 

plates will be presented first. At 9 GHz, data demonstrated sample size effects, so that 

high power thresholds were inversely proportional to the sample lateral size. At 16.7 

GHz, there were no considerable size effects and experimental butterfly curves were in 

agreement with the developments of Chapter 2. The simple theoretical analysis will be 

presented only for the parallel pumping data.

The more complicated pumping situations include in-plane oblique pumping where 

H is rotated in the plate plane and out of plane oblique pumping where H  is rotated in the 

plane perpendicular to the plate. The full power of the general spin wave instability 

theory of Chapter 2 was applied to the 16.7 GHz oblique pumping data. The theoretical 

model was consistent with the data. As a result of the data analysis, a “magnetic stress” 

effect was found. The results o f the analysis show that AHt is independent of the spin 

wave propagation direction but increases with an increase in the magnetic stress caused 

by the static magnetization deviation from the easy plane.

Section 6.1 describes the sample geometry and FMR characterization. The FMR 

characterization is used to obtain working parameters for the spin wave instability 

analysis. Section 6.2 establishes working equations for the parallel pumping data 

analysis. In this section, the results of the parallel pumping measurements at 9 and 16.7 

GHz are presented and the sample size effect is discussed. Sections 6.3 and 6.4 present 

the in-plane and out of plane oblique pumping han data and analysis for the Mn- 

substituted Zn-Y disk at 16.7 GHz, respectively.

11
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Chapter 7 presents a summary of the main results o f the spin wave instability 

investigation in low loss single crystal, polycrystalline, and high anisotropy ferrite 

materials. Conclusions on the influence of thin film geometry and magnetocrystalline 

anisotropy on spin wave instability thresholds, the spin wave linewidth dependence on 

the spin wave propagation direction, transit time limited spin wave linewidth, and the 

effect of magnetic stress on spin wave linewidth are presented. Problems for future work 

in the area of high power microwave properties of magnetic materials are indicated.

12
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CHAPTER 2

THEORY OF SPIN WAVE INSTABILITY PROCESSES

The focus of this chapter is on an introduction to uniform mode dynamics and spin 

waves and a formal development of spin wave instability theory in magnetic insulators 

with large magnetocrystalline anisotropy.

Section 2.1 establishes the laboratory frame sample and field geometry for the 

problem, the fundamental dynamic response, and effective field equations needed for the 

analysis. This section also introduces the concept of a precession reference frame for the 

analysis of the dynamic response and establishes operating equations for static 

equilibrium. Section 2.2 introduces the uniform precession mode and spin waves and 

incorporates the formalism established in the previous section to develop the coupled 

equations for the uniform precession mode and spin wave amplitudes in the linear case.

Section 2.3 incorporates the formalism established in previous sections to develop 

working equations for spin wave instability and combines the results o f the previous 

sections to obtain operational expressions for the threshold microwave field amplitude for 

spin wave instability under the general conditions outlined above. Finally, Section 2.4 

gives an example calculation for first order processes at 17 GHz in a typical Y-type 

hexagonal ferrite with planar anisotropy. Curves of the threshold microwave field vs. 

the external static field Hext as well as results on the associated critical modes are

13
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presented. The results o f the numerical calculations will be an important part of the 

oblique pumping data analysis in Chapter 6.

14
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2.1. Sample Geometry and Effective Fields

Materials are called magnetic because of the magnetic fields which are present in 

these materials. These magnetic fields can be external and internal. External fields are 

fields that are applied from an external source. Internal fields are produced in 

magnetically ordered substances by the microscopic magnetic moments of each atom. 

Only magnetically ordered substances will be considered in this work. The orientation of 

magnetic moments in these substances occurs spontaneously, in the absence of an 

external magnetic field. The simplest type is a ferromagnet.

In this chapter, ferrites will be treated as ferromagnets. A continuum approach can 

be used to describe dynamic processes in ferromagnets. In this approach, the 

microscopic structure of the ferromagnet is ignored and the magnetization IVI is averaged 

over a small but macroscopic volume. Vector M is the quantity that enters the equations 

of macroscopic electrodynamics (Gurevich and Melkov [1996]). The continuum 

approach allows one to use the classical theory which will be engaged in this work.

The problem involves the response of the magnetization to various magnetic fields 

for a sample with a specific geometry. Figure 2.1 shows the basic sample geometry. One 

has an ellipsoidal-shaped single domain ferromagnetic sample with principal axes along 

X, Y, and Z. The ellipsoidal sample shape is used to provide the uniformity o f the 

magnetization. The externally applied uniform static magnetic field Hext has polar and 

azimuthal angles 0H and <pH in the (X , Y, Z) laboratory frame. The static 

magnetization vector Ms has polar and azimuthal angles 0M and <pK[, respectively. In 

general, Hext and Ms will not be collinear. The static equilibrium orientation of Ms will

15
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r

Figure 2.1. The laboratory (X , Y, Z) coordinate frame. The external static field 
is applied at a polar angle dH and an azimuthal angle (pH ■ The static magnetization M, 
lies at a polar angle 6K, and an azimuthal angle <pKI. The inset shows that the 
coordinate axes (X , Y, Z ) coincide with the principal directions o f the ellipsoidal 
sample.
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be determined by direction and magnitude of Hext, the sample shape and corresponding 

demagnetizing factors Ny, Ny, and Nz, and the anisotropy of the material. These 

considerations will be developed shortly.

In order to solve the combined static and dynamic problems, it is necessary to 

develop analytic expressions for the static and dynamic effective fields. One may start 

this process with a magnetization vector written in the form

M = M, + m . (2.1)

In general, the dynamic magnetization m is a function of the time t and the position r in 

the sample, and may be expanded into a spatial Fourier series according to

m (r , t )  = '£dm k( t ) e ‘kr, (2 .2)
it

where k denotes the wave vector of an allowed spin wave. The term for k = 0 

corresponds to the uniform mode response mo. From here on, references to m(r,0 will 

be given as m.

One may also write the total effective magnetic field as an Hetr and break this field 

down into various physical terms according to Patton [1979]

Hctr = + HD+HA+h„ + h , (2 3)

where Hd denotes the Maxwellian field due to sample shape demagnetizing effects and 

magnetic dipole interactions within the sample, HA is an effective field due to anisotropy, 

hex is an effective field due to exchange, and h denotes the applied external microwave 

field. The Hd and HA fields contain both static and dynamic components. The exchange 

field is a dynamic field. The convention to use lower case letters to denote dynamic 

fields will be followed here. The separation of the various fields into static and dynamic 

terms will become clear from the nomenclature developed below.

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Hd term in Eq. (2.3) consists of a static term and two dynamic terms. The static 

term consists of a demagnetizing field of the form -4^-NTVI,, where N' is the diagonal 

demagnetizing tensor in the (A', Y, Z) laboratory frame o f Fig. 2.1. For the ellipsoid 

sample inset of Fig. 2.1, the diagonal elements N' may be taken as N'yy = Nx , 

N'yy = N r , N'zz = Nz . The Ny, Ny, and Nz denote the usual ellipsoidal sample

demagnetizing factors. These demagnetizing factors will turn out to be important 

parameters in the theory. The first dynamic term is the dynamic demagnetizing field 

counterpart to the above static field, -4^N 'm 0. The second dynamic term in Hd is the 

dipole field associated with the spin waves. In the short wave length limit, this field may 

be written as

(24)
**0 *

Consider the effective non-Maxwellian anisotropy field. The components of HA 

may be written as

'=<■*■.Y- z >- ( - s>M, da, c m ,

where FA(ax ,a r,a z ) defines a general anisotropy free energy (Gurevich and Melkov 

[1996]), and a x , a r , and a z are the direction cosines of M relative to the X, Y, and Z 

axes in Fig. 2.1, respectively. It is important to realize that the M vector itself consists of 

a static component Ms, as in Fig. 2.1, and the additional dynamic component introduced 

above. If the condition | m |« |  M, | is satisfied, the static and dynamic terms in M, when 

folded into Eq. (2.5), lead to HA components of the form

18
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The first term on the right side of Eq. (2.6) corresponds to a static effective anisotropy 

field which depends only on the static Ms component of the magnetization. This vector 

field will be denoted as Has- The second term represents the dynamic part of Ha- This 

vector field will be denoted as hA The field hA has the form A'm , where A' is an 

anisotropy tensor with components given by

£:Fa ( M)
* j = - (2.7)

M=.NUdM.cMj

It is clear that A' is a symmetric tensor.

The only remaining field terms in Eq. (2.3) are the effective exchange field and the 

applied microwave field. The exchange field may be written as |/ |D V 2m /M ,, where \y\

is the absolute value of the electron gyromagnetic ratio and D is the exchange stiffness 

field parameter (Gurevich and Melkov [1996]). Detailed nomenclature for the applied 

microwave field h will be introduced later.

From the effective fields established above, one may now separate the static and 

dynamic contributions to Heff. The static terms combine to yield a static effective field 

given by

H*r = I!.-* -  4/rNTVI, + . (2.8)

This vector field will be a function of the various parameters established above and, in 

particular, the direction of Ms. The magnetization Ms will be in static equilibrium when 

the condition

M, x H^r = 0 (2.9)
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is satisfied, such that Ms and H^r are collinear. The complete dynamic part of Hcfr may 

now be written as

hen- = - 4 ; r ^  -m--g lkr -  4;rN'm0 + A'm + —— |y|Z)V2m + h . (2.10)
txo A/,

The next part o f this section will consider the dynamics of the magnetization in a 

new (x ,y ,z )  coordinate system for which the r-axis coincides with the direction of Ms 

under conditions o f static equilibrium. In this new reference frame, termed the 

precession frame, the uniform mode part of the dynamic m response will correspond to a 

Larmor precession o f M about the r-axis. The static effective field in this frame will 

have only a z-component. The total dynamic field in Eq. (2.10) will be transformed into 

this frame. This will result in a precession frame equation of motion for the dynamic 

magnetization, or torque equation, which leads to the nonlinear coupled equations which 

are needed for the analysis o f spin wave instability.

Consider the simple rotational transformation in Fig. 2.2 from the (X , Y, Z ) 

laboratory frame to the (x, y, z) precession frame. The angles 6U and <pXf are the same 

angles as introduced in Fig. 2.1 for static equilibrium. For this transformation, (1) the X- 

Y plane is rotated about the Z-axis by the angle <pu and (2) a new X\-Z plane is rotated 

about a new y-axis by the angle Q\t. The transformation of any general vector R in the 

laboratory frame to the corresponding vector r in the (x, y, z) frame may be written in the 

form r = TR, where the T matrix is given by

T =
cos eM cos <pst cos 0xr sin <pKf -  sin 

-sin^j.u cos^.u 0

sin#w cos <Pxi sin 0Kl sin <pK, cos ,
(2 . 11)
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The transformation of the various vector fields and tensors enumerated above to the 

(x, y, z) frame is straightforward. The elements of the demagnetizing tensor in the (x, y, 

z) frame, N = TNT-1, are given by

Nxr = (N x cos2 cpu  + Nr sin2 <pxt )cos2 0U + Nz sin2 0sl, (2.12)

Nyy = Nx sin2 <psi + Ny cos2 <pKt, (2.13)

N -  = (N x cos2 (pxy + Ny sin2 )sin2 0st + NZ cos2 0U , (2.14)

Nv  = N ^  =(Nr — Nx ) cos0\i sin(2^.u ) /2 , (2.15)

Nx; = N s  = (Nx cos2 <pxt +Nr sin2^.u -  Nz )sin(20xt) /2 ,  (2.16)

and

My. = N.y = (Ny -  Nx ) sin 0K, sin(2p.w) / 2 . (2.17)

The static demagnetizing field in the (x ,y ,z )  frame is -4 x N (M ,i) , where z is a unit 

vector in the r-direction. The dynamic demagnetizing field is given by -4^N m 0, where 

m0 is given in terms of (x ,y ,z ) frame components.

In the same way, one can obtain the effective anisotropy fields in the (x ,y ,z )  frame. 

The specific form of Has will depend on the form of the anisotropy energy FA and the 

angles 0Kl and <pxt. The dynamic anisotropy field in the precession frame will be taken 

as

(2 . 18)

Since A ' is a symmetric tensor and T corresponds to a unitary transformation, the 

matrix A is also symmetric. The specific form of the elements of A will also depend on

Axy Ax;' r _  \mx
hA = Am = T A T 'm  = Axy Ayy Ay. my

 ̂A-xz Ay: 4=,
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Y

Figure 2.2. Transformation of the coordinate frame (X , Y, Z ) to the precession frame 
(x, y, z ) . The r-axis coincides with the direction of the static magnetization Ms. The 
static magnetization Ms lies at a polar angle 0S, and an azimuthal angle <pM.
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the form of the anisotropy energy FA and the static equilibrium magnetization angles 6S, 

and <pxt which define the precession frame.

The exchange and dipole fields depend only on the dynamic magnetization m. The 

form of these fields is the same for the laboratory and the precession frames and the 

appropriate terms in Eq. (2.10) apply. The microwave field h may also be specified 

directly in the precession frame. The applied microwave field h(/) is taken to be 

uniform over the ellipsoidal sample and with a general polarization. The components of 

this pumping field in the precession frame may be written as

hx(t) = hoa z cos {cat + SZ) = h0a z[e‘iat's,) + 2 , (2.19)

hy(t) = K a y cos(a)t + Sy) = h0ay[e«°*'s’) + e ^ aX̂ )] /2 , (2.20)

and

/».(/) = ĥ cc; cos cot = hocc^e"* +<r“"f) /2  . (2 .21)

The A, parameter serves to identify the amplitude of the pumping field. The relative 

amplitude parametersa z , a y, and a . ,  and the phase parameters Sz and 8y define the 

specific components of the pumping field in the (x ,y ,z)  precession frame.

Consider static equilibrium considerations. In the precession frame, the zero torque 

condition of Eq. (2.9) requires that the x  and y  components of HjltT vanish. The

corresponding equations then give the conditions on 0Kt and <pxt for static equilibrium.

These conditions may be written as

fftxx[sin0f{ cos0Xi cos(<pH - <pSi ) - cos#H sin#v/]

=  27tM 3(N x cos2 <Pxt + N r s in 2 <pKt -  N z ) s in 2 d v/

+ I f  as.z sin Qxi ~(.Hasjc cos <pxt + I f  ass sin <pxi) cos Qxt (2 .22)

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and

Hca sin#w sin(^.w -<pH) = H ASX cos(pXf -  HAXXsm<pxl

+2xMs(Nx -  AV )sin 2<px, sin 9x t. (2.23)

The / / AS„V, / / ast > and #  AS.z terms in Eqs. (2.22) and (2.23) give the components of 

Has in the laboratory frame. Note that Eqs. (2.22) and (2.23) are for a general 

anisotropy. The above equilibrium conditions define QXI and <px, which set the 

precession frame. In this frame, the static effective field Hf,T reduces to one component 

along z which is given by

//cit = He*t sin dH sin 0X, cos{<pH -  <pxt) + //„ , cos0H cos9X, -  4xM ,[N z cos- 6xt

One now has expressions for all static and dynamic fields in the precession frame. 

The static effective field H ^  is parallel to M, and along z. The dynamic magnetization 

m and the dynamic effective field hetr will, in general have non-vanishing components 

along all three directions in the precession frame. Except for the external microwave 

field h, the terms in h^r all derive from m through Eq. (2.10) but expressed in the 

(x ,y ,z )  frame. It is convenient to write the transverse components of the dynamic 

magnetization and field in scalar complex form according to

m* = mx ± imy (2.25)

+(NXcos2<pxl +Nr sin2(px, ) sin29X, ] + ( / /AS_rcos<pxt + H ASX s\n(px,)s\nOxt

+HAS2 cos 9XI. (2.24)

and

A e f f r  — K a .x  ±  ih*K.y , (2.26)
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where h ^ x and h&y denote the x  and y  components of , respectively. The constant 

magnetization condition |M| = M, then leads to a dynamic magnetization z component 

of the form

Equation (2.27) is valid in the limit | m |« |  M, | introduced above.

The next section will consider the magnetization equation of motion and introduce 

uniform precession and spin waves.

2.2. Uniform Mode and Spin Waves

Spin wave instability results from the analysis o f the nonlinear terms in the torque 

equation of motion. In this section, only linear terms in torque equations will be 

considered. These linear terms lead to amplitudes for uniform precession of 

magnetization and spin waves. The torque equation of motion for the general 

magnetization vector M may be written as (Sparks [1964]),

The torque equation of motion was first proposed by Landau and Lifshitz [1935], based 

on the magnetic torque model. Based on the precession frame formulation of the 

dynamic magnetization and effective fields as given above, one can use Eq. (2.28) to 

obtain the equations of motion for the spin wave amplitudes. One does a plane wave 

Fourier expansion for the dynamic components of M in the precession frame. One then 

considers specific pairs of terms in this expansion for ± k , where k is a general spin wave

m. = -{m l + m l)/2M S = -m^m. / 2A7,. (2.27)

(2.28)
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wave vector. Terms with k = 0 correspond to the uniform mode. Such terms, when 

present, are connected with components of the microwave field which are transverse to 

the r-direction.

As a first step, one obtains expressions for m. and m_ from Eq. (2.28). These may 

be written as

-im . = \y\m,(Hlx + h etr.:) +m:)helX„ (2.29)

and the corresponding equation for m . , where /jetT.- denotes the z component of helT.

The m^ variables are now expanded in Fourier series in the form

m. =M i^ a ke‘Ur (2.30)
k

and

m_ = M ^ a : ke>kr. (2.31)
k

The sums in Eqs. (2.30) and (2.31) specifically include the uniform mode at k = 0 

and k * 0 terms which span the full range of allowed values for bulk spin waves. The 

nonzero k terms will be limited to the short wave length limit for which surface effects 

can be neglected. For convenience, the vector nomenclature for k will be dropped from 

subscripts from here on. Note that a0 corresponds to a normalized complex uniform 

mode amplitude, while the ak factors with k * 0 correspond to classical spin wave 

amplitudes (Sparks [1964]). Unless otherwise noted, references to ak will always imply 

the k * 0 condition and aQ will specifically denote the uniform mode.

The uniform microwave field introduced above produces a uniform mode response 

m0. Figure 2.3 shows the precessional motion of magnetization M about the internal 

effective magnetic field H«fr. Diagram (a) shows a free circular precession. Diagram (b)
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effea­

r n

Figure 2.3. Uniform precession of the magnetization M about the internal magnetic field 
He(r. The static magnetization Ms is parallel to Hetr. Diagram (a) is for circular uniform 
precession with the vector amplitude m0. Diagram (b) is for elliptical uniform 
precession when mo varies with time.
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shows an elliptical precession. The elliptical precession may be caused by a linear 

polarized applied microwave field, by anisotropy, and by a non-spherical sample shape. 

The undamped response may be evaluated from the torque equation, Eq. (2.28), with only 

linear terms in the dynamic variables taken into account. It will also be necessary to 

include the effects of damping, particularly for situations when one is operating close to 

ferromagnetic resonance. This will be accomplished by a complex frequency substitution 

technique. The result is a set of equations for the complex uniform mode amplitude aQ.

Based on the driving fields of Eqs. (2.19)-(2.21), one may obtain the undamped 

uniform mode response from the x  and y  components of the torque equation, Eq. (2.28), 

with only linear terms in the components of h and m included. For this analysis, M is 

taken as M,z + m0 only, with all k * 0 terms ignored, and Hefr is taken as

Hetr = H%[i -  4 jN m 0 + h . (2.32)

In the above expressions, N,, = Nv -  A,, / Ak  correspond to reduced effective 

demagnetizing tensor elements. Equation (2.28) may now be cast in the same form as 

Eq. (2.29) with the h ctT . and m: terms omitted and constructed from the x  and y

components of h -4 ^ N m 0 only. The substitutions m. = aoM, and m. =a^Mt then 

yield coupled equations for a0 and al given by

-/do = \r\HlrOo - \y\hL + <y.v[(Mcr + M>y)ao +(N*r + 2iN„ - N>y)ao]/2 (2.33)

and the companion complex conjugate. In Eq. (2.33), hL =hx + ihy expresses the 

transverse components of the external microwave field h in the same scalar complex 

form used above for the transverse magnetization and dynamic effective field and
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<y.u = 4;r | y  I expresses the magnetic induction in frequency units. The

solution of these coupled equations gives the complex uniform mode amplitude a0,

The coo frequency parameter corresponds to the ferromagnetic resonance (FMR) 

frequency and is given by

The |/|/t)<7Lo/2  and \y\hoqAO / 2 multipliers in Eq. (2.34) represent the Larmor and anti- 

Larmor amplitudes for the uniform mode. These amplitudes scale linearly with the 

pumping field amplitude ho.

Note the singularities in the aQ response in Eqs. (2.34)-(2.36) in the limit —> c*,. 

This is due to the neglect of damping. Damping must be included in the analysis in order

a0(l) = \y\ho[qLQ exp(icot) + qA0 exp(-/<u/)]/2 . (2.34)

The <jrL0 and <7A0 factors are given by

<7lo —
(coy +co -  icon )axeuSx + i(cox +co +/^u„)ave'‘), 

6% -cor
(2.35)

and

ÂO —
(coy -  co-ico„)axe~'Sx + i{cox -co + ico„)aye'"s’

COo -  CO2
(2.36)

The frequency parameters cox, <oy, and cô . are given by

cox = \y\ Hftx +o)xlNxx, (2.37)

0)y=\y\H*a +COS,Nyy, (2.38)

and

CO„ ~ (OuNyy . (2.39)

(2.40)
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to describe properly the a0 response, particularly when the pumping frequency co is 

close to the FMR frequency coo. The effect of uniform mode damping will turn out to 

have an important effect on the instability analysis, especially for second order processes.

There are various ways in which damping may be included in the uniform mode 

response (Gurevich and Melkov [1996]). In the next section, spin wave damping will be 

taken into account through a complex frequency substitution, cok -> cok +irjk. A similar 

procedure will be followed here for the uniform mode frequency (Schlomann et al. 

[1963]). This substitution may be written as

coo - » coq +/ArUo/2, (2.41)

where Agjo is a frequency swept FMR linewidth parameter. For narrow linewidth 

materials, specific values for Ag)q may be obtained from measurements of the FMR field 

swept linewidth AH0 according to (Hurben [1996])

A<y0 = ^ - A / / 0. (2.42)
c H ^

The formalism developed above provides working equations for the uniform mode 

amplitude a0 for a general pumping field applied to an ellipsoidal sample with a general 

anisotropy.

Consider now bulk spin waves with non-zero k. Direct substitution of the various 

field terms developed above into Eq. (2.29) and the corresponding m_ equation, along 

with the expressions for m . , m . , and m ., yields a set of nonlinear coupled equations for 

the ak and a'.k spin wave amplitudes. In order to provide a more tutorial approach, 

equations for spin wave amplitudes will be first written without nonlinear terms. These 

linear equations are given by
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-iak -  Akak + Bkci\k (2.43)

and the companion complex conjugate equation with k replaced by -k .  The 

coefficients Ak and Bk are given by

Ak = \/\[H?lT + Dk2 -  M s(Aa + A>y ) / 2] + o)A, (sin2 0k) / 2 (2.44)

and

Bk = Q}st si n2 exp(2/^fc)H - \y \M 1L(A:o:-  A>y+ 2iA„) /2 . (2.45)

In the above expressions, 9k and (pk are the standard polar and azimuthal angles of the 

spin wave wave vector in the (x ,y ,z)  precession frame, respectively.

Equation (2.43) and its companion equation yield the bulk spin wave dispersion 

relation. Note that Eq. (2.43) is non-diagonal. The standard way to diagonalize the linear 

terms in Eq. (2.43) and obtain the spin wave normal modes is through the Holstein 

PrimakofF (HP) transformation (Sparks [1964]). In terms of the parameters established 

above, one may transform the ak and alk to a new set of spin wave amplitudes bk and 

b'k according to

ak — ~ Mkb-k (2.46)

and

Q-k = J*b_k — jukb_k, (2.47)

with transformation coefficients given by

* - f £ r  (2-48>

and

f
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The eok term in Eqs. (2.48) and (2.49) is the usual bulk spin wave frequency cok given by

Through this transformation, the linear terms in Eq. (2.43) yield a simple harmonic 

oscillator response equation of the form -ibk = cokbk. The spin wave dispersion relation 

in Eq. (2.50) gives rise to the usual spin wave band of allowed excitations discussed by 

Sparks [1964] and others. The present result, when all anisotropy terms are included, 

gives a general spin wave dispersion for anisotropic ferrites. Special cases have been 

considered elsewhere (Patton [1979] and Hurben and Patton [1998]). Another interesting 

and important situation occurs in thin magnetic films, where the spin wave dispersion is 

modified by boundary conditions for low wave number spin waves and additional surface 

modes appear (Stancil [1993] and Kalinikos et al. [1990]).

In the next section the equation for spin wave amplitudes will be written with 

nonlinear terms. These non-linear terms in the torque equation of motion will lead to the 

condition of spin wave instability.

2.3. Spin Wave Instability

Direct substitution of the various field terms developed in Section 2 .1 into Eq. (2.29) 

and the corresponding m_ equation, along with the expressions for m, , m. , and m . , 

yields a set of nonlinear coupled equations for the ak and alk spin wave amplitudes. 

Following Suhl [1957], one may obtain the working equations for the spin wave 

instability analysis by retaining only linear terms in the ak and a 'k amplitudes and terms

(2.50)
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up to second order in a0 and ao. This procedure is valid if the condition |at | <sc |<3b| <sc 1 is

satisfied. A fairly tedious algebraic analysis yields general spin wave amplitude 

equations given by

-iak = (Ak +Ck)ak +(Bk +Dk )a'k + \y\ hzak (2.51)

and the companion complex conjugate equation with k replaced by - k . The coefficients 

Ct and Dk are given by

Ck = -o)xt sin 2Qk [a0 exp( -i<pk) + ao exp(i<pk)] / 4

+[\y\MAA* - i A ^ - c o ^ N ^ - i N v )]a0/2

+[|r|A/,(i4, +iAv ) - a u (Ns  +iNzy)]a‘o/2

+\y\hLaQ l2  + \y\Mo(Axx + Ayy-  2A - )a0tfo /4

+Qj.u (2i\L -  -  N>y. + 3 cos2 6k -  l)a0 -  <oM + 2iN„ -  N>y )a0Vio (2.52)

and

Dk = [-<y.u sin 20k exp(i<pk)l2+ \y\M i(Azx + iA„ )]tf0

+\y\hM0 -  o)Kl sin2 0k exp(2i<pk)aoao /4  -  + 2iN„ -  /4

+\y\h4*{Axx + 2/A„ -  Aiy)a0ao/4 + <uw(2cos2 0k -  N a -  N >y)a0a0 /4

+\y\(Dk2- M sA=)a0a0/2 .  (2.53)

Equation (2.51) and its companion equation are the working equations for the first 

and second order spin wave instability threshold analysis. The coefficients Ak and Bk 

contain only materials parameters and the spin wave wave vector k. If only these right 

side terms are considered, Eq. (2.51) yields the bulk spin wave dispersion relation of Eq.
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(2.50). The remaining right side terms involve the external microwave field, either 

explicitly or implicitly through uniform mode a0 factors. These terms lead to spin wave 

instability. The details of the above procedures are well established (Sparks [1964]).

The key step in the Suhl analysis is now to apply the same HP transformation 

defined in Section 2.2 to the nonlinear as well as the linear terms in Eq. (2.51). This step 

changes Eq. (2.51) to the form

-/ bk = cokbk + Fk bk +Gkb'.k, (2.54)

with corresponding changes to the companion equation. The Fk and Gk functions are 

given by

Fk = ti{\r\h.. +C*) + H 2(M ^  + CO -  M D t/4  + MkD'k) (2.55)

and

Gk = U D k + nlD'k - ^Hk(\y\h: + \y\hu +Ck + C 0  • (2-56)

Note that all terms in both Fk and Gk terms in Eq. (2.54) contain factors related to the 

microwave driving field, either directly in terms of explicit components of h or indirectly 

in terms o f the uniform mode a0 factors. Refer to Eqs. (2.52) and (2.53).

The transformation of the nonlinear terms in Eq. (2.51) modifies the -ibk = cokbk

equation in two important ways. First, the Fk factor adds a complicated modulation to the

spin wave frequency. Second, the coefficient Gk provides a coupling between the bk and 

blk modes. Parallel comments apply to the companion equation. These modifications 

relate to the well known problem of coupled harmonic oscillators (Gurevich and Melkov 

[1996]). A modulation in the coupling coefficient can lead to the transfer of energy from 

the source of the modulation to the coupled oscillators. In the present case, the Gk factor
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represents this coupling and the energy which is coupled into the bk and b \  modes is the

source of spin wave instability in the Suhl analysis. Above some critical microwave field 

amplitude, one finds an abrupt increase in the bk and blk amplitudes. The Fk factor leads 

only to a small modulation in the spin wave frequency. For this reason, the Ft 

modulation term is omitted from the Suhl instability analysis.

It is important to realize that the terms in Eq. (2.56) contain harmonic factors of the 

form e ‘"at with n values from -2 to 2, including zero. In order to make these harmonic 

terms explicit, Gk may be cast in the form (Schlomann [1959])

As the analysis will show, the n = 1 and n = 2 terms lead to first order instability 

processes for spin waves at (ok = cu / 2 and second order processes at a>k = co, 

respectively. The label “first order” relates to the fact that the e ‘“‘ terms are associated 

with h and a0 factors to the first power. The term “second order” relates to combinations 

of these factors to the second power.

The next step in the analysis is to consider the bk equation of motion from Eq. (2.54) 

with Fk set to zero and Gk replaced by one n term only from Eq. (2.57). It may be easily 

shown that the corresponding coupled equations of motion for bk and b' k,

-ibk = cokbk + Gkn)b'k (2.58)

Gk = '£gGin)e 'na“ (2.57)

and

iblk =a>kb:k +(G[Vybk, (2.59)

have solutions which may be written in the form

(2.60)
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One then obtains the conditions for spin wave instability by examining the conditions for 

an unstable growth in the b£0 amplitudes. This will correspond to the threshold for spin 

wave instability.

A simple but critical step in the above procedure is to introduce relaxation for the bk 

amplitudes. Following Schldmann [1959], such relaxation is included through the 

replacement cok —> cok 4-/77* in Eqs. (2.58) and (2.59), where rjk corresponds to a spin 

wave relaxation rate. This modification in Eqs. (2.58) and (2.59), along with the 

substitution from Eq. (2.60), gives a second order differential equation for the bg0,

blo=0. (2.61)

Equation (2.61) has a simple algebraic solution of the form bk0 ac eKt, with k  given by 

k  -  -rjk + yJ\Gkn)\~ -  (ojk -  nco / 2)2 . (2.62)

The increment parameter k  determines the instability condition for the bk amplitudes. 

Keep in mind that the bk correspond to particular pairs of spin waves defined by cok and k.

For k  > 0 , the bk0 will grow exponentially with time. This corresponds to unstable 

spin wave growth. For a given index n, therefore, spin wave instability can occur only if 

G*° satisfies the condition

|G*',)|* > (o)k -  n a /2 )2 + r ji. (2.63)

Keep in mind that the control parameter throughout the entire instability analysis is the 

Gk coupling coefficient. Recall also that Gk ultimately involves terms which scale with 

the microwave field and is controlled by the microwave power level at the sample. An
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equal sign in place of the “>” in Eq. (2.63) will define the spin wave instability threshold 

microwave field for a given index n and the corresponding spin wave pair at e* and ± k .

Measurements of the threshold microwave field amplitude for spin wave instability 

are often used in conjunction with Eq. (2.63) to obtain empirical values for the spin wave 

relaxation rate rjk . This relaxation rate is often expressed in terms of an equivalent spin 

wave linewidth

AHk =2rjk /\y\. (2.64)

Such a spin wave linewidth parameter is useful for comparison with ferromagnetic 

resonance linewidths in the ferrite sample.

Equation (2.63) constitutes the working equation for the determination of the spin 

wave instability threshold microwave field amplitude //cm for a given material, sample 

shape and orientation, static field, and microwave field polarization. The procedure is to 

examine all possible thresholds based on Eq. (2.63) and the available spin waves at a 

given cok, identify that particular (<yt ,±k) mode pair with the lowest threshold as the 

critical mode, and assign that minimum threshold value as //cm

The first step in this procedure is to note that the relaxation rate qk is typically much 

less than c* and the minimum threshold will be obtained only for cok -  nco 12 = 0. This 

condition can be satisfied only for n = 1, with <ut equal to one half the pumping frequency 

to, or for n = 2, with cok equal to to . These two cases correspond to the first and second 

order processes introduced in the discussion following Eq. (2.57) and the expansion of 

the general Gk function into harmonic terms.
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Under these conditions, the woridng equation for spin wave instability threshold 

determinations becomes \Gkn)\ - q k for n = I or n = 2, only. This woridng equation, 

moreover, has a simple interpretation. For n = 1, | G[1} |= r\k gives the spin wave specific 

threshold hiX){cok = co /2, k) for first order processes. For /? = 2, | G*:) |= rjk gives the spin 

wave specific threshold hiZ)(cok = o>,k) for second order processes. The second and final 

step in the procedure to obtain h is to seek the minimum h™ or h±Z) over ail available 

spin wave states at cok = co / 2 or cok = co, respectively. The immediate task at hand, 

therefore, is to examine the various harmonic terms in Gk and obtain explicit expressions 

for Gt° and Gk2). Inspection of Eqs. (2.52), (2.53), and (2.56) shows that all harmonic 

time dependencies for Gk are contained in the scalar complex uniform mode amplitude 

a0 and the r-component of the applied microwave field h . .

Consider first order processes. A convenient working equation for the spin wave 

specific threshold field h(cl)(cok -  co!2,k) may be obtained by writing hiX) as the ratio of

the spin wave linewidth AHk and a dimensionless coupling parameter Ykl) according to

f,o) = ¥ L l (2 65)
'  |n(1,| ' cz }

The development above yields a Yka) function which may be written as

Yk(l) = [AfqL0dt + rfqladl - +  qL0ck +<7̂ ) ] ,  (2.66)

with the coefficients Ck and dk given by

ck = -coM (sin 29ke~m /2  + N s  -  iN_T) + -  iA^) (2.67)

and

d k = -eoXf sin20kem /2  + |y|A/,(^4=c +/./4.-y) . (2.68)
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Note that the K , Mk, and az parameters are dimensionless, the qL0 and qA0 have 

dimensions of inverse frequency, and the Ck and dk have dimensions of frequency. As 

considered below, |K*5n| reduces to the simple limiting case first order threshold

expressions obtained by Suhl and Schlomann for isotropic ellipsoids of revolution and 

pure transverse Larmor or parallel pumping.

In a similar way, the spin wave specific threshold field hi2)(cot =<a,k) for second 

order processes may be written in the form

AS:’ = , (2.69)

where Yt(2) is a dimensionless coupling factor defined by

Yk2) = coslA?[qiofk +qL0q'A0g lc + qL0(axe‘d' +iaye,s>)]

+ Q}.u^[q'M2fk + qioqlogk +q'Ao(axebS' - iaye‘s’ )]

— (D\[XkfAk [2 /i< /l_0< 7A O  +  ^ L O  +  s  qM

+ qU(axe,s' + iaye*>) + qLQ{axe1̂  -  iaye‘s>)]. (2.70)

The as yet undefined coefficients are given by

f k = \y\Dk2 + ajKt cos2 0k -  \y\M,A~ -  (Ou(N« + N „ ) /  2 , (2.71)

gk = + 2iN„ -  N>y +sin- 9ke2̂  )/2  + \y \M fA a  + 2iAyx -  A>y) / 2 , (2.72)

fk — Qj\f cos* 0k + coMN =+\y\Mi(Axx + Ayy)l2

-\y \M %As - +  N„  +sin20t ) / 2 , (2.73)

and

s = -  2iNv  -  N „ ) l2 . (2.74)
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The fk, gk, rk, and s have dimensions of frequency. As considered below, |Tt(2)| reduces to

the simple limiting case second order threshold expression obtained by Suhl for isotropic 

ellipsoids of revolution and pure transverse Larmor pumping.

The results contained in Eqs. (2.65) through (2.74) give the first completely general 

formulation of the first and second order threshold problem for a general anisotropy, a 

general microwave field configuration, a general ellipsoidal sample shape, and a non- 

collinear magnetization-field condition. This general result follows from application of 

the traditional spin wave instability analysis of Suhl and Schldmann almost verbatim, but 

with an effective field formulation based on the free energy considerations and the 

precession frame transformation procedure of Section 2.1.

All that remains is to examine the range of available spin wave wave vectors at 

cok - c o l l  for first order processes or at (ok =co for second order processes, and 

determine the lowest value of h?)(a)ic =<y/2,k) or h(cZ)(cok = <u,k) for the available 

states, and obtain h ^ .  The hardest part of this analysis often turns out to be in setting up 

the minimization procedure over the available spin wave k states. This can be 

particularly challenging when the anisotropy has a significant effect on the spin wave 

dispersion relation of Eq. (2.50). The details of such minimization can be cogently 

discussed only within the context of a specific material and geometry. A demonstration 

example is given in the next section.

As emphasized above, the formulation given here is general. The specific working 

equations, however, have been set up in a way which facilitates the inspection of the 

results in special cases which correspond to the original results o f Suhl and Schldmann.
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For parallel pumping in isotropic ferrites, for example, the first order threshold equations 

given above reduce to

|n0)| = 24k\f*k\as = \Bk\/eok = eo„ sin2 0k la) . (2.75)

This |rt(1)|, in combination with Eq. (2.65), yields the well-known parallel pumping

threshold /icn, = co AHk / o)st with the critical modes at 0k = 90° (Schldmann et al. 

[I960]).

2.4. Demonstration calculation - first order thresholds for an easy plane ferrite disk.

This section supplements the previous general development by way of a specific 

example. The system considered is a thin disk with an easy plane anisotropy which 

coincides with the disk plane. The numerical evaluations are done for parameters 

applicable to Zn-Y, a Y-type hexagonal ferrite with planar anisotropy (Cox et al. [2001]). 

Only first order processes are considered. The results will be presented in the form of 

curves of the spin wave instability threshold field h as a function of Hext, along with 

curves of the corresponding critical mode spin wave wave number k  and polar angle 0k as 

a function of Hext. The experimental data for this example will be shown in Chapter 6.

The geometry of the problem is shown in Fig. 2.4. The disk is in the X-Y plane of 

the (X, Y, Z) laboratory frame. The X-Y  plane is also the easy plane for the Zn-Y sample, 

and the Z-axis corresponds to the hexagonal c axis. The field Hext is in the Y-Z plane and 

at an angle 0h to the Z-axis. The magnetization Ms is in the Y-Z plane and at an angle 0,/ 

to the Z-axis. The linearly polarized microwave field h(t) is along Y. The figure shows a 

disk of finite extent and nonzero thickness. For simplicity, the disk demagnetizing
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x /
Figure 2.4. Geometry for the easy plane disk threshold analysis. The disk is in the X-Y 
plane of the (X ,Y ,Z ) laboratory frame. The external static field Hcxt is in the Y-Z plane
at an angle Oh relative to Z  The static magnetization Ms is in the Y-Z plane at an angle 
Os.t relative to Z The linearly polarized microwave field h(t) is along Y.

h(f)
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factors will be set at Nx = Nr = 0 and N z = 1. This corresponds to a disk diameter 

which is very large compared to the thickness. The microwave field h(t) will be taken to 

be uniform over the disk.

The easy plane anisotropy may be characterized in terms of an energy density 

function of the form

Fa = -K c cos’ 0Kl = -K VM \/M ; . (2.76)

where Kc is an anisotropy parameter. For this anisotropy, the anisotropy field HA 

defined in Eq. (2.5) has only one non-zero component, H ^z = HAcos0x, , where 

HA = 2KV / is a scalar anisotropy field parameter. For easy-plane Zn-Y, Kv and HA 

are negative.

For planar anisotropy and the geometry of Fig. 2.4, it is clear that M, will lie in the 

plane defined by Hcxt and the Z-axis, with the azimuthal angles <ps.t and pH in Fig. 2 .1 

equal to k  12. For the analysis below, the field Heia and the polar field angle Oh will be 

the control parameters. As either of these field parameters is changed, the polar angle 0u 

will also change. For each (Hext, 0H) combination, 0u will be obtained from the static 

equilibrium condition of Eq. (2.22). For this example, Eq. (2.22) reduces to

H «  sin(0„- 0 X[) = ( / /A -4 ;rM )sin(23v, ) / 2 . (2.77)

The equilibrium 0\t value then establishes the specific precession frame geometry 

discussed in Section 2.1 and the associated tensor components of the demagnetizing 

tensor N and the anisotropy tensor A in the precession frame. The components of N 

follow from Eqs. (2.12)-(2.17). For the geometry of Fig. 2.4, the only non-zero N 

components are = N z sin2 0Kt, = - N z sin 20M / 2 , and N -  = N z cos2 0K, .
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The components o f the anisotropy tensor A follow from Eqs. (2.7), (2.11), and (2.18). 

For an anisotropy energy function FA o f the form in Eq. (2.76) and a 0Kt which satisfies 

the static equilibrium condition for a given 0H) pair, the laboratory frame

anisotropy tensor A' defined by Eq. (2.7) has only one non-zero component, 

A'zz=HA/ M 3. The corresponding non-zero components o f the precession frame 

anisotropy tensor A are Aa = H A sin2 6st / , AB = A=C = - H A sin 2ds, / 2A7,, and 

A= = HA c o s2 0XI / M , .

For the threshold evaluations, the microwave field is taken to have the explicit form 

h(0 = /Jbcos(«yf)Y . The corresponding microwave field in the precession frame is then 

given by Eqs. (2.19)-(2.21) with a x = cosdu , a . = sin#u , and the remaining parameters 

a y, 5X, and Sy set to zero.

Based on the above expressions, one can now construct explicit formulae for the 

static effective field H ^r , the spin wave dispersion relation cok(k,dk,<pk) , the uniform

mode response functions qL0 and qA0, and the first order coupling parameter of Eq. 

(2.66). Based on these formulae, one may set up a suitable scan over available spin wave 

states at cok = to/2, and determine the minimum threshold hcht and the corresponding 

(k,9k,(pk) critical mode parameters for first order processes. If desired, one could follow 

a similar procedure for second order processes, based on Kt(2) and a scan over available 

spin wave states at cak = co.

The most challenging step in the above threshold calculation procedure is the set up 

of an appropriate scan over the available spin wave states. In the general case, one may 

construct a suitable scan in a purely mathematical way, based on the full ranges of 0 -  n
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for 0k and 0 -  l i t  for <pt, and the requirement that k  be limited to real values. In any 

event, one calculates the threshold hil)(cok = eo/2 ,k)  or h(c2)(eok = eo, k) for the full range 

of allowed k values, picks the minimum threshold value as /icru and the corresponding 

(k,Ok,<pk) critical mode. Note that +k and -k spin waves correspond to (k,Ok,<pk) and 

(k,7t - 0 k,K spin waves, respectively, and these modes give the same threshold h^\v 

For convenience, only critical modes with 0k in the range 0 - / r / 2  were taken into 

account.

The above procedure was used to obtain explicit numerical values for over the 

full range of available spin wave states and then evaluate hait- This was done for a range 

of applied fields and field angles. These numerical results were then used to construct 

curves o f han vs. Hex, with 0h as a control parameter. For these evaluations, Ha was set at 

-9.0 kOe, 4kM s was set at 2800 G, |/ | was set to the free electron value of 1.76 x 107

rad/s-Oe, a  I 2k  was set at 17 GHz, the exchange constant D was set to 5xl0~9 

Oecm2/rad2, and A//* was set at 1 Oe. The chosen D value is for yttrium iron garnet. 

There is no reliable reported D value in the literature for Zn-Y.

Figure 2.S shows selected results from the numerical evaluations. Graph (a) gives 

haii vs. i for Oh values of 90°, 10°, and 5°. Graphs (b) and (c) give corresponding 

results on the critical mode spin wave wave number k  and polar angle 9k as a function of 

HexL For Oh = 90°, the critical mode azimuthal spin wave angle <pk was double valued at 

zero or 180°. For any Oh value below 90°, the minimum threshold critical mode <pk was 

single valued at 180°.
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Figure 2. S. Threshold and critical mode parameters as a function of the external field Hext 
for the easy plane disk with 17 GHz microwave excitation. The graphs show (a) 
first order spin wave instability threshold field hait vs. //ext, (b) critical mode spin wave 
wave number k vs. Hext, and (c) polar spin wave propagation angle dk vs. Hext. The 
graphs show results for values o f Oh, the field angle relative to the disk normal, as 
indicated.
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One aspect of Figs. 2.5(a) and 2.5(c) requires additional comment. In graph (a), the 

hait curve for Oh = 90° sticks at a constant value as long as the critical mode k  value is 

non zero. This corresponds to the flat part of the curve in (a) for Oh = 90° and HeM below 

about 0.7 kOe. The other vs. HeM curves for Oh = 10° and Oh = 5° in graph (a) start 

out at the same value as for Hext = 0, but then increase slightly as Hext is increased. 

The fact that the initial part of the Oh = 90° curve in (a) is flat, while the other curves 

have a nonzero low field slope is not obvious from the curves.

The critical mode 0k vs. //ext response in Fig. 2.5(c) shows a similar effect. The 

curve for the critical mode 0k vs. Hext for Oh = 90° sticks at precisely 90° as long as the 

critical mode k is non zero. The curves for Oh = 10° and 0h ~ 5° start out at 0k = 90° for 

Hex = 0 but decrease slightly as Hext is increased from zero. These subtle effects are 

related to the change in the pumping configuration when Ms is pulled out of the disk 

plane. For Oh = 90°, one has a simple parallel pumping geometry. For 0H * 90°, one 

has a more complicated pumping geometry with both parallel and perpendicular pumping 

components. These distinctions will be considered in more detail below.

These results demonstrate the power of the general theory. Consider first the left 

most curves in the Fig. 2.5 graphs for 0h = 90°. As noted above, these results correspond 

to parallel pumping. This case, parallel pumping for an in-plane magnetized easy plane 

sample, corresponds to the specific problem considered by Schlomann et al. [1963]. For 

fields below about 700 Oe, /?<** is constant, the critical mode k  decreases, and the critical 

mode 0k sticks at 90°. Above 700 Oe, there is a jump in /?cm and a rapid drop in the 

critical mode 0k to zero over a very narrow field interval. These responses are all related
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to the shape o f the spin wave band for this geometry and the critical mode behavior as it 

relates to this shape.

A perspective sketch of spin wave dispersion band for this parallel pump situation is 

shown in Fig. 2.6. The diagram is for purposes of illustration only and not to scale for 

the Zn-Y example considered here. The dispersion is shown for some fixed value of Hexl. 

The (pk axis is shown for 0 - 90° only in order to keep the diagram uncluttered. The inset 

shows cok vs. <pk for the range 0 - 180° for the top of the band at Ok = 90° and k=  0. An 

increase in / / ext would shift the entire band up in frequency. Two constant 6k surfaces are 

indicated. The 9k = 0 surface which defines the bottom of the band is <pk independent and 

curves upward with increasing k  due to exchange. The 6k = 90° surface which defines the 

top of the band changes with (pk. This (pk dependence causes the warped surface evident 

in the figure.

Keep in mind that the first order threshold calculation for a given Hext will involve a 

scan over available spin wave states at cok = col 2 . The available modes will correspond 

to a particular horizontal cut across the band in Fig. 2.6. As the field is increased, the 

spin wave band will move up, relative to this cut. The minimum threshold critical mode 

will correspond to a particular point on this cut, and the critical mode parameters will also 

change as the field is changed.

At very low field, the col2 cut will be above point coA in Fig. 2.6. As shown by Fig. 

2.5 (b) and (c), the minimum threshold critical mode at Oh = 90° for low fields has a 

nonzero k  and 0k = 90°. As noted, this critical mode also has a (pk o f 0 or 180°. The 

corresponding critical mode point is labeled “C” in Fig. 2.6. As the field is increased, the 

oo 12 cut remains fixed and the entire band shifts up. This causes the critical mode point
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co„k

Figure 2.6. Schematic bulk spin wave dispersion diagram for an easy plane disk with 
the static field in plane at 0H = 90° . The graph shows the spin wave frequency ojk vs. 
wave number k  and azimuthal spin wave propagation angle <pk for Gk = 0 and 0k = 90°, 
where dk is the polar spin wave propagation angle. The inset shows eok vs. <pk for
6k = 90°.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to move down in k. At some point in field, point coA moves up to meet the col 2 cut and 

the critical mode Ar-value goes to zero. This part of the critical mode behavior 

corresponds to the constant part of the curve at the start of the hcnt vs. Hext curve in Fig. 

2.5(a) for Oh = 90°. The corresponding change in k  is evident in Fig. 2.5(b). Note that Ok 

is constant over this same field interval, as noted above and shown in Fig. 2.5(c). Note 

also that cpk remains at zero or 180° over this entire range.

As the field is increased further, the band continues to shift up relative to the col2 

cut. Correspondingly, the critical mode point moves from coA down to coB at the very 

bottom of the band, Ok changes gradually from 90° to zero, and cpk remains at zero or 

180° as before. This response corresponds to the steeply rising part of the Han vs. / /ext 

curve in Fig. 2.5(a) for Oh = 90°, as well as the rapid drop in 0k in graph (a). Note that at 

the oo/2 = coB end point, the hoit threshold is finite. For isotropic materials, the threshold 

at this band edge diverges because the limiting mode is circularly polarized. For Zn-Y, 

this end point mode is elliptically polarized and one obtains a non-infinite threshold. 

This observation was first made by Schldmann el al. [1963], One may also note that the 

ellipticity causes a drastic factor-of-four reduction in the overall threshold for Zn-Y, 

relative to isotropic ferrite materials.

There is a fundamental reason for the critical mode response described above. In the 

case of parallel pumping, the minimum threshold mode is always the mode with the 

largest spin precession ellipticity. One may use simple dipole energy arguments to show 

that for an col2 cut above coA, the mode with the highest ellipticity sits at 0k = 90° and 

cpk = 0 or 180°. When the cut falls below coA, the maximum ellipticity condition keeps 

<Pk at zero or 180°, and 0k is forced to decrease as coA and coB move up.
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Figure 2.7. Spin wave propagation geometry for an out of plane external static field 
f fext and corresponding out of plane static magnetization A/,. The diagram shows the 
laboratory frame Y and Z axes and the precession frame (x, -y, z) axes. The wave 
vectors ki and k2 are for a common polar spin wave propagation angle Ok and values of 
the azimuthal spin wave propagation angle <pk o f zero and 180°, as indicated.
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Turn now to the two sets of curves in Fig. 2.5 for 0H *■ 90°. These curves are 

completely different from the situation for Oh = 90° in-plane field case. The reason is 

that as Oh drops below 90° so that the applied field is out of plane, any nonzero value of 

Hext will pull the static magnetization out of the disk plane. This has dire consequences 

for (1) the pumping configuration and (2) the response of the spin wave band to changes 

in the applied field.

These important effects can be understood from the modified version of Fig. 2.4 

given in Fig. 2.7. There are two main changes in this figure. First, the indicated axes 

with arrowheads are the (x, y, z) precession frame axes. The r-axis is in the plane of the 

page and the y-axis is into the page. Second, a pair o f wave vectors are shown for (pk-0  

or 180° and a common value of 0k, taken to be below 90°. The 0k *90° situation is 

chosen deliberately to demonstrate how the out-of-plane Hext and Ms breaks the 

symmetry found for the 0h =  0u = 90° situation discussed above.

When HiXt is out of plane, Ms will be gradually pulled out o f the disk plane as Hexl is 

increased. Moreover, the modifications to the spin wave band in Fig. 2.6 are such that 

the qja point is pushed down in frequency for a given value of Hext. The net result is a 

significant increase in the size of Hexx which is needed to raise a)A up to the ojk =co/2 cut 

which defines the available modes for instability. The applicable equations for the 

present example are

H^x = cos(0H -  0i.t ) -  4nM t cos2 0st + / / A cos2 0U, (2.78)

the equilibrium condition of Eq. (2.77), and the spin wave dispersion,

col = \y\2 [Hix + Dk2 + Ha c o s 2 0m ] x [HI; + Dkz + H A cos 20SI ]
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+ \y\<oKt sin2 0t [H*r + Dkz + H A(cos2 0Kt -  sin2 0 U sin2 <pk)]. (2.79)

In the 0h -  0s.t -  90° limit, Eq. (2.79) reduces to / / es,T = HM and the spin wave band 

reduces to the form shown in Fig. 2.6. The values of Hext for which coA crosses a>/2 for 

the two right most curves in Fig. 2.5(a) correspond to the kink points at about 4.4 and 9.8 

kOe for 0h = 10° and 0h = 5°, respectively.

The small increase in hoa with / / ext for fields below the kink points in Fig. 2.5(a) for 

0h = 10° and 0h = 5°, and the corresponding weak drops in the critical mode 0k in Fig. 

2.5(c) curve are due to the change from pure parallel pumping to oblique pumping. 

Oblique pumping means that the microwave field has components both parallel and 

perpendicular to Ms. This effect can be seen from Fig. 2.7. Keep in mind that the 

linearly polarized microwave field (not shown) is in the film plane and along V, while Ms 

is tipped out of the film plane. As Hext is increased, Ms is pulled more and more out of 

plane and the h component transverse to Ms increases. The increase in this transverse 

pumping component causes the critical mode 0k to decrease. Note that for pure parallel 

pumping with h parallel to Ms, the critical mode 0k value sticks at exactly 90° even if Ms 

is pulled away from Y. In the present geometry, the microwave field direction is fixed, 

the out-of-plane Hcxt pulls Ms out of plane and forces the system into an oblique pumping 

configuration.

The change to an oblique pumping configuration has an additional effect which 

breaks the symmetry and shifts the critical mode response from the two equivalent <pk 

propagation angles of zero and 180° to <pk -  180° only. Figure 2.7 shows that the out of 

plane Ms also yields a precession frame x-axis which is rotated away from the disk 

normal and hard c  axis in this example. The figure also shows two potential k  vectors at
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(Pk = 0 and <pt = 180°. In the case of an out of plane Ms, it is clear that these two vectors 

are not equivalent. Based on the ellipticity arguments given above, one can show that the 

mode with the highest ellipticity, and hence the lowest threshold, will be for the k which 

is closest to the c axis, or the <pk = 180° direction in the figure. The symmetry breaking 

effect explains, therefore, the analytical result of two equivalent critical mode 

propagation directions of <pk = 0 or 180° for Oh = 90° and a single direction at <pk = 180° 

for 6h < 90°. Note that the symmetry in the critical mode <pk can be broken even for 

oblique pumping in isotropic ferrites (Yakovlev [1969] and Patton [1969]).

The above example demonstrates the application o f the formal theory to real 

problems and gives specific results for first order processes in an easy plane ferrite disk. 

The power of the general theory is especially evident for the oblique pumping geometry 

which is obtained when the static applied field is out of plane. The spin wave instability 

theory discussed in this chapter will be used for the data analysis in Chapters 4, S, and 6. 

The results of the above example calculations will be an important part of the oblique 

pumping data analysis for Zn-Y in Chapter 6. The next chapter is concerned with the 

investigated ferrite materials, threshold field measurement technique, and example 

results.
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CHAPTER 3

MATERIALS AND EXPERIMENTAL TECHNIQUES

This chapter introduces the materials and the experimental techniques which were 

used for the spin wave instability threshold measurements. Section 3.1 describes the 

materials and static magnetic properties. The three materials include LPE Y1G thin films, 

polycrystalline hipped YIG, and easy plane hexagonal ferrite Zn-Y. Brief remarks are 

also provided on sample preparation and physical properties.

Section 3.2 discusses the operation and calibration of the high power microwave 

spectrometer. Section 3.3 describes the specific methods for threshold field 

determination. One is based on the visual inspection of the reflected pulse shape. The 

second method determines a threshold field from the quantitative data on reflection 

coefficient vs. microwave field amplitude.

Section 3.4 gives example results on a threshold field /lent for a standard commercial 

polycrystalline YIG sphere and establishes procedures for the /icrit data analysis. These 

example results serve to introduce the technique o f the spin wave instability threshold 

field measurements and parameters that will be important for the next three chapters. 

Based on these threshold data, presented in the form of butterfly curves, critical modes 

and a specific AHk dependence as a function of wave vectors can be determined.
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3.1. Materials and Static Properties

Three different types of materials were investigated. These three types are single 

crystal low linewidth LPE YIG, polycrystalline hipped YIG, and high anisotropy single 

crystal Zn-Y. The Zn-Y materials were of two kinds, pure and Mn-substituted. The main 

focus of the work was on the Mn-substituted Zn-Y, denoted as Zn(Mn)-Y. Along with 

Zn(Mn)-Y, some of the pure Zn-Y samples were measured. The chemical composition 

and static magnetic properties of these materials are summarized in Table 3 .1. For single 

crystal LPE YIG, the values of 4ml/, and Ha were taken from the literature (Winkler 

[1981]). For hipped YIG and Zn-Y, the values of 4-kM , and Ha were obtained 

experimentally and will be discussed shortly.

Single crystal YIG has a small cubic magnetocrystalline anisotropy. The cubic 

anisotropy may be characterized in terms of an energy density function o f the form

Fa = Kx (afccf + alas  + a far)-+ .... (3.1)

where ATi is the first-order anisotropy constant and ax, a 2, and ar3 are the direction 

cosines of M with respect to the directions [100], [010], and [001] in the cubic lattice 

(Gurevich and Melkov [1996]). This free energy allows one to write specific expressions 

for elements of the anisotropy tensor A in Chapter 2. The relevant components of the 

anisotropy tensor will be given in Chapter 4 in connection with the data for single crystal 

LPE YIG films. Following the literature, the anisotropy field parameter Ha in YTG is 

defined by Ha = K\/Ms, where only the first anisotropy energy constant Ki which is 

negative is taken into account. The anisotropy field Ha in Zn-Y was introduced in
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Table 3.1. Summary of chemical composition, saturation induction 4jcÂ », 
anisotropy field parameter Ha for LPE YIG, hipped YIG, Zn(Mn)-Y, and 
pure Zn-Y.

Material Chemical composition Saturation 
induction 
47uV/j (G)

Anisotropy 
field 

Ha (Oe)

Single crystal LPE YIG Yx995Cao.oo5FejOi2 1750 -44

Polycrystalline hipped 
YIG Y3Fe50 12 1825 -

Single crystal Mn- 
substituted Zn(Mn)-Y Ba2Mno.68Zn1.82Fe! 1.83O21.2 2330 -9300

Single crystal pure Zn-Y Ba2Zn2Fei2022 2550 -7900
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Section 2.4 and is defined by HA = 2KU/MS. Here Ku is the uniaxial anisotropy energy 

constant which is also negative.

The first material type is single crystal YIG films made by liquid phase epitaxy 

(LPE). The single crystal YIG films are useful for microwave applications because of the 

small size and very low microwave loss. These samples were produced through a 

collaborative effort with Charles University of Prague and were provided by Dr. M. 

Marysko of Institute of Physics, Prague, Czech Republic. These materials are unique 

because they were produced with a lead free flux based on a BaO oxide. In conventional 

liquid phase epitaxy o f garnets, thin films of highest perfection are grown from a PbO- 

B2O3 flux on nonmagnetic garnet substrates such as gadolinium gallium garnet (GGG) 

(Winkler [1981]). The best quality films were obtained on (110) oriented GGG 

substrates, as opposed to conventional Pb-based films where the (111) orientation gives 

the best results. The NMR measurements on these films verified very small content of 

impurities and a very narrow NMR linewidth which means large relaxation times 

(Marysko et al. [2001]).

Small additions o f Ca2* ions were introduced into the melt in order to compensate 

the charge of the tetravalent silicon impurity ions Si4" and reduce the number of divalent 

iron ions Fe2*. The chemical composition of the films was Y3.xCaxFesOi2 where x 

denotes the Ca concentration per formula unit (f.u.). Chapter 4 presents results only 

on films with specific x = 0.005. The nominal film thickness of the investigated samples 

was 11 fim. The films were subsequently cut and shaped into discs with diameters 

ranging from 1.5 to 4 mm. The samples were fabricated in the Czech Republic. The 

unique feature of these samples compared to standard ( 111) oriented films is that the
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(110) oriented films have [100], [110], and [111] axes in the plane of the films which 

makes it possible to investigate the effect of magnetocrystalline anisotropy in high quality 

single crystal YIG thin films.

The second material type is dense hipped polycrystalline YIG. Hipped YIG is 

particularly useful for microwave applications because it has relatively low microwave 

loss and can be made in a larger size and at a lower cost than single crystal YIG. Hipped 

polycrystalline YIG spheres and discs were provided by Dr. Gil Argentina of Pacific 

Ceramics, Inc. The initial material used to make the samples was pure yttrium iron 

garnet polycrystalline powder. After conventional sintering, a large slug of the material 

was put through a hot isostatic pressing treatment. The nominal grain size was 8 ^m. 

The disks and spheres were made from the inside part of the slug in order to avoid an 

oxygen deficient exterior. The hipped YIG ferrite samples were shaped as spheres and 

disks and polished afterwards. The spheres were approximately 2 mm in diameter and 

the discs were 3 mm in diameter and 0.5 mm in thickness. A density of 5.172 g/cm3 was 

assumed, which corresponds to the theoretical value of 100% dense YIG material. This 

assumption is supported by the FMR linewidth measurements that proved that porosity 

was eliminated. Some of the spheres were roughly polished. However, subsequent 

measurements showed no significant differences of the magnetic properties between 

polished and unpolished spheres.

It turned out to be that the measurements of the geometrical size made with a 

micrometer were inconsistent. Therefore, the geometrical properties were calculated 

from the measured mass and the specified density. The mass and the density yield the 

volume of the sample. The volume yields a diameter for a sphere and the thickness for a
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disk. All samples showed similar microwave properties and the data for only one sphere 

and one disk are presented. The physical properties of the samples are given in Table

3.2. Vibrating sample magnetometer (VSM) has been used to measure static 

magnetization of the sphere and the disk. The average saturation induction obtained was 

AtzM s = 1825 G. The accuracy was about 2% which was about 20 G. The saturation 

magnetization was obtained from the measured magnetic moment in emu and the volume 

from Table 3.2.

Polycrystalline YIG can be considered as a ferrite material with zero anisotropy. 

The anisotropy field parameter Ha of single crystal YIG is about 44 Oe which is much 

smaller than 4kMs. It means that magnetocrystalline anisotropy can be completely 

neglected in polycrystalline YIG with randomly oriented grains. Therefore, 

polycrystalline hipped YIG can be assumed to be completely isotropic for the analysis of 

experimental data.

The third type is single crystal hexagonal ferrite Zn-Y with large easy plane 

anisotropy when the easy direction is in the basal hexagonal c plane. The “Y” letter 

indicates a ferrite type. The hexagonal ferrites with large anisotropy are promising 

materials for microwave and millimeter wave applications (Vittoria [1980]). The unit 

formula for Zn-Y is Ba2Zn2Fei2C>22. The Zn-Y ferrite has a Curie temperature of 405 K 

and the unit cell with dimensions 6 and 43.5 angstrom which is stretched along the 

hexagonal c axis (Sugimoto [1982]).

The main focus of the work was on the Mn-substituted Zn(Mn)-Y. Some of the pure 

Zn-Y samples were also measured. The formula unit for the substituted material used in 

this study was Ba2Mno.68Zn1.g2Feu.83O21.2- These easy-plane hexagonal ferrites were

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.2. Summary o f the hipped YIG sample properties.

Sample Mass Thickness Diameter Volume
shape (mg) (mm) (mm) (mm3)

Sphere 23.30 - 2.049 4.51

Disc 15.34 0.420 3.00 3.25
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grown by Dr. Michael A. Wittenauer at Purdue University under United States Office of 

Naval Research (ONR) Grant No. N00014-91-J-1323. The Mn-substitution compensates 

the excess of Fe2* ions and reduces microwave conductivity. Microwave conductivity 

adds associated significant eddy-current contribution to the loss (Truedson [1993]).

The samples came as single crystal chunks. The measurements of microwave 

magnetic properties require high quality defect-free samples. It is hard to fabricate 

defect-free single crystal samples because the material is brittle. Various mechanical 

operations were performed to produce circular and rectangular plates of different sizes 

and thicknesses and polish them. All samples had a crystallographic c-plane in the plane 

of the plate.

Table 3.3 shows physical properties of the nine samples that were fabricated for 

microwave measurements. The focus is on the SI through S6 Zn(Mn)-Y samples and the 

SP1 -  SP3 Zn-Y samples are also listed. The geometrical sizes were measured by a 

spatially calibrated Meiji EMZ optical microscope with S |im resolution. The table also 

shows the estimated volume for S2 and SP1 samples inferred from the sample mass and a 

theoretical density of 5.48 g/cm3 (Truedson [1993]). These volume values were used for 

the VSM measurements.

The static magnetic properties were deduced from the VSM measurements. 

Magnetization vs. applied field was measured on the Zn(Mn)-Y disk sample S2 and the 

large Zn-Y disk sample SP1 listed in Table 3.3. Data were obtained for applied fields up 

to 15 kOe, for field directions which were both in-plane and perpendicular to the plane of 

the plate. Shape demagnetizing effects were taken into account empirically, based on the 

saturation induction determinations and the saturation fields for the in-plane and
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Table 3.3. Summary o f Zn(Mn)-Y and Zn-Y sample properties.

Sample Material Sample

shape

Thickness

(mm)

In-plane size 

(mm)

Mass

(mg)

Volume

(cm3)

SI Zn(Mn)-Y disk 0.34 2.39 - -

S2 Zn(Mn)-Y disk 0.19 2.32 4.1 0.0075

S3 Zn(Mn)-Y disk 0.14 1.52 - -

S4 Zn(Mn)-Y disk 0.09 2.32 - -

S5 Zn(Mn)-Y slab 0.09 1.62x0.72 - -

S6 Zn(Mn)-Y slab 0.05 1.44x0.64 - -

SP1 Zn-Y disk 0.43 2.53 11.5 0.0021

SP2 Zn-Y disk 0.20 2.50 - -

SP3 Zn-Y disk 0.13 1.81 - -
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perpendicular-to-plane field cases. The saturation induction 4tzMs was determined to be 

2.33 ± 0.04 kG for Zn(Mn)-Y and 2.55 ± 0.04 kG for pure Zn-Y, based the magnetic 

moment values at 15 kOe and volume estimates inferred from the sample mass in Table

3.3. Based on this value for 4tiM, and the measured saturation fields in the parallel and 

perpendicular configurations, the negative anisotropy field Ha was determined to be -9.3 

± 0.1 kOe for Zn(Mn)-Y and -7.9 ± 0.1 kOe for pure Zn-Y. The Mn-substitution not only 

reduces conductivity but also significantly changes material parameters. The Ha values 

for these materials can also be deduced from the FMR field measurements which will be 

discussed in Section 6.1.

DC resistivity measurements were performed as a check of the effectiveness of Mn- 

substitution and suppression of Fe2' ions. The sample was positioned between two metal 

plates which served as contacts and the current was measured at constant voltage of 18 V. 

For pure Zn-Y the resistivity p\ in the direction parallel to hexagonal c axis was 7.0x103 

Q  cm. The resistivity px in the direction perpendicular to hexagonal c axis was 4.9x 104 

f i  cm. The anisotropy of resistivity was also shown by Kasami and Koide [1966], In this 

case, the resistivity is much larger because of the high purity of Zn-Y material. DC 

resistivity measurements of Zn(Mn)-Y showed that p.\ is greater than 4xl07 Q cm which 

is typical for a good insulator. This means that eddy-current losses in Zn(Mn)-Y are 

negligible because microwave resistivity scales with dc resistivity (Truedson et al. 

[1994]).
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3.2. High Power Microwave Spectrometer

The high power reflection cavity microwave spectrometer used in this work was 

similar to the systems described by Cox et al. [2001] and Zhang et al. [1987]. 

Measurements were made with two different waveguide-cavity systems. Waveguide- 

cavity systems with resonance frequencies of 9 and 16.7 GHz were set up at X-band and 

Ku-band, correspondingly. The X-band cavity was designed for 9 GHz. The Ku-band 

cavity was designed for 16.7 GHz. A block diagram of the basic system is shown in Fig.

3 .1. The spectrometer consists of a pulsed microwave source, an input microwave line, a 

reference arm, a reflection arm, an electromagnet, and a cavity with a sample. The cavity 

is positioned between magnet poles of an electromagnet. Cavity and sample 

considerations will be given shortly.

The pulsed microwave source consists of a Hewlett Packard (HP) 83640A 

synthesized sweeper, a Wavetek Model 81 pulse generator, and an Applied Systems 

Engineering Model 174XKu travelling wave tube (TWT) amplifier. The synthesized 

sweeper provides a -4  dBm cw signal to the TWT amplifier. The pulse generator sends a

4 V gate signal to the TWT amplifier which triggers the generation of a microwave pulse 

of approximately 2 kW in peak power with a maximum duty cycle limit of 4%. The 

standard pulse width was 50 ps, the pulse repetition frequency was 40 Hz, and the pulse 

rise time was about 100 ns.

The input microwave line consists of a high power isolator, a microwave switch, a 

precision attenuator, and a reflection cavity. For X-band 9 GHz measurements, a 

Raytheon 1XH7 isolator is used. For Ku-band 16.7 GHz measurements, a Raytheon

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MICROWAVE
SOURCE

PRECISION
ATTENUATOR

INPUT LINE

MAGNET
POLE

TWT AMPLIFIER

-10 dB

CAVITY

ERENCE ARM

yxfvPOWER
METER

VtfV SAMPLE

DETECTOR REFLECTION ARM MAGNET
CONTROLLER

Figure 3.1. Schematic diagram o f the high power reflection cavity microwave 
spectrometer used for spin wave instability threshold measurements.
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1KuM2 isolator is used. The microwave switch is used for low power calibration 

measurements. The precision attenuator controls the input microwave power. For X- 

band 9 GHz measurements, an HP X382A precision attenuator is used. For Ku-band 

16.7 GHz measurements, an HP P382A precision attenuator is used.

The reference and reflection arms monitor the power incident on and reflected from 

the cavity, respectively. The reference arm is coupled to the input microwave line 

through a 10 dB directional coupler and is terminated with an HP 8481A power sensor. 

The microwave power incident on the power sensor is measured by an HP 436A power 

meter. The reference arm attenuator protects the sensitive power sensor. After the 

adjustment for the power difference between the cavity position and the power sensor 

position, the measured average power divided by the duty cycle gives the peak input 

power at the cavity, Pm. The reflection arm is coupled to the input microwave line 

through a 3 dB directional coupler and is terminated with an HP 8474D microwave 

detector. The voltage signal from the detector is observed with a Tektronix TDS410A 

digitizing oscilloscope, which is synchronized with the pulse generator. The reflection 

arm attenuator protects the sensitive power sensor.

The electromagnet is a 12 inch electromagnet with variable size pole pieces. The 

electromagnet can be rotated in horizontal plane so that the direction o f the magnetic field 

can change with respect to a microwave magnetic field direction in a cavity. The 

electromagnet is powered by a Harvey-Wells HS-1050 precision magnet power supply. 

The maximum magnetic field strength is about 8.S kOe for a 4 inch magnet gap and 

about 20 kOe for a 1.25 inch magnet gap, respsectively. The magnetic field is measured 

by an F. W. Bell Series 9900 gaussmeter. The magnetic field setting is computer
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Figure 3.2. Schematic diagram of the reflection cavities with a sample, a) TEou 
cylindrical cavity with the resonance frequency f m  = 8.993 GHz. b) TE102 rectangular 
cavity with the resonance frequency = 16.725 GHz.
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controlled via a combined General Purpose Interface Bus (GPIB) and Data Acquisition 

Card (DAC) interface. All other measurement devices are also computer controlled via 

GPIB interface.

Figure 3.2 shows a schematic diagram of the two reflection cavities. Figure 3.2(a) 

shows a TEou cylindrical cavity with the resonance frequency = 8.993 GHz. For this 

excitation frequency, a high Q cylindrical cavity was used because the filling factor was 

small and high sensitivity was needed. Figure 3.2(b) shows a T E 102 rectangular cavity 

with the resonance frequency f m = 16.725 GHz. For this excitation frequency, the filling 

factor was higher than at lower frequencies and high sensitivity was not necessary. Both 

cavities were under coupled, which means that the increase in the cavity loss would 

increase the reflection from the cavity.

In both cases the sample position was in the center of the cavity and the microwave 

magnetic field was linearly polarized and along the sample holder length. Sample 

holders were made of rexolite rods and were of two types. One type holds the disk 

sample so that the disk normal is parallel to the sample holder length. The second type 

holds the disk sample so that the disk normal is perpendicular to the sample holder 

length. These sample holders along with the capability of magnet rotation provide the 

capability for a separate control of the orientation of the sample and microwave magnetic 

field and applied static field directions. This capability is important for oblique pumping 

measurements described in Chapter 6.

The next experimental consideration is the calibration procedure to obtain the 

microwave magnetic field amplitude at the sample position as a function of the power 

incident on the cavity, Pm. From standard microwave theory (Green and Kohane [1964]),
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the relation between Pm and the peak microwave field amplitude at any point inside the 

cavity may be written as (Patton and Green [1971])

where Ql is the loaded Q of the cavity, po is the dimensionless voltage reflection 

coefficient of the cavity at resonance, gm is a dimensionless geometrical fa c to r ,^  is the 

resonance frequency in GHz, Vc is the cavity volume in mm3, Pm is the power incident on 

the cavity in W, and h is the microwave field amplitude in Oe. The voltage reflection 

coefficient po in Eq. (3.1) is related to the standard reflection coefficient T, measured in 

dB, according to po = 10n2°.

The gm parameter in Eq. (3.2) relates the stored energy in the cavity to the 

microwave field amplitude at a certain point, which is the center of the cavity in the 

present case. The gm parameter can be calculated from the standard waveguide theory 

(Waldron [1964] and Jackson [1998]) and is given by

where Jo is the zero order Bessel function, p\\ is the first zero root of the first order 

Bessel function, R is the cavity radius, and / is the cavity length shown in Fig. 3 .2(a). For 

the TE102 rectangular cavity used here, gm may be written as

(3.2)

(3.3)

where ho is the field amplitude at the point where the sample is located. For the TEoi i

cylindrical cavity used here, gm may be written as

(3.4)
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(3.5)

where a and d  are the width and the length of the cavity shown in Fig. 3.2(b), 

respectively.

Equation (3.2) shows that the calibration of the microwave field requires two 

parameters, O l and po- For Q l and po measurements, the following modifications can be 

made to the system shown in Fig. 3.1. In this case, the synthesized sweeper is connected 

directly to the input line via microwave switch and replaces the TWT amplifier so that 

the TWT amplifier is disconnected from the input microwave line. An HP 70820A 

microwave transition analyzer (MTA) replaces the crystal detector and the oscilloscope 

and measures the signal reflected from the cavity. The MTA system controls the 

sweeper, sweeps the frequency, and provides fixed cavity response as a function of the 

frequency. For the calibration scan, the cavity is replaced by a short which is positioned 

at the cavity iris position to give a reference input response. The reflection coefficient p  

is the ratio of the cavity response to the reference response as a function of frequency. 

The minimum reflection coefficient corresponds to po in Eq. (3.2). The Q l determination 

assumes a p  vs./cavity response which corresponds to a Lorenz resonance curve.

An example of the cavity response as a function of frequency for the empty TEon 

cylindrical cavity is shown in Fig. 3.3. The figure shows the reference and cavity 

reflection coefficients p  in dB. Based on the p  vs. /  response, one can determine the 

value of the Q l parameter (McKinstry and Patton [1989]). One also has to choose an 

appropriate frequency span for the Q l determinations.
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For the high Q cylindrical cavity, the typical parameters were the following: a 

frequency span of about 80 kHz, a reflection coefficient T of about -19 dB, a Ol 

parameter of about 13,000, and a calibration ratio of about 16 Oe2/W. If there is a sample 

in the cavity, the losses in the cavity may increase and calibration ratio may decrease up 

to 12 Oe2/W depending on the size of the sample. For the TE102 rectangular cavity with 

resonance frequency 16.725 GHz, the frequency span was about 1000 kHz, the reflection 

coefficient Y  was about -16 dB, the Q l parameter was about 2,500, and the calibration 

ratio was about 8 Oe2/W.

Equation (3.2) yields the microwave field amplitude for an empty cavity. When a 

sample is positioned in the cavity, a microwave field distribution changes. Equation (3.1) 

may still be used for the microwave field determination if the sample does not perturb the 

microwave field distribution significantly. In general, the microwave field should be 

calibrated for each sample orientation and every value of the static magnetic field H. In 

this work, the microwave field was calibrated for each sample orientation. Note that the 

Q l parameter may depend on H, especially when H  is near the FMR field position. In the 

present work, all measurements were made far from FMR and sample absorption did not 

significantly depend on H. When O l value depends on H, an additional error is 

introduced and this error is taken into account. The overall measurement error of the 

microwave field amplitude measurements is estimated to be less than 10 %.

The above considerations describe the calibration procedure to find the microwave 

field amplitude at the sample position in the cavity. For this work, the main use of the 

high power microwave spectrometer was to measure the spin wave instability threshold
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Figure 3 .3. Reflection coefficient as a function o f frequency for the Ql measurements for 
the empty TEon cylindrical cavity with the resonance frequency fm  = 8.993 GHz. The 
solid line corresponds to the cavity response, the dashed horizontal line corresponds to 
the reference response. The minimum reflection coefficient is po.
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field as a function of applied field H  for a given sample orientation. Therefore, one has 

to determine when the known microwave field amplitude exceeds the spin wave 

instability threshold. The next section will consider different methods of the threshold 

field determination.

3.3. Threshold Field Determination

The threshold field determination is based on the detection of the change in the 

microwave absorption of a sample. When the microwave field amplitude is below 

threshold, the sample microwave absorption is linear and the reflection coefficient is 

constant. Above threshold, the absorption drastically increases and one can observe the 

change in a signal reflected from the cavity. Measurements are carried out in a pulse 

regime and this change can be detected by two methods. The first one is a visual 

detection when one detects a threshold by observing a distortion in the reflected pulse. 

This visual method was used for han measurements described in Chapters 4, S, and /lent 

measurements at 16.7 GHz described in Chapter 6. The second one involves point by 

point measurements of reflection coefficient vs. microwave magnetic field amplitude h 

and consecutive threshold determination from these plots which can be done in two ways. 

This reflection coefficient method was used for /lent measurements at 9 GHz described in 

Chapter 6.

Consider the visual method. The threshold can be visually detected by the 

observation of the distortion in the shape of the reflected pulse envelope. Figure 3.4 

illustrates the change in the pulse shape as the incident power increases for the pure Zn-Y
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disk at 16.723 GHz pumping frequency. Note that the actual measured voltage signal 

from the crystal detector is negative and the pulse profile is negative too. The distinct 

spikes at the leading and trailing edge of the pulse are common for the reflection cavity 

response. These spikes originate from the frequency transition from dc to the carrier 

operational frequency at the leading and trailing edge of the input pulse generated by 

TWT. One can see that the threshold can be visually detected with accuracy better than 1 

%. A threshold can be resolved even better in the case of yttrium iron garnet, where the 

characteristic step begins from the very end of the pulse (Schlomann et al. [I960]).

The visual method is convenient and fast. It requires the visual detection of the 

threshold and successive measurement of the input power Pm. An applied field is set up 

by hand, the power is increased by hand, and one looks at the distortion of the reflected 

pulse. Then one records the values of H  and Pmc and from the calibration procedure of 

the previous section obtains //cnt vs. H  curves that will be discussed in the next section. 

The visual method is useful when there is a clear distortion of the reflected pulse. When 

there is no clear distortion but gradual change in the reflection coefficient, one has to use 

the second method of the threshold field determination.

In the reflection coefficient method, the reflection coefficient is measured as a 

function of the microwave field amplitude. It requires the scan of the input power and, 

consequently, the microwave field amplitude. The manual scan is very time consuming 

and automation is necessary to perform routine measurements. Cox [2002] presents an 

elaborate discussion on the high power microwave spectrometer automation. The details 

of the automated system operation are given below.
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The measurement system was operated by Labview program, which performs the 

following operations. First, it sets up a scan over applied dc field H  values of interest. 

Second, for each H  value, it adjusts the frequency of the input microwave signal so that it 

equals the resonant frequency of the cavity, which may change with H. Third, it scans 

the input power via a step motor which changes the setting of the main attenuator. The 

input power Pm is recorded by the power meter. The power PaM, reflected from the cavity, 

is measured by the crystal detector. The crystal detector is calibrated so that the detector 

voltage corresponds to a certain power level. Then the reflection coefficient po may be 

written as po = {PJPau\)xri The microwave field amplitude h is calculated from Eq. 

(3 .1). The result is a pair of values (h, po) for the specific value of Pm. Fourth, these 

pairs form an array where po is a function of h. This array is written in a data file. Fifth, 

the step motor resets the attenuator to the initial power level and H  is set to a new value.

As a result of the program, a user gets a number of data files equal to the number of 

H  values, where each file contains dependence po vs. h. Analysis of such data file yields 

the threshold /icm value. Figure 3.5 shows an example of the po vs. h dependence for the 

pure Zn-Y disk at 8.993 GHz pumping frequency. The data are shown by connected 

squares. The threshold corresponds to the increase in microwave loss and hence, 

reflection coefficient. As data in Fig. 3.5 show, the increase in the reflection coefficient 

is not always distinct. One can determine /lent value from these data as 2.7 ±0.3 Oe. As 

discussed by Zhang et al. [1987], in the second reflection coefficient method the /tent 

value can be found by “exact” and “extrapolation” methods.

In the “exact” method, the threshold /icriti corresponds to the deviation of the 

experimental curve from the horizontal straight line drawn through the experimental
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Figure 3.5. Reflection coefficient po vs. microwave field h for the pure Zn-Y disk. 
Parallel pumping at 8.993 GHz, applied field H = 400 Oe. The closed squares indicate 
experiment. Deviation of the experimental curve from the horizontal straight line yields 
ftcriti, which corresponds to the exact method. Intersection of the straight lines yields 
ĉnt2, which corresponds to the extrapolation method.
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points in the linear region where the reflection coefficient is constant. The criterion is 

that the po increases with increase in h and the deviation is greater than the maximum 

error deviation of the points which form the horizontal line. In Fig. 3.5, the “exact” 

method yields ham value of 2.43 Oe. In the “extrapolation” method, the threshold hcna. 

value of 2.77 Oe corresponds to the intersection of the horizontal line and a line which is 

formed by the straight line drawn through the experimental points in the nonlinear region 

where the reflection coefficient linearly increases.

Unlike in the visual method, the po vs. h data do not give an unambiguous threshold 

specification. The choice between “exact” and “extrapolation” methods depends on the 

sample properties. If the sample is magnetized uniformly then the “exact” method is 

preferable. However, if sample is not magnetized uniformly, the “extrapolation” method 

is more reliable. For example, in the case of Zn-Y disk at 9 GHz pumping frequency the 

applied field value is about 400 Oe. The magnetization 4teMs is 2330 G and the 

anisotropy field Ha is about 9.4 kOe. In this case, the sample may not be uniformly 

magnetized and there are may be regions in the sample that have different magnetic state 

than the majority of the sample volume. The threshold for these regions may be lower 

than for the bulk of the sample. In order to find the threshold for the bulk o f the sample, 

the second method should be used in this case. In general, one should always use the 

same threshold field determination method for the investigation of the particular sample.

Another important issue of the threshold field determination is a pulse width. As 

discussed in Chapter 2, spin wave instability processes involve the growth of parametric 

spin waves when the microwave field amplitude exceeds a specific threshold haA. There 

is always some characteristic time for such processes to develop and for the microwave
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field to reach its maximum in a cavity. Schlomann [1963] showed that if the microwave 

pulse is too short, the measured /»crit values will be higher than for the infinite pulse width. 

The employed pulse width of 50 (as was long enough to avoid this effect. If a pulse width 

is too long, sample heating may occur and measurements will not be reliable (McKinstry 

et al. [1985]). The heating may be detected by a change in the pulse amplitude with 

pulse width and duty cycle. In the present work, heating effects were observed only well 

above the threshold and all precautions were taken to dismiss questionable data affected 

by heating.

3.4. Example Butterfly Curve Results

The test spin wave instability threshold measurements were performed for a sphere 

of a standard Gl 13 polycrystalline YIG made by TransTech, Inc.. The sphere had a 

diameter o f 2.5 mm. The example results were obtained for the parallel pumping 

configuration at 9 GHz. The /»cnt values were determined for the same results by visual 

and reflection coefficient methods discussed in the previous section.

Figure 3.6 shows the example butterfly curve, /lent vs. H  for parallel pumping at 9 

GHz in the G113 polycrystalline YIG sphere. Open circles show hcm which was 

determined by the visual method. Closed squares show /icm which was determined by the 

reflection coefficient method. Compare first the visual and reflection coefficient 

methods. The data in Fig. 3.6 demonstrate that the results are independent of the 

threshold field determination method. One can see that these two methods yield identical 

/lent. The number o f points for the visual method is larger because it is about 20 times
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Figure 3.6. Spin wave instability threshold />cnt as a function of the external static 
magnetic field H  for parallel pumping at 9 GHz in the G113 polycrystalline YIG sphere. 
The open circles indicate threshold observation by the visual method; the closed squares 
indicate threshold observation by the reflection coefficient method.
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faster than the reflection coefficient method. These data demonstrate the practical

The data in Fig. 3.6 represent a typical parallel pumping butterfly curve response for 

an isotropic polycrystalline sample. This is one of the simplest situations one can 

consider. The jump in the data at H  ~ 600 Oe is attributed to demagnetizing effects. 

Above this field the sample is saturated. The measured drops from about 3 Oe at H = 

600 Oe to about 1.5 Oe at H  = 1540 Oe, where /lent has a minimum. This change 

corresponds to a ^-dependent A//*. At the H  range of 1500 - 1600 Oe one can see a 

relatively flat /icm region which occurs in polycrystalline ferrites and will be discussed in 

detail in Chapter 5. In order to keep a reasonable scale the entire butterfly curve is not 

shown. It drastically goes up above H ~ 1600 Oe and terminates at the maximum 

achievable in the experiment hcnt of 36 Oe at H  = 2070 Oe.

One can take this experimental result and connect it with spin wave instability theory 

developed in Chapter 2 in order to demonstrate an example /icr« data analysis. This is 

done to show how to connect the data with the theory. The butterfly curve is in a good 

agreement with the literature (Schlomann et al. [I960]). The /icm parallel pumping 

response in the case o f isotropic polycrystalline ferrites is related to spin wave linewidth 

A//* by

which follows from Eq. (2.65) and (2.75). The spin waves are excited at half pump 

frequency. The expression in the brackets represents the specific threshold hc, as it is 

discussed in Chapter 2. If AHk is independent of k  and 0k, the minimum threshold /lent is
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realized for ft = 90°. The azimuthal angle <pk of the parametrically excited spin 

waves can take any value, so that the entire plane of spin waves with wave vectors k 

and - k  which lie in the f t  = 90° plane is excited. The spin waves available for 

excitation are determined by the spin wave dispersion which depends on H. For an 

isotropic ferromagnet, the spin wave dispersion follows from Eq. (2.50) and may be 

written as

(a* / 1 y I)2 = [H ~ # -icm + Dk'- + 4ttM , sin- 0k] [ H -H ^ m + Dk- ], (3.7)

where the demagnetizing field Hdem = 4nN-M* for the sphere is 4;zzV/,/3. For a 9 GHz 

excitation frequency, the spin wave frequency is 4.5 GHz.

Figure 3 .7 shows the /lent data from Fig. 3 .6 and the /lent response calculated from Eq.

(3.6) with the available critical modes calculated from the spin wave dispersion of Eq.

(3.7). For standard YIG, the parameters 4nMs = 1750 G, \'/\!2iz = 2.8 GHz/kOe, and D = 

5.2x10‘9 Oecm2/rad2 were used in the analysis. The calculations were done for a 

constant spin wave linewidth A//* value of 0.8 Oe. Arrows indicate the calculated 

parameters of the theoretical butterfly curve: demagnetizing field Hdem, the static field Hc 

which corresponds to the kink in h„n curve, and the cutoff field //cut, where hem curve 

goes to infinity. These important parameters will be discussed below.

Below Hdem ~ 600 Oe, the sample is not saturated and there is a jump in the data. 

The calculated hem terminates at Hdem■ The expressions for Hc and //cut follow from the 

spin wave dispersion of Eq. (3 .7). The field Hc is the field at which spin waves with c* = 

co/2 and f t  = 90° have k = 0 and is given by

He = yJ(co/2\y\)2 +(2tcMs)2 - 2kM s + / /* m. (3.8)

The //cut value corresponds to k  = 0 and f t  = 0 and is given by
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Figure 3.7. Spin wave instability threshold /lent as a function of the static external 
magnetic field H  for parallel pumping at 9 GHz in the G113 polycrystalline YIG sphere. 
The closed circles indicate the data, the solid line indicates the calculated /icm response. 
The calculations were done for a constant spin wave linewidth AHt value of 0.8 Oe. 
Arrows indicate the demagnetizing field Hdem, the field Hc, and the cutoff field //cut-
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Han = cu/21 y \+ H tkm. (3.9)

The theoretical h„n response can be understood better if one uses spin wave dispersion 

diagrams. These diagrams along with Eq. (3 .6) identify excited critical modes k  and 0k.

Figure 3.8 shows the spin wave dispersion for different values of the external static 

field H. When H  is small, as in Fig. 3.8(a), col 2 lies above the upper boundary o f the non­

exchange spin wave spectrum and spin waves with non-zero wave numbers and 0k = 90° 

are excited. When H  reaches Hc, as in Fig. 3.8(b), k becomes zero. When H  is greater 

than Hc but less than Han, as in Fig. 3 .8(c), k  stays zero and 0k decreases. When H  is 

greater than //cut, as in Fig. 3.8(d), there are no spin waves with cok = coll available for 

excitation and spin wave instability processes do not occur.

The spin wave band concept and parallel pumping at half pump frequency 

provide a very successful explanation o f the high power data. There are three field 

intervals in Fig. 3.7, defined by Hdem, Hc, and //cut, which have different physical 

origin o f the response. Below Hdem, the sample is not saturated and the theory is not 

applicable. In the field range from Hdem to Hc, the /icm response is determined by the k- 

dependent spin wave linewidth AHk. In the field range from Hc to //cut, the /icrit response 

is determined by the ^-dependent spin wave linewidth A//*.

The butterfly curve provides information about the dependence of the spin wave 

linewidth parameter AHk as a function of the wave number k. The spin waves with 0k = 

90° are excited perpendicular to the H  direction at the half pumping frequency o f 4.5 

GHz. It follows from Eqs. (3.7) and (3.8), that their wave numbers are given by

D kz - H c - H . (3.10)

The AHk vs. k  analysis applies to the /imt response in the field range from Hdem to Hc.
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Figure 3 .8. Relative positions of the spin wave spectra and the parallel pumping half- 
frequency a ll. Dots indicate critical modes at g* = qj!2 . (a) At H  <HC spin waves with 
k > 0 and 6k = 90° are excited, (b) at H  = Hc spin waves with k  = 0 and 6k = 90° are 
excited, (c) at Hc < H  < Hcm spin waves with k  = 0 and Ok < 90° are excited, and (d) no 
spin waves are available at = <ŝ 2.
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Figure 3.9 shows the spin wave linewidth parameter AHk at 4.5 GHz as a function of 

the wave number k. Squares indicate the experimental data, the straight line shows the 

linear fit for wave numbers in the range 0 -  3.5x 105 rad/cm. This linear fit is given by

AHk(k) = AHk-_Q+ B k , (3.11)

where AH^q is 0.81 Oe and B is 2.48x1c6 Oe-cm/rad. These parameters are in a good 

agreement with data for large grain poly crystalline YIG (Patton [1969]). The linear AHk 

vs. k dependence will be discussed in Chapter 5 for hipped polycrystalline YIG.

These example results show what one can expect from the spin wave instability 

threshold measurements and the /icm analysis. As the result of these measurements one 

can obtain the /icm vs. H  dependence for various orientation of the sample, the static 

external field, and the linear polarized microwave field. The analysis of this dependence 

yields the excited critical modes and the spin wave linewidth parameter AHk as a function 

of the critical mode wave number and direction.

The /lent response in single crystal YIG differs from the Acrit response in 

polycrystalline YIG. In single crystal YIG, the minimum of hcn\ is distinct and its 

position depends on the orientation of H  with respect to the crystallographic axes. These 

features will be considered in Chapter 4 where the /icnt data on single crystal LPE YIG 

films with small anisotropy are given. The discussion on spin wave instability in 

polycrystalline YIG will be developed in more details in Chapter 5 where the data on 

bulk polycrystalline hipped YIG and the analysis are presented.
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Figure 3 .9. Spin wave linewidth AHk as a function of spin wave wave number k at 4.5 
GHz in the G113 polycrystalline YIG sphere. The closed squares indicate the data, the 
straight line indicates theoretical fit.
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CHAPTER 4

HIGH POWER MICROWAVE PROPERTIES OF LPE YIG THIN

FILMS

This chapter gives the results of the spin wave instability threshold measurements in 

single crystal LPE YIG (110) oriented thin films. The 9 GHz parallel pumping 

measurements were performed for different diameter disk samples and for different film 

orientations with respect to the external static field. The spin wave linewidth analysis 

showed that the k  = 0 extrapolated spin wave linewidth was 0.18 Oe, close to the lowest 

reported values for bulk single crystal YIG (Yakovlev et al. [1971]).

Section 4.1 gives an overview of the data on FMR linewidth and the specifics of the 

/icrit measurements for LPE YIG disks. Section 4.2 presents experimental parallel 

pumping /icm results for normally magnetized disks of different diameter and gives a spin 

wave linewidth analysis of these results. Section 4.3 gives the corresponding results for 

parallel pumping for in-plane magnetized disks with the external static field along three 

main crystallographic axes, [100], [110], and [111]. The analysis of the data shows that 

although Acrit depends on the static field direction, the spin wave linewidth does not 

depend on the spin wave propagation direction.
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4.1. Overview

The investigated single crystal LPE YIG disk samples were fabricated in Prague, 

Czech Republic. As discussed in Chapter 3, these samples had various Ca additions. The 

FMR linewidth AHq measurements at 9.53 GHz on the disks of various diameter and 

composition showed that (1) for normally magnetized disks, AHq can increase with the 

increase in the disk diameter and (2) for in-plane magnetized disks, A//o significantly 

depends on the direction of the static field relative to the crystallographic axes (Marysko 

e t  al. [2001]). For H  along the [100] axis, AHq was about 0.5 Oe. For H  along the [110] 

axis, AHq was about 1.0 Oe.

The 9 GHz parallel pumping measurements showed more consistent results than the 

FMR data. First, AHk=o consistently decreased with increase in Ca content. Second, the 

deviation of the minimum /icm for the different samples with the same Ca content was an 

order of magnitude smaller than deviation in AHq for the same samples. Overall, the /icm 

data presented below showed no effects that were observed for AHq. On the contrary, the 

minimum /lent was largest for the smallest diameter sample.

This is related to the fact that the number of the defects and inhomogeneities in the 

sample increases with the sample size. The number of the scattering centers increases 

and AHq increases too. In the case of spin wave instability, the spin waves are excited in 

the local areas of the sample (Sparks [1964]). The lowest threshold is realized in the area 

with the most ideal structure. An increase in sample size increases the probability o f the 

existence of such an area with the most ideal structure. Therefore, in contrast with AHq, a 

smaller sample size may yield a larger threshold. Therefore, in this case of insufficient
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macroscopic quality films, spin wave linewidth is a better measure of microwave loss 

than A//0.

The spin wave instability processes in thin ferrite films differ from these processes in 

bulk ferrite materials. Effects such as a butterfly curve fine structure and magnetostatic 

wave excitation (Kalinikos et al. [1985] and Wiese et al. [1994]) may be present. For the 

investigated LPE YIG films, the fine structure was not observed. This is presumably 

because the film thickness was relatively large and, moreover, undulation was observed. 

The data could be analyzed based on a bulk exchange spin wave approximation. The 

parallel pumping data also showed that the bulk spin wave approximation was valid for 

the data analysis.

The parallel pumping measurements were made at 8.99 GHz with the high Q 

cylindrical cavity described in Section 3.2. All of the /?cm data were obtained by the 

visual method discussed in Section 3.3. Three samples with different diameter were 

investigated for perpendicular configuration and one of the samples was also measured 

for in-plane configuration. The small volume of the samples, especially for the smallest 

diameter sample, pushed the visual technique to the limit, but the accuracy was still 

adequate. A related problem is that high k spin waves at low H  have a smaller coupling 

with the k  = 0 microwave magnetic field than low k  spin waves and the change in the 

pulse shape is less pronounced. Therefore, the parallel pumping measurements were 

done first for the different diameter samples in order to investigate the dependence of h^x. 

on the film diameter. The external static field was normal to the film surface.
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4.1. Parallel Pumping at 9 GHz in Normally Magnetized Films

Figure 4.1 shows the threshold /icm as a function of the external static magnetic field 

H  for parallel pumping at 9 GHz in the three normally magnetized LPE YIG disks. The 

values of the disk diameter d  are indicated in the graph. The focus is on the butterfly 

curve minimum and corresponding lowest AHk values. The position of the minimum /icm 

for all three curves is at about 2.65 kOe. The curves were terminated where the 

sensitivity of the threshold detection became insufficient to obtain the data. The 3 and 4 

mm diameter disks yield the same threshold for low k spin waves. For these samples, 

there are complications below the /icm minimum that remain unexplained. They may be 

due to the variation of the microwave magnetic properties from sample to sample. It is 

interesting that /lent is notably larger for the smaller sample with d  = 1.5 mm, which is 

opposite to the FMR Iinewidth results. This can be related to the local nature of the spin 

wave instability processes which was discussed in the previous section.

The data in Fig. 4.1 were analyzed to obtain the spin wave Iinewidth AHk 

dependence as a function of wave number k, based on the spin wave instability analysis 

for isotropic materials. Equation (3.6) relates /lent and A//* for f t  = 90°. The wave 

number value was obtained from Eq. (3.10) and the Hc value which corresponds to the 

minimum of /icm- The Hc value calculated from Eq. (3.8) and standard parameters for 

YIG given in Section 3.4 was 2.69 kOe, which is slightly larger than the experimental Hc 

o f 2.65 kOe. For the perpendicular configuration, all anisotropy effects are ignored 

but they will be taken into account later for the case o f in-plane magnetized disks.
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Figure 4.1. Spin wave instability threshold /icm as a function of the external static 
magnetic field H  for parallel pumping perpendicular to plane at 9 GHz in the LPE YIG 
disks. The values of the disk diameter d  are indicated in the graph.
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Figure 4.2 shows the spin wave Iinewidth parameter AHk as a function of the wave 

number k. From the formalism of Chapter 3, this corresponds to a spin wave frequency 

of 4.5 GHz and 9k = 90°. The AHk values for the specific diameter samples are 

indicated by the same symbols as in Fig. 4.1. Straight solid lines indicate linear fits 

to the data. The AHk response is linear and is described by Eq. (3.10). The zero 

intercepts are A//t=o = 0.220 ± 0.005 Oe for d  = 1.5 mm, A/Zt=o = 0.176 ± 0.004 Oe for d  

= 3 mm, and AHk--o = 0.184 ± 0.006 Oe for d  = 4 mm. The slopes are B  = (9.5 ± 0.2)x 10'7 

Oecm/rad for d  = 1.5 mm, B = (9.8 ± 0. l)x 10‘7 Oecm/rad for d  = 3 mm, and B  = (7.8 ± 

0.2)x 10*7 Oe cm/rad for d=  4 mm. In the fits, only linear portions of the data were used. 

High k points were excluded because of the demagnetizing effects. Low k points were 

excluded because the bulk spin wave approximation does not work. The linear AHk 

increase with k in a pure bulk single crystal YIG is often taken as a signature of 

intrinsic three magnon confluence processes (Gurevich and Melkov [1996]).

One can see that the intersection of the straight lines with the vertical axis 

yields smaller value than the minimum A/Zt value for each sample. As discussed by 

Sparks [1964], the excited spin waves which correspond to minimum AHk have 

some non-zero k value. The deviation from the linear behavior in Fig. 4.2 occurs for k < 

5xl04 rad/cm which is much larger than the magnetostatic mode limit n1d. The excited 

spin waves have even larger wave numbers so that they remain exchange spin waves and 

their group velocity is sufficiently large. Therefore, the real A//fc=o for k  = 0 can be 

obtained by intersection of the linear fit with the vertical axis. The A//*=o difference 

between three samples is smaller than the minimum AHk. One can conclude that the 

reason for the larger A//*=o for the sample with d  = 1.5 mm is related to the local
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Figure 4.2. Spin wave Iinewidth A//* as a function of spin wave wave number k at 4.5 
GHz in the LPE YIG disks. The values of the disk diameter d  are indicated in the 
graph. The solid straight lines indicate linear fits to the data.
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nature of the spin wave instability processes. The other two samples yield exactly 

the same A/Z^o of 0.18 Oe and the minimum AHk of 0.22 Oe. It implies that these 

samples have the same intrinsic microwave loss mechanisms and there is no lack of 

sensitivity if the sample diameter is at least 3 mm. The slight difference for larger k 

values can be explained by the deviation in microstructure and possible non-uniform 

magnetization of the larger sample caused by edge effects.

If the minimum AHk corresponds to some non-zero k, then the theoretical Hci which 

corresponds to k = 0 should be slightly larger than Hc which corresponds to the minimum 

/lent- For the 3 mm disk Hc was 2.64 kOe. If one takes Hci = 2.68 kOe then the k value 

for any given AHk is larger and A/Zt=o will be 0.14 Oe. This value is close to the 

theoretical limit predicted from an intrinsic Kasuya-Le-Craw two magnon-one phonon 

process, which is present even for an ideally pure YIG (Sparks [1964]). As a good 

approach to the value A//kl for pure single crystal YIG one can take the spin-wave 

Iinewidth A/Zt=o -  0.135 Oe measured at the parallel pumping frequency of 11.4 GHz 

which corresponds to the magnon frequency of 5.7 GHz (Le Craw and Spencer [1962]). 

This means that the investigated samples were of high quality and had structure similar to 

ideal YIG. Among all investigated samples, along with those not mentioned in the 

present study, the lowest minimum AHk value of 0.18 Oe was obtained for the 3 mm disk 

sample with x = 0.016 where x is the Ca concentration per formula unit.

Because of the ambiguity in the choice of Hcj, it is always necessary to compare the 

minimum AHk for different samples or configurations. The question of the wave number 

k  which corresponds to the minimum AHk has not been clarified in the literature and will 

be discussed in Chapter 7. In order to keep consistency, throughout the present work it is
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assumed that the value of Hci is equal to the Hc value which is found from the 

experiment.

The butterfly curve in Fig. 4.1 for the 3 mm disk was fitted to some AHk function of 

k  and Ok. For H  below Hc, the AHk fit was a linear function of k. For H  above Hc, the 

wave number is zero and the best fit is realized for the (sin 2 Ok)2 function. Figure 4.3 

shows the fit to the hml data of Fig. 4.1 for the 3 mm LPE YIG disk. The squares show 

the experimental data. The solid line represents the fit AHk function of the form (Wiese 

etal. [1994])

AHk(k) = AHk-_o+Bk+C(sin20ky-, (4.1)

with parameters AHi^o = 0.18 Oe, B = 9.8xl0'7 Oe cm/rad, and C = 0.25 Oe adjusted to 

match the data. The linear in k part corresponds to the fit in Fig. 4.2. The values of these 

parameters for 9 GHz parallel pumping in bulk single crystal YIG are A/Zeo = 0.132 Oe, 

B = 4.9xl0‘7 Oe cm/rad, and C = 0.163 Oe (Yakovlev et al. [1971], Patton [1979]). One 

can see that AHî q is somewhat larger for the investigated LPE YIG films than for pure 

bulk YIG. The B and C parameters are about 2 times larger. The non-zero C shows that 

AHk increases when Ok decreases from 90°. This observation was made even in the 

first work on parallel pumping by Schlomann et al. [I960],

Such a big value of the C parameter in the normally magnetized films is related to 

the direction of the excited spin waves. When k is non-zero, spin waves propagate at Ok = 

90°. The magnetization is normal to the plane o f the film and disk and Ok = 90° spin 

waves can propagate along any direction in the film plane because the azimuthal 

angle (pk is not specified. As discussed in Chapters 2 and 3, when H  increases past 

Hc, the wave number k  becomes small and Ok decreases. The smallest 0k o f 53°
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Figure 4.3. Spin wave instability threshold /lent as a function of the external static 
magnetic field H  for parallel pumping perpendicular to plane at 9 GHz in the 3 mm LPE 
YIG disk. The closed squares indicate experiment, the solid line indicates theoretical fit 
to the data. The field position of the butterfly curve minimum is at Hc.
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corresponds to H  = 2.9 kOe in Fig. 4.3. When ft is less than 90°, excited spin waves 

propagate at some non-zero angle to the film plane. This means that the spin wave 

propagation may be impeded by surface boundaries because spin waves do not 

propagate in the film plane. Similar effects will be considered for polycrystalline 

YIG in Chapter 5 where the grain boundaries act as scattering centers for spin 

waves. Moreover, these spin waves have small k. These arguments explain the 

large value o f  the C parameter. The butterfly curve behavior above Hc for an in­

plane magnetized disk is different and will be discussed in the next section.

This section demonstrated the results o f the parallel pumping measurements in 

the normally magnetized (110) LPE YIG disks. The /icm and AHk data for three disks 

o f different diameter were in agreement. In this case, spin waves with non-zero k 

can propagate along any of the crystallographic axes, such as [100], [110], and 

[111]. If spin wave Iinewidth depends on the crystallographic direction, this 

dependence will not be distinguishable. But if a (110) film is magnetized in-plane 

along one o f the crystallographic axes, spin waves will be excited only in the 

direction perpendicular to H  and in the plane of the film because film surface 

boundaries should impede spin wave excitation perpendicular to the film plane, 

especially for low wave numbers. The next section will consider parallel pumping 

in the in-plane magnetized LPE YIG film.
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4.2. Spin Wave Linewidth Angular Dependence in In-plane Magnetized Films

As discussed in Section 4.1, FMR Iinewidth measurements on the in-plane 

magnetized (110) oriented LPE YIG films showed significant changes in A//o if H  is 

applied along different crystallographic axes (Marysko et al. [2001]). The similar 

parallel pumping measurements were performed for the in-plane magnetized 3 mm disk. 

The objective of these measurements was to investigate the AHk dependence on the 

orientation of H  with respect to crystallographic axes like for the in-plane FMR linewidth 

measurements.

Figure 4.4 shows hail as a function of the external static magnetic field H  for parallel 

pumping at 9 GHz in the in-plane magnetized 3 mm LPE YIG disk. Parallel pumping 

butterfly curves are shown for H along each of the three principal crystallographic axes, 

[100], [110], and [111]. The H  direction is indicated in the graph by these axes.

One can see that butterfly curves for these three orientations are quite similar except 

for a shift in H. The h ^ t response is very similar for H  along the [110] and [111] axes 

and is slightly different for H  along [100] axis. The minimum and its field position 

Hc are different for [100] and the two other orientations. The difference in the 

minimum Amt is about 5 % and the effect is small. For H  along [100], Hc is largest. 

For H  along [111], Hc is smallest. This is due to the effect of the small but not 

negligible cubic magnetocrystalline anisotropy. The anisotropy field in YIG is 

negative, the hard direction is along [100] and the easy direction is along [111]. 

When H  is applied along the easy direction, Hc is smaller than when H  is applied 

along the hard direction. The data in Fig. 4.1 support these arguments.
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Figure 4.4. Spin wave instability threshold /rent as a function of the external static 
magnetic field H  for in-plane parallel pumping at 9 GHz in the 3 mm LPE YIG disk. 
The static field is applied along one of the three crystallographic axes which are 
indicated in the graph.
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Consider first the position of the minimum and the corresponding value of Hc. 

Although thin ferrite films may have additional types o f growth induced anisotropy 

(Gurevich and Melkov [1996]), in the present work it is assumed that there is only 

cubic anisotropy similar to that in bulk single crystal YIG. The expression for Hc 

can be obtained in the same way as Eq. (3.8) with anisotropy Ha taken into account. 

The fields Hc may be written explicitly only for H  along the hard [100] and easy 

[111] direction. These fields are given by

[ 100] Hc = y j{(ol2\y\ f  +{2xMsf  - 2izMs - 2 H A + Ak N M ,  (4.2)

and

[111] Hc =yJ(o)/2\y |)- + (2xM ,)2 - 2nM , + j H A + A n N .M ,. (4.3)

One can see that these two directions yield the different values o f Hc. The 

difference in Hc is equal to 10 |^ |/3 . The experimental Hc values in Fig. 4.4 yield the 

anisotropy field HA - -28.5 Oe. Note, that the value o f the anisotropy field in bulk 

YIG is Ha = -44 ± 2 Oe (Winkler [ 1980]).

Based on Eqs. (4.2) or (4.3), it is possible to find 4teMs from the values of Hc in 

Fig. 4.4. The value of the demagnetizing factor Nz in the case of the oblate ellipsoid of 

revolution which resembles a disk may be written as (Osbom [1948])

■ J w 2  - 1"1 ^
i f . -  1 '2(wz -1 )

W~ ■ -1 rSin 1
w

-1 (4.4)

where w = dJt is the aspect ratio of the sample and t is the sample thickness. Note that N: 

is the demagnetizing factor along the H  direction which is in-plane. For the 3 mm 

diameter disk, N: equals 0.003. Then Eq. (4.2) yields a 4tcMs value of 1620 G. This
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value is smaller than 4kM s in bulk YIG. The same formalism can be applied to the 

normally magnetized disk in the previous section. In this case, 4nMs is approximately 

1610 G. The calculated 4nMs values are very susceptible to Ha. One can conclude that 

these films have different properties than standard bulk YIG. Because o f this, 4kMs 

= 1610 G and Ha -  -28.5 Oe will be used in the analysis in this chapter.

The data in Fig. 4.4 were analyzed to obtain the spin wave linewidth AHk 

dependence as a function of wave number k. The data in Fig. 4.4 show that anisotropy is 

important and therefore one can use the working equations from Chapter 2. Equation 

(3.4) does not include anisotropy and Eqs. (2.65) and (2.66) were used to derive the 

expression for hc and analyze the data. The expression for hc may be written as

,  ______________a)AHk______________
|o)K[ sin2 Qk exp(2i<pk)~ \ y \ -  A„)\ ’

which follows from Eqs. (2.48), (2.49), and (2.66). For cubic anisotropy and the static 

magnetization M, in the (110) plane, anisotropy tensor components and Ayy may be 

written as (Patton [1979])

4 .  * . ’ « , )  (4.6)

and

>l>y = - 2 / /x( l - | s i n 20w), (4.7)

where the angle du is the angle between the [100] axis and M,. The right handed (x, y, z) 

frame has an x-axis in the film plane, a y-axis perpendicular to the film, and a r-axis 

along Mj which is assumed to be parallel to H. This assumption is valid when the 

anisotropy field is small compared to H.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The threshold field for the special case of the negative anisotropy field may be 

written as

*  = ------------------------------^ ; ------------ . (4.8)
eoM sin2 0k exp(2/^t ) + 6 1 y  || H A | sin2 0M(1 -  ^ sin2 &Xf)

Note that the term with Ha changes sign when changes from 0 to 90°. This 

corresponds to the M, rotation from the [100] axis to the [110] axis. The Ha term in the 

denominator changes sign at 0ki = 57° which corresponds to the [111] axis. When M* 

is along the [100] or [111] axis, the term with Ha goes to zero and the threshold field hc is 

not a function of <pk- In this case, the minimum threshold field /icm is realized for 0k = 90° 

and Eq. (4.8) is the same as Eq. (3.6). When M, is along the [110] axis, the threshold 

field is less than for the other two axes and realizes for 0k = 90° and (pk = 90°. This 

direction is normal to the film plane. As discussed in the previous section, the 

excited spin waves cannot propagate in this direction.

The two conditions, the in-plane propagation of the spin waves and 0k = 90°, 

force q>k to be 0 or 180°. In the case o f  the bulk YIG the minimum h„A is realized for 

M, along the [110] axis, but in the investigated (110) films the M* alignment along the 

[110] axis yields a higher than other directions. It is clear that this statement is valid 

only for isotropic A/4. The data in Fig. 4.4 support these considerations. The han values 

are the highest for M, along the [110] axis. In the case of M, along the [111] axis, the 

excited spin waves do not propagate along any particular crystallographic direction 

because there is no main axis which is in the (110) plane and perpendicular to the [111] 

axis. Therefore, the analysis will focus only on M, along the [110] and [100] axes. 

These directions correspond to the spin wave propagation directions along the [100] and
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[110] axes, respectively. The AHk values were obtained from the /iCTit data in Fig. 4.4 and 

Eq. (4.8) with the following parameters: Ok = 90° for M, along the [100] axis, Ok = 90° 

and <pk = 0 for M, along the [110] axis, and Ok = 90° for M, along the [111] axis.

Figure 4.5 shows the spin wave linewidth parameter AHk at the half pump 

frequency of 4.5 GHz as a function of wave number k for 0k = 90° spin waves. The 

symbols that show the data correspond to the same H  directions as in Fig. 4.4.

One can see that for very small k , the AHk values for the spin waves propagating 

along the different axes are very close. The AHk deviation for the same k  is less than 10 

%. For M, along the [100] axis and the excited spin waves along the [110] axis, the 

minimum A//it is 0.21 Oe. For M* along the [111] axis, the minimum AHk is 0.23 Oe. 

For M, along the [110] axis and excited spin waves along the [100] axis, the minimum 

AHk is 0.22 Oe. If one neglects anisotropy in Eq. (4.8) this value will be 0.24 Oe. Note 

that above anisotropy considerations yield better agreement than if one neglects 

anisotropy. It is also clear that these considerations work only for relatively small wave 

numbers. For larger k, the condition of the in-plane spin wave propagation is less strict 

and, as it is shown in Fig. 4.4 and 4.5, the calculation o f the AHk values does not require a 

specific <pk direction. In such a case, when the Ha term in Eq. (4.8) is neglected, the two 

curves for [100] and [110] axes in Fig. 4.5 would be very close for k above IO5 cm'1.

Figure 4.4 shows that the response for all three directions is similar. Below Hc, the 

butterfly curve behavior is similar to one shown in Fig. 4.1 for normally magnetized 

films. This behavior is determined by linear AHk vs. k  response shown in Fig. 4.5. 

Above Hc, the butterfly curve behavior differs from one shown in Fig. 4.1. The 

origin of this difference follows from the fit to the data and surface boundary
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Figure 4.5. Spin wave Iinewidth AHk as a function of spin wave wave number k at 4.5 
GHz for the in-plane magnetized 3 mm LPE YIG disk. The static field is along one of 
the crystallographic axes which are indicated in the graph.
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considerations for the C parameter developed in the previous section. The same 

fitting procedure of Eq. (4.1) was applied to the data in Fig. 4.4 for M, along the [100] 

axis.

Figure 4.6 shows the fit to the /»cm data o f Fig. 4.4 for the 3 mm LPE YIG disk 

magnetized in-plane along the [100] axis. The squares show the experimental data. The 

solid line represents the fit of Eq. (4.1). This fit yields the parameters A//t=o = 0.20 Oe, B 

= 6.7x 10‘7 Oe cm/rad, and C = 0.10 Oe.

The A//t=o and B values are similar to values for normally magnetized films. The C 

value for the in-plane magnetized film is much smaller than C = 0.25 Oe for the normally 

magnetized film. This fact has the following explanation. In the case of the in-plane 

magnetized film, when Ok is less than 90°, the excited spin waves still propagate in 

the film plane. This means that the spin wave propagation is not impeded by 

surface boundaries and C is even smaller than the C value o f 0.16 Oe for bulk single 

crystal YIG.

Recall that the data for the normally magnetized (110) films were analyzed with 

Ha set to zero. If one uses Eq. (4.8) with 4toWj = 1610 G and Ha -  -28.5 Oe to 

determine the minimum of AHk then this value will be 0.21 Oe. If one compares this 

value with the minimum data for the in-plane magnetized film it will become clear AHk in 

YIG films is independent on the direction of the 0k -  90° spin waves with respect to the 

crystallographic axes. The origin o f the dependence o f  A//jt on Gk has not been 

clarified in the literature (W. Haubenreisser etal. [1976]).

The results and the analysis of the data in this chapter showed the influence o f 

the small magnetocrystalline cubic anisotropy and thin film geometry on parallel
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Figure 4.6. Spin wave instability threshold as a function of the external static 
magnetic field H  for parallel pumping at 9 GHz in the 3 mm LPE YIG disk. The static 
field is applied in-plane along the [100] axis. The closed squares indicate experiment, 
the solid line indicates theoretical fit to the data.
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pumping spin wave instability processes in single crystal (110) LPE YIG thin films. The 

important results are (1) the influence of surface boundaries on /»cm and (2) the 

evidence that AHk in the ferromagnet with small anisotropy is independent o f the 

orientation of the spin wave propagation direction with respect to crystallographic 

axes. This information is important for the investigation o f  the spin wave instability 

processes in hexagonal ferrites with large easy-plane anisotropy, which is a topic of 

Chapter 6. The next chapter will consider the spin wave instability processes in 

bulk hipped polycrystalline YIG where grain boundaries increase AHk in a similar 

way as surface boundaries in thin single crystal films.
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CHAPTER 5

HIGH POWER MICROWAVE PROPERTIES OF 

POLYCRYSTALLINE HIPPED YIG

This chapter presents the results of the spin wave instability investigation in 

polycrystalline hipped YIG. The hipped YIG is assumed to have a very low microwave 

loss due to the absence of porosity and high material purity. The investigation of the 

microwave properties included FMR linewidth measurements at different frequencies and 

spin wave instability threshold measurements at 9 and 16.7 GHz.

The FMR linewidth data show that the dipole narrowed anisotropy line broadening 

theory of two magnon scattering (Schlomann [1958]) describe the data very well and the 

uniform precession of magnetization with k * 0 is truly uniform through the entire 

sample. The perpendicular pumping data at 9 GHz also support this statement. The 

parallel pumping data show that spin wave excitation for parallel pumping occurs 

independently in each individual grain. In polycrystalline ferrite samples, AHk depends 

on a grain size and this dependence dominates over intrinsic losses (Patton [1970]). One 

of the models often evoked to explain such dependence is a transit time model. The 

application of the transit time model demonstrated that the intrinsic spin wave linewidth 

AHk in hipped polycrystalline YIG bears some similarity to AHk for single crystal YIG 

and depends on the grain size.
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Section 5.1 shows the results of the FMR linewidth measurements. Section 5.2 

presents the results of the parallel and perpendicular pumping /icm measurements at 9 

GHz and the parallel pumping /lent measurements at 16.7 GHz. Section 5.3 discusses the 

results of the previous sections and presents a spin wave linewidth analysis based on the 

transit time model.
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5.1. Ferromagnetic Resonance

Hipped polycrystalline YIG is a special ferrite material due to its extremely high 

density. This is an ideal situation to study two magnon scattering processes (Patton 

[1975]). The two magnon processes are forbidden in an ideal crystal by the momentum 

conservation law. They are allowed in a crystal with nonuniformities and their 

probabilities can be large. Such processes can be referred to as the scattering of magnons 

by nonuniformities. When the initial mode is the uniform mode, the treatment of these 

processes uses the low k  scattering approximation. In polycrystalline materials, the FMR 

linewidth A//o is determined by two magnon processes and was calculated by Schldmann 

[1958], The goal was to compare the predicted A//o with the data. The measurements 

were done for hipped YIG which does not have a porosity contribution to AHo due to 

high material density.

Ferromagnetic resonance fields and linewidths were measured for the hipped YIG 

samples listed in Table 3 .2 for the in-plane and out of plane field geometry. All samples 

were measured at 9.5 GHz. The FMR linewidth in the sphere was also measured as a 

function of frequency. Standard shorted waveguide techniques were used (Green and 

Kohane [1964]). The sphere was positioned in the center of the waveguide at the 

distance 7J2 from the shorted end for measurements at particular frequency. The magnet 

was rotated to decrease the angle between applied static field H  and microwave field h so 

that overcoupling between the sphere and the waveguide was avoided.

Ferromagnetic resonance response was measured at room temperature in the X-band 

with a shorted waveguide method. Table 5.1 shows the sample shape, FMR field
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Table 5.1. Summary of FMR field position, linewidth, and gyromagnetic ratio for the 
hipped YIG sphere and disk at 9.53 GHz.

Sample shape FMR field //o 

(kOe)

FMR Linewidth AHq 

(Oe)

Gyromagnetic ratio 

\y\/2iz (MHz/Oe)

Sphere 3.47 13 2.75

Disc (in-plane) 2.89 22 2.77

Disc 

(out of plane)
4.64 14 2.77
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Ho, FMR linewidth AHq, and the absolute value of the gyromagnetic ratio \'/[l2n for the 

hipped YIG sphere and disk at 9.53 GHz. The reported FMR linewidth AH0 corresponds 

to the difference between the values of the static field for which the imaginary part of the 

susceptibility equals half its maximum value. The AH0 measurements for the in-plane 

magnetized disk were performed with microwave field in and out of the disk plane and 

the AHo values were identical.

The linewidth of the sphere is 13 Oe. This is remarkably low considering the poor 

surface polish observed under the microscope. In a perfectly dense material, there should 

be no contribution to AHo from porosity (Winkler [1981]). If the material is 

polycrystalline, the linewidth will be dominated by anisotropy broadening. According to 

Schlomann’s theory [1958], the dipole narrowed anisotropy line broadening of the sphere 

may be written as

two magnon scattering. For the YIG sphere, with the parameters 4/nW, = 1825 G, |^/2u 

= 2.8 GHz/kOe, and Ha -  -44 Oe, Eqs. (5.1) and (5.2) yield AHq = 12.9 Oe, which is in 

excellent agreement with the measured value.

The linewidth of the disc is similar to that of the sphere for the out of plane external 

static field. For the in-plane static field, it is almost twice this value. The higher value 

for in-plane H  is consistent with two magnon scattering considerations. For the in-plane

AH0 = 2.Q7 ((2H A)2/4xM  s)G(co/a)\t ) , (5.1)

where

x~ — x  3+19 360 (5.2)

The G(x) function describes the density of the low k spin wave states that participate in
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H, there is a higher density of spin wave modes which are degenerate with the uniform 

mode as compared to the out o f plane H. The distribution of the internal field due to 

nonuniform demagnetizing fields is also higher for the in-plane configuration. As one 

can see from Table 3.2, the disk was thick and the ellipsoid approximation was poor. For 

the in-plane magnetized disk, the rotational symmetry was absent which increased the 

field inhomogeneity. These considerations lead to larger two magnon linewidth 

broadening. The effects of the orientation of the static field and field inhomogeneity will 

also be considered in the next section, where parallel pumping data are presented.

The dipole narrowed anisotropy line broadening model can be further tested if A//o is 

measured as a function of frequency. Figure 5.1 shows the FMR linewidth A//o as a 

function of the frequency /  from 9.5 to 18 GHz for the hipped YIG sphere. The squares 

indicate the experimental data. The solid line indicates the dipole narrowed anisotropy 

line broadening calculation of Eqs. (5 .1) and (5 .2). The Iinewidth measurement error was 

on the order of 10% which explains the scatter in the data. One can see that there is a 

good agreement between experiment and theory. A similar frequency dependence was 

observed for frequencies below 10 GHz in polycrystalline YIG with the small amount of 

residual porosity which led to larger A//o (Roschmann [1975]).

5.2. Spin Wave Instability Threshold Measurements

This section presents results on parallel and perpendicular pumping /lent 

measurements at 9 GHz and parallel pumping /lent measurements at 16.7 GHz. The 

parallel pumping measurements at 9 GHz were performed on the sphere and the disk for
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Figure 5.1. FMR linewidth A//0 as a function of the frequency /  for the hipped YIG 
sphere. The closed squares indicate the data. The solid line indicates the dipole 
narrowed anisotropy line broadening calculation of Eqs. (5 .1) and (5 .2).
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the same configurations as in the previous section. For all />cm measurements, the 

threshold was determined by the visual method. Figure 5.2 shows the spin wave 

instability threshold /lent as a function of the external static magnetic field H  for parallel 

pumping at 9 GHz in the hipped YIG sphere and the disk. The closed squares correspond 

to the sphere, the open circles correspond to the in-plane magnetized disk, and the 

triangles correspond to the normally magnetized disk.

There are similar features of the butterfly curves for the sphere and the normally 

magnetized disk to the example data in Fig. 3.7 for the polycrystalline sphere. The 

different minimum /icm regions originate from the different demagnetizing fields for each 

configuration. The butterfly curve minimum shows a flat /icrit region response which is 

most pronounced for the sphere. For the sphere, the flat region is in the field interval of 

1.45 to 1.6 kOe. For the in-plane magnetized disk, it is in the field interval of 0.85 to 

1.34 kOe. For the normally magnetized disk, it is in the field interval of 2.00 to 2.50 

kOe. A similar butterfly curve and flat region were shown in Fig. 3.6 for the example 

data. A discussion of the flat /icm region will be developed shortly.

As discussed in the previous section, the disk was thick and the ellipsoid 

approximation was not reliable. Figure 5 .2 shows that the butterfly curve for the in-plane 

magnetized disk significantly differs from the other two curves. It supports the idea that 

the in-plane magnetized disk is not uniformly magnetized because there is no symmetry 

around H. The uniformity o f the magnetization is somewhat better for the normally 

magnetized disk. The sphere is completely uniformly magnetized when H  is greater than 

the demagnetizing field. Therefore, the data for the in-plane magnetized disk will be 

omitted from the further analysis.
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Figure 5.2. Spin wave instability threshold h^t as a function of the external static 
magnetic field H  for parallel pumping at 9 GHz in the hipped YIG sphere and disk. 
The closed squares correspond to the sphere, the open circles correspond to the in-plane 
magnetized disk, and the triangles correspond to the normally magnetized disk.
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All aspects of the example data analysis apply to the butterfly curve features in Fig.

5.2. Based on the procedure developed in Section 3.4, the data in Fig. 5.2 were analyzed 

to obtain the spin wave linewidth AHk as a function of the wave number k. The wave 

number value can be obtained from Eq. (3.10). The Hc value was taken to correspond not 

to the minimum of /icm, but to the left field value of the flat /lent region where /icm starts to 

consistently increase. Equation (3.4) relates /lent and AHk for Ok -  90°. For this 

situation, all anisotropy effects are ignored because the material is isotropic.

Figure 5.3 shows the spin wave linewidth parameter AHk at the half pump 

frequency of 4.5 GHz as a function of wave number k for Ok = 90° spin waves. The 

symbols which show the data are the same as in Fig. 5.2. The straight solid lines 

indicate the fit to the linear part of the data from Eq. (3.11). The fit parameters 

were AH^o = 1.18 Oe and B = 2.52x1c6 Oecm/rad for the sphere. For the disk, the fit 

gave AHipq = 1.06 Oe, B = 2.39x1c6 Oe cm/rad. One can see that the AHk response is 

almost identical with the slightly different A//jt=o values. The minimum AHk values were 

1.22 Oe for the sphere and 1.25 Oe for the disk. The AHk increase at k > 4xl05 

rad/cm is related to the presence o f domains in the sample at low field.

The inhomogeneous field distribution for the in-plane and normally magnetized 

disk obstructs the analysis of the /lent data as it is shown in Fig. 5 .2. For the sphere, it is 

possible to perform an extensive /icm investigation and a data analysis. Therefore, the 

further data and analysis will be given for the sphere only.

Consider the /icm response on the right side o f the butterfly curve in Fig. 5.2. It 

can be fitted by the formula AHk = 3.5+2.5cos2& (Oe). Note that the value of 3.5 Oe is 

much greater than AHk=o for the sphere. This formula describes the jump in /icm- This
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Figure 5.3. Spin wave linewidth AHk as a function of spin wave wave number k at 4.5 
GHz in the hipped YIG. The squares correspond to the sphere, the triangles correspond 
to the normally magnetized disk. The straight solid lines indicate the linear fit to the 
data.
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jump is present for all three butterfly curves. This behavior will be considered later in the 

discussion section. Consider the flat /lent region in Fig. 5.2 which is well pronounced for 

the sphere and broadened for the in-plane and normally magnetized disk. In the case of 

the disk the broadening comes from the demagnetizing effects. The origin of this flat 

region will be discussed only for the sphere.

Figure 5.4 shows a selected part of the butterfly curve from Fig. 5.2 for parallel 

pumping at 9 GHz in the hipped YIG sphere. The vertical lines correspond to the 

calculated Hc positions for H  oriented along one of the crystallographic axes as if parallel 

pumping were done in single crystal YIG as discussed in Section 4.2. These values were 

calculated from Eqs. (4.2) and (4.3) with the parameters specified above for hipped YIG. 

The Hc value for H  along the easy [111] axis is 1.48 kOe. The Hc value for H  along the 

hard [100] axis is 1.63 kOe. The difference between these values is equal to the width of 

the flat region. The 30 Oe offset is attributed to the deviation of the sample shape from 

an ideal sphere.

The existence of the flat region is indicative that the spin wave excitation occurs 

independently in each grain. The overall minimum threshold corresponds to the specific 

grain with the specific minimum threshold. The number of the grains is large and their 

orientation includes a large number of possible directions. Therefore, the butterfly curve 

becomes a minimum of the large number of the butterfly curves for all grains. This 

implies that internal magnetic states of the different grains are different and these states 

depend on the grain orientation.

Along with the parallel pumping measurements, the spin wave instability processes 

in the hipped YIG sphere were investigated by the perpendicular pumping technique,
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Figure 5.4. Spin wave instability threshold />cm as a function of the external static 
magnetic field H  for parallel pumping at 9 GHz in the hipped YIG sphere. The vertical 
lines correspond to the calculated Hc positions for H  oriented along the [111] or [100] 
crystallographic axes, as indicated in the graph.
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when the microwave field h is applied perpendicular to H. As a result of this pumping 

configuration, the microwave field h drives the uniform mode a<j and the energy is 

transferred to spin waves through this mode (Suhl [1957]). This technique is also called 

subsidiary absorption. In the parallel pumping configuration, spin waves are excited 

directly by h.

Figure 5.5 shows the spin wave instability threshold hcnt as a function of the external 

static magnetic field H  for perpendicular pumping at 9 GHz in the hipped YIG sphere. 

The squares correspond to the experiment. The solid line corresponds to the hmX 

calculation based on a constant AHk of 1.8 Oe. The entire calculated curve was shifted to 

the left by 40 Oe to provide a better match. The solid curve starts from the value of the 

demagnetizing field which is about 600 Oe. Similar data were obtained by Patton el al. 

[1969],

The /icrit calculation was based on the theory developed in Chapter 2. The formula 

for a specific threshold hc follows from Eqs. (2.65)-(2.68) and the linear polarization of 

the microwave field h. The expression for the spin wave instability threshold hait in the 

case of perpendicular pumping in an isotropic ferrite sphere may be written as

= min>Ok
2a>AHk(a>2- ( \ y \H ) 2)

eoXf sin 20k ^co2 + (| y \ H ) [yjco2 +(cou  sin2 9k)2 -  ooM sin2 0k j  j
(5.3)

This expression was already minimized over tpt. The obtained <pic value is the same as the 

azimuthal angle of the linear polarized microwave field h. One can see that it is 

impossible to minimize Eq. (5.3) analytically. The minimization over 9k was performed 

numerically with the material parameters specified above for hipped YIG. The details of 

such numerical minimization were discussed in Section 2.4.
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Figure 5.5. Spin wave instability threshold /tent as a function of the external static 
magnetic field H  for perpendicular pumping at 9 GHz in the hipped YIG sphere. The 
closed squares correspond to the data, the solid line corresponds to the calculated />,** 
based on a constant A/4 of 1.8 Oe.
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The solid line in Fig. 5 .5 represents the result of such minimization. In the minimum 

of the angle ft is 35°. As H  decreases, ft slowly approaches 45°. As H  increases, 

f t  decreases. One can see that the theoretical fit agrees well with the data for low k. The 

corresponding spin wave linewidth is 1.8 Oe. As k increases, the spin wave linewidth 

increases too, and the experimental /lent is larger than the theoretical fit. The AHk vs. k 

dependence is not linear and requires further assumptions. There is a distinct kink in the 

data at H = 1.2 kOe. This effect may be due to the kink effect for perpendicular pumping 

(Patton and Jantz [1979] and Wiese et al. [1995]). In order to provide a theoretical fit in 

this case, it is necessary to assume and model the AHk dependence on k and ft when one 

performs the minimization of Eq. (5.3). Consider the 40 Oe shift in H  which is required 

to fit the data. As shown in Fig. 5.4 for parallel pumping, the theoretical position of the 

flat region is also shifted by about 30 Oe towards larger H. The assumption is that the 

non-ideal shape of the spherical sample causes this discrepancy.

The region of the constant AHk of 1.8 Oe, where the data matches theory, 

corresponds to the f t  interval of 19° to 43°. In the parallel pumping data, these angles 

yield much larger AHk. Also, there is no flat region in the perpendicular pumping 

data. This can be explained by the fact that energy is transferred to the spin waves 

from the uniform mode. This uniform mode response also determines the FMR 

linewidth. Therefore, the dipole-dipole narrowing works for the uniform mode in 

the case o f perpendicular pumping too.

The spin wave instability processes in the hipped YIG sphere were also 

investigated by a parallel pumping technique at 16.7 GHz. Figure 5.6 shows the spin 

wave instability threshold h ^ t  as a function of the external static magnetic field H  for
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Figure 5.6. Spin wave instability threshold han as a function of the external static 
magnetic field H  for parallel pumping at 16.7 GHz in the hipped YIG sphere.
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parallel pumping at 16.7 GHz in the hipped YIG sphere. One can see that there is a 

distinct /lent minimum. The data in Fig. 5.6 were analyzed in the same way as the /lent 

data at 9 GHz for the sphere in Fig. 5.2. The Hc value was taken to correspond to the 

minimum of hml. The experimental Hc was 2.74 kOe, the theoretical value from Eq. (3.8) 

was 2.82 kOe. If one takes into account the 30 Oe offset due to the deviation of the 

sample shape from an ideal sphere, as in Fig. 5.4, the experimental Hc value corresponds 

to H  along the [111] direction, which is an easy axis.

Figure 5.7 shows the spin wave linewidth parameter AHk at the half pump 

frequency of 8.35 GHz as a function of wave number k for 9k = 90° spin waves. The 

closed squares show the data. The straight solid line indicates a fit to the linear part 

of the data from Eq. (3 .11). The fit parameters were A//*=o = 0.47 Oe and B = 

2.54X10"6 Oe cm/rad. The minimum AHk value was 0.61 Oe. The AHk increase at 

large k values is related to the presence of domains in the sample. The slight dip at 

Ar % 3.5x10s rad/cm does not have a reasonable explanation. The /icrit response on the 

right side o f the butterfly curve in Fig. 5 .6 can be described by the fit formula AHk -  

0 .7+ 2 .2 co s2&  (Oe). Note that the value of 0.7 Oe is close to AHk=o, opposite to the 9 

GHz parallel pumping data.

S.3. Transit Time Spin Wave Linewidth in Polycrystalline YIG

The data in the previous section showed that spin wave excitation for parallel 

pumping occurs independently in each individual grain. Another feature is an unusual 

AHk decrease when frequency increases from 9 GHz to 16.7 GHz. This decrease
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Figure 5.7. Spin wave linewidth AHk as a function of spin wave wave number k  at 8.35 
GHz in the hipped YIG sphere. The closed squares correspond to the data. The 
straight solid line indicates the linear fit to the data.
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contradicts the linear frequency dependence of AHk observed in single crystal YIG. In 

polycrystalline ferrite samples there is a dependence of A//* on a grain size which 

dominates over intrinsic losses (Patton [1970]). One of the models often evoked to 

explain such dependence is a transit time model. In this model, a spin wave propagation 

lifetime is determined by the grain size and group velocity. It is important for this model 

that grains act independently, which one can clearly see from Fig. 5.4. This effect does 

not appear to be important for FMR linewidth and perpendicular pumping.

The FMR linewidth data show that the dipole narrowed anisotropy line broadening 

theory of two magnon scattering (Schlomann [1958]) describes the data very well and the 

uniform precession of magnetization with k * 0 is truly uniform through the entire 

sample. The perpendicular pumping data at 9 GHz also support this statement. There are 

no indications, opposite to the case of parallel pumping, that anisotropy affects the /»cnt 

response. The microwave field drives the uniform mode and the uniform mode excites 

spin waves.

However, in the case of parallel pumping at 9 GHz the spin wave excitation occurs 

in each grain individually. This causes the appearance of the flat /»cm region. The static 

field position of this flat region agrees well with the independent grain excitation 

model. For small wave numbers, the overall minimum threshold corresponds to the 

specific grain with the specific minimum threshold. For parallel pumping at 16.7 GHz, 

the flat Acrit region still exists at the predicted position but is distorted. In this case, the 

pronounced minimum haA exists at the Hc value which corresponds to H  along the [111] 

easy direction. The origin of such behavior is yet unknown. One can conclude that in the 

case of the parallel pumping, when the uniform mode is not involved, the dipole
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narrowing does not work and does not affect the exchange spin waves. These spin waves 

are excited independently in each grain.

Consider now the spin wave linewidth response. The data for perpendicular 

pumping at 9 GHz yield the constant AHk value of 1.8 Oe for small k. This value is 

significantly larger than minimum AHk for parallel pumping in both sphere and disk. 

This difference is related to the AHk increase when Ok decreases, which was found for 

parallel pumping. The response for small k  varies significantly with Ok and has not been 

clarified even for single crystal YIG. Therefore, the analysis will focus only on spin 

waves with non-zero k and Ok = 90°. These spin waves are excited by parallel 

pumping at H<HC.

The AHk response for spin waves with Ok = 90° is described by Eq. (3.11). The 

parameters in this equation were determined in the previous sections. Note that the AHk 

vs. k dependence is similar for the sphere and the disk at 9 GHz. This is not surprising 

because these samples were fabricated from the same material. The spin wave linewidth 

is a measure of internal microwave magnetic properties and is not sensitive to the sample 

shape or surface quality (Sparks [1964]).

Consider the AHk response for the sphere at 9 GHz. The AHk=o value of 1 . 18 Oe is 

much larger than in single crystal YIG, although grains are supposed to have single 

crystal structure. This large AHk=o can be analyzed based on a transit time model (Vrehen 

et al. [1969] and Patton [1970]). In this model, the lifetime of the excited spin wave is 

limited by the transit time for the spin wave mode across an individual grain,

rk =dQl\v g \, (5.4)
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where do is the average grain size and vg is the spin wave group velocity. The spin wave 

linewidth is inversely proportional to the grain size. According to Eq. (2.64), the transit 

time linewidth AHt may be written as

Note that Eq. (5.6) predicts the linear AHk vs. k dependence since the expression in 

brackets stays constant as H  decreases below Hc and k increases.

The calculations of the grain size based on the linear AHk vs. k  dependence and the 

value of the B parameter yielded an unrealistic grain size of 80 (Am for both 9 and 16.7 

GHz data. The reason for such discrepancy is that B for hipped YIG is only 2.5 times 

larger than B for single crystal YIG films discussed in Chapter 4. Therefore, the linear 

AHk increase may be determined by the contribution of the intrinsic three magnon 

processes as in single crystal YIG.

As discussed above, the excited spin waves have a specific minimum nonzero wave 

number kmm which corresponds to minimum AHk The first data point in Fig. 5.3 

corresponds to a £mm value of 6x 104 cm'1 and AHk of 1.25 Oe. From Eq. (5.5) with AHk = 

1.25 Oe and vg given by Eq. (5.6) one obtains the average grain size do = 21 (Am, a typical 

grain size for polycrystalline YIG. A transit time analysis for the 16.7 GHz data in Fig.

5.7 with kmin = 5x 104 cm'1, AHk = 0.61 yields do = 21 (Am, consistent with the results for 

the 9 GHz data in Fig. 5.3. Note that in this case the minimum possible k = rddo is much 

smaller than £mi„. Vrehen et al. [1969] argued that is o f the order of Irddo. This

AH, = 2 / \ y \ r k =2\ vg | / ( |y \d0). (5.5)

The expression for the group velocity follows from Eq. (3.7) and is given by

deok _ 2 1 y | Dk f (5.6)
dk a)k
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assumption would yield an unrealistic grain size of 2 pm. It is important to note that the 

grain size d0 of 21 pm calculated from the transit time model is larger than the average 

grain size of 8 pm. The general yet unresolved question is how to determine the 

minimum k  value of spin waves which are excited in the parallel pumping experiment. 

This question will be discussed in Chapter 7.

The agreement of the transit time model with the data between 9 GHz and 16 .7 GHz 

data is good. The decrease of the minimum AHk with increasing frequency from 9 to

16.7 GHz agrees with the transit time model too. Note that the minimum AHk value of 

0.61 Oe is similar to the intrinsic spin wave losses. Recall that in Chapter 4 the minimum 

AHk for single crystal YIG was about 0.2 Oe for 9 GHz parallel pumping data. If one 

assumes a linear AHk vs. frequency dependence, the corresponding minimum AHk value 

for 16 GHz parallel pumping data will be 0.4 Oe, which is close to AHk of 0.61 Oe for 

hipped YIG. Therefore, in order to find the truly intrinsic minimum AHk in hipped YIG, 

the parallel pumping experiment should be performed at a higher frequency, e.g. 36 GHz. 

It is also important to find the minimum wave number which corresponds to 

minimum AHk. These topics will be discussed in Chapter 7.
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CHAPTER 6

HIGH POWER MICROWAVE PROPERTIES OF SINGLE 

CRYSTAL ZN-Y HEXAGONAL FERRITE

This chapter presents the results of the spin wave instability investigation in easy 

plane Zn-Y hexagonal ferrite plates with large magnetocrystalline anisotropy. 

Anisotropic ferrite plates and slabs are important for microwave applications. An 

extensive spin wave instability theory for anisotropic ferrites was developed in Chapter 2. 

The last two chapters presented high power microwave properties of ferrites with small 

anisotropy, such as single crystal YIG and isotropic dense polycrystalline hipped YIG. 

The purpose of this chapter is to look at high power microwave properties of highly 

anisotropic ferrites such as hexagonal Zn-Y ferrite materials with planar anisotropy. The 

spin wave instability thresholds and critical modes expected for this situation were 

calculated in Chapter 2. The experimental results for parallel pumping at 9 and 16.7 GHz 

in in-plane magnetized Zn-Y plates will be presented first and the results for more 

complicated pumping configurations will be presented later.

Recent high power measurements on single crystal c-plane disks of easy plane Zn-Y 

hexagonal ferrite at 9 GHz gave parallel pump and subsidiary absorption AHk values 

which were a factor of two or more greater than the low power FMR linewidth AHo and 

the high power resonance saturation A /4 (Cox et al. [2001]). However, higher frequency
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parallel pumping data at 16.6 GHz (Green and Healy [1963]) and at 36 GHz (Gurevich et 

al. [1999]) for Zn-Y platelets and spheres give spin wave Iinewidths which are consistent 

with the FMR results. One objective of the parallel pumping work was to elucidate this 

problem. It is possible to explain this discrepancy in AHk by size effects at 9 GHz, 

related to the transit time model which played an important role for polycrystalline YIG 

in Chapter 5. At 16.7 GHz, there were no considerable size effects and experimental 

butterfly curves were in a reasonable agreement with the developments of Chapter 2. 

The simple theoretical analysis will be presented only for the parallel pumping data.

The more complicated pumping situations include in-plane oblique pumping, where 

H  is rotated in the plate plane, and out of plane oblique pumping, where H  is rotated in 

the plane perpendicular to the plate. The full power of the general spin wave instability 

theory of Chapter 2 was applied to the 16.7 GHz oblique pumping data. The theoretical 

model was consistent with the data. As a result of the data analysis, a “magnetic stress” 

effect was found. The results of the analysis show that AHk is independent of the spin 

wave propagation direction and increases with an increase in the magnetic stress caused 

by the static magnetization deviation from the easy plane.

Section 6.1 describes the sample geometry and the results of the FMR 

characterization. Section 6.2 establishes working equations for the parallel pumping data 

analysis. In this section, the results of the parallel pumping measurements at 9 and 16.7 

GHz are presented and the sample size effect is discussed. Sections 6.3 and 6.4 present 

the in-plane and out of plane 16.7 GHz oblique pumping h^t data and analysis, 

respectively.
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6.1. Sample Geometry and FMR Characterization

The focus of this section is to introduce the sample geometry, establish a coordinate 

frame for the data analysis of the next sections, and obtain working parameters for 

Zn(Mn)-Y and Zn-Y hexagonal ferrite samples from the FMR measurements. The 

material properties and static magnetic characteristics of easy-plane hexagonal ferrite 

Zn(Mn)-Y and Zn-Y samples were discussed in Section 3.1. All samples were made of 

these two materials in the form of plates with the hexagonal c plane in the plane of the 

plate. The samples for the measurements consisted of thin rectangular and circular plates 

fabricated from bulk single crystal Zn(Mn)-Y and Zn-Y. The main focus o f high power 

measurements is on the Mn-substituted Zn(Mn)-Y. The data for Zn-Y are used as a 

reference point.

It is necessary to introduce a coordinate frame in order to define demagnetizing 

factors, which are important parameters in the spin wave instability analysis, and 

establish the geometry of the problem following the formalism of Chapter 2. For the 

FMR analysis, parallel pumping, and in-plane oblique pumping, this coordinate frame 

will be a laboratory and precession frame at the same time since H is applied in the plane 

of the plate. In this case, the easy plane coincides with the plate plane and M, is parallel 

to H. The geometry for out of plane oblique pumping was established in Section 2.4.

The geometry of the problem for the FMR analysis is shown in Fig. 6.1. The plate is 

in the y-z plane of the (x, y, z) coordinate frame. The external static field H is applied 

along the r-axis. The linearly polarized microwave field h(/) is applied along the y-axis. 

This microwave field configuration was used for the FMR measurements. The (x, y, z)
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Figure 6.1. Geometry for the easy plane plate FMR analysis. The disk (a) or the slab 
(b) is in the y-z plane of the (x, y, z) coordinate frame. The external static field H is 
along z. The linearly polarized microwave field h(/) is along y.
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coordinate frame in Fig. 6.1 serves to define the demagnetizing factors NXl Ny, and Nz. 

For a disk, Ny equals Nz and demagnetizing factors can be found from Eq. (4.4). For a 

thin slab, Eq. (4.4) is not directly applicable and demagnetizing factors were found from 

Appendix B in Gurevich and Melkov [1996], Note that the condition Nx+Ny+Nz = 1 

should hold for any ellipsoidal sample shape.

Table 6.1 shows geometrical properties of the samples from Table 3.3, which include 

thickness t, in-plane dimensions (diameter d  for disks, length a and width b for slabs), 

and calculated demagnetizing factors Nx, Ny, and Nz. The demagnetizing factors will be 

important parameters for the FMR and /»<*« data analysis.

The geometry of the problem for parallel and in-plane oblique pumping in a disk is 

shown in Fig. 6.2. The disk is in the y-z plane of the (x, y, z) coordinate frame. The 

external static field H is applied along the z-axis. The linearly polarized microwave field 

h(r) is applied in the y-z plane at an angle &h relative to H. For parallel pumping, Oh is 0 

and h(/) is along z. In-plane and out of plane oblique pumping measurements were 

performed only for disks. The parallel pumping geometry for a slab is the same as in Fig. 

6 .1(b) with h(r) along z.

As indicated above, FMR half power linewidth measurements were made on most of 

the samples and at nominal frequencies close to both of the parallel pump frequencies. 

These data were obtained by a standard shorted waveguide technique at low power 

(Green and Kohane [1964]). All FMR measurements were made with H  in-plane. The 

purpose of the FMR measurements was to check the anisotropy field parameter value and 

measure FMR linewidth. The resonance condition for the easy-plane plates with the field 

H  in the plate plane follows from Eqs. (2.37)-(2.40) and may be written as
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Table 6 .1. Summary o f Zn(Mn)-Y and Zn-Y sample properties.

Sample Material Sample

shape

Thickness

(mm)

In-plane size 

(mm)

Nx Ny Nz

SI Zn(Mn)-Y disk 0.34 2.39 0.81 0.095 0.095

S2 Zn(Mn)-Y disk 0.19 2.32 0.88 0.058 0.058

S3 Zn(Mn)-Y disk 0.14 1.52 0.87 0.065 0.065

S4 Zn(Mn)-Y disk 0.09 2.32 0.94 0.029 0.029

S5 Zn(Mn)-Y slab 0.09 1.62x0.72 0.87 0.11 0.024

S6 Zn(Mn)-Y slab 0.05 1.44x0.64 0.90 0.08 0.016

SPl Zn-Y disk 0.43 2.53 0.78 0.109 0.109

SP2 Zn-Y disk 0.20 2.50 0.89 0.057 0.057

SP3 Zn-Y disk 0.13 1.81 0.90 0.052 0.052
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Figure 6 2. Geometry for parallel and in-plane oblique pumping in an easy plane disk. 
The disk is in the y-z plane of the (r, y, z) coordinate frame. The external static field H 
is along z. The linearly polarized microwave field h(/) is in the y-z plane at an angle Oh 
relative to H. For parallel pumping, Oh is 0 and h(/) is along z.
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o iJ \y \=  yj(H+ 4;rMs(Ny - N :) ) ( H - 4 x M , ( N z - N . )  + H A) . (6.1)

Equation (6.1) can be used to check the HA values which were obtained from the 

VSM measurements. Measurements of the FMR response at a constant frequency fo  yield 

an FMR field Ho. The values of 4vMs were found from the VSM measurements, 

presented in Section 3 .1, and were assumed to be the same for the samples made from the 

same material. Because of the disagreement in the literature (McKinstry [1991], 

Truedson [1993], and Hurben [1996]) the value of \i\l2n was assumed to be 2.8 GHz/kOe 

to avoid additional errors. Then one can estimate HA based on the parameters specified 

above, the demagnetizing factors in Table 6.1, and Eq. (6.1).

Table 6.2 summarizes the FMR field position //o, FMR linewidth AHo, and 

calculated anisotropy field HA for Zn(Mn)-Y and Zn-Y samples at 9.52 and 17.5 GHz 

frequencies. For an h mt data analysis, only one H A value will be used for the samples 

made of the same material. The smaller N: values correspond to thin samples that 

resemble an ellipsoid better than thick samples. Therefore, for Zn(Mn)-Y, an HA value of 

-9.4 kOe will be used throughout this work. This H A value is in agreement with Table 

6.2 and the VSM data. This value was also cited by Hurben et al. [1997], For Zn-Y, an 

Ha value of -8.75 kOe will be used throughout this work. This value corresponds to the 

Ha value for the sample SP3 and also was cited by Truedson [1993],

Consider the FMR linewidth values in Table 6.2. For Zn-Y, AHo increases as the 

diameter or frequency increases. This increase is a feature of the eddy current losses and 

was investigated in detail by Truedson [1993]. These losses are related to conductivity. 

Note that dc conductivity measurements also showed nonzero conductivity in pure Zn-Y. 

For Zn(Mn)-Y, AHo is similar for all samples at 9.52 GHz and increases linearly with
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Table 6.2. Summary o f FMR field position Ho, linewidth AHo, and anisotropy field Ha 
for Zn(Mn)-Y and Zn-Y samples.

FMR frequency 9.52 GHz FMR frequency 17.5 GHz

Sample Ho

(Oe)
AHo

(Oe)

H a

(kOe)
Ho

(Oe)
AHo

(Oe)

H a

(kOe)

Zn(Mn)-YSl 962 11 -9.39 2908 18 -8.86

Zn(Mn)-Y S2 949 13 -9.32 2807 20 -9.20

Zn(Mn)-Y S3 931 13 -9.61 2762 20 -9.5

Zn(Mn)-Y S4 916 13 -9.58 - - -

Zn(Mn)-Y S5 755 10 -9.37 - - -

Zn(Mn)-Y S6 796 12 -9.38 2602 15 -9.54

Zn-Y SP1 1049 23 -8.26 2987 36 -8.38

Zn-Y SP2 989 23 -8.57 - - -

Zn-Y SP3 972 16 -8.75 - - -
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frequency. This agrees with the linear dependent frequency loss mechanism. The A//o 

values are much smaller for Zn(Mn)-Y than for Zn-Y because of the negligible 

conductivity in Zn(Mn)-Y, as discussed in Section 3.1.

Table 6.2 shows that when Ha and 4roW, are large compared to H  and samples are 

not very thin, demagnetizing factors calculated from Eq. (4.4) do not describe the reality 

precisely. The />cm data in Section 5.2 for the hipped YIG disk also showed that thick 

disks could not be well enough approximated by an ellipsoid. One may also assume that 

a disk or slab sample is not uniformly magnetized. Therefore, the concept of 

demagnetizing factors and the assumption of a uniformly magnetized sample should be 

used only as approximate models.

This section established sample geometry and presented the results of the FMR 

measurements. The objective of these measurements was the determination of the 

anisotropy field HA, the FMR linewidth A//o, and the analysis o f the demagnetizing factor 

concept. The anisotropy field and the demagnetizing factors will be important 

parameters in the spin wave instability analysis in this chapter. The FMR linewidth is a 

measure of microwave loss and will be compared with the spin wave linewidth. The next 

section will present results of parallel pumping measurements in Zn(Mn)-Y and Zn-Y .

6.2. Parallel Pumping in Zn-Y -  Size Effects

Consider a thin plate single domain ferrite sample with easy plane anisotropy in the 

plane of the plate. The sample is magnetized to saturation by an external applied uniform 

static magnetic field H which is in the plane of the plate. A linearly polarized microwave
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pumping field h is applied parallel to H and parametric spin waves at a frequency cok = 

co/2 are excited above some field dependent threshold microwave field amplitude hCT\v 

The threshold microwave field amplitude for this geometry follows from Eqs. (2.65-2.68) 

and may be written as (Nazarov et al. [2002])

As discussed in Section 2.3, Eq. (6.2) gives hc for particular spin waves with polar 

and azimuthal propagation angles 9k and <pk. These angles are defined in a standard right 

handed (x, y, z) coordinate system shown in Fig. 6.2 with an x-axis which is 

perpendicular to the plate and a z-axis parallel to the in-plane static field H.

As evident from Eq. (6.2), if the spin wave relaxation rate and corresponding 

linewidth is independent of the spin wave wave number k  and the angles 9k and <pk, the 

critical field /lent will be minimum for 9k = 90° and cpk = 0. Note that this spin wave 

propagation direction is perpendicular to the plate. One important implication from 

the data to follow is that thin plate surface boundary effects can increase the 

threshold for this type o f critical mode and force the wave vector for the excited 

spin wave in plane. These effects were discussed in Chapter 4 for thin 10 nm YIG 

films.

The range of available spin waves at cok = coll may be defined from the appropriate 

spin wave dispersion relation of Eq. (2.79) for easy plane hexagonal ferrites in the case of

hc(9k,<pk) =
AHkco (6.2)

Ir  I I s i n : 9kexp(2icpk)+ \H A ||

9h = 9U = 90°,

(<y* / \y  I)2 = [ H -  AjtM sN . + Dkz][H -A xM ,N ;  + D k2 - HA]

+ 4xM ssin2 9k[H - 4 x M xN . + Dk2 -  HA sin2 <pk] , (6.3)

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where M: is the demagnetizing factor in the direction of the static field H. For a thin plate 

with H in-plane, the demagnetizing factor N: is close to zero.

Figure 6.3 shows the principal spin wave dispersion branches from Eq. (6.3) for the 

indicated values of dk and <pk and labeled as A, B, C, and C'. The horizontal dashed lines 

indicate constant frequency cuts at 9/2 = 4.5 GHz and 16.7/2 = 8.35 GHz. For the 

dispersion evaluations, y was set to the free electron value, with \y\HTt = 2.8 GHz/kOe and 

the internal field H-4nMsN: was set to 100 Oe. The anisotropy field parameter Ha was 

set to -9.4 kOe and the saturation induction 4;dV/j was set to 2.33 kG, based on data 

described in the previous section for Zn(Mn)-Y. Reliable values for the exchange 

parameter D in Zn-Y are scarce. Mita and Shimizu [1973 and 1975] cite values of 7- 

9x1 O'9 Oecm 2/rad2 for a spin wave propagation direction along the c-axis and values 

about 50 times smaller for propagation in the c-plane. Curves A, B, and C were 

evaluated for D = 5xl0*9 Oe cm2/rad2, the well known value for yttrium iron garnet 

(Gurevich and Melkov [1996]). The C' curve was obtained for a 50 times smaller D- 

value and is included to show the effect of the reduced exchange (Mita and Shimizu 

[1973 and 1975]). The 4.5 and 8.35 GHz horizontal cuts correspond to half frequency 

spin waves for the 9 and 16.7 GHz pumping frequencies in the experiment.

The purpose of Fig. 6.3 is to show the possible critical spin wave modes which may 

play a role in the parallel pumping experiment. From the above discussion and Eq. (6.2), 

one would expect the minimum threshold critical mode to lie on curve B (& = 90° and <pk 

= 0) at the appropriate horizontal line frequency cut point. As noted above, however, 

curve B corresponds to a k vector which is perpendicular to the plate plane. If, for some 

reason, such modes were pushed to a higher threshold, branch C provides an alternative
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Wave number k (10 rad/cm)

Figure 6.3. Schematic bulk spin wave dispersion diagram for a Zn-Y easy plane plate 
with the static internal in-plane field set to 100 Oe. The graph shows four dispersion 
curves of spin wave frequency vs. wave number k. The angles Ok and <pk indicated for 
each curve designate the polar and azimuthal spin wave propagation angles. The dashed 
lines correspond to the half frequency spin waves at 4.5 and 8.35 GHz which are excited 
in the 9 GHz and 16.7 GHz parallel pumping experiments. Curves A, B, and C are for an 
exchange parameter D = 5xl0‘9 Oecm2/rad2. Curve C' was calculated for an exchange 
value D'= D/50.
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critical mode point for which the wave vector k is in plane. Since parallel pumping 

generally favors half frequency spin waves at 0k = 90°, one might think that a critical 

mode jump to curve A would be preferred. From Eq. (6.2), however, one can see 

that a critical mode point on curve A would have the highest possible threshold.

The above scenario would be changed significantly if there is a reduced exchange for 

a critical mode k vector in the c-plane and the plane of the slab. A reduced exchange 

would bend down curve C significantly, as indicated by the C' curve. The large increase 

in k which would then result from a jump from curve B to C' would make such a jump 

highly unlikely.

The parallel pumping measurements were performed at 9 and 16.7 GHz. For the 9 

GHz high Q cavity measurements, the system yielded direct data on cavity loss vs. 

microwave field amplitude similar to the results in Fig. 3.5. The experimental hcrn results 

were obtained directly from these computer generated plots by the extrapolation method. 

Because of the small filling factors, the nonlinear response was generally quite weak and 

the accuracy of the h^i determinations was about 15%. Care was taken to make sure that 

the cavity response at power levels slightly above threshold was not affected by sample 

heating.

At 16.7 GHz, the larger filling factors made it possible to use a much more rapid and 

accurate visual determination of the thresholds. In this approach, one simply notes the 

value of the incident power at the point where the trailing edge of the pulse shows a 

visible nonlinear response, as shown in Fig. 3.4. Due to the larger filling factor, the 

accuracy o f these threshold determinations was significantly higher than those at 9 GHz,
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and gave /»<*« values with an error of about 5%. The pulse shape based /lent determination 

technique and the low Q cavity eliminated any problems with sample heating.

The results of the parallel pumping measurements are summarized in Table 6.3. The 

table lists minimum hCIn values for both measurement frequency ranges. The table also 

gives computed values of the spin wave linewidth AHk from Eq. (6.2). For 16.7 GHz, 

these A//* values correspond to the expected minimum threshold critical modes with Ok = 

90° and <pk = 0, as discussed above. For 9 GHz, the listed A//* values correspond to 

6k = 0. This change is related to the size effects noted in the introduction and discussed 

in detail below. The results for rectangular samples S5 and S6 are given for fields 

parallel to the “long” and “short” sides of the slabs, as indicated. For these samples, the 

linewidths were obtained for static fields parallel to the “long” dimension.

The key measurement result from Table 6.3 concerns the minimum hcm values. At

16.7 GHz, these data show no significant change from sample to sample. At 9 GHz, 

however, these minimum /»cm values show large sample-to-sample changes. Moreover, 

the main correlation appears to be with the lateral size. A smaller size generally gives a 

larger threshold. There is no apparent correlation with thickness. Note, for example, that 

samples SI, S2, and S4 all have about the same lateral size and similar 9 GHz /tent values, 

even though the thicknesses for these samples vary by a factor of four. Sample S3 has a 

smaller diameter and a larger threshold. For the rectangular samples SS and S6, the 

minimum hcm values also change with the field direction from along the long side to 

along the short side.

The second important result from Tables 6.2 and 6.3 concerns connections between 

the computed spin wave linewidths and the measured FMR linewidths. If one adopts the
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Table 6.3. Zn(Mn)-Y and Zn-Y high power properties.

Sample Minimum ACTit 

at 16.7 GHz 

(Oe)

Minimum A//* 

at 8.35 GHz 

(Oe)

Minimum /lent 

at 9 GHz 

(Oe)

Minimum AHk 

at 4.5 GHz 

(Oe)

Zn(Mn)-Y S1 6.1 12 1.0 2.9

Zn(Mn)-Y S2 6.5 12.8 0.9 2.6

Zn(Mn)-Y S3 6.6 13.0 1.8 5.3

Zn(Mn)-Y S4 6.4 12.6 1.2 3.5

Zn(Mn)-Y S5
long 6.6 

short 6.6

long 13.0 

short 13.0

long 2.2 

short 3.5

long 6.4 

short 10.2

Zn(Mn)-Y S6 - -
long 3.0 

short 3.5

long 8.8 

short 10.2

Zn-Y SPl 5.1 9.7 1.0 3.5
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usual assumption of a linewidth which scales with frequency, one would expect the 8.35 

GHz AHk values extracted from the 16.7 GHz minimum /»crit data to be close to the 9.5 

GHz FMR linewidths. One would also expect the FMR linewidths at 17.5 GHz to be 

somewhat larger than these values. Both expectations are satisfied by the data in Tables 

6.2 and 6.3. The 4.5 GHz AHk values extracted from the 9 GHz minimum /lent data are 

not consistent with this expectation. Some of these linewidths are larger and some are 

smaller. As noted above, the 9 GHz minimum /rent data vary from sample to sample and 

appear to be correlated with lateral size.

Overall, the data in Tables 6.2 and 6.3 for Zn(Mn)-Y give (1) 16.7 GHz thresholds 

and spin wave linewidths which are consistent with the 17.5 GHz and 9.5 GHz linewidth 

results and are sample independent, and (2) 9 GHz thresholds and spin wave linewidths 

which vary from sample to sample and show no clear correlation with the FMR linewidth 

results. These very different results for the 16.7 and 9 GHz high power data will have 

important consequences for the size effect discussion o f the next section.

Compare now the high power response of pure Zn-Y with the high power response 

of Zn(Mn)-Y. The FMR data of Table 6.2 for pure Zn-Y show that the FMR linewidth in 

pure Zn-Y is defined by eddy current losses (Truedson [1993]). The high power data of 

Table 6.3 show that AHk in pure Zn-Y is similar to AHk in Zn(Mn)-Y for both high and 

low frequencies. A similar size effect was discovered at low frequency in pure Zn-Y, 

although it was somewhat smaller. This implies that the spin wave linewidth in pure Zn- 

Y is not affected by the eddy current loss mechanism. This observation is important for 

the future investigation of the loss mechanisms in easy plane hexagonal ferrites. From 

now on in this chapter, the data and the analysis will be presented only for Zn(Mn)-Y.
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Consider first the Acm response at 16.7 GHz. The results of parallel pumping 

measurements are shown in Figs. 6.4 and 6.5. The solid circles in Figs. 6.4 show the 16.7 

GHz data for disks SI, S2, and S4. The solid circles in Figs. 6.5 show the 16.7 GHz data 

for sample S5. For S5, data are shown for both the long and the short field directions, as 

indicated. The solid lines in the figures show the theoretical response from Eq. (6.2) and 

the minimization procedure described in Section 2.4. The spin wave linewidth AHk was 

set to constant values of 12 Oe for S1, 12.8 Oe for S2, 12.6 Oe for S4, and 13 Oe for both 

orientations of S5, the same as listed in Table 6.3. The demagnetizing field was set to 

850 Oe for SI, 650 Oe for S2, 400 Oe for S4, 50 Oe for S5 long, and 200 Oe for S5 

short. These demagnetizing factors correspond to Nz values of 0.36 Oe for SI, 0.28 Oe 

for S2, 0.17 Oe for S4, 0.02 Oe for S5 long, and 0.09 Oe for S5 short. One can see that 

these are much larger than given in Table 6.1. The discussion on this difference will be 

developed shortly.

The most important result in Figs. 6.4 and 6.5, compared to the 9 GHz data, is the 

nearly textbook response found experimentally for parallel pumping at 16.7 GHz. Recall 

that the critical modes are at half frequency, or 8.35 GHz. One can see that all the 

samples have the same response in this frequency range. The jump in the data at low H  is 

attributed to demagnetizing effects. Above this field, the sample is saturated and the 

model calculations can be compared to the data.

Consider Fig. 6.4(a) as an example. The measured drops from about 7.5 Oe at H  

= 300 Oe to about 6 Oe at H  = 1000 Oe and then is approximately constant up to H  -~ 

1500 Oe. There is a distinct kink at H  ~ 1500 Oe, followed by an increase and truncation 

at H ~  1700 Oe.
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Figure 6.4. Parallel pumping threshold as a function of the external static field H  
for the in-plane magnetized Zn(Mn)-Y disks SI (a), S2 (b), and S3 (c) with 16.7 
GHz microwave excitation. The data and theory are shown by the solid circles and 
solid lines, respectively. The numerical calculations were done for constant spin wave 
linewidth AHk values of 12 Oe for SI, 12.8 Oe for S2, and 12.6 Oe for S4. The 
demagnetizing field Hdem was set to 850 Oe for S 1, 650 Oe for S2, and 400 Oe for S4.
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Figure 6.5. Parallel pumping threshold /icht as a function of the external static field H  
for the in-plane magnetized Zn(Mn)-Y rectangular slab S5 with 16.7 GHz 
microwave excitation. The labels “S5 long” and “S5 short” indicate the static field 
orientation along the long (a) and short (b) sides o f the rectangular plate, as indicated. 
The data and theory are shown by the solid circles and solid lines, respectively. The 
numerical calculations were done for the constant spin wave linewidth AHk value of 13 
Oe for both orientations. The demagnetizing field Hdem was set to 50 Oe for S5 long 
and 200 Oe for S5 short.
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The calculated curve for AHk = 12 Oe provides a good match to the data from H  ~ 

1000 Oe up to the truncation point. The kink at H -  1500 Oe corresponds to the point 

where the half frequency spin waves are forced to k  = 0 as discussed in Section 2.4. The 

increase in the calculated /»<*« above this kink field point is due to a decrease in the 0k for 

the critical modes. The /lent versus field curve then truncates at H ~ 1700 Oe as the 

critical mode goes to 0k = 0. There are no critical modes available for instability at 

higher fields. The match up of the theory to the data from the kink point to the truncation 

field provides proof positive that the critical modes lie on curve B in Fig. 6.3. Otherwise, 

there would be no kink in the response. This means that the minimum threshold spin 

waves below the kink point have 0k = 90° and (pk -  0 and a k which is perpendicular to 

the static field and the disk plane.

One can also see that although butterfly curves in Figs. 6.4 and 6.5 look similar, 

there are important differences in the /icm response. First, the distinct minimum exists 

only for sample S5 magnetized in a long direction shown in Fig. 6.5(a). The somewhat 

less distinct han minimum can be seen in Figs. 6.4(c) and 6.5(b). This minimum is 

completely obscured for the S1 disk in Fig. 6.4(a) and is not pronounced for S2 in Fig. 

6.4(b). This is due to the distribution of the demagnetizing fields because these samples 

are not ellipsoids. The similar situation was observed for the thick polycrystalline YIG 

disk in Chapter 5, where the flat region of / w  was also present. This region was caused 

by the non-uniformly magnetized sample. As discussed in the previous section, the field 

inhomogeneity is Zn-Y is even bigger due to larger values of 4nMs and Ha. The 

influence of the inhomogeneous demagnetizing fields will be very important in the 

analysis of oblique pumping data presented in the next two sections.
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Note that that the Nz values obtained from the /»cm minimum positions in Fig. 6.5 for 

both orientations o f S5 are very close to N: values in Table 6 .1. This will also hold for S4 

if one places the kink point at the /icm minimum at H  ~ 750 Oe in Fig. 6.4(c). The 

increase in the measured /rent as the field H  falls below the /icm minimum positions may 

be attributed to an increase in AHk with k for Zn-Y (Gurevich et al. [1999]). Such an 

increase in k  is evident from Fig. 6.3. The point at which the 8.35 GHz dashed line cut 

crosses the {dk = 90°, <pk -  0) dispersion branch line (curve B) determines the critical 

mode k  value. This intersection point moves to higher k as the field is decreased and 

curve B moves down.

The analysis of the AHk vs. k dependence is presented for the /lent data in Figs. 6.4(c), 

6.5(a), and 6.5(b), where an han minimum is distinct. The wave number value can be 

obtained from Eq. (3.10) for D = 5xl0‘9 Oecm2/rad2. The H c value was taken to 

correspond to the minimum of hcnt. Equation (6.2) relates hait and AH k  for dk = 90° and 

<Plc =  0.

Figure 6.6 shows the calculated AHk vs. k response for the Zn(Mn)-Y disk S4 and 

rectangular plate S5. At A: larger than 3.5x10s rad/cm, H  is less than the demagnetizing 

field and AHk increases due to the domain formation. Therefore, the maximum k- 

dependent AHk is about 14.5 Oe. The important feature is the exact match in the data for 

the two orientations of S5. At k  larger than 2.5x 10s rad/cm all three curves coincide. This 

is expected for the samples made of same material, as shown in Chapters 4 and 5.

The data are very similar to the AHk vs. k data for 36 GHz parallel pumping 

(Gurevich et al. [1999]). The quadratic AHk increase is a signature of the possible four 

magnon processes. The important result is that the k  contribution to the spin wave
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Figure 6.6. Spin wave linewidth AHk vs. wave number k  for Zn(Mn)-Y disk S4 and 
rectangular plate SS. The static field was in plane and the pumping frequency was 16.7 
GHz. The labels “S5 long” and “S5 short” indicate the static field orientation along the 
short and long sides of the rectangular plate, as indicated.
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linewidth is significantly lower than A//t=o, which ranges from 12 to 13 Oe in Zn(Mn)- 

Y. The difference at low k  may be related to sample dimensions. This effect for 16.7 

GHz data is small but it will be significant for the low frequency /lent data.

As noted, the above data and the fit of the calculated curve to the data constitute a 

nearly textbook hexagonal ferrite butterfly curve response. These results are in strong 

contrast with the data for 9 GHz. Figure 6.7 shows representative 9 GHz results on h^i 

as a function of H  for parallel pumping in the disk sample S1 and the rectangular plate 

sample S5. The icons and arrows show the relative lateral sizes and field orientations for 

the samples. Butterfly curve data for the SS slab are shown for static fields along the 

long and short sides of the rectangle, as indicated.

The low field limit of the data in each case corresponds to the saturation field for that 

particular sample. This field is smallest for the rectangle with the field parallel to the 

long edge, intermediate for the rectangle with the field along the short edge, and largest 

for the relatively thick disk sample. The jump in /icnt below H ~ 300 Oe for sample SI is 

due to this effect and is at the same field point as in Fig. 6.4(a). The ranges of static 

fields for the data on each sample are all about the same. This confirms the fact that the 

threshold data are for about the same range of internal fields defined by the critical mode 

limits discussed above. The SS data sets truncate at some high field limit as discussed 

above. The high field limit for SI was set by the proximity of the magnetostatic mode 

resonances for fields above about 6S0 Oe. These particular data were selected to 

demonstrate the effect of sample size on the thresholds at 9 GHz. As Table 6.3 shows, 

the other samples give minimum /icm values which range between 0.9 and 3.S Oe, the 

same range as the data in the figure. As noted in the introduction, a larger lateral size
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Figure 6.7. Data on the parallel pumping spin wave instability threshold /lent as a 
function of the external static field H  for the Zn(Mn)-Y disk SI and rectangular plate 
S5. The static field was in plane and the pumping frequency was 9 GHz. The labels 
“SS long” and “S3 short” indicate the static field orientation along the short and long 
sides of the rectangular plate, as indicated.
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generally corresponds to a lower threshold. The data in Fig. 6.7 and Table 6.3 constitute 

the proof of this effect.

There is one final experimental point to note from the data in Fig. 6.7. For sample 

SS, with H along the long edge of the slab, one can see several distinct dips at the high 

field end of the butterfly curve. When S5 has the field along the short side, the data 

appear to show one somewhat less pronounced dip. The presence of these dips, in 

combination with the overall lateral size correlations for the 9 GHz thresholds, will be the 

starting point for the discussion below. These results support qualitative and quantitative 

arguments for critical modes in the 9 GFlz measurements which have an in-plane wave 

vector, rather than the out-of-plane k from the theory and the data at 16.7 GHz.

The data in Figs. 6.4, 6.5, and 6.7 and Table 6.3 show important contrasts between 

the high power response in the 9 GHz low frequency and the 16 GHz high frequency 

ranges. The 16.7 GHz data show (I) an almost textbook hcm versus H  response, (2) no 

significant effect of sample size or thickness, and (3) a AHk versus k response which 

matches previous data for Zn-Y. The data and the correlation with theory indicate that 

the critical modes have wave vectors which are perpendicular to the c-plane plates. In 

contrast, the 9 GHz data show a strong sample-to-sample variation in the /icm values and 

the butterfly curve profiles. The thresholds depend on the lateral sample size but not the 

thickness.

One way to reconcile the lateral sample size dependence for the hail response at 9 

GFlz is to make an ad hoc assumption that the critical modes have k vectors which lie in 

the plane of the plates, even though the bulk theory gives a minimum threshold for a 

perpendicular k direction. There are two related arguments to support such an
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assumption. First, the lateral size dependence for /icm suggests that the critical modes lie 

in plane. Arguments are given below to support this suggestion. Second, the bulk theory 

gives only a 20% increase in /icm as one moves the critical mode wave vector from 

perpendicular (0k = 90°, <pk = 0) to in plane (0k = 0°). If there are factors which push the 

critical mode k vector in plane, the effect would not have to be very large to override the 

bulk prediction.

One can envision a transit time effect to push the critical mode k in plane. Transit 

time models have often been invoked to explain the dependence of /tcm on grain size in 

polycrystalline ferrites as discussed in Section 5.3. The basic idea is that some dimension 

d  in combination with the group velocity vg of the mode can define a transit time T* = 

d/vg. If Td is less than the intrinsic relaxation time 7*, then the dimension d  limits the 

lifetime o f the mode instead of intrinsic processes. For spin wave instability 

considerations, one would then replaces the intrinsic spin wave linewidth AHk = 2!\y\Tk

with a transit time limited linewidth parameter A//r = 2/\y\Td = 2vg l\y \d .

In the present context, this transit time model can push the critical modes in plane. 

As listed in Table 6.1, the lateral size L is typically greater than the sample thickness, so 

that the transit time limited AHk for modes propagating in plane will be smaller. From 

the data given above, the average threshold follows the relation (<hmt) = C /L  , where C is

on the order of 0.3 Oe-cm. From Eq. (6.2) with critical modes on branch C in Fig. 6.3 

with 0k= 0°, the transit model gives

C = . (6.4)
~Ha
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A match to the empirical C value noted above requires a group velocity on the order 

of 8x l0 6 cm/s. Such group velocities are in the range expected for low k  

magnetostatic modes in the relatively thick plates used in the current measurements.

Even though the above model offers a plausible argument for in-plane critical 

modes and sample size dependent thresholds which agree qualitatively with the 

data, there are still many unresolved problems. Why, for example, do these effects 

occur at 9 GHz but not at 16.7 GHz? As the threshold data and theoretical 

comparisons in Fig. 6.4 show, the 16.7 GHz response matches expectations from the 

bulk spin wave theory. A second question concerns the wave numbers for the 

critical modes. The critical modes for the 16.7 GHz data clearly have wave 

numbers which range from near zero at the butterfly curve minimum up to values on 

the order of 3-4xl05 rad/cm at low field. These values, as well as the upturn in 

threshold as the field is reduced are consistent with the bulk theory as well as the 

detailed measurements at 36 GHz (Gurevich et al. [1999]).

For the transit time arguments to apply at 9 GHz, however, one requires low k 

modes. The usual high k  exchange dominated critical modes which explain the 16.7 

GHz data have very low group velocities and scattering lifetimes which are well 

above the intrinsic spin wave lifetimes. One possible signature for the presence of 

low k  critical modes at 9 GHz is given by the structure in the butterfly curve data in 

Fig. 6.7 for the rectangular sample S5. When the field is parallel to the long side, 

there are three pronounced equidistant dips over the field interval 400 - 480 Oe and a 

smaller dip at about 380 Oe. When the field is along the short side, there is a single dip at
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about 480 Oe. Such structure is the usual signature for low wave number standing mode 

resonances related to the sample dimensions (Wiese et al. [1994]).

One of the goals o f the work on Zn-Y was the investigation of oblique pumping and 

application of the general spin wave instability theory developed in Chapter 2. The 

sample size effect at 9 GHz and proximity o f the butterfly curves to the FMR field 

position made the investigation of oblique pumping impossible at this frequency. This 

resulted in the /icm measurements at 16.7 GHz where butterfly curves were independent 

of samples, except for demagnetizing effects. The analysis o f these measurements 

validated the assumption that at 16.7 GHz the sample size effect is not important and it is 

possible to investigate oblique pumping. Now the parallel pumping results will be 

extended to more complicated pumping configurations.

6.3. In-plane Oblique Pumping

The example calculations in Section 2.4 were done for out o f plane oblique pumping 

at 17 GHz in Zn-Y. The results of parallel pumping measurements in the previous 

section demonstrated that size effects are important at 9 GHz but not at 16.7 GHz and 

that oblique pumping could be investigated at 16.7 GHz. The next logical step would be 

out of plane oblique pumping /lent measurements. These measurements were performed 

and will be discussed in the next section. The out of plane oblique pumping /fern 

measurements involve non-collinear M, and H and reveal certain details that require 

investigation of a simpler pumping configuration such as oblique pumping in the in-plane
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magnetized Zn-Y plate. But even simpler in-plane and out of plane perpendicular 

pumping data and analyses will be presented first.

Because of the demagnetizing effects discussed above one can learn the physics of 

oblique pumping from samples with small demagnetizing fields. Unfortunately, these 

samples are thin and fragile. Moreover, as discussed in Chapter 4, thin film geometry can 

affect the spin wave instability processes in thin films. Therefore, the measurements 

were performed on the intermediate thickness sample S2. The three main interests of the 

oblique pumping investigation were (1) the match between the data and the theory of 

Chapter 2, (2) the AHk dependence on wave vector k, and (3) the effect of non-collinear 

M, and H on spin wave damping AHk.

Figure 6.8 shows the data on the spin wave instability threshold field /lent as a 

function of H  for parallel, perpendicular in-plane, and perpendicular out of plane 

pumping in the Zn(Mn)-Y S2 disk at a pumping frequency of 16.7 GHz. The icons and 

arrows show the field orientations for the sample. The figure shows results for three 

different orientation of the microwave field h along the x, y, and z axes, as indicated. 

The disk is in the y-z plane of the (x, y, z) laboratory frame shown in Fig. 6.3. The field 

H is along the r-axis. Figure 6.8 also shows the results o f the corresponding numerical 

calculations. The solid lines in the figure show the theoretical response from Eqs. (2.65)- 

(2.68) and the minimization procedure described in Section 2.4, based on the parameters 

specified above for the Zn(Mn)-Y S2 disk with one exception. In order to provide 

better fit to the data, the demagnetizing factors were set to N- = Ny = 0.13 and Nx — 0.74. 

The spin wave linewidth AHk was set to a constant value of 12.8 Oe for all three 

calculated curves, the same as listed in Table 6.3.
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Figure 6.8. Parallel, perpendicular in-plane, and perpendicular out of plane pumping 
threshold hait as a function of the external static field H  for Zn(Mn)-Y sample S2 with
16.7 GHz microwave excitation. The field H  is applied in-plane as it is shown in Fig. 
6.2. The graphs show results for three different orientation o f the microwave field 
h, as indicated. The solid lines show results of numerical calculations with N: = Ny 
= 0.13 and Nx = 0.74. The spin wave linewidth AHk was set to a constant value of 12.8 
Oe.
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Consider the experimental and calculated /lent response in Fig. 6.8. The parallel 

pumping response was discussed in detail in the previous section. One can see that for all 

three curves the data are in qualitative agreement with the calculated /»<*«. The specific 

feature of the data for the in-plane and out of plane perpendicular pumping is a peak at 

low H, which is not predicted by theory. The peak field position is limited by H ~ 300 

Oe. The peak is not present for the parallel pumping data. This peak probably originates 

from demagnetizing effects that impede the excitation of the uniform mode. The 

demagnetizing factors for S2 from Table 6.1 correspond to the demagnetizing field Hdem 

of 150 Oe. One may conclude from the peak position that the real Hdem is about 300 Oe. 

The demagnetizing factors used in the calculated curves in Fig. 6.8 correspond to this 

value of Hdem The modified demagnetizing factors H: = Ny = 0.13 and Nx = 0.74 will be 

used from now on in the calculations for S2.

The extension of all three butterfly curves above the theoretical cut off field Han -  

1200 Oe is related to the inhomogeneous demagnetizing fields that were discussed in the 

previous section. Beyond that, the same AHk o f 12.8 Oe describes the /lent values well. 

Consider now the critical mode behavior for perpendicular in-plane and perpendicular out 

of plane pumping configurations. The important result of the numerical calculations is 

that the calculated critical modes (k,9k,<pk) are exactly the same for these two 

perpendicular pumping curves and they will be presented and discussed next for an in­

plane oblique pumping case. This result is not obvious because the different microwave 

field polarization not only changes the amplitude of the uniform mode but it also changes 

its polarization, which is defined by x  and y  components. These /icm data provide an
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important evidence that the theory of the uniform mode excitation describes the real data 

well enough!

Now the simplest pumping configurations are explored. They show that there is no 

unexplained differences in the /lent response for perpendicular in-plane and perpendicular 

out of plane pumping configurations and one can proceed to the results of the in-plane 

oblique pumping investigation.

Figure 6.9 shows the spin wave instability threshold field /lent as a function of H for 

in-plane oblique pumping in the Zn(Mn)-Y S2 disk at a pumping frequency of 16.7 GHz. 

The figure shows the oblique pumping butterfly curve data for ft, values of 90°, 60°, 45°, 

30°, and 0, as indicated. The disk is in the y-z plane of the (x, y, z) laboratory frame 

shown in Fig. 6.2. The field H is along the r-axis. The angle ft, is an in-plane angle 

between H  and the linearly polarized microwave field h(t).

Consider the /lent response in Fig. 6.9. Note that butterfly curves for Oh = 90° and 0h 

= 0 were already shown in Fig 6.8. At zero field, all curves start from the same h^t 

value. This is related to the fact that in the experiment, the field H  was rotated, at zero 

field the sample was unsaturated, and all Oh configurations were identical. The low field 

peak for Oh = 90° is slightly smaller for ft, = 60°. The sharp increase in h„n at H ~ 300 

Oe as H  decreases is pronounced for all curves and originates from the presence of 

domains, the same as in Fig. 6.8. Note also that the butterfly curves for ft, = 30° and ft, = 

45° are almost identical and yield the lowest minimum /icm among all ft, values. This 

unusual effect will be discussed shortly. Now one can explore the data in Fig. 6.9.

Figure 6.10 shows the spin wave instability threshold field han data of Fig. 6.8 as a 

function of H  for in-plane oblique pumping in the Zn(Mn)-Y S2 disk at a pumping
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Figure 6.9. In-plane oblique pumping threshold /lent as a function of the external static 
field H  for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The field H  
is applied in-plane as it is shown in Fig. 6.2. The graphs show results for values o f 
Bn, the in-plane angle between H  and microwave field h, as indicated.
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Figure 6.10. In-plane oblique pumping threshold /lent as a function of the external static 
field H  for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The graphs 
show (a) first order spin wave instability threshold field hait vs. H  and (b) polar spin 
wave propagation angle Qk vs. H. The graphs show results for values o f Oh, the in­
plane angle between H  and microwave field h, as indicated. The symbols show 
the data, the solid lines show the results o f the numerical calculations. For the 
numerical calculations, the spin wave Iinewidth AHt was set to a constant value of
12.8 Oe.
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frequency of 16.7 GHz. The figure shows oblique pumping butterfly curve data for Oh 

values of 90°, 30°, and 0. The solid lines in the figure show the theoretical response, 

calculated from Eqs. (2.65)-(2.68) and the minimization procedure of Section 2.4, based 

on the parameters specified above for the Zn(Mn)-Y S2 disk and modified 

demagnetizing tensor components. The graphs show (a) first order spin wave instability 

threshold field /zcnt vs. HeM and (b) polar spin wave propagation angle 0k vs. Hexl. The 

spin wave linewidth AHk was set to a constant value of 12.8 Oe for all calculated curves.

The calculated curves in Fig. 6.10(a) show some limited correlation with the data. 

The deviation between the calculated and experimental /»<*« is no more than 10 % in the 

field range from 300 Oe to 1050 Oe for all 9h values. The important feature o f Figs. 

6.9 and 6.10(a) is the theoretical prediction that the minimum threshold realizes not 

for pure parallel or perpendicular pumping, but for oblique pumping. One can see 

that a Oh value of 30° yields the lowest han curve. This phenomenon has never been 

observed in small anisotropy single crystal YIG. This oblique pumping minimum hcnt 

has important practical applications for microwave ferrite devices.

Figure 6.10(b) shows the polar spin wave propagation angle 0k vs. Heia. One has 

the same response for 0h values of 30° and 90° except for a small deviation at low 

fields. The 0k response is completely different for 0h = 0 (parallel pumping) and was 

discussed in the previous section. The other critical mode parameters k and <pk showed a 

similar response. Numerical calculations showed that for Oh > 25° the wave number was 

independent of H  and was zero valued. The <pt value was close to 90°, as opposed to the 

values of zero or 180° for 0h = 0, discussed in Section 2.4. The zero k  values mean that it
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is possible to omit the ^-dependence of AHk in the /icm numerical calculations for the in­

plane oblique pumping.

The same critical mode behavior for ft, > 0 implies that there is a certain transition 

angle ft, at which the critical mode switches from the nearly parallel pumping critical 

mode with <& = 0 and nonzero k to the oblique pumping critical mode with q>k -  90° and 

zero k. The numerical calculations showed that this transition occurs in the ft, interval of 

15° to 25°.

The further analysis was developed to investigate the combined effect of parallel and 

perpendicular pumping which produce oblique pumping. As discussed in Chapter 2, 

parallel pumping works directly through the r-component of the microwave field and 

perpendicular pumping works through the uniform mode. It is possible to separate and 

investigate numerically their contribution to /lent The /lent vs. H  curves were calculated 

for separate contribution of hz = /icosft, and hy = /isinft, for ft, = 30°. The calculations 

showed that each independent threshold is larger than the combined one which is shown 

in Fig. 6.10 (a). The fact that the oblique pumping /lent is smaller than the pure parallel 

pumping /lent or the pure perpendicular pumping /lent has the following explanation.

As was discussed by Liu and Patton [1982], the threshold for oblique pumping /iCrit,obi 

may be estimated as

1 = max
*cnt.obl

cos ft, sin ft, ^
^ ^ e n r . f a r  /^en t.p tr  J

(6.5)

where /lent,par is the parallel pumping threshold for ft, = 0 and /Wper is the perpendicular 

pumping threshold for ft, = 90°. Simple estimates show that /icm.obi can be less than 

/*crit,par and /icriuper This decrease can be seen in Fig. 6.10(a), which means that the
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parallel and perpendicular h components act cooperatively to produce spin wave 

instability.

Another important consequence of the data analysis in Fig. 6.10 is the AHk 

independence of the propagation direction for k ~ 0. The minimum h„*t data for Oh = 0 

yields AHk of 12.8 Oe for (k~  0, 0k = 90°, <pk = 0) critical mode. The minimum /icm data 

for Oh = 30° yields AHk o f 12.8 Oe for (k 0, Ok ~ 30°, <pk = 90°) critical mode. 

Therefore, one can assume that AHk does not significantly depend on the propagation 

direction for low wave numbers in Zn-Y. This result contradicts the conclusion made by 

Gurevich et al. [1999] for 36 GHz measurements. However, the 36 GHz measurements 

were done for the out of plane oblique pumping configuration when M, is out of plane. 

This pumping configuration has different angles $h between H  and the disk normal. The 

butterfly curves for the similar out of plane oblique pumping configuration will be shown 

in the next section. The in-plane oblique pumping results suggest that AHk is independent 

on the propagation direction when M, is in-plane. The A//* angular dependence when M, 

is pulled out of the plane will be discussed below.

6.4. Out of Plane Oblique Pumping

The out of plane oblique pumping measurements were performed for the same 

pumping configuration as in Chapter 2. The effect of rotating the field H  which is shown 

in Fig. 2.4. is considered below. As one decreases Oh, the meaningful butterfly curve 

range increases, which corresponds to the transition from parallel pumping to oblique 

pumping. The results of the theoretical /tent and critical mode calculations for this
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geometry were shown in Fig. 2.5 and discussed in Section 2.4. The main difference is 

that in the experiment, disk samples had a finite thickness and this was taken into account 

through nonzero demagnetizing fields, the same way as in the previous section.

The out of plane oblique pumping measurements were performed on three disk 

samples SI, S2, and S4. The results of these measurements are summarized in Figs. 

6.11-6.13. Figure 6.11 shows the oblique pumping han vs. H  data for SI at 16.7 GHz for 

Oh values of 90°, 42°, 7°, and 0, as indicated. Figure 6.12 shows the oblique pumping 

haii vs. H  data for S2 at 16.7 GHz for Oh values of 90°, 45°, 20°, 10°, 5°, and 0, as 

indicated. Figure 6.13 shows the oblique pumping vs. H  data for S4 at 16.7 GHz for 

Oh values of 90°, 45°, 10°, and 0, as indicated. The disk samples are in the X-Y plane of 

the (X\ Y, Z) laboratory frame shown in Fig. 2.4. The field H is in the Y-Z plane and at an 

angle Oh to the Z-axis. The linearly polarized microwave field h(t) is along Y.

In the experiment for the data in Figs. 6 .11 and 6.13, the maximum H  value was 8.5 

kOe. The data for S 1 and S4 are shown for demonstration purposes to compare with the 

numerical results presented in Section 2.4 and to analyze the effect of the disk thickness. 

One can see that the data in Figs. 6.11-6.13 show some agreement with the results of the 

numerical han evaluations in Fig. 2.5(a). According to prediction from Section 2.4, when 

Oh  decreases, the meaningful butterfly curve range increases. There are also some 

unpredicted features. (I) The large peaks at low H  for small Oh are not predicted by the 

theory. The low field peak is less pronounced for S1. (2) The minimum >»cnt is larger for 

very small Oh of 0 and 5° than for other Oh values. (3) There is a dip at H  ~ 11 kOe for 

S2 and Oh = 0. The Oh  — 0 value was not considered in the numerical calculations and 

this dip will be discussed later.
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Figure 6.11. Out of plane oblique pumping threshold />cm as a function of the external 
static field H  for the Zn(Mn)-Y sample SI with 16.7 GHz microwave excitation. The 
graphs show results for values o f 0h, the field angle relative to the disk normal, as 
indicated. The microwave field h(t) is applied in-plane as shown in Fig. 2.4.
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Figure 6.12. Out of plane oblique pumping threshold /jcnt as a function of the external 
static field H  for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The 
graphs show results for values o f Oh, the field angle relative to the disk normal, as 
indicated. The microwave field h(t) is applied in-plane as shown in Fig. 2.4.
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Figure 6.13. Out of plane oblique pumping threshold h ^i as a function of the external 
static field H  for the Zn(Mn)-Y sample S4 with 16.7 GHz microwave excitation. The 
graphs show results for values o f Oh, the field angle relative to the disk normal, as 
indicated. The microwave field h(t) is applied in-plane as shown in Fig. 2.4.
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The hcnt response at large Oh values of 90° and 45° is determined by pumping which 

is close to parallel and the ^-dependent spin wave linewidth discussed in Section 6.2. At 

small angles, when pumping becomes truly oblique, the /»mt response shows large peaks 

at low fields for both samples. These peaks originate from the transition from 

unsaturated to saturated states. In the infinitely thin easy plane disk, the saturation field 

is close to zero for any H  direction. The real samples have nonzero saturation fields. The 

increase in sample thickness increases the saturation field. This effect can be seen in 

graphs. The peak is positioned at about 2 kOe for S1 and S2 and at about 700 Oe for S4.

The extensive experimental investigation and data analysis were performed for the 

S2 disk only. As shown in Fig. 6.12, Oh is a very critical parameter for the butterfly 

curves, especially for Oh below 20°. A 1-2° deviation from Oh  = 0 may significantly 

change a butterfly curve. Note that in the experiment, the precision of the H  

orientation was better than 1°, but the position of the sample with respect to a 

sample holder could deviate by up to 3°. This means that the Oh = 0 curve in Fig. 

6.12 may correspond to an actual value of Oh — 3°. Therefore, adjustments in the 

numerical calculations were made to account for this possible error in Oh -

Figure 6.14 shows the spin wave instability threshold field han as a function of H  for 

out of plane oblique pumping in the Zn(Mn)-Y S2 disk at a pumping frequency of 16.7 

GHz. The figure shows oblique pumping butterfly curve data for Oh values of 90°, 20°, 

10°, 5°, and 0, as indicated. The solid lines in the figure show the theoretical response 

from Eqs. (2.65)-(2.68) and the minimization procedure of Section 2.4, based on the 

parameters specified above for the Zn(Mn)-Y S2 disk and modified demagnetizing 

tensor components. The results of the numerical calculations are shown for Oh  values of
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Figure 6.14. Out of plane oblique pumping threshold hCTn as a function of the external 
static field H  for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The 
solid lines indicate results of numerical calculations. The graphs show the data for 
values of Oh, the field angle relative to the disk normal, as indicated. The spin 
wave linewidth AHk was set to a constant value of 12.8 Oe for all calculated curves.
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90° 20°, 10°, 5°, 3°, 2°, and 1°, as indicated. The spin wave linewidth AHk was set to a 

constant value of 12.8 Oe for all calculated curves.

One can see that the /icm response can be described by the theory reasonably well 

only for Oh values greater than 20°. At Oh = 10°, the theoretical curve terminates at 

smaller H  values than the data. However, at Oh = 5°, the theoretical curve terminates at 

larger H  values than the data. One can see that at Oh = 0 the data cannot be described by 

numerical calculations for any Oh values in the range o f 0 - 5°. Another important 

feature in Fig. 6.14 is the significant increase of the maximum experimental /icm for Oh = 

10° and Oh — 5° compared to the calculated maximum / w  These apparent 

disagreements between the data and the theory cannot be explained by the error in Oh 

only. More speculations are required to understand the /lent response for the out of plane 

oblique pumping.

Consider now the /lent data for Oh = 0. First, the peak at H  ~ 2 kOe is similar to the 

low field peak for Oh = 90° in Fig. 6.10. Second, the minimum /tent is about 10 Oe, 

similar to the minimum /icm o f about 8.5 Oe for Oh — 90° in Fig. 6.10. The calculated 

minimum /icm is much smaller. Third, the observed dip at H  ~ 11 kOe is also present in 

calculated curves for 0h >  3°. Fourth, a small error in Oh  is extremely critical for Oh  -  0. 

It is obvious that if the sample has an ideal disk shape and Oh is exactly zero, at low H  the 

Mr will lie close to the disk plane and the Mr direction in the disk plane will be 

completely arbitrary!

This situation corresponds to an arbitrary angle Oh for the in-plane oblique pumping 

ban data in Fig. 6.10. In such a case the pumping angle Oh in Fig. 6.10 may have any
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value in the range of 0 to 90°. The low H  similarity between the /lent data for Oh -  0 in 

Fig. 6.14 and Oh = 90° in Fig. 6.10 suggests that the disk was slightly rotated along 

the Y axis, which is shown in Fig. 2.4. This rotation comes from the alignment 

difficulties in the experiment and is assumed to be less than 3°. Note that this 

deviation does not change the static field geometry o f the problem except for slight 

deviation in Oh. The deviation from the pumping configuration in Fig. 2.4 only 

changes the direction o f h in the disk plane while h is still in-plane. This change 

can be taken into account by modification in the microwave field orientation with 

respect to H.

This modification is demonstrated in Fig. 6.15 for the representative case of Oh 

= 3° and <ph values of 0, 45°, 75°, and 90°, as indicated. The case Oh = 3° and <ph = 0 

corresponds to the calculated curve in Fig. 6.14 for Oh = 3°. One can see that the 

adjustment in <ph can account for the increase in the minimum /rent with the Oh decrease.

Another discrepancy between the data and calculations in Fig. 6.14 is related to 

the termination field Hcut where an /lent butterfly curve terminates. As discussed in 

Chapter 2, Hcul is determined exclusively by the spin wave dispersion and is 

independent of the direction o f the microwave field or pumping configuration. One 

may change some material parameters to match the calculated Hcut with the data but 

this way is non-physical and does not have any grounds. The extensive numerical 

calculations made that investigated possible changes in the pumping configuration 

were performed. The variable parameters were the field angle Oh and the 

microwave field azimuthal angle <pn, which is the angle in the X -Y  plane between the 

Y  axis and h in Fig. 2.4. In the case o f the in-plane oblique pumping, the angle q>h is
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Figure 6.15. Out o f plane oblique pumping threshold h„*t as a function of the external 
static field H  for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The 
closed squares show the data for 9h = 0, the field angle relative to the disk normal. 
Solid lines indicate results of numerical calculations for Oh = 3° and <Ph values of 0, 
45°, 75°, and 90°, as indicated. The spin wave linewidth AHk was set to a constant 
value of 12.8 Oe for all calculated curves.

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the same as Oh in Fig. 6.10. First, the <pn value was chosen so that the solid line goes 

through the minimum /lent data in Fig. 6.14, as it is demonstrated in Fig. 6.15. Second, 

the On value was chosen to provide the best Hcut fit and keep all features of the /lent data 

curve.

Figure 6.16 shows the han data from Fig. 6.12 for the Oh values of 20°, 10°, 5°, and

0. The solid lines indicate the results of numerical calculations where Oh and <ph were fit 

parameters. The Oh and <ph values indicated in the figure provide the best possible fit. 

The spin wave linewidth AHk was set to a constant value of 12.8 Oe for all four 

calculated curves. The hait data for Oh = 20° and the corresponding fit for Oh = 19° 

and (ph = 30° slightly differ from the observed trend for other curves. This deviation is 

caused by the relatively large Oh value. In this case, the /lent data have similar features to 

the /icrit data for the Oh = 90° parallel pumping case. This particular Oh = 20° case will be 

dismissed from the further analysis because it is affected by inhomogeneous 

demagnetizing fields discussed for parallel pumping.

The important feature of the data for 0h values of 10°, 5°, and 0 and corresponding 

fitting curves is that the fitting Oh  values do not differ much from the experimental Oh 

values. The maximum deviation is 3° for Oh  = 0. This is in agreement with the above 

estimates of the experimental Oh error. The fitted <ph = 90° value for this case suggests 

that the error came from the deviation of the disk plane from the vertical plane. The H  

rotation plane is a horizontal plane and if the disk is not strictly in a vertical plane then an 

exact Oh = 0 case is impossible. The calculated fitted Oh and (ph values in Fig. 6.16 agree 

with this scenario.
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Figure 6.16. Out of plane oblique pumping threshold h ^i as a function of the external 
static field H  for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The 
graphs show results for values o f Oh, the field angle relative to the disk normal, as 
indicated. Solid lines indicate results of numerical calculations with fitting parameters 
Oh  and q>h, as indicated. The spin wave linewidth AHk was set to a constant value of 
12.8 Oe for all calculated curves.
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Another important feature of Fig. 6.16 is the deviation between the data and the 

calculated /fat. The deviation increases with the H  increase. This implies that AHk 

increases with an increase in H  and consequently with an increase in angle fat between 

the disk normal and M,. There are two possible mechanisms responsible for such 

increase. First is the dependence of A//* on the spin wave propagation direction. This 

mechanism is unlikely because the discussion for Fig. 6.10 suggests that AHk is 

independent of the spin wave propagation direction. The second mechanism is the 

influence of “magnetic stress” which occurs when M, is tipped out of the disk plane. The 

smaller fa  values cause more “magnetic stress”. This magnetic stress may increase 

AHk.

The dependence of AHk on k  should also be considered. Figure 2.5 shows that for all 

Oh values, the k  values are in the same range. The parallel pumping data in Fig. 6.4(b) for 

the S2 sample show relatively small dependence of AHk on k. Moreover, critical mode 

numerical calculations showed that k become zero at Hc ~ 5.5 kOe for Oh = 3° and (ph -  

90°, Hc -  2.2 kOe for Oh = 6.7° and <ph = 75°, and Hc ~ 2.9 kOe for Oh = 9° and <ph = 

30°. One can see in Fig. 6.16 that below these fields, the data agree well with the 

theory. Therefore, the dependence of AHk on k  will be excluded from the analysis and 

in the analysis wave numbers will be assumed to be close to zero as for the data in Fig. 

6.10 for Oh > 25°. This assumption is valid for H  larger than the Hc values specified 

above.

The AHk response was calculated for each experimental H  value so that the 

calculated /fat curve matched the /fat data in Fig. 6.16. The approach is the same as
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described in Section 3.4, except that the AHk response will be a function of H. In the 

minimization procedure, A//* was assumed to be independent of the spin wave 

parameters in this first approximation.

Figure 6.17 shows the calculated AHk vs. H  response for the out of plane oblique 

pumping data of Fig. 6.16. The calculations were done for fitting parameters Oh = 3°,<ph 

= 90° for the experimental Oh = 0 curve, Oh = 6.1°,<ph = 75° for the experimental Oh = 

5° curve, and Oh = 9°,<ph = 30° for the experimental Oh = 10° curve. The AHk response 

at low fields is determined by demagnetizing effects that are discussed above. At the 

termination points HcnU the AHk response is erroneous due to the misfit between the 

experiment and the theory. For 0h ~ 3° and (fit, = 90°, this misfit results in a high field 

peak and a dip that are also present in the haxl data in Fig. 6.16. These high field features 

will also be excluded from the analysis. Besides low and high field regions, the AHk 

response is similar for all three curves.

Along with the AHk response, critical mode polar Ok and azimuthal <pk angles and 

static magnetization equilibrium polar angle 6^ were calculated for each data point. As 

discussed above, the calculated wave number k was zero. The results of these 

calculations are shown in Fig. 6.18. Graph (a) shows the polar spin wave propagation 

angle Ok vs. H. Graph (b) shows the azimuthal spin wave propagation angle <pk vs. H. 

Graph (c) shows the static magnetization equilibrium polar angle Om v s. H. The graphs 

show results for values o f Oh and (ph, the same as in Fig. 6.16, as indicated. The 

purpose o f these graphs, along with Fig. 6.17, is to examine the A//* response as a 

function o f the critical mode angles and 0u.
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Figure 6.17. The calculated AHk vs. H  response for the out of plane oblique pumping in 
for the Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The graphs show 
results for values o f Oh and (ph, the same as in Fig. 6.16, as indicated.
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Figure 6.18. The results of numerical calculations for the out of plane oblique pumping 
data in Fig. 6.13. Zn(Mn)-Y sample S2 with 16.7 GHz microwave excitation. The 
graphs show (a) polar spin wave propagation angle 9t vs. H, (b) azimuthal spin wave 
propagation angle <pk vs. H, and (c) static magnetization equilibrium polar angle vs.
H. The graphs show results for values o f Oh and <Ph, the same as in Fig. 6.16, as 
indicated.

18S

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Graphs (a) and (b) demonstrate that there is no apparent correlation between AHk and 

any of the critical mode angles Ok and <pk. The Ok and (pk response is a result of the 

complicated oblique pumping configuration. Therefore, the possible correlation 

between AHk and spin wave propagation direction may be related only to the propagation 

direction with respect to a hard crystallographic c axis (Gurevich et al. [1999]). Graph 

(c) shows the possible correlation between AHk and 0.i

As discussed above, there are two possible mechanisms that are responsible for the 

AHk increase as H  increases. These mechanisms are the dependence of AHk on the spin 

wave propagation direction and the influence of “magnetic stress” which occurs when Ms 

is tipped out of the disk plane.

The first mechanism should be related to the spin wave propagation direction with 

respect to a hard axis. This direction can be calculated from the Ok, <Pk, and 0u values. 

The angle P between k and the hard Z-axis in Fig. 2.4 is given by the relation 

(Arfken and Weber [1995])

cosP  = sin 0M sin 0k cos<pk + cos0vt cos0k . (6.6)

In order to investigate the first mechanism, the AHk response should be examined as a 

function of p. Calculations show that there is no reasonable dependence of AHk on /?, the 

results are chaotic, and this mechanism can be dismissed.

In order to investigate the second “magnetic stress” mechanism, the AHk response 

should be examined as a function of Om which is a measure o f “magnetic stress”. Figure 

6.19 shows the AHk vs. 0m response for values o f  Oh and <Ph, the same as in Fig. 6.16, as 

indicated. The solid line indicates the fit to the data. The fitting formula is given 

by
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Figure 6.19. The calculated AHk vs. the static magnetization equilibrium polar angle Qu 
for the out of plane oblique pumping in the Zn(Mn)-Y sample S2 with 16.7 GHz 
microwave excitation. The graphs show results for values o f Oh and <ph, the same as 
in Fig. 6.16, as indicated. The solid line indicates the fit to the data.
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A H k = A H i=0 +CM cos2 0Kf, (6.7)

where AH^o is 12 Oe and Cw is 11 Oe.

Equation (6.7) represents the best physically justified fit to the data in Fig. 6.19. At 

low fields, where the demagnetizing effects increase han, the actual Qu value may be 

90°. This value implies that Ms is still in-plane. The quadratic cosine dependence 

is typical for anisotropic effects. The AHk data in Fig. 6.19 represent the first 

observation o f the “magnetic stress” effect which increases spin wave linewidth. 

The effect is big. The C.u parameter determines the magnitude of this effect and it is 

comparable to AHk=o. This effect has not been predicted. A similar effect was 

observed for the FMR linewidth AHo in Zn-Y at 9.5 GHz when H  is rotated out of 

plane (Hurben [1996]). The origin o f the magnetic stress effect is currently 

unknown but the results may provide an additional insight to understand the 

mechanism of large loss in hexagonal ferrites.

The results of this chapter show important contrasts between the high power 

response in ferrites with small and large magnetocrystalline anisotropy. The parallel 

pumping 9 GHz data show the important sample size effect which made the oblique 

pumping investigation at this frequency impossible. The parallel pumping 16.7 GHz data 

show (1) an almost textbook /icrit vs. H  response, (2) no significant effect of sample size 

or thickness, and (3) a AHk vs. k response which matches previous data for Zn-Y. The in­

plane oblique pumping 16.7 GFIz data show (1) the influence o f the demagnetizing 

effects on the uniform precession and butterfly curves, (2) the good agreement between 

the uniform mode theory and the uniform mode response, and (3) the absence of the 

dependence of AHk on the spin wave propagation direction. The out of plane oblique
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pumping 16.7 GHz data show (1) the sensitivity o f the results to the orientation of the 

disk sample and H, (2) the qualitative agreement between the data and the numerical 

calculations that take into account the Oh and <ph deviation from the experimental values, 

and (3) the AHk dependence on the magnetic stress caused by the Ms deviation from the 

easy plane.

These conclusions represent the main results of the spin wave instability 

investigation in Zn-Y ferrite materials. They will be developed and discussed in the 

next chapter along with the proposed future work.
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CHAPTER 7

SUMMARY

The objective of the dissertation was the investigation o f the spin wave instability 

processes in anisotropic ferrites. The first part considered the development of the general 

spin wave instability theory. The formalism includes provision for a magnetic insulator 

of ellipsoidal shape, with a general free energy based magnetic anisotropy, and subject to 

a general microwave field configuration. The second part presented the results of the 

experimental investigation of the spin wave instability processes in the ferrite materials of 

current technological interest and the analysis of these results based on the developed 

theory.

Section 7.1 presents a brief summary of the topics and conclusions of all previous 

chapters. Section 7.2 discusses possible directions for the future work in the area of 

microwave magnetic materials.
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7.1. Summary and Conclusion

The classical theory of spin wave instability in ferromagnetic insulators has been 

extended in Chapter 2 to include general anisotropy based on a tensor formulation of 

static and dynamic effective fields. The theory provides working equations for threshold 

calculations and critical mode determinations. The formulation is completely general and 

can accommodate any type of anisotropy and an arbitrary microwave field configuration. 

The sample shape is limited to that of a general ellipsoid in order to maintain a uniform 

magnetization and uniform internal static and microwave fields. The formalism includes 

the ability to include a general wave vector dependent spin wave relaxation rate or 

linewidth. As an example application, the formalism was applied to first order processes 

in an easy plane ferrite disk with parameters applicable to Zn-Y hexagonal ferrite with an 

in plane 17 GHz microwave pump field.

Chapter 3 described the operation of the high power microwave spectrometer which 

was built to investigate spin wave instability threshold fields in ferrites at microwave 

frequencies. The unique feature of this spectrometer is the operation at two frequencies 

of 9 and 16.7 GHz. This feature significantly increased measurement capabilities and 

resolved experimental problems for oblique pumping in Zn-Y hexagonal ferrite. High 

power microwave properties of three ferrite magnetic materials were investigated with 

the spectrometer.

Chapter 4 analyzed high power microwave properties of LPE YTG (110) oriented 

thin films which showed classical butterfly curves with low values o f the spin wave 

linewidth. The analysis o f the data showed that, for an in-plane magnetized film, thin
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film geometry forces spin waves to propagate in the film plane. The small 

magnetocrystalline anisotropy affects the spin wave instability threshold and shifts the 

butterfly curve kink point for different in-plane directions of the applied field. The data 

qualitatively agree with the results of the theoretical predictions in Chapter 2. The most 

important result is that the spin wave Iinewidth in single crystal YIG does not depend on 

the spin wave propagation direction with respect to the crystallographic axes.

The results of Chapter 5 for hipped polycrystalline YIG showed that dipole-dipole 

narrowing works for the uniform precession of magnetization and does not work for spin 

waves. The FMR Iinewidth data give the all time low Iinewidth for pure polycrystalline 

YIG of 13 Oe at X-band. This value agrees with the value predicted in Schlomann’s 

[1958] theory o f dipole narrowed anisotropy line broadening in large grain size YIG. 

The theory is also in excellent agreement with the measured A//o frequency dependence. 

The high power microwave characterization at 9 and 16.7 GHz demonstrated that (I) the 

intrinsic microwave loss in hipped polycrystalline YIG can be similar to loss in single 

crystal YIG, (2) the spin wave Iinewidth is determined by the grain size, and (3) the 

transit time model needs more examination. The parallel pumping experiment can be an 

important tool of ferrite materials characterization on a micron and submicron scale as 

well as the intrinsic microwave loss characterization.

Chapter 6 presented the results of the spin wave instability investigation in easy 

plane Zn-Y hexagonal ferrite plates with large magnetocrystalline anisotropy. The 

parallel pumping measurements were performed at 9 and 16.7 GHz. At 9 GHz, the 

sample size effect was found, so that the threshold field value depended on the lateral 

sample size. The 16.7 GHz data show (1) an almost textbook ha* versus H  response, (2)
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no significant effect of sample size or thickness, and (3) a AHk versus k response which 

matches previous data for Zn-Y.

The investigation of oblique pumping which utilizes the full power of the general 

spin wave instability theory of Chapter 2 was performed at 16.7 GHz. The data analysis 

was performed for oblique pumping and the theoretical model was consistent with the 

data. The most important results are (1) the qualitative agreement between the theory of 

the spin wave instability and the data, (2) the independence of the spin wave Iinewidth in 

single crystal Zn(Mn)-Y on the spin wave propagation direction with respect to the hard c 

axis, and (3) the discovery of the “magnetic stress” effect. The magnetic stress effect 

increases spin wave Iinewidth and the quantitative increase of 11 Oe is comparable to the 

minimum spin wave Iinewidth of 12.8 Oe. The ^-dependent spin wave Iinewidth 

contribution is much smaller. The magnetic stress effect may point out the mechanisms 

for large intrinsic values of microwave loss in hexagonal ferrites.

7.2. Future Work

As a conclusion, the classical spin wave instability theory in ferromagnetic insulators 

has been extended to include general anisotropy based on a tensor formulation of static 

and dynamic effective fields. The theory provides working equations for threshold 

calculations and critical mode determinations. The theory was successfully applied to the 

analysis of the obtained comprehensive experimental data on anisotropic ferrite materials 

for various static and microwave field configurations. It was found that the spin wave
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Iinewidth in general is independent of the spin wave propagation direction, but it can 

increase if the magnetization is pulled out of the easy crystallographic plane.

The future work related to this thesis can be divided in two categories. The first 

category is the future work which is a consequence of the theoretical developments and 

experiments on the materials reported in this thesis. The second category is the future 

work on new materials related to the high power microwave spectrometer.

The parallel pumping results for LPE YIG thin films demonstrated that the bulk 

exchange spin wave approximation is applicable. This can lead to the oblique pumping 

experiments on these films, similar to the work on Zn-Y discussed in Chapter 6. The 

theoretical developments in Chapter 2 provide a sufficient theoretical background for this 

investigation. It will be interesting to verify the presence of the magnetic stress effect in 

obliquely magnetized YIG films.

Another interesting problem would be an investigation of the sample size influence 

on the threshold field. As shown in Chapter 5, the decrease in the grain size increases the 

threshold. One can visualize an experiment where a thin YIG film is etched into micron 

parts so that the effect of the grain size can be modeled precisely. This experiment could 

answer an old question about the minimum wave number of the excited spin waves and 

also verify the transit time model. A similar sample size effect was discussed in Section 

6.2 for Zn-Y at 9 GHz. The presented experimental work considered only first-order spin 

wave instability processes. The second-order resonance saturation experiments on 

hipped YIG are also of interest. The second-order experiments were performed on Zn-Y 

by Cox et al. [2001],
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The parallel pumping data in Chapter 6 for Zn-Y showed the influence of the 

inhomogeneous demagnetizing fields. One of the future goals is a parallel pumping 

investigation in a uniformly magnetized sample such as a sphere. This will require 

fabrication of a high quality Zn-Y sphere and x-ray orientation of the sphere. It is also 

interesting to investigate magnetostatic wave propagation in single crystal Zn-Y thin 

slabs and determine the magnetostatic wave spectra (Dorsey et al. [1990]) as for YIG thin 

films (Scott [2002]).

The future work for Zn-Y is mostly related to the theoretical investigation of the 

microwave loss mechanisms and the origin of the magnetic stress effect. The increase of 

damping if the magnetization is pulled out of the easy crystailographic plane was also 

observed for the FMR Iinewidth in Zn-Y (Hurben [1996]). It is also useful to calculate 

the exchange parameter and find its anisotropy. Brillouin light scattering experiments 

can help to visualize the excited critical modes in Zn-Y as has been done in YIG (Kabos 

et al. [1997]). The interesting problem is the fact that parallel pumping spin wave 

Iinewidth in pure Zn-Y is not affected by eddy current losses. One can also make 

oriented polycrystalline easy plane ferrite Zn-Y and investigate its high power microwave 

properties.

The high power microwave spectrometer can be used to measure thresholds in other 

types of magnetic materials than those investigated in this work. It is also useful to add a 

low temperature capability for the spin wave instability threshold measurements 

(Gurevich et al. [1999]). The interesting work would be a theoretical and experimental 

investigation of the first and second order spin wave instability processes in M-type 

hexagonal ferrites with large easy axis anisotropy (Lebedev et al. [2002]), but this would
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require a high power microwave spectrometer operating at frequencies above 60 GHz. 

Other materials are permalloy-type films where large conductivity and magnetization 

make a big difference. The spin wave instability processes in permalloy films received a 

limited attention (Berteaud and Pascard [1966]). The microwave loss mechanisms have 

not been understood completely (Kambersky and Patton [1975]) and the microwave 

properties of these materials are very important for the magnetic recording industry.
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